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ABSTRACT 

 
 

Neuronal Laterality in Caenorhabditis elegans: 
Morphological and Functional Aspects 

 
 

Andrew D. Goldsmith 
 
 

 

The ASE neurons of C. elegans are an excellent model to study neuronal 

asymmetry.  Lateralization with respect to their genetic fate and function has been well 

studied, but their more subtle asymmetries have not.  This work describes three such 

asymmetries: that of amino acid gustation, associative learning, and morphological size.  

In the first two of these, I found a previously uncharacterized asymmetric neuronal 

response with respect to amino acid gustation, and expand on the known asymmetry with 

respect to associative salt learning.  Most of this thesis focuses on a discovered size 

asymmetry in the ASE pair of neurons: characterizing it, providing a functional 

significance, and describing some of its genetic underpinnings.  Size asymmetry and the 

mechanisms of overall neuron growth are not well-studied, but do have functional 

consequences in higher organisms.  This work hopefully furthers our understandings of 

these processes and of neuronal development in general. 
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‘The first thing I’ve got to do,’ said Alice to herself, as she wandered about in the wood, 

‘is to grow to my right size again...’ 
 

  Lewis Carroll, Alice’s Adventures in Wonderland
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Chapter 1 – Introduction 

 

The bodies of many animals are grossly left-right symmetric at first glance.  In 

humans, incidences of asymmetry manifest themselves most obviously in the physical 

position of certain organs, but also more cryptically through brain activity.  Although this 

neuronal asymmetry has been recognized for nearly 150 years, the mechanisms that 

create it and its full functional consequences are still far from understood.  Additionally, 

very little is also known about neuronal size control mechanisms across species.  To 

integrate these fields of study, my thesis utilizes the small nematode C. elegans.  It is 

through examination of the size and function of one small pair of cells in this small worm 

that I hope to elucidate fundamental mechanisms that exist throughout evolution.   

In this introduction, I will first summarize some general eukaryotic size control 

mechanisms, and discuss size control mechanisms utilized by multicellular organisms in 

general and for neuronal size control more specifically.  In the course of this thesis, I 

examine components across several of these pathway classes for their role in neuronal 

size asymmetry.  I will also provide an introduction to neuronal asymmetry, first across 

several organisms, then focusing on our model C. elegans.  I will conclude with the goals 

of my thesis and provide a summary of the chapters that comprise my thesis. 

 

General size control 

Control of an organism’s body and cell size is of fundamental importance to life.  

One of the most basic regulators of cell size is through changes in ploidy; this makes 

conceptual sense, as cells would find DNA content to be a limiting resource as they 
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increase in size.  In a classic study, it was found that increasing ploidy from haploid to 

diploid to pentaploid in salamander larvae did not substantially change the size or shape 

of overall body or anatomical structures, but did reduce the number of cells that 

comprised them (Fankhauser, 1945); another early study showed that there the 

cytoplasm:nuclear size ratio between cells is fairly stable (Sachs, 1898).  Similarly, in a 

tetraploid C. elegans stock, there is an increase in body size without an increase in cell 

number (Madl and Herman, 1979). 

Beyond ploidy, the study of yeast has yielded many clues as to the most basic 

cell-size control mechanisms.  The budding yeast Saccharomyces cerevisiae undergoes 

asymmetric cytokinesis; the larger mother and smaller daughter cells have different 

growth requirements from the moment of division.  The Start checkpoint ensures that 

both cells wait until they are the proper size to divide again at the end of the G1 phase 

(Hartwell et al., 1974) – cells that are not yet the correct size cannot pass this checkpoint 

and therefore spend a longer time in G1, growing to the appropriate size.  Passing the 

Start checkpoint begins S phase and the characteristic DNA duplication.  

If cells need to assess their size to pass Start, how do they do so?  Hypothesized 

mechanisms have included some measurement of their overall volume, mass, or 

biosynthetic (i.e. protein synthesis) level (Jorgensen and Tyers, 2004).  This idea of 

measuring protein synthesis levels to pass a checkpoint looks promising when one notes 

that physically large cells with low protein synthetic abilities cannot pass Start (Moore, 

1988).  Presuming that cells are measuring protein synthesis levels to control cell cycle 

progression and size, the question then becomes, how do they measure these levels?   
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There are three steps to protein synthesis: initiation, elongation, and termination.  

The first step, initiation, is rate-limiting (Sonenberg and Gingras, 1998) and logically the 

one targeted by signaling pathways (Rhoads, 1999) – three of which I will discuss later in 

the section on multicellular control of cell growth.  One putative mechanism for 

measuring translation rates is via the level of initiation regulators – one such candidate is 

CLN3, which has the advantage of being very unstable and therefore a proxy for 

translational levels without much temporal lag (Polymenis and Schmidt, 1997).  

There is considerable evidence that cell cycle progression is controlled by protein 

synthesis levels, which is a proxy for cell growth.  But the reverse is also indirectly true; 

protein synthesis levels are tightly correlated to ribosome levels, which are dependent on 

rRNA levels, which are dependent on DNA levels (Sogin et al., 1974): cell division and 

the concordant doubling of the amount of rRNA-encoding-DNA is required for cell 

growth.  Cell cycle control and protein synthesis are both reliant on each other; it is in 

regulation of this relationship that control of cell growth and size is achieved.   

Indeed, many potent regulators of cell growth act on global protein synthesis 

levels through the general transcriptional regulation of ribosomal biogenesis, termed the 

Ribi regulon (Hall et al., 2004).  The genes in the Ribi regulon number from 100 – 400, 

most of which are directly responsible for assembling ribosomes.  There are exceptions, 

however – the Ribi regulon also contains genes both upstream of ribosomal assembly, 

such as the components of RNA Pol I and III, and downstream, such as translational 

complexes (Jorgensen et al., 2002).  Direct links between these genes and cell size have 

been observed: reduction of transcriptional activity of the Ribi regulon via mutation in an 

upstream transcription factor induces a small cell size phenotype (Jorgensen et al., 2002), 
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One gene in the Ribi regulon that is of interest to us is the well-conserved gene 

fibrillarin – known as Nop1 in the yeast and fib-1 in the worm.  Fibrillarin is a 2’-O-

methyltransferase and a component of the small nucleolar ribonucleoprotein complex 

(snoRNP).  It associates with C and D box snoRNAs and is thought to methylate rRNAs: 

a critical step for their proper function (Tollervey et al., 1993).  In addition to the Ribi 

transcriptional regulation, the presence of a 5’-terminal oligopyrimidine (5'TOP) tract in 

fibrillarin is evidence that it also regulated translationally (Meyuhas and Hornstein, 2000; 

Hall et al., 2004). Like the Ribi regulon, there is a connection between filbrillarin and cell 

size: fibrillarin mutant cells are smaller in yeast (Jorgensen et al., 2002), and the number 

of fibrillarin loci varies with the size of human cells (Berciano et al., 2007).  These 

multiple mechanisms controlling one component of ribosomal function underscore the 

importance this process.  And as I will examine later, the fibrillarin gene is particularly 

relevant to this thesis. 

 

Size control in multicellular organisms 

Multicellular organisms have developed many mechanisms to regulate the 

relationship between cell growth and cell size that go beyond those found in their 

unicellular relatives.  Indeed, because individual cells in multicellular organisms often 

have an excess of nutrients, extracellular signals are of critical importance to limit 

proliferation.  Although multicellular organisms use many of the same controls for cell 

growth and division as unicellular organisms do, these processes can be uncoupled.  I 

tested the effects of several of these conserved pathways for neuronal size asymmetry 

during the course of this thesis; I will briefly highlight a few of them here: 
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TGF!  

TGF! is a conserved family of secreted ligands with roles in cellular proliferation 

and differentiation.  Mechanistically, the TGF! ligands bind to a heteromeric kinase 

receptor, which propagates a signal via phosphorylation of transducers called R-Smads 

(Receptor-regulated).  In the nucleus, complexes of R-Smads and Co-Smads (Cofactors) 

regulate gene expression (Fig.1A).  TGF! is most well characterized in C. elegans for 

two of its roles: dauer and body size.  Dauer is less interesting for my purposes with 

regard to TGF!, and will be discussed in the insulin signaling segment.  The more visible 

phenotype that TGF! can induce in worms is a change in gross body size.   

Due to their obvious phenotype, the sma (small) genes were among the first to be 

characterized in C. elegans: Sydney Brenner isolated Sma mutants that were later 

genetically identified as R-smads (sma-2 and sma-3) and Co-Smad (sma-4).  Work on 

these genes was instrumental in determining the genetic relationships within the TGF! 

pathway.  Interestingly, one of the first epistatic experiments in C. elegans was performed 

on these genes: sma-2 was put upstream of lon-2, which encodes a glypican target of 

TGF! activity (Brenner, 1974).  As their name suggests, sma mutations induce small 

worms – less than half the body length of wild-type worms in the strongest alleles.  

However, this reduction in cell size comes at the expense of individual cell volume, not 

number – sma mutants have roughly wild-type number of cells (Suzuki et al., 1999).  

This reduction in cell size makes the TGF! family a good candidate pathway for studying 

relative cell size differences in this thesis. 
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Myc 

The discovery of the importance of myc is among the most interesting of 

anysignaling pathways; Dennis Burkitt, a British doctor working in Uganda, saw several 

children with tumors of the jaw (Burkitt, 1972).  The cause of these tumors was 

eventually traced to activating mutations in the c-myc gene (Taub et al., 1982), 

misregulation of which was soon tied to many human cancers.  Functionally, myc and its 

orthologues are transcription factors, binding to and activating E-box sequences – 

preferentially those with a role in growth (Orian et al., 2003).  One of these genes 

encodes the translation initiation factor eIF4E (Jones et al., 1996); because initiation is a 

rate-limiting step in translation, this is a promising mechanism by which Myc regulates 

protein levels and cell growth.   

