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Figure 14 Characterization of the C. elegans ncx-8 gene. (A) Expression pattern of ncx-8 

during late embryo morphogenesis. (B) Intestine of a wild-type animal (top) and ncx-

8(gk324217) mutant animal (bottom) stained with Oil-Red-O. Bar = 100 mm. (C) 

Quantification of Oil-Red-O staining in wild-type, ncx-8(gk234217) mutant animals, 

wild-type animals cultivated on control RNAi plates and wild-type animals cultivated on 

RNAi plates targeting the ncx-8 locus (Error bars represent the S.E.M.; *P < 0.05). (D) 
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Longevity assays of ncx-8(gk234217) mutant animals and wild-type animals at 20°C 

(left), and longevity assays of wild-type animals cultivated on control RNAi plates and 

RNAi plates targeting the ncx-8 locus (right). (P < 0.005 for ncx-8 mutants vs. wild-type 

animals at 20°C, and P < 0.005 for wild-type animals cultivated on control RNAi plates 

compared with wild-type animals cultivated on ncx-8 RNAi plates at 20°C. The P-values 

were calculated from log-rank tests).   
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staining in ncx-8(gk234217) mutant animals and ncx-8(RNAi) compared to wild-type 

animals (Fig. 14B-C: P < 0.05 for wild-type vs. ncx-8(gk234217) mutants; P < 0.05 for 

wild-type vs. ncx-8(RNAi) animals). Disruption of metabolic function affects longevity in 

C. elegans and thus a role for ncx-8 in regulating the life span of the animal was 

examined at 20°C. There is a significant decrease in the percentage of survival in ncx-

8(gk234217) mutant animals and ncx-8(RNAi) compared to wild-type animals (Fig. 14D: 

P < 0.05 for wild-type vs. ncx-8(gk234217) mutants; P < 0.05 for wild-type vs. ncx-

8(RNAi) animals). 
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Discussion 

 

 The work detailed in this chapter provides the first characterization of the 

Na+/Ca2+ exchanger genes in C. elegans and examines their phylogenetic relationship 

with orthologs in humans and flies, provides a detailed examination of their expression 

pattern and describes their functional roles via mutant analysis. Data reveals that NCX, 

NCKX and NCLX genes in C. elegans are evolutionarily conserved and expressed in a 

variety of cell-types, although their expression is predominantly observed in excitable 

cells. Mammalian Na+/Ca2+ exchanger genes are also expressed in a wide variety of cells, 

but are similarly biased towards excitable cells, likely due to their functions as low 

affinity, high capacity transporters. Mammalian NCX’s are expressed predominantly in 

cardiac tissue and the brain and similarly, expression of NCXs in C. elegans is restricted 

to the nervous system and muscles (Luther et al., 1992; Li et al., 1994; Nicoll et al., 1996; 

Canitano et al., 2002). Within the C. elegans NCX subgroup, ncx-1 and ncx-3 are 

expressed exclusively in the nervous system whereas ncx-2 is expressed exclusively in 

muscles. Interestingly, C. elegans ncx-1 is expressed only in the AIY interneuron, 

whereas ncx-3 is expressed widely in the head and tail ganglion and in motor neurons.  

While Drosophila have only one NCX variant called Calx, varying transcripts of this 

gene are expressed throughout the animal, including the nervous system (Schwarz and 

Benzer, 1997). The mammalian NCKX are expressed in a wide variety of cells including 

photoreceptor cells, retinal ganglion cells, platelets and intestinal cells (Kraev et al., 

2001; Li et al., 2002; Lytton et al., 2002; Kinjo et al., 2003; Kang and Schnetkamp, 2003; 

Roberts et al., 2012). However the NCKX genes in C. elegans, ncx-4 and ncx-5, are 
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expressed only in the nervous system. In humans, NCKX2 displays similar specificity, as 

it is only expressed in photoreceptor cells, retinal ganglion cells and several other types 

of neurons (Kang and Schnetkamp, 2003; Kinjo et al., 2003). This specificity for NCKX 

proteins in the nervous system is also observed for the Drosophila nckx-x, which is 

expressed widely in the nervous system and in the eye-antennal disc, mushroom body, 

embryonic brain and ventral nerve cord (Winkfein et al., 2004). The mammalian NCLX 

is expressed in most tissues examined, and NCLX genes in C. elegans are also expressed 

broadly in the nervous system, hypodermis, intestine and muscles (Cai and Lytton, 

2004b). The vertebrate NCLX is primarily a mitochondrial Na+/Ca2+ exchanger, however 

the subcellular localization of the NCLX genes in C. elegans is unknown (Palty et al., 

2010). While the human and mice genome contains only one NCLX gene, there are five 

identified NCLX exchangers in C. elegans. An expansion of the NCLX subgroup is also 

observed in Drosophila, which have four identified but uncharacterized NCLX genes 

(Fig. 8). The expression pattern for Na+/Ca2+ exchangers observed in humans, flies and 

worms shows that amongst members of this exchanger family, some can be characterized 

by broad expression in a variety of cells, whereas other are expressed in a much narrower 

subset. This suggests that some Na+/Ca2+ exchangers may be tuned for broad functions 

shared amongst varying cells, whereas others may have finely tuned roles tailored for 

cell-specific functions.  

  

 The predicted protein structure of C. elegans Na+/Ca2+ exchangers presented in 

this chapter, along with analysis of residue conservation of C. elegans NCX’s shows 

conservation of key motifs like the α-repeat domains and calcium binding domains. 
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However, there is no identifiable XIP region in the predicted structure of C. elegans 

NCX’s. Comparatively, the Drosophila Calx has a putative XIP region, suggesting that 

its loss in the C. elegans NCX’s may be worm specific, rather than a broad characteristic 

of invertebrate NCX’s. Although physiology and exchange mechanism of NCX’s in C. 

elegans has not been examined, structure-function analysis of the Drosophila Calx 

indicates that invertebrate NCX’s share several physiological properties with their 

vertebrate counterparts. Similar to vertebrate NCX’s, the calcium binding domains of 

Calx sense intracellular calcium levels and function as on/off switches for exchanger 

activity (Dyck et al., 1998). The XIP domain of Calx also mediates Na+ dependent 

inactivation of the protein (Dyck et al., 1998). Differing from vertebrate NCX’s, which 

are activated by Ca2+ binding the CBD’s, Ca2+ binding the CBD’s of Calx mediates 

inactivation of the exchanger in response to intracellular Ca2+ concentrations in the range 

of .1-10 mM (Hryshko et al., 1996). The mechanistic behavior of C. elegans Na+/Ca2+ 

exchangers is still unknown but in vitro and in vivo experiments examining their 

exchange properties would provide great insight into their physiological roles. 

 

 Expression of C. elegans Na+/Ca2+ exchanger genes is observed in a variety of 

cells including sensory neurons, interneurons, motor neurons, muscles, hypodermis and 

the intestine. However, 7 out of 10 Na+/Ca2+ exchanger genes are expressed within the 

nervous system, showing that their expression is skewed towards excitable cells that 

experience rapid and transient calcium signaling. Similarly, expression of Na+/Ca2+ 

exchanger genes is widely observed in the nervous systems of vertebrate organisms. 

While function of vertebrate NCX’s and NCKX’s has been linked to memory 
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consolidation, learning and development of motor skills, much is still unknown about 

their broader functions and interactions with signaling mechanisms in the nervous system 

(Jeon et al., 2003; Li et al., 2006; Molinaro et al., 2011). Our work reveals that C. elegans 

can provide a tractable model organism to study in vivo functioning of Na+/Ca2+ 

exchangers within the nervous system. Some Na+/Ca2+ exchanger genes like ncx-1, ncx-5, 

ncx-6 and ncx-7 show highly restricted expression in only a subset of neurons, and thus 

can be paired with powerful molecular techniques to dissect how Na+/Ca2+ exchanger 

function is tailored to specific functions and behaviors. For instance, ncx-5 is expressed 

only within the gas sensing neurons of the worm that act in cohort to regulate feeding 

behavior of the worm (Coates and de Bono, 2002). Understanding ncx-5 with powerful 

molecular techniques such as GCaMP, which allows for in vivo imaging of Ca2+ signals 

in live behaving animals, would elucidate how spatiotemporal dynamics and fine tuning 

of Ca2+ signaling in neuronal circuits shapes behavior. Furthermore, ncx-1 is expressed 

only within the AIY interneuron and ncx-6 is expressed only within the ADL sensory 

neuron. How different Na+/Ca2+ genes vary in their regulation of cell-specific functions in 

the nervous system remains largely unknown, but analysis of ncx-1 and ncx-6 could allow 

for the examination of their structure/function relationship in the context of behavior and 

neuronal signaling. Calcium signaling is a critical aspect of neuronal development and 

recent studies have linked Na+/Ca2+ exchanger activity to spinal cord development, 

oligodendrocyte differentiation and neurite outgrowth (Boscia et al., 2012b; Secondo et 

al., 2015). The rapid life cycle of the worm and a fully mapped nervous system, including 

a complete wiring scheme of its neurons, can be utilized to deepen our understanding of 

how Na+/Ca2+ exchangers contribute in vivo to calcium signaling pathways that regulate 
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critical aspects of neural development. Expression pattern analysis also revealed that only 

the NCLX exchanger’s ncx-6, ncx-7 and ncx-8 are expressed in the intestine. 

Characterization of ncx-8 mutants revealed a role for this exchanger in regulating 

metabolism via lipid accumulation in the intestine. Disruption of metabolic function also 

effects longevity in the worm, and ncx-8 mutants have a shorter lifespan compared to 

wild-type animals. The intestinal epithelial cells also generate oscillatory Ca2+ waves that 

regulate the rhythmicity of the DMP cycle (Espelt et al., 2005; Nehrke et al., 2008). 

Expression of multiple NCLX exchangers within the intestine may indicate a dynamic 

role for each individual exchanger in fine-tuning Ca2+ signals that propagate in the 

intestine and regulate vital metabolic functions. 

 

 Overall, work presented in this chapter reveals that Na+/Ca2+ exchangers in C. 

elegans share many characteristics with their orthologs found in mammals. Based on the 

diverse expression pattern observed for genes within this family in C. elegans, their 

functional contribution to Ca2+ signaling can be analyzed in a variety of tissues including 

the nervous system, muscles, hypodermis and intestine. Initial mutant analysis reveals 

diversity of function, as the muscle specific ncx-2 is required for regulating the DMP 

cycle and egg laying, whereas the intestinal ncx-8 is required for lipid accumulation and 

longevity. Of particular interest is the function and regulation of neuronal Na+/Ca2+ 

exchangers that are found expressed in a variety of neuronal subtypes. How differences in 

Na+/Ca2+ exchanger function and expression are regulated and how these differences map 

onto functional specializations remains a pressing question, but one that can be examined 

in the future by utilizing C. elegans as a primary mode of investigation. 
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Chapter 3: NCX-9 is required for Neural Circuit Patterning 

 

3.1 Abstract 

 

The mammalian NCLX gene is a mitochondrial Na+/Ca2+ exchanger that regulates a 

variety of physiological processes like neurotransmission, synaptic plasticity, astrocyte 

proliferation and lymphocyte chemotaxis. Mitochondria play a central role in regulating 

Ca2+ signaling and much is still unknown about NCLX’s contributions to this process. 

This chapter describes a novel role for the Caenorhabditis elegans NCX-9, an NCLX-

type protein, in the patterning of neural circuits. NCX-9 functions in the hypodermal 

seam cells to regulate stereotyped left-right commissural guidance choices made by 

GABAergic motor neurons during development. There are 19 GABAergic motor 

neurons, of which 17 extend their commissures circumferentially along the right side, and 

the remaining migrate along the left side. Analysis of ncx-9 mutants reveals that the 

stereotyped patterning scheme of the GABAergic motor neuron circuit is disrupted. In 

vitro physiology data from HEK cells shows that NCX-9 is a mitochondrial Na+/Ca2+ 

exchanger. Overall, work presented in this chapter implicates a novel role for NCLX-type 

exchangers in regulating neural circuit patterning and stereotyped axon guidance choices. 

  



	
  

	
   69	
  

3.2 Introduction 

 

 NCLX in mammals is a mitochondrial Na+/Ca2+ exchanger that localizes to the 

inner mitochondrial membrane and is the primary calcium efflux regulator in the 

mitochondria of mammalian cells however much is still unknown about its structural and 

physiological properties. Phylogenetic investigation of the Na+/Ca2+ exchanger family in 

C. elegans revealed the existence of five likely NCLX-type exchangers in the worm, 

designated ncx-6 to ncx-10. Mitochondria play a critical role in shaping cellular signaling 

events via modulation of intracellular Ca2+ levels but the lack of insight into regulators of 

mitochondrial Ca2+ transport is a glaring hole in our understanding of this process. 

Furthermore, most investigations into NCLX functioning are from in vitro experiments 

and descriptions of NCLX functioning in vivo are scarce, severely limiting our 

understanding of how NCLX contributes to mitochondrial Ca2+ dynamics and its 

physiological role in organisms. The existence of five NCLX-type exchangers in C. 

elegans suggests that it could be a valuable organism in the examination of NCLX 

physiology and mechanism.  

 

 Mitochondrial Ca2+ transport is regulated by the mitochondrial Ca2+ uniporter 

(MCU), which facilitates calcium uptake, and NCLX, which facilitates Ca2+ efflux from 

the mitochondria  (Palty et al., 2010; Baughman et al., 2011). Under normal physiological 

conditions, the steep mitochondrial membrane potential (-180mV) ensures that the MCU 

functions as the primary Ca2+ intake protein by driving calcium influx down its 

electrochemical gradient. On the contrary, Ca2+ efflux via NCLX is dependent on the 
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electrochemical gradient of Na+ relative to the mitochondrial membrane potential. The 

NCLX normally does not function bidirectionally and its reverse mode is generally 

triggered by a breakdown of the mitochondrial membrane potential. It has been shown 

that mitochondria form cellular microdomains with the plasma membrane and 

endoplasmic reticulum, which function as ‘hotspots’ for Ca2+ crosstalk between the 

organelles during signaling events (Rizzuto et al., 1998; Rizzuto and Pozzan, 2006). 

Release of mitochondrial calcium via NCLX plays a vital role in signaling cross talk 

between the mitochondria, plasma membrane and endoplasmic reticulum (ER). B-

lymphocyte activation and chemotaxis is regulated by mitochondrial NCLX activity via 

Ca2+ crosstalk between the mitochondria and ER (Kim et al., 2012b; Kim et al., 2016). 

ER calcium content of B-lymphocytes is reduced by NCLX knockdown and silencing 

NCLX activity impairs mitochondria-ER colocalization, suggesting that NCLX may 

regulate proteins required for tethering the two organelles (Kim et al., 2012b). NCLX 

functions in the nervous system by regulating Ca2+ crosstalk between the mitochondria 

and plasma membrane of astrocytes and its knockdown results in impaired astrocytic 

gliotransmission, wound closure and proliferation (Parnis et al., 2013). NCLX also 

regulates secretion of insulin from β-pancreatic cells via Ca2+ efflux from mitochondria 

and mutation of a highly conserved residue in NCLX has been linked to congenital 

hyperinsulinism, a condition that is characterized by ectopic insulin secretion from B-

pancreatic cells (Nita et al., 2012; Proverbio et al., 2013).  