The Drosophila orthologue dMyc is critical for proper development, potentially 

integrating patterning and growth signals via control of protein synthesis (Johnston et al., 

1999).  As mentioned earlier, global protein synthesis is a critical regulatory point for cell 

size control.  Intriguingly for the purposes of my project, dMyc overexpression increases 

nucleolar size (Demontis and Perrimon, 2009).  The closest C. elegans homolog, mml-1, 

showed a role in neuronal cell migration (Pickett et al., 2007), but has not been closely 

studied. 

 

Insulin / PI3K  

The insulin signaling pathway is one of the most well-conserved and 

characterized pathways across species.  Insulin signaling acts at a general level to 

promote growth, putatively through cellular nutrition uptake and storage.  A common 
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feature of invertebrate insulin signaling genetics is the presence of many insulin ligand 

homologues – seven in Drosophila, 40 in C. elegans – and few insulin receptors – one 

each in fly and worm (Hall et al., 2004; Hu, 2007), pointing towards some informational 

specificity that is carried by the different insulin ligands.  These ligands bind the receptor 

tyrosine kinase, triggering a kinase cascade that culminates in FoxO transcription factor 

activity (Fig.1B).  A key point of regulation to the insulin pathway is the Akt protein; Akt 

phosphorylates FoxO and prevents its nuclear localization and activity.  One target and 

mediator of insulin-related phenotypes is the TOR pathway; TOR is a kinase that that 

may regulate global protein synthesis indirectly through eIF4E, also a Myc target 

(Oldham and Hafen, 2003). 

These proteins are largely conserved in C. elegans, and are most famous for their 

role in lifespan – a mutant of the daf-2 insulin receptor (and gonad-ablated) can live 6 

times as long as wild type (Arantes-Oliveira et al., 2003).  The insulin pathway is also 

associated with the dauer phenotype – dauer is an alterative, arrested third larval stage 

that C. elegans and other nematodes utilize to survive harsh environmental conditions.  

Strong mutations in insulin-like genes lead to a constitutive dauer phenotype (Gems et 

al., 1998); it was in examination of this phenotype that the insulin-like family was fully 

characterized in C. elegans.  Within the field of size control, the insulin pathway is 

known to have roles in overall body and organ size, as well as individual cell size (Bohni 

et al., 1999).  Although a connection between overall body size and insulin signaling in 

C. elegans has been observed (Iser and Wolkow, 2007), little work has been done with 

regards to insulin signaling and cell size in the worm.  This makes the various 

components of the insulin signaling pathway alluring candidates for study in this thesis. 
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Integration  

 These are only three of the best-known examples of the myriad ways organisms 

can mechanistically regulate cell size; a myriad of other genes regulate cell or body size 

in worm and other organisms.  None of these genes exist a vacuum, of course – they 

work together in a network of interactions at several points of a cell’s development, a 

process grossly simplified in Fig.2.  C. elegans provides a very good model to selectively 

examine the roles of these genes in particular phenomena – chapter 4 of this thesis 

examines this genetic basis of my favorite phenomenon: neuronal size asymmetry.  I will 

provide a background of neuronal size and asymmetry here.  

 

Control of neuronal size 

Despite the breath of knowledge regarding general size control pathways, we 

know very little about the molecular mechanisms that control neuronal size.  This is 

remarkable when one considers that neuronal axon diameters range over three orders of 

magnitude, from 0.5µm to over 0.5mm (Cole and Curtis, 1939; Hoffman et al., 1985).  

Virtually the only work done studying the mechanisms of differential neuronal size 

involves the Pten gene in mouse.  Specifically, Pten deletion (Backman et al., 2001; 

Kwon et al., 2001) induced a brain overgrowth, with an accompanied development of 

ataxia and seizures, and ultimate mortality.  This brain overgrowth could conceptually be 

due to an increase number of cells in the brain – from reduced cell death or increased cell 

division, an increase in cell size, or some combination of the two.  However, the Pten 

deletion was shown to not affect the number of cells, but did induce a cell-autonomous 
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increase in the neuronal soma.  This mutation phenocopies human Lhermitte-Duclos 

disease, which is usually accompanied by a PTEN mutation (Liaw et al., 1997).  PTEN is 

a phosphatase that is known to negatively regulate PI3K signaling by acting on PIP3 

(Carracedo and Pandolfi, 2008).  The Baker and Mak groups also found high levels of 

phosphorylated Akt in Pten mutants; Akt is a downstream effector for PI3K signaling.  

PI3K, in turn, has many known roles in growth and proliferation, providing a mechanism 

by which PTEN could affect cell size.  

In later work by the Baker lab, mammalian target of rapamycin (mTor) inhibition 

was shown to partially suppress the Pten mutant overgrowth (Kwon et al., 2003) – mTor 

is a kinase downstream of the PI3K pathway, also known to have an effect on cell growth 

(Kim et al., 2002).  However, mTor inhibition in wild-type mice did not significantly 

affect neuron size, indicating that mTor is not required for normal size regulation.  The 

small number of these examples only underscores the lack of our knowledge of neuronal 

size control mechanisms. 

 

Neural asymmetry in various organisms 

Although little is known about controlling neuronal size control, more is known 

about more general asymmetric properties of nervous systems.  Vertebrate body plans are 

most obviously asymmetric with respect to the viscera: the human heart, lungs, liver, and 

other organs are not bilaterally symmetric.  Nervous system asymmetry is also present, 

but less tangible: the most obvious manifestation of neural asymmetry is in handedness; 

90% of humans are right-handed.  But the mechanisms by which body plan and neuronal 

asymmetries are established in human are separate; for instance, humans with situs 



 

 

10 

inversus have the same levels of hand preference as is seen in viscerally normal humans 

(Levin and Mercola, 1998).  However, other organisms have various levels of integration 

of the generation of these asymmetries: a zebrafish situs inversus mutant reverses some 

neuronal attributes and not others (Barth et al., 2005), while the C. elegans version of 

situs inversus displays a switched neuronal asymmetry (Poole and Hobert, 2006).   

Neuronal asymmetry has less obvious but more important consequences than 

hand preferences, however.  The earliest realization that the human brain was 

functionally lateralized came from Paul Broca, 150 years ago.  He found that a patient 

with a speech defect had damage to the left hemisphere of his brain: the conclusion was 

that language ability resides in the left half of the brain.  Scores of other abilities and 

characteristics have shown lateralization within the brain: the left half of the brain is 

involved with logical and analytical functions, while the right deals with spatial 

recognition and musical processing (Sun and Walsh, 2006).  One model has language 

functions being actively impaired in the right half of the brain such that they can develop 

in the left, inducing hand preference as a side effect (Annett, 1998). 

Functional neuronal asymmetry is present is many other vertebrate systems: for 

example, chimpanzees show a hand preference (McGrew et al., 1999), mice show a paw 

preference (Signore et al., 1991), pigeons show an asymmetric preference in visual 

discrimination assays (Rogers, 1996), and zebrafish show a preference in eye use for 

different tasks (Barth et al., 2005).  Neuronal asymmetry in invertebrate systems is the 

subject of considerably less examination, but it is known that in the Drosophila brain, an 

asymmetric body – termed the Asymmetrical Body (AB) – is found in 92% of fly brains 

(Pascual et al., 2004).  Flies without the AB had defects in long-term learning, indicating 
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a functional role exists for this brain asymmetry.  Functional neuronal asymmetries have 

been found in other invertebrates, including short-term recall in the honeybee Apis 

mellifera (Frasnelli et al., 2010), leg use in the spider Scytodes globula (Ades and 

Ramires, 2002), and mating behavior in the snail Lymnaea stagnalis (Davison et al., 

2009).  The ubiquity of functional asymmetry in across so many species points towards 

its importance. 

In addition to functional asymmetry, molecular asymmetry has been seen in 

vertebrate brains.  In the zebrafish brain, several genes are known to be asymmetrically 

expressed – several of these are members of, or downstream of, the Nodal symmetry-

breaking pathway (Concha et al., 2000).  Another report found, via SAGE analysis, a 

small but definite number of asymmetrically expressed genes in human embryonic brains 

(Sun et al., 2005).  Unlike zebrafish, human molecular asymmetry is not seen in the 

Nodal pathway, but there is a constant in some form of genetic neuronal asymmetry.  

 Like the previously mentioned asymmetric body in Drosophila, functional 

asymmetry across species often correlates with morphological asymmetry.  Vertebrate 

brains have been known to display morphological asymmetry since Santiago Ramón y 

Cajal found size asymmetries in the optic tectum of a sparrow in 1911.  Much of the 

current work done in this field comes from the Gunturkun lab, for example showing that 

pigeons display a strong size asymmetry in the tectum opticum (Gunturkun, 1997).  Here, 

pigeon embryos turn their head such that the left eye is closer to the body, and the right 

eye closer to the eggshell; light acts as an epigenetic factor to drive activity-dependent 

size asymmetry.  Indeed, occluding the right eye reverses this size asymmetry, but 

curiously, so does occluding the left eye (Manns and Gunturkun, 1999).  Raising eggs in 
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darkness also abolishes the asymmetry.  The same group has found size differences in a 

subset of neurons from laying hens when raised in different conditions – the dorsomedial 

hippocampus neurons are larger in free-range-raised hens than those raised in small cages 

(Patzke et al., 2009), which the authors attribute to the higher spatial complexity of the 

free-range environment.   

 Similar experimental studies on humans are not possible, but several 

observational studies have examined asymmetric sizes in the human nervous system 

(partially summarized in Hutsler, 2003).  One of the earliest studies found that a 

language-related area of the human brain called Broca’s area showed a size asymmetry in 

the largest pyramidal neurons – the left cells were larger than those in the right (Hayes 

and Lewis, 1995).  In this study, the size asymmetry was not found in the overall average 

– only the largest cells – and was not found in the motor cortex.  Similarly, 

acetylcholinesterase-containing neurons in layer III pyramidal cells, responsible for 

auditory and language processing, were found to be consistently larger in the left 

hemisphere of the brain (Hutsler and Gazzaniga, 1996).  Most work in this field has been 

done on areas of the brain that are involved with auditory processing; examinations of 

areas involved with working memory (area 46) or motor control (area 4) have not shown 

a size asymmetry (Hayes and Lewis, 1995).  Lastly, soma of hippocampal pyramidal 

neurons from Albert Einstein’s brain showed more size asymmetries than those from a 

control, non-genius, population (Zaidel, 2001). 

 In lieu of genetic manipulation, scientists have examined size asymmetries in 

humans with neural abnormalities.  A study in schizophrenics found increased 

hippocampal size asymmetry as compared to non-schizophrenic brains (Zaidel et al., 
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1997).  Other studies have shown smaller sizes of overall anatomical portions of the 

brains (for example, the planum temporale in Falkai et al., 1995) in schizophrenic 

patients.  These studies indicate that there is a link between normal function of a human 

brain and size asymmetry, but not whether function relies on morphology or vice versa. 

 

 

C. elegans nervous system and asymmetry 

One of the most obvious characteristics of C. elegans anatomy is that the body 

plan is symmetric, with the exception of the gut and gonad: like several human organs, 

they show a consistent left-right asymmetry.  Less obviously, the nervous system is 

largely symmetric.  Comprised of only 302 neurons in the adult hermaphrodite (White et 

al., 1986), the nervous system – like the rest of the C. elegans lineage – is almost entirely 

invariant in its development: each individual neuron in the worm has a particular identity 

and can be found in the same position in virtually any wild-type hermaphroditic worm.  

These 302 neurons have been divided into 118 anatomical classes, 98 of which are 

represented by a pair of neurons (Hobert, 2005).  Of these 98 pairs, 96 are thought to be 

completely symmetric, with identical fate and function.  The two exceptions are the 

AWC and ASE neuron pairs.  Both the AWC and ASE neuron pairs are amphids – two of 

12 pairs of sensory neurons in the head of the worm that send projections from the cell 

body at the posterior pharyngeal bulb anterior to the tip of the nose, where they can sense 

the external environment (Fig.3). 
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AWC  

 The AWC neurons sense attractive volatile odorants such as benzaldehyde and 

butanone (Bargmann et al., 1993), and have winged cilia that terminate within the cuticle 

at the anterior tip of the worm.  Although AWC left (AWCL) and AWC right (AWCR) 

have nearly identical position, morphology, and synaptic connectivity, they do have 

different genetic profiles.  One AWC cell expresses the str-2 gene and is termed the 

AWCON cell, and the other invariably expresses srsx-3 and is termed AWCOFF (Troemel 

et al., 1999).  The choice of which left/right AWC cell becomes AWCON and which 

becomes AWCOFF is stochastic and depends on cell-cell contact between the two AWC 

cells during development. This genetic asymmetry partially extends to their function; 

while both AWC cells show a response to benzaldehyde and isoamyl alcohol in both 

behavioral and in vivo activity assays, only the AWCOFF senses 2,3-pentanedione and 

only AWC ON senses butanone (Wes and Bargmann, 2001).  

 

ASE 

 Like AWC, the ASEs are a left/right pair of neurons, with similar position, 

morphology, and connectivity (Fig.3).  Specifically, the two neurons share a large panel 

of expressed genes: a recent study by the Hobert lab isolated embryonic ASER cells (a 

stage when ASEL and ASER are largely equivalent) and performed SAGE analysis to 

determine the panel of genes expressed in ASE (Etchberger et al., 2007).  After extensive 

filtering, more than 1,300 genes were identified; verification by GFP reporters indicated 

that the vast majority of these, if not all, are bilaterally expressed (Fig.4).  The similarity 
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between ASEL and ASER also extends to their connectivity; they have similar – but not 

identical – numbers of synapses to similar panels of neurons (Fig.5 and Table 1). 

Also like AWC, the ASEs are amphids, but they sense a different panel of 

chemicals: water-soluble tastants such as salts and cAMP.  However, the full extent of the 

chemical panel sensed by ASE is not fully known.  The first half of chapter 2 fills out 

some of this by examining the role of ASE in tasting amino acids.  Morphologically, the 

cilia of ASE are single rods that extend through a channel into the external environment, 

presumably because the soluble odorants can’t penetrate the worm cuticle like the 

volatile, AWC-sensed, odorants can.  The functional asymmetry of ASE is more 

pronounced than in AWC – the right ASE cell (ASER) and left ASE (ASEL) respond to a 

slightly different panel of tastants, although there is some overlap.  And the activity of 

these neurons in response to these tastants is also asymmetric – ASEL responds to 

increasing concentrations of tastants and ASER responds to decreasing concentrations 

(Suzuki et al., 2008).  The two ASE cells are also physically different sizes; ASER is 

nearly always larger than ASEL.  This phenomenon is characterized in chapter 3, and its 

genetic basis is examined in chapter 4.   

 The genetic fundamentals of differential ASE cell fate have been determined 

through extensive work by many people, mostly in the Hobert lab.  Briefly, a Notch 

signal at the four-cell stages downregulates two transcription factors in the ASER 

precursor (Poole and Hobert, 2006).  This variable expression is ‘remembered’ by the 

postmitotic ASE neurons, which is sufficient to bias a miRNA/transcription factor 

bistable negative feedback loop and induce ASEL or ASER fate (Chang et al., 2003; 

Johnston et al., 2005).  Both cells express the che-1 Zn finger transcription factor, the 
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master cell fate regulator of ASE fate (Uchida et al., 2003).  The protein CHE-1 binds, 

via a conserved ASE motif, to the promoters of a wide panel of genes expressed in one or 

both ASE cells; these genes establish the unique ASE cell fate (Etchberger et al., 2007).  

This panel includes both the bistable loop and its outputs – these outputs are mostly 

FMRFamide-like peptides (flps) and guanylyl cyclases (gcys) that are thought to establish 

the functional differences between ASEL and ASER (Fig.6).  However, it is worth noting 

that the number of asymmetrically expressed genes in ASE is dwarfed by the number of 

those with symmetric expression.  This finding, in addition to the fact that 10 of 12 

amphids have no known asymmetries, strongly indicate that the asymmetric 

characteristics of the ASE neurons have developed on top of a symmetric base. 

 Beyond simple attraction, the ASE neurons are known to mediate a more complex 

set of behaviors.  For my purposes, the most interesting is associative learning, whereby 

the worm associates the negative stimulus of starvation with the ASE-sensed NaCl.  The 

Iino lab has done much work to elucidate the genetic pathway within ASE responsible for 

this phenomenon; the second half of chapter 2 expands on this work, focusing on the role 

of asymmetric fate in associative salt learning. 

 

 The ASE and AWC neuron pairs utilize different mechanisms to establish 

asymmetric fate and function.  These mechanisms are so disparate as to indicate a 

convergent evolution, underscoring the importance of developing asymmetry within a 

neuronal class.  But why is this?  Why does the worm need an even greater diversity of 

sensation than is provided by the dozen amphid pairs?  Although we cannot fully answer 

this question, the C. elegans natural environment provides some clues.   
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 C. elegans is thought to be a free-living worm that lives in a complex soil-water 

environment.  One recent report suggested that C. elegans form a symbiotic relationship 

with snails, possibly utilizing the snails’ better mobility (Caswell-Chen et al., 2005).  

Nonetheless, sensing its external environment must be of critical importance for the 

worm, as is evidenced by the explosion in the number of putative chemoreceptors in C. 

elegans.  Indeed, up to 7% of the worm genome encodes G-protein-coupled receptors 

(Robertson and Thomas, 2006), dwarfing the 1-2% found in other animal species 

(Fredriksson and Schioth, 2005).  Whether in the soil or in a relationship with other 

organisms, the worm has developed the ability to sense a wide variety of extracellular 

cues. 

 The evolutionary pressure that induced this ability has manifested itself in other 

ways.  Sensing a large number of chemical cues is not useful without any discrimination 

between them; the twelve pairs of amphid sensory neurons are known to all have 

different functions.  In addition to diversification between neuron classes, diversification 

within a class allows for a further expansion of the repertoire of chemicals that can be 

sensed, while allowing for response to one chemical in a saturating background of 

another.  For example, C. elegans can chemotax to a point source of the ASE-sensed 

chloride in high-concentration background of the ASE-sensed sodium (Pierce-

Shimomura et al., 2001); because the chemotactic responsibilities to these two ions are 

separated into ASEL and ASER, saturating the response to one does not abolish the 

response to both.  In a natural environment, this would allow a worm to find a source of 

food if the surrounding soil had a high concentration of a non-food cue. 
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 Across all organisms, cell growth and size are of critical importance.  Neuronal 

asymmetry and size control have also been found to be functionally important when 

examined.  Our system C. elegans provides a good model to integrate these mechanisms 

and provide an explanation for the genetic underpinnings of asymmetric neuronal size. 

 

 

Goals 

 The purpose of this thesis is to further our understanding of neuronal lateralization 

by characterizing a subset of its aspects that have previously been not been described.  

First, I describe the role of asymmetry in amino acid gustation, in the first report of a 

non-ion to be sensed in this manner.  Second, I find an expanded role of neuronal 

asymmetry in associative learning, beyond that previously described.  Lastly, I 

characterize a neuronal size asymmetry, in both its morphological aspects and its genetic 

underpinnings.  In this last set of experiments, I also hope to partially integrate disparate 

work in cell size control and neuronal asymmetry.  Through these three parts, I hope to 

expand our knowledge of the functions of neuronal asymmetry, known to have 

significant consequences throughout metazoans. 