 

 While NCLX is expressed widely throughout the brain, many of its contributions 

to the nervous system remain unknown. To date, contribution of NCLX to the 
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development and functioning of the nervous system has not been investigated in vivo. 

Phylogenetic analysis described in the previous chapter revealed five NCLX-type genes 

in C. elegans, designated ncx-6 to ncx-10. From this group, expression of NCX-9 was 

detected in the hypodermal seam cells. The seam cells are neuroectodermal cells that 

constitute part of the hypodermis of the animal and secrete the axon guidance cue UNC-

129/BMP, which functions in the UNC-6/Netrin pathway to mediate dorsal commissural 

guidance of C. elegans motor neurons (MacNeil et al., 2009).  

 

This chapter focuses on the NCLX-type exchanger NCX-9 in C. elegans, for 

which a novel role is identified in regulation of the stereotyped asymmetric axonal 

patterning scheme of the DD/VD GABAergic motor neuron circuit. In C. elegans, dorsal 

and ventral body muscles are controlled by distinct classes of motor neurons (White et 

al., 1986). To generate the sinusoidal pattern of movement in the worm, the contraction 

of the dorsal and ventral body muscles must be desynchronized. The A- and B-type 

neuromuscular junctions are organized into dyadic complexes in which an A or B 

synaptic terminus is opposed to two distinct postsynaptic elements, a body wall muscle 

and a D neuron dendrite. The D-type neurons are inhibitory as they utilize GABA for 

neurotransmission and functionally act as cross-inhibitors that prevent the simultaneous 

contraction of the dorsal and ventral muscles. The VD and DD neurons are the two 

classes of D-type neurons that together form the GABAergic motor neuron circuit. There 

are 6 DD neurons and 13 VD neurons in total. During development, each D type neuron 

extends a longitudinal process that initially migrates anteriorly along the ventral nerve 

cord (VNC). The commissure then makes a left or right directional turn to migrate 
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circumferentially along the body wall. Finally, the commissure bifurcates once it reaches 

the dorsal nerve cord and forms synapses with its targets (White et al., 1986). 

Commissures for the DD1 and VD2 neurons fasciculate and extend circumferentially 

along the left side of the worm. Commissures for the remaining VD and DD neurons 

migrate circumferentially extend along the right side of the animal. Therefore, this circuit 

displays a stereotyped asymmetric axonal patterning scheme. How this asymmetry is 

generated remains unknown. 

	
  

 Analysis of ncx-9 mutants reveals a novel role for this NCLX type gene in 

regulating the stereotyped asymmetry observed in the DD/VD GABAergic motor neuron 

circuit. Specifically, NCX-9 functions in the hypodermal seam cells to regulate 

stereotyped left/right choices made by GABAergic motor neurons. Data from in vitro and 

in vivo experiments using HEK-293T cells suggests that NCX-9 likely functions as a 

mitochondrial Na+/Ca2+ exchanger. Collectively, data in this chapter presents a novel role 

for Na+/Ca2+ exchangers and hypodermal seam cells in the regulation of neural circuit 

development.  

 

3.3 Materials and Methods 

 

Animals and Maintenance  

 

The following animals were used in our study: Bristol N2 (wildtype), CZ1200 juIs76 

II[unc-25p::GFP + lin-15(+)]; lin-15B(n765) X, DMH65 juIs76 II[unc-25p::GFP + lin-
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15(+)]; ncx-9(gk234237) V, DMH32 juIs76 II[unc-25p::GFP + lin-15(+)];  ncx-

9(gk773708) V, DMH106 rde-1(ne219) V; [pKK1260(lin-26p::nls::GFP) + 

pKK1253(lin-26p::rde-1) + pRF6(rol-6(su1006)]; juIs76 II[unc-25p::GFP + lin-15(+)]. 

 

Genomic DNA was isolated by harvesting animals and collecting them in a 1.5ml tube. 

200µl of Lysis buffer (60g/ml proteinase K, 10mM Tris-Cl, pH 8.3, 50mM KCl, 2.5mM 

MgCl2, 0.45% IGEPAL, 0.45% Tween-20, 0.01% gelatin) was added to the tube and the 

tube was then frozen at -80°C for 10mins. This was followed by incubation at 60°C for 

1hr, followed by incubation at 95°C for 15mins. Identification of homozygous mutants 

was performed by PCR and sequencing of the lesion. The following primers were used 

for genotyping:  

 

ncx-9(gk773708): ncx-9(gk773708)F gtctcctcttttaacttcatggctccaa and ncx-9(gk773708)R 

tgactactctggcgttcatagttttctgc to identify a G to A base pair change. 

ncx-9(gk234237): ncx-9(gk234237)F ccgttccgatggaatggaat and ncx-9(gk234237)R 

tggatgcctgcaagtatgtc to identify a C to T base pair change.  

rde-1(ne219): rde-1(ne219)F ggtattttctttgtagtcgtgaggtt and rde-1(ne219)R 

agaagtttgggataacgaaatgttag to identify a C to T base pair change 

T7: cgtaatacgactcactatag 

 

 

Generation of GFP Reporter Gene Fusions  
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PCR fusion was used to make the transcriptional GFP reporter fusion as described 

previously (Boulin et al., 2006). High Fidelity polymerase (Roche) was used to PCR 

amplify the promoter sequence of ncx-9. Next, PCR was used to amplify a GFP coding 

region that contains the unc-54 3’ UTR from the plasmid pPD95.75 (available from 

AddGene: http://www.addgene.org/1494/) with the following set of primers:  

 

GFP-F: AGCTTGCATGCCTGCAGGTCGACT  

GFP-R: AAGGGCCCGTACGGCCGACTAGTAGG  

 

Following PCR amplification and purification of the promoter and the GFP fragment, a 

fusion PCR step was performed using 10 ng of each amplicon with a promoter specific 

primer and the GFP nested primer: 

ncx-9 promoter specific primer: TATTGGGTTCCCTGAATCCCATTTTT 

GFP nested primer: GGAAACAGTTATGTTTGGTATATTGGG  

The PCR fusion step generated a transcriptional reporter, which was then micro-injected 

into the germ-line of wildtype (N2) animals. 

 

Reporter Gene Expression Analysis 

 

Following the injection of transcriptional GFP reporter fusions into wildtype (N2) 

animals, stable lines expressing GFP were selected and maintained. Imaging of the 

stabilized transgenic lines was performed using a Zeiss Axio Imager M2 under 40X 

magnification. Expression in seam cells was identified by their lateral placement along 



	
  

	
   75	
  

with body wall, counting of the number of cells at each developmental stage and 

appearance of the unique longitudinal syncytium that occurs as a result of seam cell 

fusions in adults. 

 

Phenotype Analysis 
 
 

Defects in left/right patterning were characterized by the presence of commissures 

running along the left side from neurons other than DD2 and VD1.  Animals were 

examined at the day 1 adult stage for defective left/right patterning of VD/DD 

commissures. For each animal, the number of ectopic left sided commissures was 

counted and penetrance was computed as the percentage of worms in the total population 

displaying defective left/right guidance choices. Animals at the L2 stage were examined 

for defects in left/right patterning to confirm if the phenotype is developmental. The Zeiss 

LSM 710 upright confocal system was used to image animals that were mounted on 2% 

agarose pads with 5mM sodium azide.  

 

 

To examine if ncx-9 functioning is required in the hypodermal seam cells to regulate 

stereotyped left/right patterning of VD/DD motor neurons, dsRNA was used to 

knockdown ncx-9 in the strain DMH106 in which the effect of RNAi is restricted to the 

hypodermis. The L440 vector contains a dsRNA coding sequence that targets the ncx-9 

gene (CUUkp3304C014Q clone, SourceBioscience). Coding sequence for the dsRNA 

targeting ncx-9 from the vector was PCR amplified and the resulting product was used to 
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make dsRNA via in vitro transcription. The dsRNA was then injected into DMH106 

animals, which were cloned 24 hours post injection. The progeny of cloned animals were 

scored at the day 1 adult stage for stereotyped left/right patterning of VD/DD 

commissures. DMH106 animals that did not receive dsRNA injections were used as 

control and examined for defects at the day 1 adult stage. 

 

The drug CGP37157 (Tocris), a selective antagonist of mitochondrial Na+/Ca2+ exchange 

was used to determine if mitochondrial Na+/Ca2+ exchange regulates VD/DD left/right 

patterning in C. elegans. The drug was administered to the animals via feeding by mixing 

it with E. coli strain OP50. CGP37157 was dissolved in DMSO at a working 

concentration of 100mM. Next, the drug was dissolved in OP50 at a 1/10th concentration 

and regular NGM plates were each seeded with 1mL of the Drug-OP50 mix. Similarly, a 

positive control solution was prepared by dissolving DMSO in OP50 at a 1/10th 

concentration, and regular NGM plates were each seeded with 1mL of the DMSO-OP50 

mix. Negative control plates were seeded with 1mL of OP50 only. Adult animals were 

staged on plates for hours and then removed. Their progeny were examined for VD/DD 

left/right patterning defects at the day 1 adult stage. 

 

Physiology  

 

Cell culture and transfection:  
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HEK-293T cells were cultured in DMEM with 10% FBS. For Fura-2 experiments, cells grown 

on glass coverslips were transfected with 8 µg of NCLX or NCX-9 using standard calcium 

phosphate precipitation as described previously (Palty et al., 2004). For measurement of 

mitochondrial Ca2+ levels, cells were transiently cotransfected with mitoPericam (a genetically 

encoded mitochondrial Ca2+ sensor) along with the plasmids as described in Figure 17. 

 

Fluorescent Cytosolic and Mitochondrial Ca2+ Imaging 

 

Cytosolic Ca2+ imaging and experimental protocol for the Fura-2 experiments was performed 

as described previously (Palty et al., 2004). Mitochondrial Ca2+ levels were monitored using 

transiently transfected mitochondria targeted mitoPericam as previously described (Palty et al., 

2010). 

 

Statistics 

 

All pooled, averaged data are expressed as mean ± SEM. The sample population sizes 

that were examined ranged between 50 and 100, and the exact number is denoted in the 

text and the legend for each Figure. Statistical analysis was performed with Student’s t-

test with 2-tails using SPSS Statistics 22, and p≤0.05 considered statistically significant. 
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3.4 Results 

 

ncx-9 is expressed in the seam cells 

 

The expression pattern of ncx-9 was examined by using a reporter GFP fusion comprising 

the ncx-9 promoter and a GFP coding sequence (Fig 15A). Expression of ncx-9 was 

detected in the laterally positioned hypodermal seam cells, which are neuroectodermal 

cells found on both sides of the animal and embedded within the major hypodermis hyp7 

(Fig. 15B-C). Expression of ncx-9 is detected from the earliest larval stage and persists 

into adulthood (Fig. 15B).   

 

Stereotyped patterning of GABAergic motor neuron commissures is defective in 

ncx-9-/- mutants 

Analysis was performed using two mutant strains containing lesions in the coding 

sequence of ncx-9. The first allele examined, gk234237, has a lesion characterized by a 

premature stop codon, and the second allele examined, gk773708, has a residue shift from 

Glycine to Glutamic Acid located (Fig. 16A). The lesions for both alleles are located 

close to the α1-repeat domain that forms part of the ion exchange pore (Fig. 16B). In ncx-

9 mutants, stereotyped neural circuit patterning was examined for the GABAergic motor 

neuron circuit composed of two types of motor neurons: the DDs and the VDs. In total, 

there are 13 VD neurons and 6 DD neurons. The commissures from DD and VD neurons 

extend stereotyped projections in wildtype animals; commissures from DD1 and VD2  
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Figure 15. Expression pattern of ncx-9. (A) Promoter sequence (beige) that was 

amplified and used to create the promoter-GFP fusion driving ncx-9 expression. (B) 

Expression of the ncx-9 GFP reporter fusion (ncx-9p::gfp) is observed in the seam cells at 

each larval stage and this expression continues into adulthood (scale bar = 25µm). White 

arrowheads indicate seam cells. Seam cells by the L4 stage begin to fuse to form a 

longitudinal syncytium and are completely fused by adulthood.  (C) Schematic of seam 

cells showing their positioning along the lateral side of the animal. They are embedded in 

the major hypodermis, hyp7, in adult hermaphrodites and are found on both the left and 

right side of the animal. 
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Figure 16. NCX-9 is required for patterning of the DD/VD motor neuron circuit. (A) 

Predicted gene structure of ncx-9 on chromosome V showing the location of gk234237 

and gk773708 genetic lesions. The lesion in gk234237 (red) is defined by a premature 

opal stop codon at amino acid 229. The lesion in gk773708 (green) is defined by a 

Glycine to Glutamic Acid shift at amino acid 205. (B) Approximate positioning of the 
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gk234237 (denoted by red dot) and gk773708 (denoted by green dot) lesions on a 

predicted structure of the NCX-9 protein. (C) Generalized schematic showing the 

asymmetric patterning of VD and DD commissures. The DD and VD commissures first 

extend an anterior process (not depicted in schematic) that subsequently make either a 

left or right directional turn. Commissure then migrates circumferentially along the left or 

right side of the body. (D) Image depicting the commissural patterning defect of the 

GABAergic VD/DD motor neuron circuit in an ncx-9(gk234237) mutant animal (ectopic 

commissures marked by white stars). (E) Bar chart representing the numbers of normal 

(two) plus ectopic (anything > than two) left-sided VD/DD commissures as observed in a 

population (n=100) of wildtype animals, ncx-9(gk234237) mutant animals, ncx-

9(gk773708) mutant animals and ncx-9(gk234237)/ncx-9(gk773708) trans-heterozygote 

mutant animals. (F) Bar chart of the average ectopic left-sided VD/DD commissures per 

animal in wildtype, ncx-9(gk234237), ncx-9(gk773708) and ncx-9(gk234237)/ncx-

9(gk773708) trans-heterozygote mutant animals (*p < 0.001 vs. wildtype, n=100 for each 

genotype). Error bars represent the S.E.M. (G) Bar chart plotting the penetrance of 

ectopic left-sided VD/DD commissures across a population of animals (n=100). (H) Bar 

chart of the average ectopic left-sided VD/DD commissures per animal at the L2 stage in 

wildtype and ncx-9(gk234237) mutant animals (*p < 0.05 vs. wildtype, n=50 for each 

genotype). Error bars represent the S.E.M. (I) Bar chart of the average ectopic left-sided 

VD/DD commissures per animal of the DMH106 strain that has RNAi knockdown 

restricted to hypodermal cells (n=100 for each condition, *p < 0.005 vs. wildtype). Error 

bars represent the S.E.M. (J) Bar chart of the average ectopic left-sided VD/DD 

commissures per animal of wildtype animals that were fed OP50 alone, OP50 mixed with 
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DMSO or OP50 mixed with the drug CGP37157, which is a selective antagonist of 

mitochondrial Na+/Ca2+ exchange (n=100 for each condition). Error bars represent the 

S.E.M. 
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extend along the left side of the worm, whereas the remaining 17 neurons extend 

commissures along the right side (Fig. 16C). The hypodermis in C. elegans secretes 

various axon guidance cues that regulate motor neuron circuit development, so a role for 

the hypodermally expressed ncx-9 was examined for regulating stereotyped circuit 

patterning. Both ncx-9-/- mutant strains were examined at day 1 of adulthood and showed 

a significant three-fold increase in the frequency of ectopic left sided commissures 

(excluding DD1 and VD2 which normally send commissures along the left side) (Fig. 