 

Summary of the Thesis 

 The primary focus of my thesis is to investigate neuronal size asymmetry.  I 

present data in which the neuronal size asymmetry in C. elegans is characterized, first 

examining several neuron pairs, and then focusing on the ASE gustatory neurons.  I more 

closely examine the genetic basis of the asymmetry, placing size control into the known 
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genetic pathway for ASE cell fate using a candidate gene approach to examine the role of 

genes known to be responsible for cellular growth or overall body size in C. elegans or 

other organisms.  We find that the fib-1 gene plays a key role in the generation of size 

asymmetry in ASE, and are able to place it into the genetic pathway for establishing ASE 

cell fate.  I also characterize two disparate asymmetric functions of ASE: amino acid 

gustation and associative learning. 

 Chapter 2: I characterize two functions of the ASE neuron pair, focusing on the 

role of asymmetry.  First, I isolate the ASE gustatory response to a panel of amino acids 

using a strain of C. elegans with nonfunctional ASE neurons.  Finding certain amino 

acids that that are sensed solely by ASE at particular concentrations, I use mutations in 

genes that encode genetic components involved in signaling and neuronal asymmetry to 

examine how amino acid are sensed by ASE.  Second, I also look at several ASE 

asymmetry-related mutants in an associative learning paradigm, and find an unexpected 

and as yet unexplained role of the ASEL neuron in salt learning. 

 Chapter 3: Although much of the function and genetics of the ASE neurons has 

been elucidated, an unexplored facet of their asymmetry is their differential size.  I 

closely characterize the size asymmetry in ASE: in the cell body, the amphid, and the 

dendrite, comparing it to other neurons in C. elegans.  I find that the size asymmetry is 

genetically encoded and does not extend to nucleus size or DNA levels in ASE.  Finally, 

we use a computational model of the ASE neurons to show the measured neurite 

asymmetry is sufficient to produce differential signaling properties in ASE. 

 Chapter 4: Having characterized several properties of the ASE size asymmetry, I 

explore it genetic basis.  I show that the size asymmetry is not activity-dependent, and I 
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place it into the known genetic pathway for ASE cell-fate determination.  More 

extensively, I perform a small reverse genetic screen to identify the genetic basis of the 

size asymmetry.  I use a panel of mutations that are known to play a role in cell growth or 

overall body size in C. elegans, or have orthologues that do so in other organisms.  We 

identify the fibrillarin fib-1 as a regulator of cell size, show that FIB-1+ nucleoli are more 

numerous in the bigger ASER cell, and show this asymmetry is dependent on the ASER 

fate determinator die-1.  Lastly, I examine the role that the TRIM-NHL family member 

ncl-1 plays in ASE size regulation. 

 Chapter 5: Conclusions and future directions. 

 

 Appendix 1:  The work done on amino acid gustation – the first half of Chapter 2 

– was reported in this paper: 

Chris O Ortiz, Serge Faumont, Jun Takayama, Heidi K Ahmed, Andrew D Goldsmith, 

Roger Pocock, Kathryn E McCormick, Hirofumi Kunimoto, Yuichi Iino, Shawn 

Lockery, Oliver Hobert (2009). "Lateralized gustatory behavior of C. elegans is 

controlled by specific receptor-type guanylyl cyclases." Current Biology 19(12): 996-

1004. 

 Appendix 2: The work done on ASE asymmetric size – Chapters 3 and 4 – was 

reported in this paper: 

Andrew D Goldsmith, Sumeet Sarin, Shawn Lockery, and Oliver Hobert (2010).  

“Developmental control of lateralized neuron size in the nematode Caenorhabditis 

elegans.”  Neural Development 5:33. 
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ASE is presynaptic  ASE is postsynpatic 
 ASEL ASER   ASEL ASER 
ADFR 1   ADLL  3 
AFDL  2  ADLR  1 
AFDR  1  AFDR  1 
AIAL 4 4  AIAL  2 
AIAR  3  AIAR  1 
AIBL 7 1  AIBL  1 
AIBR 3 7  AINL 2  
AIYL 13 4  AINR 1 3 
AIYR 6 13  AIZL 1  
AWAR  1  ASIL  1 
AWCL 4 1  ASIR 2  
AWCR 2 2  AWAL 4  
RIAR 1   AWAR 1 2 

 
 
 
Table 1: List of known connectivity to the ASE neurons.   
Number of synapses with neurons that are presynaptic to ASE (left) or postsynaptic to 
ASE (right).  ASEL and ASER have partially overlapping panels of connected neurons.  
Data is from previous reports (White et al., 1986; Oshio et al., 2003). 
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Chapter 2 – Lateralization of Amino Acid Gustation and Associative Learning  

 

Abstract 

 This chapter is divided into two sections, both of which investigate the extent of 

lateralization in ASE function beyond its role in simple salt sensation.  The first section 

involves amino acid gustation: I first developed an assay for isolating the attractive ASE 

response to amino acids, then used it to determine the role of ASE asymmetry in this 

gustatory response.  The results are consistent with ASER-mediated sensation of amino 

acids: sensation is dependent on gcy-22 activity and the absence of lsy-6 activity.  The 

second section involves associative learning: I used an established assay for salt-

starvation learning and examined several genetic components involved in ASE 

asymmetry and function.  Contrary to previously published results implicating ASER in 

this paradigm, I found that the process is strongly dependent on the activity of the ASEL 

fate determinator lsy-6 and weakly so on the ASEL-expressed gcy-7 and flp-20 genes, 

and provide a model to explain these results. 

 

 

Lateralization of Amino Acid Gustation 

 The complete C. elegans lineage revealed an adult hermaphrodite with only 959 

cells (Sulston et al., 1983).  John White’s identification of the complete neural anatomy 

and connectivity showed that 302 of these cells are neurons, and many of these are 

sensory cells located in the head of the worm (White et al., 1986).  One of the groups 
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interested in these neurons was the Horvitz lab: to determine their function, they ablated 

these cells, individually or in groups, and ran the resulting worms through several 

chemotaxis assays (Bargmann and Horvitz, 1991).  While an previous study had found 

that several water-soluble chemicals were attractive to C. elegans (including lysine, 

histidine, and cysteine - Ward, 1973); Bargmann and Horvitz expanded this panel, testing 

cAMP, biotin, Na+, Cl-, and lysine. The cell pair that, when ablated, had the largest 

impact on chemotactic ability was the ASE cells, and a similarity between these cell and 

vertebrate taste buds was noted.  

Since this study, sodium and chloride have become the canonical tastants for 

ASE, especially after the Lockery lab showed that they induce a laterally asymmetric 

response: the left ASE (ASEL) responds to sodium, and the right ASE (ASER) responds 

to chloride (Pierce-Shimomura et al., 2001).  The functional response of these two cells is 

also different: by measuring relative calcium concentration changes in vivo with FRET, it 

was found that ASEL shows a response to increasing ion concentrations (upsteps) and 

ASER shows a response to decreasing concentrations (downsteps - Suzuki et al., 2008).  

From observing worm behavior during chemotaxis, the Lockery lab also developed the 

pirouette model: the worm senses temporal changes in the concentration of a chemotactic 

cue (Pierce-Shimomura et al., 1999).  When travelling up a gradient of an attractive cue, 

the increasing concentration increases the possibility of forward locomotion (‘runs’) and 

decreases the possibility of changing directions (‘turns / pirouettes’).  Combining these 

models, ASEL is thought to response to upsteps by increasing the possibility of forward 

motion, and ASER responds to downsteps by decreasing that possibility (Fig.10A).  This 

model has proven to be very predictive of actual worm behavior.   
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To determine which water-soluble chemicals were sensed by ASE, Chris Ortiz 

from the Hobert lab undertook a more complete analysis (Ortiz et al., 2009), favoring 

genetic tools to remove ASE function in place of the more technically difficult laser 

ablations: che-1 mutations remove ASE function for chemotaxis, lsy-6 mutations convert 

ASEL cell fate to ASER, bilateral lsy-6 expression does the reverse, and the previously 

mentioned FRET analysis allows for in vivo observation of the effects of each tastant on 

the ASEL and ASER cells separately.  A fuller picture of ASE function emerged, of Na+, 

Li+, Cl-, Mg2+, K+, and I- acting preferentially on ASEL or ASER to stimulate runs and 

turns.   

Given this background, we wanted to examine the asymmetric response to more 

complex yet biologically important molecules.  Researchers have known for a relatively 

long time that C. elegans can sense basic ions and volatile odorants because they were 

among the most simple and logical to look for; C. elegans feed on bacteria, and such 

simple molecules are likely bacterial cues (Bargmann and Horvitz, 1991).  They are not 

the only byproducts of bacteria, however; amino acids are known to be naturally secreted 

bacterial metabolites (Kramer, 1994).  We know that ASE has developed an asymmetric 

response to a wide panel of ions: does this extend to amino acids?  And are the 

mechanisms by which ASE is sensing lysine or other amino acids similar to those sensing 

sodium, chloride, and other tastants?  Here I shown that amino acids are sensed by both 

ASE and other sensory neurons, and amino acid sensation shares many characteristics 

with ASER-mediated gustation. 
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Results 

Development of an assay for amino acid gustation 

I first had to devise a method to test the chemotactic response to amino acids; 

chemotaxis to attractive chemicals is a good readout of attraction levels. The traditional 

method of assaying chemotaxis is to use thin agar plates that have a low background 

concentration of a buffering salt.  A highly concentrated amount of a salt in solution is 

pipetted at one end of such a plate and allowed to develop into a gradient overnight in the 

agar.  Thus assay is not suitable for amino acids, as they cannot be dissolved to the 

requisite concentration.  I refined a similar assay involving quadrant plates for use in 

testing amino acid gustation (C. Bargmann, personal comm., see Experimental 

Procedures). 

 

Isolation of the ASE response to amino acids 

In the Bargmann and Horvitz paper, the quantitative measure of chemotaxis, the 

chemotaxis index (CI) of wild-type N2 worms to lysine was 0.75.  In worms with ASE 

bilaterally ablated, CI = 0.48, indicating that ASE is playing a role in lysine attraction.  

However, the assayed chemical was lysine acetate – work from our lab and others 

(Frokjaer-Jensen et al., 2008) indicates that acetate is itself attractive, complicating these 

results.  Additionally, a CI = 0.48 of ASE-ablated worms indicates that other sensory 

neurons are involved in sensing lysine acetate – ASE is conceptually only responsible for 

sensing the difference between CI = 0.75 and 0.48.  We want to isolate the ASE response, 

so the first step is to examine attraction to titrations of amino acids, looking for those in 

which CI(WT) > 0, and CI(no ASE) = 0.  At these concentrations, ASE must mediate the 
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entire sensory response to the amino acid.  ASE ablations are technically difficult and 

time-consuming, but there is a convenient genetic alternative.  che-1 encodes the master 

cell fate regulator for ASE; in a che-1 mutant background, the ASE cell is born and has 

general neuronal properties, but has no function (Uchida et al., 2003).  In a che-1 mutant, 

worms have CI ! 0 (Dusenbery, 1976) when assayed against the canonical ASE-sensed 

tastant NaCl.  I utilized this mutation, performing sets of chemotaxis assays on wild-type 

N2 and che-1 mutants side-by-side. 

From the panel of 20 standard amino acids, I tested 15 in the full titration assay.  

Five amino acids were not fully tested: Tyrosine could not be dissolved to a high enough 

concentration to mediate any response.  Arginine and asparagine in solution were acidic 

in solution that was beyond the ability of my buffer to control: worms assayed to either of 

these amino acids showed a very negative CI (repulsion), but the acidity of the amino 

acid solution likely trumps any attraction that amino acid may induce.  Phenylalanine and 

tryptophan were of roughly neutral pH, but induced a unique phenotype: CI(che-1) was 

higher than CI(N2) mutants; this indicates that ASE is mediating a repulsive response to 

these amino acids (Fig.2).  Additionally, tryptophan was slightly repulsive to N2 worms.  

Because I wanted to examine ASE-mediated attraction, I focused on the remaining 15 

attractive amino acids. 

For the titrations of these 15, concentrations were tested to the lowest 

concentration such that no response was seen – as low as 0.5mM.  If N2 and che-1 

responded with similar CIs, I would go as high as solubility in solution and osmolarity to 

the worms would allow.  A pattern in the N2 and che-1 responses emerged, and the tested 
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amino acids were organized into three groups depending on the response they evoked 

(Fig.3).   

The first group – “no ASE” – showed little or no significant difference in the 

CI(N2) and CI(che-1) over the range of tested concentrations (Fig.4A).  Eight amino 

acids fall into this category: cysteine, glycine, proline, serine, glutamanic acid, alanine, 

asparagine, and lysine.  The interpretation of these is that ASE is not mediating the 

response to the amino acid.   

In the second group – “V” – CI(che-1) is a relatively consistent fraction of CI(N2) 

through all tested concentrations (Fig.4B).  Four amino acids fall into this category: 

valine, threonine, histidine, and leucine.  These are interesting, in that ASE is responsible 

for sensing the amino acids in concert with other sensory cells, always at the same 

proportion.  However, we cannot isolate the ASE response without removing the activity 

of other cells, so these amino acids are also not proximally useful.   

The third and last group – “differential” – have a particular concentration in 

which CI(che-1) ! 0 and CI(N2) > 0 (Fig.4C).  There are only three amino acids in this 

group: methionine, isoleucine, and glutamine.  At one particular concentration each of 

these amino acids, ASE is mediating an attractive response while other sensory neurons 

are not.  The difficulty in finding cases where ASE alone mediates the response 

highlights the combinatorial action of several sensory neurons.  It is worth noting that this 

is likely to be the case for many chemicals – redundancy in sensation provides a backup 

in case one cell or cell type is damaged or develops abnormally. 
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Mutant panel  

I ultimately used methionine at 50mM and isoleucine at 20mM for mutant 

analysis – glutamine was not tested because I started the mutant analysis before the 

glutamine titrations were completed.  I used a candidate gene approach, testing mutants 

in several signaling pathways to determine the genetic requirements of amino acid 

gustation: 

egl-3 and egl-21 encode a proprotein convertase and carboxy peptidase, 

respectively (Kass et al., 2001; Jacob and Kaplan, 2003).  Both genes are involved in 

neuropeptide processing and secretion; mutations in either gene have reduced numbers of 

mature FMRF-like peptides.  The full repertoire of behaviors that these gene products 

affect is unknown, but some are: for instance, mutations in either gene have stereotyped 

male mating behavior abnormalities (Liu et al., 2007).  Additionally, two known 

asymmetrically expressed terminal fate markers, flp-4 and flp-20 are FMRFamide-like 

peptides, predicted to be processed by egl-3 and egl-21. 

eat-4 encodes a vesicular glutamate transporter, and is required for glutamatergic 

transmission in C. elegans (Lee et al., 1999), and glr-1 encodes an ortholog of AMPA-

type ionotropic glutamate receptor (Maricq et al., 1995) – these two mutations remove 

glutamatergic signaling, or a portion thereof, in C. elegans.  Although ASE was 

previously reported not to be glutamatergic (Lee et al., 1999), I saw a partial defect to 

NaCl chemotaxis in two different mutant eat-4 alleles, as well as ASE expression of a 

complete rescuing translational reporter of eat-4  (data not shown).  Since I performed 

these NaCl taxis experiments, another group has reported a very similar result (Hukema 

et al., 2008).   
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tax-2 and tax-4 are both bilaterally expressed in ASE and encode subunits of a 

cyclic nucleotide-gated channel that is critical for G protein signaling in general and 

chemosensation in particular (Coburn and Bargmann, 1996; Komatsu et al., 1996), 

including ASE salt sensation (Bargmann, 2006).  Also tested in the G protein pathway, 

gpa-3 and odr-3, and goa-1 encode G" subunits (Jansen et al., 1999; Matsuki et al., 

2006) – the 20 G" subunits would conceptually be a good place for differential 

regulation of sensory inputs.  However, although ASE response requires tax-2 and tax-4 

activity, it is not clear whether it requires the entire G protein pathway (Bargmann, 2006).  

 gcy-4, gcy-6, and gcy-22 are guanylyl cyclases:  gcy-4 and gcy-22 are expressed 

in ASER, gcy-6 is expressed in ASEL (Ortiz et al., 2009).  Guanylyl cyclases in C. 

elegans may be direct extracellular signal receptors or intracellular signaling components 

downstream of a direct amino acid receptor.  gcy-22 is expressed in ASER and the mutant 

is defective in all ASER-sensed ions; the protein is thought to act as a generic subunit for 

guanylyl cyclase dimers.  gcy-4 and gcy-6 have defects in subsets of ASER- and ASEL-

sensed ions, respectively.  

 Lastly, I tested ASE asymmetry mutants.  The lsy-6 miRNA is a component of the 

ASE bistable feedback loop and is required for ASEL cell fate.  In a lsy-6 mutant, ASEL 

takes on an ASER-like cell fate with respect to gene expression and function, in a 

phenotype termed ‘two-right.’  A strain with bilateral overexpression of lsy-6 has the 

reverse phenotype – ASER takes on an ASEL fate – ‘two-left.’  Both of these mutants 

have defects in their general chemotactic ability as well as in their ability to 

discrimination between ions. 
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Of the tested mutants, I saw a reduction in chemotaxis to both amino acids in the 

eat-4, gcy-22, tax-4, and ASE::lsy-6 strains (Fig.5).  Various mutants responded to one or 

both amino acids with increasing chemotaxis indices – this would indicate in these 

mutants either that the ASE response is heightened, or that a non-attractive response from 

other neurons is reduced.  I will discuss each class of mutations. 

 

Eliminating neuropeptide processing does not abolish amino acid gustation 

 Neither egl-3 nor egl-21 mutations abolished sensitivity to amino acids (Fig.5), 

indicating that that FMRF-amide like peptides are not involved in amino acid sensation.  

This is not unexpected, as the flp family of genes has only been associated with fairly 

complicated behaviors – amino acid chemotaxis may be too common of a natural 

behavior to merit utilization of a specialized signaling system. 

 

Glutamatergic signaling through non-GLR-1 receptors is used in amino acid 

sensation 

 In the eat-4 mutant, I saw slight repulsion to isoleucine and a decreased response 

to methionine (Fig.5).  This is concordant with the NaCl data, and indicates that the two 

gustatory cues both utilize glutamate for a portion of the response pathway.  ASE 

expression will partially rescue the eat-4 NaCl taxis phenotype (data not shown), 

indicating that both ASE and some subset of its downstream neurons are glutamatergic 

for the purposes of NaCl taxis.  I have not performed this rescue experiment for 

methionine or isoleucine taxis, so it is unclear whether the same holds true for amino acid 

gustation.  The difference between the methionine and isoleucine response is interesting, 
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and may be indicative of either separate pathways used to sense these amino acids or 

experimental variation. 

The glr-1 mutant shows no reduction of chemotaxis to either amino acid.  glr-1 is 

only one of 10 genes that encode glutamate receptor subunits in the C. elegans genome 

(Brockie and Maricq, 2006).  This result indicates that GLR-1 is not mediating 

glutamatergic signaling for amino acid sensation anywhere through this neural pathway, 

and that another glutamatergic receptor is required. 