16D-F, and for Fig. 16F; p<0.005 for wildtype versus ncx-9(gk234237) mutants; p<0.005 

for wildtype versus ncx-9(gk773708) mutants, n=100 for all strains examined). This 

defect is apparent in Fig. 16D, which shows a representative image of an ncx-9 mutant 

with multiple ectopic left sided DD and VD commissures in the posterior region. 

Stereotyped left/right guidance of DD and VD commissures is disrupted in 55% and 53% 

of ncx-9(gk234237) and ncx-9(gk773708) animals respectively in comparison to 20% 

penetrance in wildtype animals (Fig. 16G, n=100 for all strains examined).  

Stereotyped patterning of VDs and DDs was also examined in a trans-heterozygous 

animal carrying each ncx-9(gk773708) and ncx-9(gk234237) allele, and a significant 

increase in defect was observed compared to wildtype (Fig. 16F, p<0.005 for wildtype 

versus ncx-9(gk234237)/ncx-9(gk773708) mutants).. The defect was 47% penetrant in the 

examined trans-heterozygous population (Fig. 16G).  To verify if the defect in 

stereotyped patterning observed in ncx-9 mutants is developmental, animals at the late L2 

stage were examined since the DD/VD circuit completes its development at the early L2 

stage. There is a significant enhancement of defect in ncx-9(gk234237) mutants at the late 

L2 stage in comparison to wildtype animals at the late L2 stage showing that ncx-9 
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functions developmentally to regulate circuit patterning (Fig. 16H, p<0.05 for wildtype 

versus ncx-9(gk234237) mutants, n=50 for all strains examined). To examine if NCX-9 

functions in the hypodermal seam cells to regulate stereotyped patterning of GABAergic 

motor neurons, dsRNA was used to knockdown expression of ncx-9 in the DMH106 

strain in which RNA-interference (RNAi) is restricted to the hypodermis only. There is a 

significant enhancement of defect in DMH106 animals injected with dsRNA targeting 

ncx-9 compared to DMH106 animals that were not given dsRNA injections targeting ncx-

9 (Fig. 16I, p<0.05 for DMH106 [control] versus DMH106 [ncx-9 RNAi], n=100 for 

each experimental condition). As mentioned previously, NCX-9 is a homolog of the 

mitochondrial Na+/Ca2+ exchanger NCLX, however it is unclear if NCX-9 functions as a 

mitochondrial Na+/Ca2+ exchanger exchanger to regulate VD/DD left right patterning. To 

examine if mitochondrial Na+/Ca2+ exchange regulates VD/DD left right patterning, the 

drug CGP37157, which is a selective antagonist of mitochondrial Na+/Ca2+, was mixed in 

the animals OP50 food culture and fed to developing wildtype C. elegans. Animals in the 

positive control setting were fed OP50 mixed with the drug solvent DMSO and the 

negative control animals were fed OP50 alone. VD/DD left right patterning was 

subsequently quantified in these worms. Animals that were fed the drug showed 

significant enhancement of defect when compared to animals fed either DMSO+OP50 or 

OP50 alone, suggesting that mitochondrial Na+/Ca2+ exchange plays a significant role in 

VD/DD left/right patterning (Fig. 16J, n=100 for each experimental condition).  

 

NCX-9 functions as a mitochondrial Na+/Ca2+ exchanger in vitro 
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The mammalian NCLX gene is a homolog of the C. elegans NCX-9 and primarily 

conducts sodium calcium exchange at the inner mitochondrial membrane (Palty et al., 

2010). It is unclear if NCX-9 is also a mitochondrial Na+/Ca2+ similar to NCLX. To 

examine the subcellular site of activity for NCX-9, HEK-293T cells were transfected 

with the C. elegans NCX-9 or the human NCLX. After transfection, Ca2+ exchange 

activity was monitored at the plasma membrane and mitochondria. Cells transfected with 

the human NCLX were used as a positive control. Cells were first loaded with the 

cytosolic Ca2+ sensitive dye Fura-2 to facilitate the measurement of Ca2+ changes in the 

cytosol. Next, cytosolic Ca2+ fluxes were measured in cells transfected with NCX-9, in 

cells transfected with the human NCLX (positive control) and in cells with no 

transfection (negative control). To trigger calcium exchange across the plasma membrane 

the extracellular Na+ gradient was adjusted, as NCLX activity is regulated by the 

electrochemical gradient of Na+. In the positive control experiment, replacing 

extracellular Na+ with Na+ free N-Methyl-D-glucamin (NMDG) triggered a rapid 

increase in cytosolic Ca2+ that is significantly higher (10±2 fold) when compared to the 

negative control and cells transfected with NCX-9 (Fig. 17A-B) (Palty et al., 2010). 

Previous work shows that the human NCLX displays residual activity at the plasma 

membrane. Furthermore, reintroducing Na+ induced significant Ca2+ efflux in cells 

transfected with human NCLX (12±3 fold) (Fig. 17A,C). The lack of calcium exchange 

across the plasma membrane in negative control cells can be attributed to the lack of 

endogenous NCLX activity in the plasma membrane of HEK-293T cells, as described 

previously (Palty et al., 2010). In cells transfected with C. elegans NCX-9, replacing 

extracellular Na+ with NMDG caused no significant increase in cytosolic Ca2+ when 
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Figure 17. In vitro characterization of NCX-9 exchange activity. (A) Representative 

traces of cytosolic Ca2+ transport in NCLX and NCX-9 expressing HEK-293T cells 

preloaded with Fura-2 AM superfused in presence or absence (replaced by NMDG) of 

Na+ in Ca2+ containing Ringer's solution. Cells not expressing any NCX-9 or human 

NCLX are considered as control. (B) Average initial rates of cytosolic Ca2+ influx from 

(A) after addition of NMDG Ringer's solution (n≥3) (*p<0.005 vs control). (C) Average 

initial rates of cytosolic Ca2+ efflux from (A) after switching back to Na+ Ringer's 

solution (n≥3) (*p<0.005 vs control). (D) Representative traces of mitochondrial Ca2+ 

transport in HEK-293T cells expressing human NCLX or NCX-9 and cotransfected with 

mitoPericam . Mitochondrial Ca2+ transients were evoked in cells superfused with ATP 
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(100µM at the indicated time). Cells transfected with vector are termed as control. (E) 

Average initial rates of mitochondrial Ca2+ efflux taken form (D) (n≥10). *p<0.005 vs 

control and **p<0.005 vs shNCLX. 
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compared to the negative control (Fig. 17A-B).  There was also no significant Ca2+ efflux 

once Na+ was reintroduced (Fig. 17A,C). This suggests that NCX-9 does not facilitate 

Na+/Ca2+ exchange across the plasma membrane in HEK-293T cells. Next, mitochondrial 

Ca2+ fluxes that are evoked by ATP dependent activation of purinergic receptors were 

measured by using mitoPericam in cells transfected with NCX-9 or NCLX (Fig. 17D). 

ATP stimulates purinergic receptors, leading to an increase in cytosolic Ca2+ levels that 

are subsequently modulated by the mitochondria. The endogenous NCLX in the HEK-

293T cells was knocked down using a short hairpin RNA (shNCLX) that reduced 

mitochondrial NCLX activity by ~3 fold (Fig. 17D-E). Cells cotransfected with shNCLX 

and either NCX-9 or NCLX, and stimulated by ATP showed a ~5 fold increase in 

mitochondrial Ca2+ efflux (as measured by changes in mitoPericam value) and fully 

rescued the loss of endogenous NCLX activity (Fig. 17E). Overall, this data suggests that 

similar to NCLX, the C. elegans NCX-9 functions as a mitochondrial Na+/Ca2+ 

exchanger in vitro.  
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3.5 Discussion 

 

 Detailed in this chapter is the first analysis of a Na+/Ca2+ exchanger (NCX-9) in 

the development of neural circuits in C. elegans. NCX-9 is expressed in the hypodermal 

seam cells and analysis of ncx-9-/- mutants reveals defects in the stereotyped left/right 

projections made by commissures of the DD and VD GABAergic motor neurons. 

Hypodermis restricted RNAi knockdown of NCX-9 showed that NCX-9 regulates 

asymmetric circuit patterning through its functions in the hypodermis. Phylogenetic and 

predicted protein structure of NCX-9 had identified it is a homolog of NCLX, which is a 

mitochondrial Na+/Ca2+ exchanger. Pharmacological inhibition of mitochondrial 

Na+/Ca2+ exchange in wildtype C. elegans induced  

VD/DD left right patterning defects, and in vitro analysis of subcellular Ca2+ exchange 

reveals that NCX-9 functions as a mitochondrial Na+/Ca2+ exchanger, strongly suggesting 

that NCX-9 likely functions as a mitochondrial Na+/Ca2+ exchanger, similar to the 

mammalian NCLX gene. 

 

 Phenotype analysis of ncx-9-/- mutants in this chapter presents a model of NCX-9 

as a regulator of Ca2+ in the hypodermal seam cells, whose functions in these cells 

influences left/right commissural projections choices made by GABAergic motor neurons 

at the ventral midline. The seam cells are specialized hypodermal cells and the 

hypodermis of the worm has been shown to secrete various axon guidance cues. The 

P1/2, P3/4, P5/6, P6/7, P8/9. P10/11 and P11/12 ventral hypodermal cells secrete a 

globally diffused gradient of UNC-6/Netrin in the ventral region of the animal 
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(Wadsworth et al., 1996b). The seam cells, along with dorsal body wall muscles, secrete 

UNC-129/BMP (Colavita et al., 1998; MacNeil et al., 2009). UNC-129/BMP is 

considered a long-range axon guidance cue as it primarily regulates commissural 

guidance of motor neurons in the dorsal regions of the worm. It interacts with the UNC-

6/Netrin receptors UNC-5 and UNC-40/DCC to boost their signaling response to a 

weakening dorsal gradient of Netrin, which is secreted primarily in the ventral region 

(MacNeil et al., 2009). UNC-6/Netrin also interacts with the hypodermally secreted HS 

core protein LON-2/Glypican to regulate dorsal commissural guidance of GABAergic 

motor neurons (Blanchette et al., 2015). Furthermore, several components of the Heparan 

Sulfate signaling pathway are also expressed in the seam cells (Dejima et al., 2006; 

Bhattacharya et al., 2009; Blanchette et al., 2017). Members of the Heparan Sulfate 

pathway expressed in the seam cells primarily regulate the biosynthesis and modification 

of Heparan Sulfate side chains, suggesting that seam cells might be a critical component 

of the Heparan Sulfate biosynthesis process (Dejima et al., 2006; Bhattacharya et al., 

2009; Blanchette et al., 2017). 

 

 Whether Na+/Ca2+ exchangers interact with the aforementioned circuit 

development pathways has not been previously investigated. Consequently, not much is 

known about the signaling pathways through which these exchangers might regulate 

circuit development. Furthermore, a role for seam cells has also not been described 

previously in neural circuit development. Therefore, the mechanisms through which 

NCX-9 regulates asymmetric circuit patterning could shed new light on the molecular 

mechanisms that govern neural circuit formation. Hypothetically, NCX-9 might interact 
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with classic neurodevelopment pathways such as Netrin signaling and Heparan Sulfate 

signaling, as both rely heavily on calcium signaling (Hong et al., 2000; Wen et al., 2004; 

Hu and Hsueh, 2014). Mechanistically, NCX-9 might regulate the secretion of axon 

guidance cues, like UNC-129, into the extracellular matrix. A secretory role for the 

human homolog of NCX-9, the NCLX gene, has been described previously (Nita et al., 

2012). NCLX regulates the secretion of insulin from pancreatic beta cells by shaping the 

intracellular Ca2+ levels via mitochondrial Na+/Ca2+ exchange (Nita et al., 2012). 

Presumably, NCX-9 might also regulate secretion or distribution gradients of other axon 

guidance cues, as Ca2+ signaling is a central component of cell-to-cell signaling between 

seam cells and other components of the hypodermis (Austin and Kenyon, 1994; Costa et 

al., 1998; Ding et al., 2004; Gooding et al., 2004; Hartsock and Nelson, 2008). While 

several questions remain on the exact role of NCX-9 in generating circuit asymmetries, 

data presented in this chapter provides an entry point into examining the molecular 

mechanisms that generate axonal asymmetries within neural circuits. 
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Chapter 4: NCX-­‐9	
  works	
  in	
  the	
  Netrin	
  and	
  Heparan	
  Sulfate	
  Signaling	
  Pathways	
  
	
  

	
  
4.1 Abstract 

 

The signaling mechanism that generates the axonal asymmetry in the VD/DD 

GABAergic motor neuron circuit is still unknown. Analysis of ncx-9 mutants revealed a 

novel role for this hypodermal Na+/Ca2+ exchanger in regulating axonal asymmetries in 

this circuit. The hypodermis of the worm secretes several axon guidance cues into the 

ECM, like UNC-6/Netrin and the heparan sulfate LON-2/Glypican, which have been 

shown to regulate motor neuron circuit development. Working with the hypothesis that 

NCX-9 might function through hypodermal effectors to regulate circuit patterning, 

genetic mutants in the UNC-6/Netrin the pathway and the Heparan Sulfate pathway were 

analyzed for defects in an ncx-9 loss of function background. Analysis of mutants 

belonging to the UNC-6/Netrin pathway and the Heparan Sulfate pathway revealed novel 

roles for both pathways in regulating axonal asymmetries in the VD/DD GABAergic 

motor neuron circuit. Furthermore, NCX-9 was genetically placed in a RAC dependent 

UNC-6/Netrin pathway and a LON-2/Glypican Heparan Sulfate signaling pathway. 

Overall this is the first in vivo analysis to place a Na+/Ca2+ exchanger gene within a 

neurodevelopmental pathway and also provides one of the first comprehensive genetic 

frameworks for how axonal asymmetries are generated within neural circuits.  
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4.2 Introduction 

 

How the anteriorly migrating commissures of the developing DD and VD neuron 

make stereotyped left/right directional choices is not well understood and the molecular 

mechanisms for the axonal asymmetries within this circuit are unknown. Analysis in 

Chapter 3 shows that the NCXL-type Na+/Ca2+ exchanger NCX-9 regulates axonal 

asymmetries in the DD/VD circuit. This analysis also revealed that NCX-9 functions in 

the hypodermis, specifically in the hypodermal seam cells, to regulate asymmetric circuit 

patterning. The hypodermis of the worm has primary functions in development of neural 

circuits as it secretes various axon guidance cues like UNC-6/Netrin and LON-

2/Glypican (Wadsworth et al., 1996b; Blanchette et al., 2015). Furthermore, calcium 

signaling is central to both the UNC-6/Netrin pathway and the Heparan Sulfate pathway 

(Hong et al., 2000; Wen et al., 2004; Hu and Hsueh, 2014).  

 

A role for Na+/Ca2+ exchangers in neurodevelopmental pathways, including those 

that govern the formation of the DD/VD circuit, has not been previously explored. 