 

GCY-22, but not GCY-4 and GCY-6, are used to sense amino acids 

 I saw no abolition of sensitivity in the mutants of ASER-expressed gcy-4 or the 

ASEL-expressed gcy-6 (Fig.5).  This is not unexpected: mutants of either gene only show 

weak phenotypes to several ASE-sensed ions (Ortiz et al., 2009).  A gcy-22 mutation, 

however, shows a strong inability to sense either amino acid.  The gcy-22 result was also 

not surprising, given the findings of gcy-22 in regards to more canonical ASE-sensed 

tastants.  gcy-22 mutants show a significant defect to chemotaxis to five out of six ions 

assyed by Ortiz et al. – to those sensed by both ASEL and ASER.  As mentioned above, 

it is believed that GCY-22 is acting a generic partner to other GCYs, which provide 

specificity in ion response.  My results indicate that GCY-22 may be providing that 

function for amino acids as well.  gcy-22 mutants have defects in both ASER- and ASEL-

sensed cues, despite the fact that it is only known to be expressed in ASER.  However, all 

ASER-sensed cues are not sensed in gcy-22 mutants, compared to only a subset of 

ASEL-sensed cues.  This points towards ASER, and not ASEL, sensing amino acids. 
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TAX-4, but not other G-protein signaling components, is used in the amino acid 

sensation pathways 

The tax-2 mutant showed slightly reduced taxis to methionine and enhanced 

response to isoleucine (Fig.5).  In contrast, the tax-4 mutant almost completely abolished 

sensation to both amino acids.  This result was surprising; most previous reports have not 

shown separate function of these two genes in vivo (Coburn and Bargmann, 1996; 

Komatsu et al., 1996), although there are some exceptions: for example, tax-4 mutants 

have extended lifespans, while tax-2 do not (Apfeld and Kenyon, 1999).  For amino acid 

response, either tax-4 is exclusively mediating the sensation, or the difference in response 

may be an experimental anomaly; further testing is required to distinguish between these 

possibilities.  None of the three G" subunits tested showed a strong phenotype.  gpa-3 

was only tested in response to isoleucine for technical reasons.   

 

A 2-ASEL mutant abolishes amino acid sensation 

 The ASE neurons are functionally lateralized with respect to ion response, as 

described above.  There is some overlap in their function, however: lsy-6 (2-ASER) 

worms still have a residual response to all three assayed ASEL-sensed cues (Ortiz et al., 

2009).  Although this is true in the ASE::lsy-6 (2-ASEL) strain for two of four ASER-

sensed ions (Cl- and K+), for two others, the response become repulsive (Br-, I-).  Both 

methionine and isoleucine have a wild-type or heightened attractive response in the 2-

ASER strain, and abolition or a repulsive response in 2-ASEL strain (Fig.5).  This is also 

consistent with ASER mediating the amino acid response. 
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Discussion 

 This work expands our knowledge of the asymmetric function of the ASE neurons 

and the molecular mechanisms by which this function is achieved.  I was able to isolate 

the ASE-mediated amino acid response, determine some of its required genetic 

components, and show that ASER function is critical.  Additionally, my findings indicate 

that ASE amino acid response is very similar to the characterized ion response; this is not 

unexpected, as both ions and amino acids are thought to be cues for bacterial food 

sources in a natural environment.  

 

Amino acid gustation 

 I developed an assay for amino acid sensitivity with the aim of isolating the 

response of the ASE neurons.  For three amino acids, I may have succeeded: I found a 

particular concentration in which worms lacking ASE function do not have an amino acid 

response.  However, this may be an overstatement: even a simple environment such as a 

chemotaxis plate is fairly complicated.  For chemotaxis to be measured, a gradient of a 

particular chemical has to be established, such that the worm is navigating an 

environment of varying concentrations.  Any amino acid assay plate will have areas of 

higher and lower concentrations where other neurons may be responding to the amino 

acid.  Stating that ASE is solely responsible for gustation at these concentrations is true, 

but simplifies the complicated reality of what happens during the chemotactic response.  
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Nonetheless, I make use of this generalization and examine the data with the assumption 

that I have isolated the ASE response.  

I found that the ASE neurons react in three general ways to amino acids – not 

sensing, being responsible for a consistent portion of the response, or being differentially 

responsible for the sensation across different concentrations.  This is partially surprising, 

as different amino acids were thought to be a fungible in their ability to signal bacterial 

presence.  The differential response indicates that this is not the case – the separation of 

amino acid sensation through different amphids may indicate that they have different 

functional meanings for the worm.  Alternatively, it could be a mechanism to ensure that 

some amino acid gustation remains if one or more neurons fail to develop or are 

damaged. 

 

ASER 

 Both methionine and isoleucine show two characteristics of being sensed by 

ASER alone.  First, a gcy-22 mutation totally eliminates their chemotactic response.  

Although some ASEL-sensed cues show defects in a gcy-22 background, all ASER-

sensed show a defective response.  Second, disruption of ASE asymmetry by bilaterally 

expressing lsy-6 induces the same response as is seen in response to ASER-sensed cues.  

It is not entirely clear why the methionine response in a 2-ASEL background becomes 

repulsive, but this is also seen in the 2-ASEL strain in response to the ions Br- and I-.  It is 

worth noting that a purer method of removing ASER activity – expressing a caspase in 

ASER specifically – abolishes chemotaxis to right-sensed ions without inducing the 

repulsive response seen in the 2-ASEL mutant (Ortiz et al., 2009).  Likely, it is the 
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‘wiring’ changes – unexpected changes in synaptic connectivity to interneurons – that 

induce this response in 2-ASEL worms.  Nonetheless, this is the first demonstration of a 

lateralized ASE sensation to a non-ionic compound. 

 

CNG channels 

 The cyclic-nucleotide gated channels TAX-2 and TAX-4 are essential for general 

neuronal sensation; they were originally isolated for their taxis phenotype, and mutants in 

one or both genes have defects in chemotaxis to both volatile and soluble chemicals and 

thermosensation.  In cell culture, TAX-4 can form either a homodimeric channel or a 

heterodimeric channel with TAX-2, but TAX-2 only forms channels with TAX-4 

(Komatsu et al., 1999).  The CNG channel composed of TAX-4 alone, or TAX-4 with 

TAX-2, acts in the G protein pathway, but the separation of these genes’ functions is not 

entirely clear.  For canonical ASE function – NaCl sensation – tax-2 and tax-4 mutants 

have an identical loss-of-response phenotype (Frokjaer-Jensen et al., 2008).  The 

presence of an amino acid sensation phenotype in tax-4 mutants and the absence of such 

a phenotype in tax-2 mutants indicate that the former gene is acting in amino acid 

sensation and the latter is not.  This is not unprecedented: in dauer formation (Ailion and 

Thomas, 2000) and lifespan (Apfeld and Kenyon, 1999), these two tax mutants have 

different phenotypes.  To the best of knowledge, however, this is the first report of these 

CNG channels having different functions in mediating a chemotactic response. 

 

 Amino acid sensation as a gustatory cue is also seen in Drosophila, as is the 

pattern of many specialized neurons with overlapping expression of putative taste 
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receptors (Amrein and Thorne, 2005).  However, the fly amino acid gustatory receptor 

has not been identified.  Vertebrate amino acid gustation, however, utilizes a receptor 

heterodimer comprised of the T1R1 and T1R3 G-protein coupled receptors (Nelson et al., 

2002).  These two receptors are also responsible for sensation to other tastes, such as 

bitter or sweet, when dimerized to other GPCRs of the same family.  However, the 

closest C. elegans orthologues of these genes are not reported to be expressed in sensory 

neurons.  This is not entirely unsurprising, as the expansion of the GPCR family in the 

worm has made direct interspecies comparisons of GPCRs difficult.  The mouse 

gustatory receptors are expressed in different subset of cells, separating sensory function 

in a manner analogous to the different amphids of the worm.  Also, T1R1, but not T1R3, 

is thought to be critical for G" coupling and connection to the G protein signaling 

pathway (Xu et al., 2004).  The defects reported here in mutants of the CNG channel tax-

4 and the guanylyl cyclase gcy-22 suggest that common G protein signaling may 

transduce an amino acid gustatory signal in both worms and higher organisms. 

 My results indicate that amino acid gustation in C. elegans is very similar to that 

of several ASER-sensed ions.  Although it is perhaps disappointing that C. elegans has 

not evolved a new and exciting pathway to sense these cues, it is not entirely 

unsurprising.  Other water-soluble cues provide a similar function for the worm and are 

sensed in similar ways, and there was little reason to expect that amino acids would be 

especially different.  Nonetheless, this is first report of an asymmetric chemotactic 

response both to a non-small molecule, and utilizing different roles for two CNG 

channels. 
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Experimental Procedures 

Amino Acid gustation assay 

See Fig.1 for a graphical representation.  A quadrant plate is filled with opposing 

quadrants (I and III) of a chosen concentration of amino acids in 11.5 ml molten buffered 

(5 mM KPO4 pH 6, 1 mM CaCl2, 1 mM MgSO4) 2% agar, and the other two quadrants 

(II and IV) are filled with the buffered agar alone.  These are allowed to solidify 

overnight, and a thin 10ml layer of buffered agar is poured over all four quadrants.  This 

layer provides a flat surface and allows a gradient of amino acid to develop; the AA+ 

quadrants act as an amino acid source and the AA- quadrants acts as a sink.  Groups of 

worms are washed off a plate with M9, washed twice to remove bacteria, pipetted onto 

the center of plate and allowed to chemotax.  After 30 minutes, worms are immobilized 

by pipetting chloroform onto the lid of the plate and placed at 4oC for "1 hour.  Levels of 

chemoattraction can be quantified with a Chemotaxis Index (CI): (# worms on the AA+ 

quadrants) - (# worms on the control quadrants) / (total # of worms).  This number ranges 

from -1 (perfect repulsion) to +1 (perfect attraction); a CI of 0 indicates that the worms 

are indifferent to particular amino acid. 

 

Strains used 

Wild-type Bristol N2 

che-1(ot66) 

egl-3(n150) 

egl-21(n476) 
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eat-4(ky5) 

eat-4 (n2474) 

glr-1(n2461) 

gcy-4(tm1653) 

gcy-6(tm1449) 

gcy-22(tm2364) 

tax-2(ot25) 

tax-4(p678) 

gpa-3(pk35) 

odr-3(n2150) 

goa-1(sa734) 

lsy-6 (ot71) 

otIs204 (ceh-36p::lsy-6) 
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Lateralization of Associative Learning 

 

Introduction 

 Despite having a nervous system of only 302 neurons, C. elegans is capable of 

some fairly complicated behaviors.  Touching a worm or tapping the petri dish it lives on 

will induce a recoiling response, but this response is habituated after repeated taps 

(Rankin et al., 1990).  A slightly different pattern of tapping can sensitize the worm and 

induce a larger response than without the initial tapping, over the short (minutes) or long-

term (~24 hr).  Similarly, worms will chemotactically adapt if presented with 

chemosensory cues of either the volatile and soluble types (Dusenbery, 1980; Colbert and 

Bargmann, 1995).  These are all types of non-associative learning. 

 Associative learning in C. elegans was first discovered with the realization that 

although larvae raised at different temperatures have different preferences for those 

temperatures as adults, this preference is dependent on the presence of food at the larval 

stage (Hedgecock and Russell, 1975).  Associative learning has also been noted in C. 

elegans for olfactory cues: the normally attractive odorant diacetyl becomes repulsive 

after pairing it with acetic acid (Morrison et al., 1999), and similarly, C. elegans will 

avoid odors associated with pathogenic bacteria after exposure to these bacteria (Zhang et 

al., 2005).  But associative learning in the worm has most fully been studied in regards to 

a starvation cue: starvation paired with an attractive cue (NaCl) will eliminate attraction 

to that cue or even turn it repulsive, a phenomenon termed salt learning (Saeki et al., 

2001). 
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 Associating NaCl with starvation will also reduce chemotaxis to several other 

cues that are sensed by ASE but not to those sensed by AWC, indicating that the 

phenomenon is cell-specific but not odorant-specific.  Further work implicated several 

members of the insulin signaling pathway in this associative learning, and rescue 

experiments place the action of this pathway in ASER (Fig. 10B and Tomioka et al., 

2006).  We were particularly intrigued by this relatively complicated phenomenon in a 

relatively simple cell, and decided to investigate genetic aspects that other groups had 

not. 

 Here I report evidence that genes active in ASEL, particularly the genes regulated 

by the lsy-6 miRNA are important for a simple form of salt learning.  I show that 

although a lsy-6 mutation eliminates salt learning, mutations in the downstream 

transcription factor lim-6 does not.  Additionally, the ASEL-expressed FRMFamide-like 

peptide flp-20 and guanylyl cyclase gcy-7 show small defects in salt learning.  This 

evidence is hard to balance with the reported lack of a role for ASEL, but underscores the 

general importance of ASE asymmetry in salt learning. 

 

Results 

Mutant panel 

 We took a candidate gene approach and assayed strains containing mutations in 

genes that either have a role determining ASE asymmetry (lsy-6, ASE::lsy-6, lim-6) or are 

asymmetrically expressed in either ASER (gcy-4, gcy-22) or ASEL (flp-20, gcy-6, gcy-7, 

gcy-20) – Fig.6.  Each strain was assayed for its ability to associate NaCl with a negative 

cue – starvation (Fig.11 and Experimental Procedures).   
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A 2-ASER mutation abolishes salt learning  

Given the previously reported role for ASER and not ASEL in salt learning 

(Tomioka et al., 2006), I expected that genetic elimination of ASER (2-ASEL) would 

eliminate the salt learning response, and ASER duplication (2-ASER) would either not 

affect or strengthen the response.  Surprisingly, this was not what we saw (Fig.7): the 2-

ASER lsy-6 mutation nearly abolishes salt learning, and neither the partial 2-ASER lim-6 

mutation nor the fully 2-ASEL otIs204 (ASE::lsy-6) transgene has any effect on salt 

learning.  The chemotaxis indices for all three strains were roughly wild type when the 

worms were incubated in the absence of NaCl, indicating that an incubation period does 

not affect chemotaxis in any of these mutant backgrounds. 

 

A gcy-7 mutation has a small effect on salt learning 

The salt learning response was not affected in all the other mutants tested, with 

the exception of gcy-7 and flp-20.  The gcy-22 mutant has a slightly deficient response in 

the control (NaCl-) incubation.  This is not unexpected, as gcy-22 has a weak, non-

significant chemotaxis defect to Na+ and a strong, significant defect to Cl- (Ortiz et al., 

2009).  Nonetheless, the gcy-22 mutant shows a wild-type level repulsion to NaCl 

following the associative learning protocol. 

I also assayed a gcy-7 mutant: gcy-7 is expressed in ASEL and its mutant has 

wild-type sensitivity to all tested ions (Ortiz et al., 2009).  Given its expression in ASE 

and lack of known phenotype, it would be a good candidate to mediate a phenotype 

outside of the known salt-sensation pathway. The assayed gcy-7 mutant induces a small 
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defect in salt learning: this result is not especially surprising given the behavioral 

phenotype in the lsy-6 mutant, when considering that in the lsy-6 mutant, expression of 

gcy-7 in ASEL is lost (Johnston and Hobert, 2003). 

 

The FMRFamide-like peptide encoded by flp-20 has an effect on salt learning 

through a range of conditions 

 Like gcy-7, the tested flp-20 mutant also has an effect on salt learning, but to a 

lesser extent than lsy-6.  flp-20 is expressed in ASEL and has no known function.  A role 

for a putative neuropeptide in salt learning is not unprecedented: a mutation in the gene 

that encodes the insulin-like neuropeptide INS-1 has a strong defect in the NaCl salt 

learning paradigm (Tomioka et al., 2006).  Given that FLP-20 is also a neuropeptide 

(FMRFamide-like peptide) and that it is expressed in ASEL, it is a good candidate to be 

involved in salt learning.  As such, I chose to examine the effects of the flp-20 mutation 

more carefully.  Initially, I performed simple chemotaxis to NaCl over a range of 

concentrations.  The flp-20 mutant had a generally wild-type response (Fig.8), except at 

the lowest assayed concentration. 

Similar to the original refinement of the salt learning assay, I repeated the assay 

with varied concentrations and times of the NaCl incubation (Fig.9).  Because the no-salt 

control incubations across genotypes gives fairly stable CIs, I present the data as CI(flp-

20) – CI(N2): the larger the difference between these two numbers, the larger the defect 

in salt learning.  Although one condition (100mM/15’) gave a slightly larger difference 

than the canonical condition (20mM/60’), the difference was small and not significant. 

Over a range of different conditions, the flp-20 mutant was defective in salt learning. 
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Discussion 

In this section, I used an assay that measures the ability of C. elegans to associate 

a starvation cue with a salt, a simple form of associative learning.  I found that mutations 

in gcy-7, flp-20, and lsy-6 are able to reduce salt learning to varying degrees.  The lsy-6 2-

ASER result is particularly surprising given a previous model of salt learning in relation 

to the ASE neurons.  These results provide some insight into the mechanism of ASE and 

its downstream interneurons for a function that is both simple and complicated.  

 

lsy-6, but not lim-6, is required for proper salt learning 

 The work of the Iino lab has shown that insulin-like signaling acting in ASER is 

required for salt learning.  Therefore, the result that the 2-ASER strain has a defect in salt 

learning was quite surprising, as was the robust salt learning seen in the 2-ASEL strain.  

This could be attributed to a number of non-mutually exclusive possibilities.  The first is 

that the initial report, that ASER is solely responsible for the phenotype, is overstated.  

There are three pairs of experiments that implicate ASER and exclude ASEL from a role 

in salt learning: rescue with promoters of gcy-5 (ASER) or gcy-7 (ASEL) of age-1, daf-

18, and daf-2 in their respective mutant background.  Leakiness of the gcy-5 promoter 

that is not visible by fluorescent reporter expression could partially rescue the phenotype 

in other cells; gcy-7 is known to be expressed bilaterally before being restricted to ASEL, 

and it not impossible gcy-5 shows a similar expression.  Additionally, the reported daf-18 

mutant does not have a salt chemotaxis defect; daf-18 action is placed in ASER by virtue 

of the ability of the gcy-5 promoter to rescue unconditioned chemotaxis to NaCl in a daf-
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18 mutant background.  However, the other rescue data involving daf-2 and age-1, is 

much more in concordance with what one would expect in a model where ASER is 

mediating the entire response.  ASEL could be involved in salt chemotaxis, possibly 

utilizing the insulin-signaling pathway in a non-canonical fashion.  

Another possibility to explain the lsy-6 learning defect could be that a simple 

background mutation in the lsy-6 strain is inducing the observed salt-learning phenotype, 

unrelated to the lsy-6 mutation.  Assaying different mutant strains of lsy-6 would have to 

be performed to exclude this possibility.  

The last possibility to explain the lsy-6 learning defect is that duplicating an 

ASER or ASEL cell may not fully duplicate its functions; it is not clear how the 

interneuronal connectivity that is essential to mediate the activity of the sensory neurons 

is affected in 2-ASEL or 2-ASER mutants.  EM reconstruction of the nervous system has 

identified the pre- and post-synaptic partners of ASEL and ASER (White et al., 1986), 

and there are differences in both the partner identity and number of synapses between the 

two ASE cells.  For example, within the AIA interneuron class, ASEL is presynaptic to 

only AIAL (3 synapses), but ASER is presynaptic to both AIAL (1 synapse) and AIAR (2 

synapses) (visualized by Bhatla, 2009).  We do not know whether transforming an ASER 

neuron to an ASEL cell fate also induces the cell to adopt the ASEL pattern of synaptic 

partners, maintains the ASER synaptic pattern, or some third alternative.  These changes 

in the ASE synaptic partners could have significant impacts, especially with regard to 

subtle phenotypes such as salt learning.  
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lsy-6 may have a novel genetic role in salt learning 

If we do accept the lsy-6 result as implicating the ASEL cell fate in salt learning, a 

further complication is provided by the lim-6 result: lim-6 mutant animals have a nearly 

perfect salt learning phenotype.  lim-6 is known to be downstream of lsy-6 and upstream 

of several terminal fate markers for ASEL (Fig.6), including flp-20.  Conceptually, the 

ASEL genetic pathway could split off from lsy-6 upstream of lim-6 to a panel of genes 

that control salt learning, similar to gcy-6 or gcy-7; the insulin genes have not been 

genetically examined in this fashion.   