Furthermore, a role for the pathways that regulate DD/VD circuit development has never 

been comprehensively examined for the asymmetric commissural patterning scheme in 

this circuit. Preliminary evidence suggests complex interactions between the growth cone 

and secreted guidance cues and extracellular guideposts might contribute to the 

asymmetries observed in the DD/VD circuit. Ablation of the parent of the pioneering 

AVG interneuron results in ectopic routing of some DD commissures along the left side 

of the animal (R. Durbin, PhD Dissertation, University of Cambridge, 1987). The AVG 
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interneuron has spatially restricted expression of UNC-6/Netrin along the right tract of 

the ventral nerve cord (VNC) that provides instructive guidance cues to several 

commissures that develop along the VNC. In mutants where the AVG abnormally wires 

its pioneering axon along left VNC tract, D-type neurons guide their commissures along 

the left side at a high frequency (Hutter et al., 2005). Yet even in the absence of the AVG, 

D-type motor neurons will still maintain their predominant right sided wiring scheme 

thus demonstrating that patterning of the DD/VD circuit does not rely solely on a 

pioneer-follower relationship (Hutter et al., 2005). Several extracellular guidance cues 

have been implicated in the left/right patterning of GABAergic motor neuron 

commissures in C. elegans. UNC-71, an ADAM, disintegrin and metalloprotease-

containing transmembrane protein that is expressed in the AVG interneuron and 

hypodermis regulates VD/DD asymmetric patterning (Huang et al., 2003). In the 

cholinergic DA/DB motor neuron circuit, stereotyped left/right commissural patterning 

schemes are under the regulation of interactions between heparan sulfates, the guidance 

cue slt-1/Slit and its receptor eva-1 (Bulow et al., 2008). Heparan sulfates, slt-1 and eva-1 

are well-characterized regulators of circuit development, suggesting that patterning of 

neural circuits is also be under the regulation of classic neurodevelopmental programs.  

 

Analysis in this chapter shows that the UNC-6/Netrin pathway and the Heparan 

Sulfate pathway regulate axonal asymmetries and asymmetric circuit patterning in the 

DD/VD GABAergic motor neuron circuit. Further analysis genetically places ncx-9 in a 

RAC-dependent UNC-6/Netrin pathway and a LON-2/Glypican Heparan Sulfate 

pathway. Interestingly, analysis showed that NCX-9 functions parallel to MAX-2, which 
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functions RAC-independently in the UNC-6/Netrin pathway signaling (Lucanic et al., 

2006). NCX-9 also functions parallel to the neuronal Heparan Sulfate SDN-1/Syndecan, 

suggesting that its functions may be restricted to hypodermal Heparan Sulfate signaling. 

Finally, mutant analysis also showed that the UNC-6/Netrin pathway has parallel 

functions to the Heparan Sulfate modifying gene HST-6, suggesting that some 

components of each pathway have functions independent of each other. 
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4.3 Materials and Methods 

 

Animals and Maintenance  

 

CZ1200 juIs76 II[unc-25p::GFP + lin-15(+)]; lin-15B(n765) X, DMH65 juIs76 II[unc-

25p::GFP + lin-15(+)]; ncx-9(gk234237) V, DMH53 juIs76 II[unc-25p::GFP + lin-

15(+)]; pak-1(ok448) X, LE478 juIs76 II[unc-25p::GFP + lin-15(+)]; mig-2(mu28) X, 

HJ1 max-2(cy2) II; oxIs12 X[unc-47p::GFP + lin-15(+)], HJ154 max-2(nv162) II; oxIs12 

X [unc-47p::GFP + lin-15(+)], LE2336 lqIs128 [unc-25::myr::unc-40], LE2531 juIs76 

II[unc-25p::GFP + lin-15(+)]; unc-40(n324) I, LE847 juIs76 II[unc-25p::GFP + lin-

15(+)]; ced-10(n1993) IV, DMH55 juIs76 II[unc-25p::GFP + lin-15(+)]; ncx-

9(gk234237) V; ced-10(n1993) IV, DMH69 juIs76 II[unc-25p::GFP + lin-15(+)]; ncx-

9(gk234237) V; pak-1(ok448) X, DMH70 juIs76 II[unc-25p::GFP + lin-15(+)]; ncx-

9(gk234237) V; mig-2(mu28) X, DMH71 oxIs12 X[unc-47p::GFP + lin-15(+)]; ncx-

9(gk234237) V;max-2(cy2) II, DMH72 juIs76 II[unc-25p::GFP + lin-15(+)]; ncx-

9(gk234237) V; unc-40(n324) I, DMH77 [unc-129p::GFP]; ncx-9(gk234237) V, DMH80 

juIs76 II[unc-25p::GFP + lin-15(+)]; ncx-9(gk234237) V;hst-2(ok595) X, DMH81 juIs76 

II[unc-25p::GFP + lin-15(+)]; hst-2(ok595) X, DMH82 juIs76 II[unc-25p::GFP + lin-

15(+)]; ncx-9(gk234237) V;hst-6(ok273) X, DMH83 juIs76 II[unc-25p::GFP + lin-

15(+)]; hst-6(ok273) X, DMH86 juIs76 II[unc-25p::GFP + lin-15(+)]; hst-6(ok273) 

X;unc-40(n324) I, DMH87 hanEx11 [(ncx-9p::GFP; myo-2p::mCherry)], DMH90 

juIs76 II[unc-25p::GFP + lin-15(+)]; unc-129(ev557) IV, DMH96 juIs76 II[unc-

25p::GFP + lin-15(+)]; unc-129(ev557) IV;ncx-9(gk234237) V, DMH99 juIs76 II[unc-
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25p::GFP + lin-15(+)]; sdn-1(zh20) X, DMH100 juIs76 II[unc-25p::GFP + lin-15(+)]; 

sdn-1(zh20) X;ncx-9(gk234237) V, DMH101 juIs76 II[unc-25p::GFP + lin-15(+)]; lon-

2(e678) X, DMH102 juIs76 II[unc-25p::GFP + lin-15(+)]; lon-2(e678) X;ncx-

9(gk234237) V, DMH103 [unc-129p::GFP]; unc-129(ev557) IV, DMH104 juIs76 II[unc-

25p::GFP + lin-15(+)]; mig-2(gm103) X; DMH105 juIs76 II[unc-25p::GFP + lin-15(+)]; 

ncx-9(gk234237) V; mig-2(gm103) X, DMH120 juIs76 II[unc-25p::GFP + lin-15(+)]; 

ncx-9(gk234237) V; lqIs128 [unc-25::myr::unc-40], DMH121 juIs76 II[unc-25p::GFP + 

lin-15(+)]; ncx-9(gk234237) V;max-2(nv162) II 

 

Genomic DNA was isolated by harvesting animals and collecting them in a 1.5ml tube. 

200µl of Lysis buffer (60g/ml proteinase K, 10mM Tris-Cl, pH 8.3, 50mM KCl, 2.5mM 

MgCl2, 0.45% IGEPAL, 0.45% Tween-20, 0.01% gelatin) was added to the tube and the 

tube was then frozen at -80°C for 10mins. This was followed by incubation at 60°C for 

1hr, followed by incubation at 95°C for 15mins. Identification of homozygous mutants 

was performed by PCR and sequencing of the lesion. The following primers were used 

for genotyping:  

 

ncx-9(gk234237): ncx-9(gk234237)F ccgttccgatggaatggaat and ncx-9(gk234237)R 

tggatgcctgcaagtatgtc to identify a C to T base pair change. 

ced-10(n1993): ced-10(n1993)F ccctaaaaaccggtaatttcacagcaaa and ced-10(n1993)R 

ggcaaaggaaatcaaggctgtcaagtat to identify an A to C base pair change. 

mig-2(mu28): mig-2(mu28)F gttcagtatgtgcctacagtgtaagttg and mig-2(mug28)R 

gacagagaagcagagaatgaaaacatc to identify a G to A base pair change. 



	
  

	
   98	
  

pak-1(ok448): pak-1(ok448)F aatctcttccagggaagtcgggtt and pak-1(ok448)R 

acacttgtgctcgcagagtgtgaa to identify a 1425bp deletion. 

max-2(cy2): max-2(cy2)F cgatactgcttcataaccttaatctcg and max-2(cy2)R 

ctcatcgtgaaaagctttctgattcc to identify a C to T base pair change.  

hst-2(ok595): hst-2(ok595)F tcaagtatgtacaggttcctgatga and hst-2(ok595)R 

ggtgctctaggacattttgatagtct to identify a 1335bp deletion 

hst-6(ok273): hst-6(ok273)F tatgtctcttgttctattgcgacct and hst-6(ok273)R 

cgcttatcgcttatcatacttagacg to identify a 1063bp deletion 

sdn-1(zh20): sdn-1(zh20)F gtagctacaacaataggtcgatacgtt and sdn-1(zh20)R 

gtacctactactacagcggtttgtgtc to identify a 1258bp deletion 

 
The unc-40(n324), mig-2(gm103), max-2(nv162) and unc-129(ev557) mutants, and 

strains carrying the lqIs128 transgene were identified by visibly apparent DD/VD motor 

neuron axon guidance defects and uncoordinated locomotion. The lon-2 mutants were 

identified by the long body length phenotype. The E. coli strain OP50 was used to seed 

NGM plates and all plates were maintained according to standard protocol (Brenner, 

1974). All animals examined for defects were hermaphrodites (XX) unless stated 

otherwise. 

 

Phenotype Analysis 

 

Defects in asymmetric circuit patterning were quantified using the protocol described in 

Chapter 3. 
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Commissural guidance defects for DD and VD motor neurons were quantified using 

previously established protocol (Lucanic et al., 2006).  

 

Quantification of embryonic lethality was performed by picking adults animals onto 

staging plates that were seeded with the OP50 strain of E. coli. The animals were staged 

for four hours and subsequently removed.  Once the progeny reached day 1 adult stage, 

an individual animal was staged on a seeded plate for three hours (room temperature) and 

then removed. After removing the animal, the total number of eggs laid was examined 

under a dissecting microsocope. After 24 hours, the same plate was examined again 

under a dissecting microscope and the total number of non-hatched eggs was counted. To 

quantify the penetrance of embryonic lethality, the total number of non-hatched eggs 

after 24 hours was divided by the total number of eggs that were initially counted on the 

first day. This protocol was performed five times for each genotype examined and their 

aggregate was used to compute the average penetrance.  
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4.4 Results 

 

NCX-9 functions in the UNC-6/Netrin RAC-dependent pathway to regulate 

stereotyped left/right patterning of VD/DD commissures 

 

The UNC-6/Netrin signaling pathway regulates various developmental steps of the 

GABAergic motor neuron circuit, however its role in establishing the asymmetric 

left/right patterning scheme is unknown. UNC-6/Netrin is an axon guidance cue that 

interacts with its receptors UNC-40/DCC and UNC-5, and downstream this pathway 

splits into two parallel pathways: RAC protein dependent signaling and RAC protein 

independent signaling. UNC-129/BMP is another axon guidance cue that works in the 

UNC-6/Netrin pathway and is also secreted from the seam cells in which ncx-9 is 

expressed(MacNeil et al., 2009). Thus the interaction of NCX-9 with UNC-129/BMP and 

UNC-6/Netrin signaling was also examined. The following UNC-6/Netrin signaling 

pathway mutants were examined: ced-10(n1993) [CED-10 is RAC-type GTPase], pak-

1(ok488) [PAK-1 is a p21 activated kinase], mig-2(mu28) and mig-2(gm103) [MIG-2 is a 

RHO-type GTPase], max-2(cy2) [MAX-2 is a p21 activated kinase], unc-40(n324) 

[UNC-40/DCC is a Netrin receptor] and unc-129(ev557) [UNC-129 is a BMP like 

member of the TGF-β superfamily]. MAX-2 has both RAC-dependent and RAC-

independent functions in the UNC-6/Netrin signaling pathway(Lucanic et al., 2006). 

There is a significant enhancement of ectopic left sided commissures for every mutant 

examined in the UNC-6/Netrin signaling pathway when compared to wildtype animals 

(Fig. 18A: *p < 0.005 for all bars versus wildtype, n=100 for all strains examined). Next,  
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Figure 18. NCX-9 works through the RAC-dependent Netrin signaling pathway to 

regulate VD/DD commissural patterning. (A) Bar chart plotting the average number of 

ectopic left-sided VD/DD commissures for wildtype animals and the following 

genotypes: ncx-9(gk234237), unc-129(ev557), ncx-9(gk234237);unc-129(ev557), mig-2 

(mu28), ncx-9(gk234237);mig-2 (mu28), mig-2 (gm103), ncx-9(gk234237);mig-2 

(gm103), pak-1(ok488), ncx-9(gk234237);pak-1(ok488), ced-10(n1993), ncx-

9(gk234237);ced-10(n1993), max-2 (cy2), ncx-9(gk234237);max-2 (cy2), max-2(nv162), 

ncx-9(gk234237);max-2(nv162), unc-40(n324), ncx-9(gk234237);unc-40(n324), UNC-



	
  

	
   102	
  

40(c.a.) and ncx-9(gk234237);UNC-40(c.a.) (*p<0.005 for all mutants vs. wildtype, 

n=100 for each genotype). Error bars represent S.E.M. (B) Bar chart plotting the numbers 

of normal (two) plus ectopic (anything > than two) left-sided VD/DD commissures for 

each of the genotypes from (A) (n=100 for each genotype).   
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to investigate the relationship of NCX-9 with the UNC-6/Netrin signaling pathway, 

double mutants of ncx-9 and UNC-6/Netrin signaling pathway genes were examined for 

enhancement of defect. Significant enhancement of ectopic left sided commissures was 

observed in max-2(cy2);ncx-9(gk234237) double mutants compared with ncx-

9(gk234237) and max-2(cy2) single mutants, however no enhancement was observed in 

ncx-9(gk234237);unc-129(ev557), ncx-9(gk234237);ced-10(n1993), ncx-

9(gk234237);pak-1(ok488), ncx-9(gk234237);mig-2(mu28) or ncx-9(gk234237); unc-

40(n324) double mutants as compared with the single mutant in each case (Fig. 18A: p < 

0.005 for max-2(cy2) versus max-2(cy2);ncx-9(gk234237), p=.44 for unc-129(ev557) vs 

ncx-9(gk234237);unc-129(ev557), p=0.06 for mig-2(mu28) versus mig-2(mu28); ncx-

9(gk234237), p=0.13 for pak-1(ok448) versus pak-1(ok448);ncx-9(gk234237), p=0.7 for 

ced-10(n1993) versus ced-10(n1993);ncx-9(gk234237), p=0.57 for unc-40(n324) versus 

unc-40(n324);ncx-9(gk234237), n=100 for all strains examined). A second allele of max-

2, max-2(nv162), was examined in an ncx-9(gk234237) background to verify that NCX-9 

functions parallel to MAX-2. Enhancement of VD/DD left/right patterning defects was 

observed in ncx-9(gk234237);max-2(nv162) compared to max-2(nv162) alone, further 

confirming that NCX-9 and MAX-2 have functions independent of each other (Fig. 18A: 

p < 0.005 for max-2(nv162) versus ncx-9(gk234237); max-2(nv162), n=100 for all strains 

examined). A gain of function allele for MIG-2, mig-2(gm103), was examined and 

showed significant stereotyped patterning defects compared to wildtype (Fig. 18A, p 

<.005 versus wildtype, n=100). The MIG-2 gain of function allele was also examined in 

an ncx-9(gk234237) background and no significant enhancement of defect was observed 

(Fig. 18A, p=.09 for mig-2(gm103) versus ncx-9(gk234237);mig-2(gm103), n=100). 
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Penetrance of defect is above 50% in populations of populations of all examined mutants 

in the RAC-dependent and RAC-independent branches of the UNC-6/Netrin signaling 

pathway (Fig. 18B, n=100 for all strains examined). Next, a strain carrying a 

constitutively active variant of the Netrin receptor UNC-40/DCC (UNC-40(c.a.)) was 

examined for DD/VD left/right patterning defects. Surprisingly, the strain showed no 

defects in patterning compared to wildtype, despite having defects in dorsalward 

commissural guidance (18A, n=100 for all strains examined). Next, UNC-40(c.a.) was 

examined in an ncx-9(gk234237) background. UNC-40(c.a.);ncx-9(gk234237) shows 

significant enhancement over UNC-40(c.a.) alone (18A: p < 0.005 for UNC-40(c.a.) vs. 

UNC-40(c.a.);ncx-9(gk234237), n=100 for all strains examined).   

 

NCX-9 and MAX-2 double mutants exhibit additional developmental defects 

 

The ncx-9(gk234237);max-2(cy2) double mutants also exhibit enhancement of various 

other defects. In a population of ncx-9(gk234237);max-2(cy2) double mutants, 

approximately 95% of the animals are embryonically lethal in comparison to ~2% for 

wildtype, ~2% for ncx-9(gk234237) and ~4% for max-2(cy2) (Fig. 19A). In ncx-

9(gk234237);max-2(cy2) double mutants, there is also a significant enhancement in the 

average number of VD/DD commissures per animal that fail to reach the dorsal nerve 

cord when compared to wildtype or ncx-9(gk234237) and max-2(cy2) individually (Fig. 

19B, *p < 0.005 versus wildtype, n=50 for all strains examined). Cumulatively, this data 

shows that NCX-9 functions in the UNC-6/Netrin RAC-dependent signaling pathway to 

regulate stereotyped left/right patterning of the VD and DD commissures.  To examine a   
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Figure 19. Additional developmental defects in NCX-9 and MAX-2 double mutants. (A) 

Bar chart plotting the penetrance of embryonic lethality for wildtype, ncx-9(gk234237), 

max-2(cy2) and ncx-9(gk234237);max-2(cy2). (B) Bar chart plotting the average 

percentage of VD/DD motor neuron commissures failing to reach the dorsal cord per 

animal for each of the genotypes from (A) (*p<.005 vs wildtype, n=50 for each 

genotype).The ncx-9(gk234237);max-2(cy2) double mutant displays significant 

enhancement of defect as compared with wildtype, ncx-9(gk234237) and max-2(cy2). 

Error bars represent S.E.M. (C) Bar chart plotting the anterior/posterior biasing of ectopic 

left-sided VD/DD commissures across a population of animals (n=50 for each genotype 

examined). 

A B
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spatial anterior or posterior bias in the regulation of VD/DD commissural patterning by 

the UNC-6/Netrin signaling pathway, the vulva was used as a centering reference to 

divide the anterior and posterior of the worm. Commissures for DD1-4 and VD1-8 are 

positioned anterior to the vulva, while commissures for DD5-6 and VD9-13 are 

positioned posterior to the vulva. Ectopically routed left sided commissures are found at a 

greater frequency in the posterior of the worm in wildtype and mutants of ncx-

9(gk234237), max-2(cy2) and ced-10(n1993) (Fig. 19C, n=50 for all strains examined). 

This data suggests that the influence of the UNC-6/Netrin signaling pathway on 

stereotyped axon projection schemes might be spatially biased along the AP axis in C. 

elegans.  

 

NCX-9 functions in a pathway with the heparan sulfate LON-2/Glypican to regulate 

VD/DD commissural patterning  

 The DA and DB cholinergic motor neurons in C. elegans are also characterized 

by highly stereotyped left/right commissural projections and recent work suggests that 

the heparan sulfate (HS) signaling pathway regulates their stereotyped patterning(Bulow 

et al., 2008). To examine if ncx-9 regulates stereotyped commissural patterning beyond 

the GABAergic motor neuron circuit, the stereotyped left/right projections of DA and DB 

commissures were analyzed in ncx-9(gk234237) mutants but found no significant 

enhancement of defect (Fig. 20A, n=50 for all strains examined). Because ncx-9 is 

expressed in the seam cells that secrete UNC-129, unc-129(ev557) mutants were also 

examined and found to have a mild but significant enhancement of defect in stereotyped 

patterning of DA and DB commissures (Fig. 20A). Next, a role for the HS pathway in  
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Figure 20. NCX-9 works with heparan sulfate proteoglycan modifiers to regulate 

VD/DD commissural patterning. (A) Bar chart plotting the average number of ectopic 

DA/DB commissures for wildtype animals, ncx-9(gk234237) and unc-129(ev557). (B) 

Bar chart plotting the average number of ectopic left-sided VD/DD commissures for 
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wildtype animals, ncx-9(gk234237), lon-2(e678), ncx-9(gk234237);lon-2(e678), sdn-

1(zh20), ncx-9(gk234237);sdn-1(zh20), hst-2(ok595), ncx-9(gk234237);hst-2(ok595), hst-

6(ok273) and ncx-9(gk234237);hst-6(ok273) (*p<0.005 vs. wildtype, n=100 for each 

genotype). Mutant of the core HS protein sdn-1(zh20) displayed significant enhancement 

in the background of ncx-9(gk234237) when compared to either single mutant alone 

(p=.02 for sdn-1(zh20) vs. ncx-9(gk234237);sdn-1(zh20)). Error bars represent S.E.M. 

(C) Bar chart plotting the number of ectopic left-sided VD/DD commissures for each of 

the genotypes from (B). (D) Bar chart plotting the average percentage of VD/DD motor 

neuron commissures failing to reach the dorsal cord per animal for ncx-9(gk234237), hst-

2(ok595), ncx-9(gk234237);hst-2(ok595), hst-6(ok273) and ncx-9(gk234237);hst-

6(ok273) (*p<.005 vs wildtype, n=50 for each genotype examined). Error bars represent 

S.E.M.  
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regulating commissural patterning in motor neurons beyond the DA and DB was 

examined by analyzing HS pathway mutants for defects in stereotyped patterning of VD 

and DD motor neurons. The following mutants were examined: lon-2(e678) [LON-2 is a 

hypodermally expressed HS core protein], sdn-1(zh20) [SDN-1 is a neuronally expressed 

HS core protein] hst-2(ok595) [HST-2 is a 2O-sulfotransferase that modifies sugar chains 

of HS core proteins] and hst-6(ok273) [HST-6 is a 6O-sulfotransferase that modifies 

sugar chains of HS core proteins]. All HS pathway mutants show significant 

enhancement of ectopic left sided VD and DD commissures as compared with wildtype 

animals (Fig. 20B: *p < 0.005 versus wildtype, n=100 for all strains examined). All 

populations of HS pathway mutants examined also display high penetrance of defect, 

with hst-2(ok595) mutants in particular showing 100% penetrance of defect and severe 

loss of commissural patterning schemes (Fig. 20C, n=100 for all strains examined). Next, 

to investigate the relationship of NCX-9 with the HS signaling pathway, double mutants 

of ncx-9 and HS signaling pathway genes were examined for enhancement of defect. 

Weak but significant enhancement of ectopic left sided commissures was observed in 

ncx-9(gk234237);sdn-1(zh20) double mutants compared with ncx-9(gk234237) and sdn-

1(zh20) single mutants, however no enhancement was observed in ncx-9(gk234237);lon-

2(e678), ncx-9(gk234237);hst-2(ok595) and ncx-9(gk234237);hst-6(ok273)  double 

mutants as compared with the single mutant in each case (Fig. 20B: p=.02 for sdn-

1(zh20) versus ncx-9(gk234237);sdn-1(zh20), p=.16 for lon-2(e678) versus ncx-

9(gk234237);lon-2(e678), p=0.21 for hst-2(ok595) versus ncx-9(gk234237);hst-2(ok595), 

p=0.49 for hst-6(ok273) versus ncx-9(gk234237);hst-6(ok273)). Dorsalward commissural 

guidance of VD and DD neurons was also examined in hst-2(ok595) and hst-6(ok273) 
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mutants and significant defects were observed only for the hst-2(ok595) mutants (Fig. 

20D: *p < 0.005, n=50 for all strains examined).  

 

UNC-40 and HST-6 have parallel functions during circuit development 

 

 The genetic relationship between the HS signaling pathway and the UNC-6/Netrin 

pathway is unclear and to examine this, an hst-6(ok273);unc-40(n324) double mutant was 

generated. There is a significant enhancement of ectopic left sided commissures in hst-

6(ok273);unc-40(n324) double mutants when compared to wildtype or hst-6(ok273) and 

unc-40(n324) individually (Fig. 21A: *p < 0.005 versus wildtype, n=100 for all strains 

examined). There is also significant enhancement of commissural guidance defects in hst-

6(ok273);unc-40(n324) double mutants when compared to wildtype or hst-6(ok273) and 

unc-40(n324) individually (Fig. 21B: *p < 0.005 versus wildtype, n=100 for all strains 

examined). Collectively, this data shows that NCX-9 regulates left/right patterning of DD 

and VD commissures by functioning in the same pathway as LON-2/Glypican and the 

HS modifiers HST-2 and HST-6, but it has functions parallel to SDN-1/Syndecan. The 

HS modifier HST-6 also functions parallel to the UNC-6/Netrin receptor UNC-40/DD for 

both patterning and guidance of DD and VD commissures. This suggests that NCX-9 

facilitates stereotyped patterning of DD and VD commissures through two divergent 

signaling mechanisms. 
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Figure 21. UNC-40 and HST-6 function in parallel. (A) Bar chart plotting the average 

number of ectopic left-sided VD/DD commissures for wildtype animals, hst-6(ok273), 

unc-40(n324) and hst-6(ok273);unc-40(n324) (*p<0.005 vs. wildtype, n=100 for each 

genotype examined). The hst-6(ok273);unc-40(n324) double mutant displays significant 

enhancement of defect as compared with wildtype, hst-6(ok273) and unc-40(n324). Error 

bars represent S.E.M. (B) Bar chart plotting the average percentage of VD/DD motor 

neuron commissures failing to reach the dorsal cord per animal for each of the genotypes 

from (E) (*p<.005 vs wildtype, n=50 for each genotype). The hst-6(ok273);unc-40(n324) 

double mutant displays significant enhancement of defect as compared with wildtype, 

hst-6(ok273) and unc-40(n324). Error bars represent S.E.M.   

A B
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4.5 Discussion 

 

 Signaling pathway analysis presented in this chapter shows that UNC-6/Netrin 

and Heparan Sulfate signaling regulate left/right stereotyped decisions made by DD and 

VD commissures. Furthermore, NCX-9 works through the UNC-6/Netrin RAC 

dependent pathway and the LON-2/Glypican Heparan Sulfate pathway. Gain of function 

allele for the RAC protein MIG-2 in an ncx-9(gk234237) background showed no 

enhancement of defect compared to the single mutant alone, suggesting that NCX-9 

likely functions upstream of RAC proteins in the Netrin signaling pathway. Analysis of a 

constitutively active UNC-40 variant, UNC-40(c.a.), in an ncx-9(gk234237) background 

showed significant enhancement of defect when compared to UNC-40(c.a.) alone, 

suggesting that NCX-9 likely functions downstream of UNC-40/DCC in the Netrin 

signaling pathway. Cumulatively, this places NCX-9 upstream of the RAC/PAK 

effectors, and downstream of the UNC-40/DCC receptor within the Netrin signaling 

pathway. NCX-9 is functional in the hypodermal seam cells, where as UNC-40/DCC is 

membrane bound in the growth cones of VD/DD neurons, so how NCX-9 functions 

downstream of UNC-40/DCC is a rather interesting question. A plausible mechanism for 

NCX-9 within the Netrin pathway could be related to UNC-129/BMP, which is an axon 

guidance cue secreted from the seam cells in which NCX-9 is expressed. UNC-129/BMP 

facilitates guidance of VD/DD commissures by enhancing the strength of UNC-5+UNC-

40/DCC signaling. Presumably, NCX-9 might regulate the secretion or the distribution 

gradient of UNC-129/BMP. Interestingly, the defect in unc-129 is highly similar to ncx-

9(gk234237), indicating that the functions of the two might be intertwined. The exact 
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mechanism for how NCX-9 might regulate the secretion of UNC-129/BMP is unclear as 

nothing is known about the secretion mechanism of UNC-129/BMP in C. elegans. 

However, the mammalian homolog of NCX-9, the NCLX gene, regulates secretion of 

insulin by modulating cytosolic Ca2+ levels through release of mitochondrial Ca2+ (Nita et 

al., 2012). If such a mechanism is employed by NCX-9 in secretory roles is worth 

exploring in the future. 

 

 UNC-6/Netrin, UNC-129/BMP and the HS core protein LON-2/Glypican are 

secreted by hypodermal cells and to the best of our current knowledge, are diffused 

bilaterally into the extracellular matrix surrounding DD and VD neurons. Therefore, it is 

unclear how these globally diffused axon guidance cues generate a biased asymmetric 

patterning scheme, where 17 out of 19 commissures from the DD and VD neurons have 

an affinity for migration along the right side of the animal. Disruption of stereotyped 

patterning is also biased along the AP axis in ncx-9-/-, ced-10-/- and max-2-/- mutants 

suggesting that their activity may be restricted in a region specific manner. Similarly, 

previous work has shown that misexpression of the HS modifier HST-6 primarily 

disrupts stereotyped patterning of posterior DB motor neurons, suggesting that gradients 

that establish patterning may also be regulated along the A-P axis (Bulow et al., 2008). 

UNC-6/Netrin may interact with other guidance cues to generate an asymmetric biasing 

scheme and recent work has shown that UNC-6/Netrin signaling works with the HS 

protein LON-2/Glypican for dorsal guidance of DD and VD commissures (Blanchette et 

al., 2015). Work presented here shows that HS core proteins LON-2/Glypican and SDN-

1/Syndecan, and HS modifiers HST-2 and HST-6 regulate left/right commissural 
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projections of GABAergic motor neurons. Furthermore, NCX-9 works in the same 

pathway as LON-2/Glypican, HST-2 and HST-6 but has parallel functions to SDN-

1/Syndecan. Interestingly, HST-2 and HST-6 have been shown to have parallel functions 

in circuit development, and data in this chapter also shows that HST-6 has functions 

independent of UNC-40, raising the question of how NCX-9 contributes to parallel 

signaling systems with independent functions. A plausible role for NCX-9 in Heparan 

Sulfate signaling may be related to the PST-1 gene. PST-1 is a transporter of the high-

energy sulfate donor 3′ -phosphoadenosine 5′ -phosphosulfate (PAPS), which 

functions as a substrate for sulfotransferases. Functionally, PST-1 regulates the transport 

of PAPS to the Golgi.  Similar to ncx-9, pst-1 is also expressed in the seam cells and has 

been shown to function in a pathway with both HST-2 and HST-6 (Bhattacharya et al., 

2009). Furthermore, it has cell non-autonomous functions in neuronal development, 

although a role for pst-1 has not been tested in VD/DD circuit patterning. Interestingly, 

the PAPS gene in C. elegans, pps-1, is strongly expressed in seam cells and weakly 

expressed in other hypodermal cells but no expression is detected in neurons or muscles 

(Dejima et al., 2006). PAPS is a major component of the heparan sulfate side chain 

sulfation process, and its restricted expression suggests that it is likely secreted from the 

seam cells and hypodermis and transported to other cells through a currently undefined 

process. Another component of the HS pathway, the rib-1 gene, is also expressed in the 

seam cells and has been shown to regulate left/right patterning of DD/VD neurons 

(Blanchette et al., 2017). The C. elegans rib-1 gene is a glycosyltransferase that is 

required for the synthesis of Heparan Sulfate side chains. This body of evidence suggests 

that the C. elegans seam cells play a critical role in the biosynthesis and modification of 
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HS side chains. NCX-9 in seam cells could therefore be regulating asymmetric patterning 

of DD/VD commissures by contributing to HS side chain biosynthesis and modification. 

 

 Mutant analysis found parallel functions for the HS modifier HST-6 and the 

UNC-6/Netrin receptor UNC-40/DCC in the regulation of left/right commissural 

patterning and dorsal commissural guidance of GABAergic motor neurons. It is likely 

that parallel functions of HST-6 to the Netrin signaling pathway are related to its 

modifications on the side chains of SDN-1/Syndecan as previous work has shown that 

SDN-1 functions parallel to UNC-6/Netrin signaling (Gysi et al., 2013). While NCX-9 

functions with LON-2/Glypican to regulate circuit patterning, it functions parallel to 

SDN-1. Interaction of NCX-9 and LON-2/Glypican may be due to their function as 

hypodermal proteins, whereas SDN-1 is functional in neurons (Rhiner et al., 2005; Gysi 

et al., 2013). However, mutant analysis shows while HST-6 functions parallel to UNC-

6/Netrin signaling, it works in the same pathway as NCX-9. Recently, it was 

demonstrated that the UNC-6/Netrin pathway works together with LON-2/Glypican in 

the dorsalward guidance of DD/VD commissures, suggesting that some components of 

the Heparan Sulfate pathway interact with Netrin signaling to regulate neuronal 

development (Blanchette et al., 2015). In summary, handling of calcium via NCX-9 in 

seam cells may converge onto multiple signaling pathways (Netrin and Heparan 

Sulfates), including some that even work in parallel (Netrin Pathway and Netrin-

independent Heparan Sulfate HST-6), to regulate stereotyped left/right commissural 

patterning. This is indicative of the diverse role of calcium in various 

neurodevelopmental pathways and suggests that modulators of intracellular calcium 
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levels, like the Na+/Ca2+ exchanger, likely regulate several Ca2+ sensitive pathways 

during development. 
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Chapter 5: Discussion and Future Directions 

 

5.1 Sodium calcium exchangers in C. elegans 

 

 This dissertation details the first comprehensive examination of the sodium 

calcium exchanger gene family in Caenorhabditis elegans. Ten sodium calcium 

exchanger genes were identified in the C. elegans genome. First, their phylogeny was 

examined with counterparts in humans and Drosophila, which revealed candidate NCX 

genes in C. elegans for each of the three primary subclasses: NCX (ncx-1, ncx-2 and ncx-

3), NCKX (ncx-4 and ncx-5) and NCLX (ncx-6, ncx-7, ncx-8, ncx-9 and ncx-10). 

Analysis of residue conservation for the C. elegans NCX also revealed high conservation 

of key sodium calcium exchanger domains such as the α-repeats (form the ion binding 

pocket) and the calcium binding domains (regulate exchanger activity by sensing 

intracellular calcium levels). Expression pattern analysis reveals expression of ncx genes 

in sensory neurons, motor neurons, interneurons, hypodermis, intestine, body wall 

muscles, pharyngeal muscle, enteric muscle and vulval muscle. The observed expression 

pattern showed a remarkable bias towards the nervous system as 7 out of 10 ncx genes 

are expressed in neurons. Behavioral characterization was performed using ncx-2 and 

ncx-8 mutants. This analysis revealed a role for NCX-2 in egg-laying and the defecation 

motor program (DMP) cycle, and a role for NCX-8 in lipid accumulation and longevity. 

The primary interest of this dissertation however was to examine the contribution of 

sodium calcium exchangers to the development and functioning of the nervous system. 

NCX-9 is an NCLX-type Na+/Ca2+ exchanger in C. elegans that is expressed in the 



	
  

	
   118	
  

hypodermal seam cells. The hypodermis in C. elegans performs a vital role in the 

development of the nervous system by secreting axon guidance cues into the extracellular 

matrix (Wadsworth et al., 1996b; Bulow et al., 2008; Blanchette et al., 2015). However, 

the mechanisms guiding this process remain largely unknown. Thus, a role for NCX-9 

was explored in the development of the GABAergic motor neuron circuit, which relies on 

signals secreted from the hypodermis for development. Analysis of ncx-9 mutants 

revealed a role for NCX-9 in the left/right asymmetric patterning of the DD and VD 

neurons that make up the GABAergic motor neuron circuit. Knockdown of NCX-9 

activity in the hypodermis using RNAi showed that function of NCX-9 in the hypodermis 

is required for stereotyped asymmetric patterning of the DDs and VDs. Next, signaling 

analysis placed NCX-9 in the UNC-6/Netrin RAC-dependent and Lon-2/Glypican 

Heparan Sulfate (HS) signaling pathways. Finally, in vitro examination of NCX-9 

subcellular activity in HEK-293T cells revealed that NCX-9 functions primarily as a 

mitochondrial Na+/Ca2+ exchanger, similar to its mammalian homolog NCLX 

 

5.2 C. elegans Na+/Ca2+ exchangers: a preference for the nervous system 

 

 Expression pattern analysis of the Na+/Ca2+ exchanger family in C. elegans 

reveals a diverse expression profile (Table 1). The expression is broadly skewed towards 

excitable cells like muscles and neurons, but is also present in the intestine and 

hypodermis. Subgroups within the Na+/Ca2+ exchanger family also show specificity in 

their expression pattern. The NCX’s (ncx-1, ncx-2 and ncx-3) are expressed exclusively 

in a variety of 
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Table 1. Expression pattern of Na+/Ca2+ exchangers in C. elegans. (Sharma et al., 2013) 
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muscle groups and neuronal cells. Specifically ncx-1 and ncx-3 are expressed only in the 

nervous system, whereas ncx-2 is expressed only in various muscle tissues, suggesting 

that each individual member of this subgroup may have highly tissue specific functions. 

The NCKXs (ncx-4 and ncx-5) are expressed only within the nervous system. Expression 

of ncx-4 is observed in a variety of neuronal cells, whereas ncx-5 is expressed exclusively 

in a group of four gas sensing neurons, suggesting that ncx-5 may function in a more 

specialized capacity than ncx-4. The NCLX exchangers (ncx-6, ncx-7, ncx-8, ncx-9 and 

ncx-10) show remarkable diversity of expression. Expression of ncx-6 and ncx-7 is quite 

similar as they are both expressed in the intestine and the ADL sensory neuron. 

Expression of ncx-8 is also observed in the intestine, and in the pharyngeal muscle as 

well. Interestingly, ncx-9 is the only member of this gene family that is expressed in the 

hypodermis of the animal, specifically in the hypodermal seam cells. Expression of ncx-9 

was also detected faintly in a variety of head neurons. Lastly, ncx-10 is expressed 

predominantly in the terminal bulb of the pharynx, suggesting that it may have highly 

specialized functions within the pharynx. 

 

 In general, the expression pattern of Na+/Ca2+ exchangers in humans, flies and 

worms is highly skewed towards excitable cells and the nervous system in particular (Fig. 

22). 7 out of 10 Na+/Ca2+ exchangers in C. elegans are expressed in the nervous system, 

suggesting that it could be an ideal model organism for examining the role of Na+/Ca2+ 

exchangers in neural functioning. Within the group of neuronal C. elegans Na+/Ca2+ 

exchangers, some genes are expressed broadly in a diverse set of neurons (ncx-3 and ncx-

4), whereas others show specificity to a subset of neurons (ncx-1, ncx-5, ncx-6 and   
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Figure 22. Expression profile of Na+/Ca2+ exchangers in humans, flies and worms. 

Expression is highly skewed towards the nervous system in all three organisms (Sharma 

and O'Halloran, 2014). 
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ncx-7). This provides a robust platform to examine various aspects of Na+/Ca2+ exchanger 

function in the nervous system. Of particular interest would be understanding how the 

diversity in the genetics and protein structure of highly variant Na+/Ca2+ exchangers maps 

onto exchanger physiology and cell specific functioning.  

 

 Several neuronal Na+/Ca2+ exchanger genes are expressed only in a subset of 

cells. For instance, ncx-1 is expressed only in the AIY interneuron and ncx-6 and ncx-7 

are expressed in the ADL neuron. This allows a platform to examine which properties of 

each individual Na+/Ca2+ exchanger map onto cell specific functions. Analysis of ncx-6 

mutants so far has revealed that it does not regulate development, as the overall structure 

of the ADL sensory neuron develops normally in mutants. However, preliminary data 

shows that ncx-6 mutants have defects in odor sensing, as they lose the ability to detect 

noxious odors like octanol. This suggests that ncx-6 may regulate specific sensory 

behaviors in the ADL neuron via modulation of Ca2+ levels during signaling. NCX-6 is a 

homolog of the human NCLX gene, which is a mitochondrial Na+/Ca2+ exchanger that is 

speculated to be a regulator of neurotransmission via its ability to shape the duration of 

calcium signals through mitochondrial Ca2+ release (Castaldo et al., 2009).  NCX-6 thus 

provides an entry point for examining how NCLX-type exchangers might shape neuronal 

Ca2+ signals that are required for information processing and neurotransmission. Indeed, 

such questions can be examined by using platforms such as gCAMP, which is a 

genetically encoded calcium sensor that can provide robust readouts on calcium fluxes in 

the neurons of live behaving animals like C. elegans (Akerboom et al., 2012).  
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 Two neuronal Na+/Ca2+ exchangers, ncx-3 and ncx-4 are expressed broadly 

throughout the nervous system (Table 1). NCX-3 belongs to the NCX subgroup and 

NCX-4 belongs to the NCKX subgroup. Similarly, several NCX and NCKX genes in 

humans are expressed broadly throughout the nervous system as well. The difference in 

the physiology and function of genes in each subgroup is still a pressing question, but it 

can now be approached through examination in C. elegans. Physiology experiments show 

that NCX and NCKX differ quite significantly in their Ca2+ clearing capacities. For 

instance, human NCKX2 can conduct Ca2+ clearance at much lower intracellular Ca2+ 

levels, and also at a faster rate, than human NCX1 (Altimimi et al., 2013). How these 

unique physiological properties map onto cellular functions remains poorly investigated 

in animal models but may be understood using C. elegans. Individual transcripts of NCX 

genes have also been shown to have unique functions based on their cell specificity. This 

specificity is generated via alternative splicing mechanisms (Quednau et al., 1997a). 

However, cell specific functions of individual NCXs and NCKXs transcripts amongst 

various classes of neurons still remain unknown. Expression of both ncx-3 and ncx-4 is 

observed in a variety of neuronal subtypes: sensory neurons, interneurons and motor 

neurons (Table 1). Future work could potentially focus on which cellular functions both 

exchangers regulate in different classes of neuronal cells. Interestingly, while the NCX 

and NCKX subgroup each have one gene that is expressed broadly throughout the 

nervous system, such a candidate is missing in the NCLX family. This is in stark contrast 

to the human NCLX gene, which is expressed broadly throughout the nervous system 

(Cai and Lytton, 2004b). This suggests that the roles of NCLX exchangers in the nervous 

system of the worm might be limited in capacity to a subset of neurons. 
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 The expression pattern of Na+/Ca2+ exchangers that is detailed in this dissertation 

is limited to an explanation of their transcriptional activation, determined by using 

promoter-GFP fusions. While such an approach elucidates their cellular expression, their 

subcellular localization remains unknown. Since Na+/Ca2+ exchangers are membrane 

proteins, not knowing their in vivo localization remains a major impediment in 

understanding their true mechanistic contributions to cellular Ca2+ handling. In vitro 

analysis of NCX-9 does show that it functions as a mitochondrial Na+/Ca2+ exchanger 

(Fig. 17), similar to its mammalian homolog NCLX (Palty et al., 2010). Amongst 

mammalian Na+/Ca2+ exchangers, localization is observed in both plasma membrane and 

organelle membranes, although the NCKX show a preference for the plasma membrane 

and the NCLX is primarily a mitochondrial Na+/Ca2+ exchanger (Wu et al., 1995; Kang 

and Schnetkamp, 2003; Palty et al., 2010; Reyes et al., 2012; Scorziello et al., 2013). 

Whether this pattern of localization is also present in C. elegans Na+/Ca2+ exchangers 

should be investigated further. Subcellular localization of Na+/Ca2+ exchangers could be 

examined in the future by utilizing recent advancements in gene editing platforms such as 

CRISPR/Cas9 that potentially allow for more efficient knock-in of GFP into the open 

reading frame of genes (Paix et al., 2015).  

 

5.3 The NCKX in C. elegans 

 

 Examination of Na+/Ca2+ exchangers has predominantly focused on the NCX 

subgroup and little is comparatively known about the NCKX genes. Their physiological 

functions are largely unknown although they are expressed broadly throughout the 
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nervous system and defects in NCKX genes have been linked to memory and motor 

learning and several possibly pathogenic variants of NCKX1 have been identified in 

patients of retinal diseases (Sharon et al., 2002; Li et al., 2006). Drosophila mutants of the 

NCKX gene zydeco also show high susceptibility to epileptic events due to disrupted 

calcium oscillations in glial cells (Melom and Littleton, 2013). Because NCKX can 

conduct Ca2+ expulsion faster and at lower concentrations than NCXs (Altimimi et al., 

2013), it is likely that they play a key role in regulating and fine tuning rapid neuronal 

and glial Ca2+ spikes. The use of C. elegans as a model to study NCKX function could 

potentially advance our understanding of their physiological importance in the nervous 

system. As mentioned previously, the two NCKX genes in C. elegans are ncx-4 and ncx-

5. Both NCKX genes are expressed only within the nervous system, a characteristic 

unique to this subgroup in the C. elegans family of Na+/Ca2+ exchangers. NCX-4 displays 

broad expression throughout the nervous system in sensory neurons, motor neurons and 

interneurons. Conversely, NCX-5 displays restricted expression in four types of gas 

sensing neurons: the BAG neurons, the URX neurons, the AQR and the PQR. The broad 

versus restricted expression contrast between NCX-4 and NCX-5 is also observed in 

mammalian NCKXs. Expression of NCKX1 is restricted primarily to the eye, whereas 

NCKX2, NCKX3 and NCKX4 display broad expression throughout the nervous system 

(Kraev et al., 2001; Li et al., 2002; Lytton et al., 2002). NCKX in C. elegans also share 

structural similarities to their mammalian counterparts (Fig. 9) and a key aspartic acid 

residue that imparts K+ dependence on the mammalian NCKX’s is also fully conserved in 

C. elegans (Fig. 10) (Kang et al., 2005).  

 



	
  

	
   126	
  

 To date, there has been no examination of the transcriptional regulation of the 

NCKX, although much is known about the transcriptional regulation of the NCX (Cheng 

et al., 1999; Xu et al., 2006; Tritsch et al., 2013). Employing reverse and forward genetic 

screening methods in C. elegans can provide a wealth of information on the 

transcriptional regulation of NCKXs. Of particular interest is examining transcriptional 

regulation of the circuit specific NCX-5. As mentioned previously, NCX-5 is expressed 

only within specialized gas sensing neurons (Table 1), that coordinate a variety of 

behaviors like social feeding by monitoring O2 and CO2 levels in the environment (de 

Bono and Bargmann, 1998; Gray et al., 2004). Preliminary data suggests that NCX-5 is 

partly regulated by the EGL-13/SoxD transcription factor. In egl-13 mutants, GFP 

expression driven by an ncx-5 transcriptional reporter is absent in the PQR neuron, while 

GFP expression in the other neurons remains unchanged. Interestingly, egl-13 was 

recently described as a key regulator of the terminal gene batteries in the gas sensing 

BAG and URX neurons, in which ncx-5 is also expressed (Gramstrup Petersen et al., 

2013). However, how terminal gene batteries are regulated in the AQR and PQR gas 

sensing neurons remains unknown. Thus, the implications of understanding how ncx-5 is 

regulated transcriptionally extend beyond understanding regulation of NCKX expression. 

Because ncx-5 expression is restricted exclusively to a highly specialized behavior 

circuit, it also offers a unique entry point into understanding the regulatory mechanisms 

that drive expression of behavior specific genes. In contrast to ncx-5, the ncx-4 gene is 

expressed widely throughout the nervous system. Future work could also seek to 

understand the regulatory mechanisms that drive broad expression of ncx-4 and seek to 

contrast this with the restricted expression observed in ncx-5. Particularly, it would be 
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interesting to explore if ncx-4 and ncx-5 are interchangeable in function, or if their 

physiology is tailored to perform cell specific functions. 

 

5.4 The NCLX in C. elegans 

 

 Phylogenetic analysis revealed the presence of five candidate NCLX exchangers 

in C. elegans (ncx-6 to ncx-10) (Fig. 7). Four uncharacterized NCLX candidates were 

also detected in the Drosophila melanogaster genome (Fig. 7). In contrast to the genome 

wide expansion of NCLX exchangers in C. elegans and D. melanogaster, mammals 

encode only one NCLX exchanger, which is the NCLX gene (Cai and Lytton, 2004b; 

Palty et al., 2010). The mammalian NCLX gene is primarily a mitochondrial Na+/Ca2+ 

exchanger, but if invertebrate NCLX genes share this characteristic remains known. 

Interestingly, this broad expansion of the NCLX subgroup is not uniformly observed 

across all invertebrates. Analysis of NCLX exchangers within the nematode phylum 

revealed the absence of NCLX exchangers in Clade I and Clade III nematode species 

(Fig. 23). While the NCLX are prime candidates for facilitating mitochondrial Na+/Ca2+ 

exchange, it is possible that the NCX members in Clade I and Clade III nematodes have 

co-opted NCLX like functions. Indeed, NCXs in mammals display mitochondrial 

Na+/Ca2+ exchange functionality (Magi et al., 2012; Scorziello et al., 2013; Wood-

Kaczmar et al., 2013), suggesting that they may play such a role in organisms lacking 

NCLX-type exchangers.   
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Figure 23 Phylogenetic tree of various nematode species belonging to specific Clades as 

defined by Blaxter et al(Blaxter et al., 1998). Mapped onto the phylogenetic tree is a 

representation of the types of Na+/Ca2+ exchangers found in each species. Red represents 

the NCKX genes, blue represents the NCX genes and green represents the NCLX/NCLX 

genes. [Figure Source: (Sharma and O'Halloran, 2016)] 
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 Although there is gene expansion in the C. elegans NCLX subgroup compared to 

mammals, there are some basic similarities between the C. elegans and human NCLX. 

Expression of the human NCLX gene is detected in all tissues examined (Cai and Lytton, 

2004b). Similarly, C. elegans NCLX genes are expressed in a larger variety of tissues 

than the NCX and NCKX genes. While expression of NCX is detected only in neurons 

and muscles, and NCKX only in neurons, NCLX genes are expressed in the intestine, 

muscles, neurons and hypodermis (Table 1, Fig. 15B). Furthermore, the NCLX is a 

mitochondrial Na+/Ca2+ exchanger and in vitro analysis of NCX-9 physiology also 

showed that it functions similarly in the mitochondria. Future work should examine if this 

is observed in vivo and for the other NCLX-type exchangers.  

  

 Expression of the NCLX exchanger ncx-8 was detected in the intestine of the 

worm, and analysis of ncx-8 mutants revealed a role for this gene in intestinal lipid 

accumulation and longevity. The role of ncx-8 in regulating longevity of the animal is 

likely linked to its role in lipid accumulation as metabolism pathways in C. elegans have 

been shown to affect the lifespan of the organism (Wang et al., 2008; Crawford et al., 

2007). While it is unclear as to how intracellular Ca2+ handling affects fat metabolism in 

C. elegans, it is understood that excess accumulation of free intracellular Ca2+ in 

adipocytes disrupts metabolic pathways, resulting in increased lipid accumulation that 

may cause diabetes and obesity (Draznin et al., 1988).  Mechanistic analysis in 

preadipocytes of mice shows that the p38 MAPK pathway regulates lipid accumulation 

by modulating calcium signals, and consequently, calcium signals in a feedback loop 

regulate phosphorylation of p38 (Sun et al., 2012). Overall, analysis of ncx-8 mutants 
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showing a role for NCLX-type exchangers in metabolism adds to a growing body of 

evidence that suggests mitochondrial Ca2+ buffering is a critical component of metabolic 

pathways (Nita et al., 2012). Future work could potentially use C. elegans as a model 

organism to understand how Na+/Ca2+ exchangers shape the calcium signals required for 

lipid accumulation and metabolism. 

 

 Expression of ncx-6 and ncx-7 is also observed in the intestine, and their overall 

expression pattern is nearly identical (Table 1). Interestingly, both genes are found on 

chromosome III (Fig. 8), adjacent to each other and their predicted protein structures are 

identical (Fig. 9), suggesting they might be the product of a gene duplication event. 

Preliminary analysis of ncx-6 mutants shows defects in the defecation motor program 

(DMP) cycle of the worm. Analysis of ncx-2 mutants also showed defects in the DMP 

cycle, although ncx-2 is expressed in muscles, whereas ncx-6 is expressed in the intestine. 

A role for ncx-6 may be linked to oscillatory Ca2+ waves in the intestine that have been 

shown to regulate the DMP cycle (Nehrke et al., 2008). Interestingly, multiple transcripts 

of the ncx-6 mammalian homolog, NCLX, have been shown to form functional dimers 

that catalyze Na+/Ca2+ exchange (Palty et al., 2006). The physiological relevance of this 

dimerization however remains unknown. Since ncx-6 and ncx-7 show remarkable 

similarity in predicted structure and tissue expression, it could be examined if the product 

of both genes functions in a heterodimer configuration and what the physiological 

relevance of dimerization might be.   
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 Analysis of ncx-9 mutants revealed a novel role for this NCLX-type exchanger in 

asymmetric commissural patterning of VD/DD neurons. NCX-9 is expressed in the 

hypodermal seam cells, and cell specific knockdown of NCX-9 using RNAi in the 

hypodermis induced VD/DD left/right patterning defects in wildtype animals. This 

strongly implies that NCX-9 functions in the hypodermis to regulate asymmetric 

patterning of VD/DD commissures. To determine the intracellular site of function for 

NCX-9, multiple attempts were made at generating NCX-9 translation reporter lines, 

however the attempts were unsuccessful. To determine the cellular site of function for 

NCX-9, the selective antagonist of mitochondrial Na+/Ca2+ exchange, CGP37157, was 

administered to wildtype animals via feeding. CGP37157 was successful in inducing 

VD/DD left/right patterning defects in wildtype animals, suggesting that mitochondrial 

Na+/Ca2+ exchange regulates this function. An in vitro examination of NCX-9 activity in 

HEK-293T cells revealed that NCX-9 functions as a mitochondrial Na+/Ca2+ exchanger. 

Together, this data suggests that NCX-9 likely works as a mitochondrial Na+/Ca2+ 

exchanger, similar to its mammalian homolog NCLX. Signaling pathway analysis for the 

anatomical asymmetry in the DD/VD circuit had not been previously examined in depth. 

Pathway analysis presented in Chapter 4 revealed that NCX-9 functions alongside 

members of the Netrin and Heparan Sulfate pathways to establish anatomical 

asymmetries in the DD/VD circuit. A molecular mechanism for anatomical asymmetries 

is largely unknown and this work presents one of the first genetic frameworks of how 

axonal asymmetries are generated in neural circuits.  

 

5.5 A Molecular Framework for Anatomical Asymmetries in Neural Circuits  
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 Asymmetries in the brain can be categorized as either (a) functional or (b) 

anatomical, and in general, a clear understanding of their molecular underpinnings 

remains unresolved. Furthermore, how anatomical asymmetries contribute to functional 

asymmetries is also unclear. Despite these uncertainties, the relevance of investigating 

these questions is significant. Several developmental brain pathologies such as 

schizophrenia, autism, dyslexia and polymicrogyria have been linked to disruptions in 

normal asymmetric brain development (Falkai et al., 1992; Galaburda et al., 1994; 

Hugdahl et al., 1998; Pascual-Castroviejo et al., 2001; Herbert et al., 2005; Chang et al., 

2006). At the functional level, the molecular basis for what generates highly stereotyped 

discrepancies between the left and right hemisphere remains unresolved. However, some 

of these functional asymmetries, such as the left hemisphere’s dominant role in language 

processing, have been linked to anatomical asymmetries between the layer III cortical 

neurons of the two hemispheres (Hutsler, 2003). At the molecular level, examination of 

differences in gene expression in the left and right perisylvian region of the human fetal 

neocortex revealed a set of 27 asymmetrically expressed genes that are predominantly 

geared towards gene regulation and signal transduction (Sun et al., 2005). However, 

examining the molecular basis for neuronal asymmetries in vertebrates is a challenging 

and time-consuming task. Presumably, a way around this is through the use of 

invertebrate model organisms that provide a simpler and more tractable platform for 

detailed examination.   
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 The GABAergic DD and VD motor neurons in C. elegans show a highly 

stereotyped asymmetric bias for commissural projections towards the right side of the 

animal. The commissural asymmetry observed in this circuit can thus be used a model to 

understand the molecular basis for asymmetric circuit development. As described in 

Chapter 4, NCX-9 functions alongside members of the Netrin RAC-dependent and 

Heparan Sulfate pathways to regulate asymmetric patterning of DD/VD neurons. NCX-9 

is expressed in hypodermal seam cells and hypodermis specific knockdown of NCX-9 

using RNAi was successful in inducing VD/DD patterning defects in wild-type animals. 

This strongly suggests that NCX-9 regulates circuit patterning through its functions in the 

seam cells in a cell-nonautonomous manner. While a role for the hypodermis in 

regulating axon guidance and circuit patterning has been demonstrated previously (Bulow 

et al., 2008; Blanchette et al., 2015), work in this dissertation is the first to show a role 

specifically for the hypodermal seam cells in these functions. Seam cells have previously 

been linked to functions such as cuticle secretion, generation of contractile forces in the 

developing embryo and production of neuronal and glial cells through stem cell like 

functions (Sulston and Horvitz, 1977a; Shelton et al., 1999; Piekny et al., 2003; Fritz and 

Behm, 2009). How a seam cell specific Na+/Ca2+ exchanger like NCX-9 regulates circuit 

patterning is thus a deeply interesting question, and one that requires examining the seam 

cells through a new perspective.  

 

 One possible mechanism by which NCX-9 may regulate DD/VD patterning is via 

secretion of the UNC-129/BMP axon guidance cue. UNC-129/BMP is secreted from the 

seam cells and the dorsal muscle cells (MacNeil et al., 2009), and analysis of unc-129 
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mutants showed defects in VD/DD patterning. The secretion mechanism for UNC-

129/BMP and in general for most axon guidance cues is not well understood. However, a 

role for the human homolog of NCX-9, the NCLX gene, has been previously described in 

the secretion of insulin from β-cells of the pancreas(Nita et al., 2012). NCLX regulates 

secretion of insulin in β-cells by triggering efflux of mitochondrial Ca2+(Nita et al., 

2012). Glucose taken into β-cells is oxidized, followed by a spike in intracellular Ca2+ 

and uptake of this free intracellular Ca2+ into mitochondria facilitates the production of 

ATP to meet the cells increased energy requirement (Tarasov et al., 2012). NCLX 

regulates mitochondrial Ca2+ levels by triggering efflux of excess mitochondrial Ca2+ into 

the cytosol, which subsequently shapes the cytosolic Ca2+ signal required for the 

secretion of insulin(Nita et al., 2012). Ca2+ efflux from NCLX also serves as a rate-

limiting step for mitochondrial ATP production(Nita et al., 2012). Calcium signals are an 

important component of secretion in general and if NCX-9 does play a secretory role, it 

may do so in a similar manner as NCLX by shaping the intracellular Ca2+ signal.  

 

 However, it is possible that NCX-9 does not play a role in the secretion of UNC-

129 in the seam cells. Another mechanism through which NCX-9 might regulate circuit 

patterning is by facilitating cell-to-cell signaling amongst hypodermal cells. Axon 

guidance cues such as Netrin and the HS LON-2/Glypican are secreted from ventral 

hypodermal cells into the extracellular matrix (Wadsworth et al., 1996a; Blanchette et al., 

2015). The ventral hypodermal cells that secrete these guidance cues are connected to 

seam cells by adherens junctions that are composed of cadherin-catenin complexes 

(CCC) (Ding et al., 2004). The C. elegans CCC is composed of the cadherin HMR-1, 
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VAB-9 which links actin to adherens junctions, the α-catenin HMP-1 and the β-catenin 

HMP-2 (Costa et al., 1998; Simske et al., 2003). The CCC has a dual function in 

organisms as it establishes cell-to-cell adhesion and mediates cell-to-cell signaling 

(Austin and Kenyon, 1994; Gooding et al., 2004; Ding et al., 2004). Cadherins, which are 

essential components of the CCC, have extracellular domains that require calcium 

binding for cell-to-cell adhesion and signaling (Hartsock and Nelson, 2008). Furthermore 

the CCC interacts with RAC effectors to stimulate apical constriction during 

embryogenesis (Roh-Johnson et al., 2012) and work in this dissertation places NCX-9 in 

a RAC-dependent signaling pathway during development. Loss of NCX-9 function in the 

seam cells may disturb internal and external Ca2+ levels and result in disruption of CCC 

activity. It is possible that seam cells have a role in transmitting signals via the CCC to 

the ventral hypodermal cells and that such signals may regulate the secretion and 

distribution of commissural guidance cues into the basal lamina surrounding DD/VD 

neurons.  

 

 NCX-9 was placed in a signal pathway with RAC-dependent UNC-6/Netrin and 

LON-2/Glypican Heparan Sulfate signaling showing that axon guidance pathways are a 

critical component for generating asymmetric patterning schemes in neural circuits. This 

is rather intriguing as current evidence in C. elegans indicates that axon guidance cues 

such as Netrin and Heparan Sulfate (HS) proteoglycans are expressed symmetrically on 

both the left and right side of the worm and show no apparent asymmetry in expression. 

Further complicating the issue is that the Netrin source that guides axons of motor 

neurons in C. elegans comes from multiple sources: the vulval precursor cells and the 
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AVG interneuron. This however does not rule out the possibility that there may be subtle 

differences in the left/right distribution of axon guidance cues that are beyond the scope 

of detection using current technologies. As mentioned earlier, loss of the AVG 

interneuron, which pioneers the right tract of the ventral nerve cord and expresses a right-

side biased UNC-6/Netrin gradient, results in a mild patterning defect in the VD/DD 

circuit (R. Durbin, PhD Dissertation, University of Cambridge, 1987). This is rather 

peculiar, as UNC-6/Netrin is generally understood as having a repulsive effect on the 

DD/VD growth cone, which would suggest that growth cones should move away from 

the right side gradient generated by the AVG. It may be the case that the patterning role 

of UNC-6/Netrin may not be due to repulsive guidance.  

 

 A plausible mechanism for how asymmetry in circuit patterning might be 

generated is through asymmetric targeting and distribution of growth cone motility 

components regulated by axon guidance cues. It is well understood that netrin-1 and 

extracellular Ca2+ gradients can induce asymmetric distribution of β-actin mRNA and 

translation in growth cones, and this asymmetric distribution may provide the initial 

steering force required for growth cone turning (Yao et al., 2006; Leung et al., 2006). In 

context of asymmetric patterning of the DD/VD motor neurons, it may be the case that 

UNC-6/Netrin signaling induces growth cone turning biased towards the right side, by 

inducing polarized distribution of growth cone components. Indeed, growth cone 

mechanics of VD neurons are regulated by UNC-6/Netrin and its receptors UNC-5 and 

UNC-40 (Norris and Lundquist, 2011). UNC-5+UNC-40 signaling in VD growth crones 

suppresses protrusive activity of filopodia and lamellipodia in response to Netrin 
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gradients (Norris and Lundquist, 2011). UNC-6/Netrin and UNC-5 also drive the 

polarized distribution of F-actin in VD neurons (Norris and Lundquist, 2011). A 

constitutively active variant of UNC-40, (designated in this thesis as UNC-40(c.a.) for 

clarity), induces suppression of protrusive growth cone activity and animals exhibit 

dorsalward guidance defects in VD neurons (Norris and Lundquist, 2011). This variant of 

UNC-40 has been shown to function independently of UNC-6/Netrin (Norris and 

Lundquist, 2011). Interestingly, examination of UNC-40(c.a.) in this thesis found that it 

produced no defects in the left/right patterning guidance choices by DD and VD neurons. 

The fact that constitutively active UNC-40 does not produce defects in patterning was 

quite surprising, considering that it functions independently of UNC-6/Netrin, which is a 

primary axon guidance cue for DD/VD commissures. Previous work has shown that 

UNC-6/Netrin regulates the polarized distribution of the UNC-40 receptor in growth 

cones and orients it towards the ventral Netrin gradient in the HSN neuron of C. elegans, 

but it is unclear if this is also the case in DD and VD neurons (Adler et al., 2006). The 

lack of patterning defects in UNC-40(c.a.) suggests that UNC-6/Netrin may not be 

required for the normal polarized distribution of UNC-40 in VD/DD neurons, as the 

growth cone still makes normal patterning choices. Perhaps a different signaling 

mechanism is employed in DD/VD neurons, which regulates the polarized distribution of 

UNC-40+UNC-5 complex and this polarized distribution may be essential for right side 

biased growth cone steering. As mentioned previously, UNC-40 and UNC-5 function 

together to induce repulsive guidance of DD and VD neurons away from the Netrin 

gradient and UNC-5 regulates polarized distribution of F-actin (Norris and Lundquist, 

2011). It could then be the case that always-active UNC-40, working alongside UNC-5, 
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drives polarized distribution of F-actin to facilitate right side biased asymmetric 

patterning of DD and VD neurons. It may be of interest then to examine the mechanisms 

that govern the polarized distribution of the UNC-40+UNC-5 complex in DD/VD growth 

cones before they make left or right-sided turning choices. 

 

 Analysis of DD/VD patterning also revealed a role for HS proteins LON-

2/Glypican, SDN-1/Syndecan and their modifiers HST-2 and HST-6. Previous work in 

the DA/DB motor neuron circuit had also found a patterning role for HS modifiers and 

SDN-1/Syndecan (Bulow et al., 2008). Therefore work in this dissertation adds to a 

growing body of literature showing that HS proteins are global regulators of neural 

circuit patterning. Within the family of proteoglycans, HS proteins likely hold important 

patterning roles due to their structural flexibility.  Through varying sulfation patterns 

along their sugar side chains, individual HS proteins are capable of interacting with a host 

of target molecules. Previous work has shown that the HS modifiers HST-2 and HST-6 

act upon the core protein LON-2/Glypican, with HST-2 functioning exclusively as a 

LON-2/Glypican modifier (Gysi et al., 2013). Interestingly, more severe patterning 

defects were seen in loss of function mutants of both HST-2 and HST-6 compared to loss 

of function mutants of the core protein LON-2/Glypican. This strongly suggests that 

changing the sulfation code can significantly disrupt patterning schemes relative to the 

loss of the core protein itself. Mechanistically, this might be a result of the altered 

sulfation code disrupting normal HS-partner interactions, potentially creating an 

abnormal patterning code and thus disrupting circuit-patterning schemes. Insight into 

interacting partners for LON-2/Glypican come from recent work that has shown that 



	
  

	
   139	
  

LON-2/Glypican regulates circumferential guidance of the DD/VD neurons and interacts 

directly with the UNC-40/DCC Netrin receptor (Blanchette et al., 2015). However, 

analysis in this dissertation shows that some HS pathway components, like the modifier 

HST-6, have functions parallel to the UNC-6/Netrin pathway in circuit patterning. 

Hypothetically, this may be due to HST-6 acting as a modifier for SDN-1/Syndecan, as 

previous work has shown that SDN-1/Syndecan functions parallel to the UNC-6/Netrin 

pathway (Gysi et al., 2013). Work in Drosophila suggests that Syndecan’s works through 

the Slit/Robo axon guidance pathway (Hu, 2001; Steigemann et al., 2004). This may 

explain the parallel functions observed between Syndecan and Netrin, since Netrin 

functions parallel to the Slit/Robo pathway (Gysi et al., 2013). Interestingly in 

Drosophila, both Syndecan and Glypican have been shown to also regulate the 

distribution of axon guidance cues, raising the possibility that they may influence circuit 

patterning of the DD/VDs and DA/DBs motor neurons by regulating gradients of axon 

guidance cues (Johnson et al., 2004). 

 

 Data in Chapter 4 shows that NCX-9 functions in the same pathway as HST-2, 

HST-6 and LON-2/Glypican, but has functions independent of SDN-1/Syndecan. A role 

for NCX-9 within Heparan Sulfate signaling could be related to the biosynthesis and 

modification of Heparan Sulfate side chains. In general, the development of side chains 

of HS core proteins takes place in the Golgi complex and is a multistep process that 

begins with an initiation phase, followed by an elongation phase and finally a 

modification phase. In C. elegans, the seam cells in which NCX-9 functions, play a 

central role in various steps of the HS side chain development process. First, the seam 
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cells function as a primary source for the expression and synthesis of PAPS, which is the 

primary donor of sulfate groups in HS side chain biosynthesis. While HS core proteins 

and their modifiers are expressed in a diverse set of tissues including muscles, neurons 

and the hypodermis, the expression and function of PAPS is restricted largely to the seam 

cells and the hypodermis. However, functions of HS modifiers like HST-6, which carries 

out sulfation of HS side chains by acquiring a sulfate group from PAPS, is required in 

neurons for proper axon guidance (Bulow and Hobert, 2004), suggesting that PAPS is 

likely synthesized in the seam cells and the hypodermis, and then secreted and 

transported to other cells for completing HS side chain biosynthesis. Other components 

of the HS pathway also function within the seam cells. For instance PST-1, a transporter 

of PAPS, which partially localizes to the Golgi, is also strongly expressed in the seam 

cells. The rib-1 gene, which regulates the elongation of HS side chains, is also expressed 

in the seam cells and has been shown to regulate DD/VD left/right asymmetric 

patterning. Mechanistically, it is largely unclear how members of the HS side chain 

biosynthesis machinery interact with each other, especially considering that some 

function cell-autonomously, where as others function cell non-autonomously. Of 

particular interest for future work is interaction of NCX-9 with members of the HS 

biosynthesis machinery. How calcium might contribute to HS biosynthesis is largely 

unexplored and data in this thesis strongly supports a hypothesis that calcium handling 

via NCX-9 contributes to the HS signaling pathway, including modifiers of HS core 

proteins. NCX-9 could be involved in either synthesis of PAPS in the seam cells, or for 

its secretion out of the seam cells.  A set of experiments based on previously well 

established protocols could provide deep insight into the function of NCX-9 in relation to 



	
  

	
   141	
  

the HS pathway. It would be interesting to examine if there are changes in the quantity 

and patterns of sulfated disaccharides of HS proteins in ncx-9 mutants compared to 

wildtype animals. This would reveal if NCX-9 plays a role in the sulfation of HS core 

protein side chains. In rib-1 and rib-2 mutants, LON-2 and SDN-1 show significant 

reduction in biosynthesis of HS side chains  (Blanchette et al., 2017). Thus, levels and 

synthesis of LON-2/Glypican and SDN-1/Glypican heparan sulfate side chains should be 

tested in ncx-9 mutants to determine if NCX-9 plays a role in HS side chain biosynthesis. 

Finally, the genetic relationship of ncx-9 and members of the HS biosynthesis machinery 

can be further explored, particularly the ones that are expressed in the seam cells like pst-

1, pps-1 and rib-1. 

 

 While the commissures of GABAergic motor neurons are preferentially biased 

along the right side, 2 out of the 19 neurons (DD1 and VD2) migrate along the left side of 

the worm. A similar uneven stereotyped asymmetry is also observed in the DA/DB 

cholinergic motor neuron circuit in which 5 DA and 2 DB neurons migrate 

circumferentially along the left side, and 1 DA and 3 DB neurons migrate 

circumferentially along the right side. Interestingly, in the mutants analyzed for circuit 

patterning in Chapter 3, none showed disruptions in the stereotyped left-sided patterning 

of DD1 and VD2 commissures [data not shown]. Thus, the defects observed in these 

mutants were preferentially restricted to the right-sided commissures only. This is rather 

interesting as it suggests that neurons within the same circuit are capable of making 

distinct axon guidance choices through dissimilar signaling and guidance mechanisms. 

To date, there are no molecular markers that have been discovered as being unique to the 
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DD1 and VD2 neurons, which further adds to the intrigue of what mechanisms guide 

their left-side biased patterning choices. Future work addressing the differences in 

patterning mechanisms for the left versus right-sided commissures could provide novel 

insight into how distinct guidance mechanisms might affect patterning schemes within 

homogenous neural circuits. 

 

5.6 Concluding Remarks  

 

 This dissertation provides a comprehensive analysis of the Na+/Ca2+ exchanger 

family in Caenorhabditis elegans. While these exchangers have been the focus of 

examination for decades, much is still unknown about their physiological roles in a 

variety of organs, particularly the nervous system. Because Na+/Ca2+ exchangers are 

expressed broadly throughout the nervous system of C. elegans, there is much insight to 

be gained about their relevance to neuronal physiology through further examination. 

Particularly, employing C. elegans as a model organism could significantly advance our 

understanding of how these exchangers are regulated transcriptionally in the nervous 

system and how they contribute to behavior and development. Furthermore, techniques 

like GCaMP that allow for live imaging of Ca2+ transients, can be employed in Na+/Ca2+ 

exchanger mutants to understand their contribution to cellular Ca2+ fluxes in live 

behaving animals. 

 

 A limitation at the onset of this dissertation was the availability of Na+/Ca2+ 

exchanger mutant lines within the C. elegans community. Strains carrying loss-of-
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function alleles were readily available for only some of the exchanger genes and 

generating novel mutants through traditional mutagenesis techniques was a cumbersome 

task. However, recent advancements in gene editing via the CRISPR/Cas9 platform have 

opened the door for efficiently generating desired mutant lines. The power of this 

platform can be harnessed to create highly specific mutations in genomic regions of 

interest (Paix et al., 2014; Paix et al., 2016), and would be especially useful in 

meticulously probing the structure/function relationship of Na+/Ca2+ exchangers. For 

instance, altering highly conserved residues or excising key structural domains would 

provide vast insight into how the structural components of Na+/Ca2+ exchangers 

contribute to their mechanistic roles in various cells. 

 

 Alongside the first comprehensive analysis of Na+/Ca2+ exchangers in C. elegans, 

this dissertation also provides a genetic framework for asymmetric circuit patterning that 

can serve as a key entry point to future examinations of how asymmetries are generated 

in the brain. Furthermore, this work adds to a growing body of literature that shows the 

value of using C. elegans as a model organism to study neuronal asymmetries (Johnston 

and Hobert, 2003; Bulow et al., 2008). In particular, the framework presented here could 

be quite relevant in understanding how axonal asymmetries are generated in neural 

circuits and specific brain regions. For example, the habenular nuclei region of the 

vertebrate brain has been a key focus of research lately for its asymmetric circuit 

schemes, and also for its role in motivation and addiction behavior (Matsumoto and 

Hikosaka, 2007; Salas et al., 2009; Lawson et al., 2014; Duboc et al., 2015). In a recent 

review on brain asymmetries by Duboc et al, the authors detail various molecular 
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mechanisms that generate asymmetries in the habenular nuclei, but comment on how we 

do not have a clear understanding of the signaling mechanisms that underlies axonal 

asymmetries within this brain region (Duboc et al., 2015). It could be that chemotrophic 

axon guidance cues like Netrin also play a significant role in generating axonal 

asymmetries in neural circuits of vertebrate organisms. Thus, the signaling framework for 

axonal asymmetries outlined in this dissertation emphasizes the need to re-examine how 

we functionally understand the nature of axon guidance gradients in the ECM and 

precisely how these gradients generate neuronal asymmetries. First, analysis in Chapter 3 

and Chapter 4 shows that seemingly symmetric and bilateral cues can invoke stereotyped 

asymmetric axonal projection schemes. How growth cones interpret these cues and make 

highly stereotyped and directionally biased left/right turns requires further examination. 

Second, this work shows that cell non-autonomous signaling plays a significant role in 

regulating asymmetric patterning schemes. Presumably this is done through the secretion 

and modifications of guidance cues in the ECM and future work should focus on 

mapping the mechanisms that generate instructive patterning codes for developing neural 

circuits. Lastly, this work also shows that regulation of Ca2+ signal via Na+/Ca2+ 

exchangers is required for the development of asymmetric patterning schemes. Calcium is 

a central component of signaling in both Netrin and Heparan Sulfate pathways. Future 

work examining how Na+/Ca2+ exchangers mechanistically function in these pathways 

would significantly enhance our understanding of how the shaping and modulation of 

Ca2+ signals contributes to the development of the nervous system. 
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