 

gcy-7 and flp-20  

 I also saw salt learning defects in the gcy-7 and flp-20 mutants.  The gcy-7 result 

was not unexpected, given the lsy-6 and lim-6 results.  Indeed, we would expect a gene 

regulated exactly like gcy-7 (downstream of lsy-6 but not lim-6) to play a role in this type 

of learning.  The flp-20 result was more surprising, however: in a lim-6 background, flp-

20 is not expressed (Johnston et al., 2005): an absence of the salt learning defect in a lim-

6 mutant should conceptually preclude a defect in the flp-20 mutant.  I cannot explain this 

result, except to note that the bistable feedback loop is still functional in lim-6 mutants – 

perhaps cryptic regulation by the loop allows for flp-20 expression in the absence of lim-6 

activity; regulation that is not visible by GFP reporters.  One other interesting aspect of 

these results is the partial phenotype seen in these backgrounds; removal of the action of 

a gene in this pathway would be expected to totally abolish the ability of a worm to make 

this association.  The nature of the flp-20 mutation is not known, except that it is a large 

deletion.  The gcy-7 mutation is also a predicted in-frame deletion that removes 117 
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residues; either of these could be a non-null loss-of-function.  Alternatively, there could 

be several parallel pathways all acting on salt learning – the Iino lab findings that 

mutations in insulin signaling do not totally abolish salt learning adds credence to this 

theory.   

  

A model for ASE action in salt learning 

 An interesting and convincing model of ASER action in regards to salt learning 

has been published (Fig.10B and Tomioka et al., 2006), but there is clearly more to the 

story than this model suggests.  Removal of ASEL function by the lsy-6 mutation has a 

strikingly obvious effect on salt learning, one that cannot be explained by cell fate alone.  

One possibility is that ASER synapses to and activates a ‘pro-learning’ neural circuit.  

ASEL could have a double-negative effect; synapsing on and inhibiting an ‘anti-learning’ 

circuit that, in wild-type worms, enhances learning (Fig.10C).  Removing ASEL activity 

while retaining ASER activity, as is done by the Iino lab ASER-only rescue of insulin 

pathway mutations, is not sufficient to abolish learning, because the ASER ‘pro-learning’ 

circuitry is intact.   

In this model, changing the ASEL cell fate to ASER and leaving the pattern of 

synapses intact, as may occur in the lsy-6 mutant, would induce positive activation of the 

‘anti-learning’ circuit and overcome the pro-learning activity of the ASER neuron.  This 

is conceptually similar to the asymmetric method of action the ASE cells use for salt 

sensation in which the ASE neurons have opposite effects on locomotion: ASEL 

increases the possibility and ASE decreases the possibility of forward locomotion 

(Fig.10A and Suzuki et al., 2008).  This is pure speculation, however; more work, 
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especially examining the role that ASE cell fate changes have on the synapse patterns or 

examining the effect that eliminating without duplicating ASE cells would be required.  

 These results indicate that there is a previously uncovered role for ASEL in salt 

learning.  Although this is not in agreement with a previously published model for action 

of the ASE neurons in salt learning, it opens up new avenues for explain one of the most 

complicated behaviors of C. elegans. 

 

Experimental Procedures 

 Salt learning assay 

 The salt learning assay was adapted from the Iino lab (Tomioka et al., 2006, 

Fig.11).  Populations of worms were washed off a plate into two Eppendorf tubes in 

roughly equal numbers, ~100-200 per tube.  The populations were washed three times 

with M9 to remove bacteria.  One tube was incubated with M9 containing NaCl 

(experimental), and one was incubated with M9 alone (naïve / control).  The time and 

concentration of the NaCl concentration in the experimental tube was varied, as described 

below.  After incubation, the worms were washed twice with M9 to remove NaCl and 

plated onto salt chemotaxis assay plates.  These are 10cm petri dishes with 10ml of 

buffered 2% agar (5 mM KPO4 pH 6, 1 mM CaCl2, 1 mM MgSO4) – a gradient has been 

formed by pipetting a 10µl drop of 2.5M NaCl on one side of the plate the night before.  

Four hours before the assay, an additional 4µl of 2.5M NaCl is added to steepen the 

gradient.  Just before the assay, 2µl of 250mM NaN3 is added to the tastant drop and a 

spot opposite the tastant drop on the other side of the plate – this paralyzes the worms 

that reach these spots.  Worms from separate experimental conditions are placed on 
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separate plates and allowed to chemotax at RT; several assays were usually ran in 

parallel.   

After 30 minutes, worms are counted and a chemotaxis index (CI) is calculated: 

[(number of worms that have reached the quadrant containing the tastant) – (number of 

worms in the opposite, control quadrant) / total number] or [A-B/total].  Worms that did 

not leave the central circle are not counted.  The CI is a unitless number that ranges from 

+1 (perfect attraction) to 0 (indifferent) to -1 (perfect repulsion).  The Iino group assay is 

similar, except their chemotaxis assay plates utilize a gradient set up by adding a small 

cylinder of buffered agar containing NaCl instead of pipetting NaCl solution directly.  I 

tried this assay and got similar results (data not shown) but found it more technically 

difficult to set up. 

 I wanted to ensure that we had the best experimental conditions to represent salt 

learning.  I tested 11 different combinations of time and salt concentrations during the 

incubation step (conditioning) with wild-type N2 worms and did see some variation in 

the amount of salt learning, as represented by the difference in CI(naïve) and 

CI(experimental) (Fig.12).  Although 20mM NaCl for 60 minutes didn’t give the highest 

difference in CI, other conditions were not significantly different.  I used 20mM/60’ for 

the remaining experiments, unless noted.  Separately, I also used a lower concentration of 

NaCl in the chemotaxis assay (500mM) to see if I could visualize a subtler phenotype, 

but the results mirrored the higher concentration (2.5M) results (data not shown). 

 

Strains used 

Wild-type Bristol N2 
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flp-20(ok2964) 

otIs204 (ceh-36p::lsy-6) 

lsy-6(ot71) 

lim-6(nr2073) 

gcy-4(tm1653) 

gcy-6(tm1449) 

gcy-7(tm901) 

gcy-20(ok2538) 

gcy-22(tm2364) 
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Chapter 3 – Measuring Neuronal Size Asymmetries 

 

Abstract 

 Nervous systems show a strong functional asymmetry that can have severe 

consequences if disrupted.  In vertebrates, one manifestation of this asymmetry is in the 

function and size of neurons on opposite sides of the brain.  Despite extensive knowledge 

of general cellular size control mechanisms, little is known about the size control of 

neurons, and less about asymmetric neuronal size control.  Our system, C. elegans, 

provides a good model to study this particular asymmetry.  ASE is one pair of neurons 

that are grossly bilaterally symmetric, but have previously been shown to be asymmetric 

with respect to gene expression and function.  Here, I show that their asymmetry extends 

to their sizes: ASER is consistently larger than ASEL.  I show that this is tightly 

controlled, paralleled by fibrillarin expression, and exclusive to ASE.  Lastly, I show that 

this size asymmetry, as it extends to the dendrites, has a functional consequence for the 

asymmetric signaling properties of ASE.  These results suggest that this unique 

morphologic property of the ASE neurons is a good model for studying asymmetry in 

neuron size. 

 

 

Introduction 

 Asymmetry in the nervous system is an important and ill-understood 

phenomenon.  Functional neuronal asymmetry in humans is linked to schizophrenia and 

language processing (Zaidel et al., 1997).  Morphological neuronal asymmetry has also 
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been observed in birds, where it is thought to be activity-dependent (Manns and 

Gunturkun, 1999).  Other organisms, from flies to zebrafish, display forms of nervous 

system asymmetry, as reviewed in the introduction: this phenomenon is conserved, yet 

too complicated and of too great a scope to only be studied in vertebrates. 

 To study neuronal asymmetry, C. elegans provides a good biological model.  One 

advantage that the worm has is its well-characterized nervous system.  The adult 

hermaphrodite has 302 neurons; their position, connectivity, general function have been 

established (White, 1985).  Of particular interest to us are the 12 pairs of amphid neurons 

in the head of the worm.  Each of the 12 pairs has left/right symmetry: the left is a mirror 

image of the right with respect to morphology.  Most of the pairs are also thought to be 

functionally symmetric, with two exceptions. 

 The AWC neurons sense volatile odorants, and have a slightly different panel of 

expressed genes.  Similarly, the ASE neurons sense water-soluble tastants, and also have 

different genetic profiles (Fig.1).  However, the left AWC neuron (AWCL) and right 

AWC (AWCR) choose their asymmetric fate s stochastically (Wes and Bargmann, 2001), 

while the ASE neurons (ASEL and ASER) are developmentally programmed to have 

invariant left/right fates (Pierce-Shimomura et al., 2001).  These two methods of 

developing asymmetry provide two interesting models for how neuronal asymmetry 

develops in other organisms. 

 In addition to the asymmetric genetic fates in ASE, they have strikingly different 

functions.  The panel of soluble tastants each neuron responds to is different – ASEL 

primarily senses sodium and ASER primarily senses chloride – and the way in which 

they respond is also different – ASEL will respond to upsteps of its tastants and ASER 
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responds to downsteps (Suzuki et al., 2008).  Although this functional difference is 

dependent on the genetic difference, the mechanism by which this occurs is unknown.   

 The earliest experiments examining C. elegans neuronal function suggested that 

they were nearly isopotential and did not require action potentials to function (Goodman 

et al., 1998).  Similarly, the motor neurons of another nematode, Ascaris suum, are 

capable of long-distance passive signaling (Davis and Stretton, 1989).  The lack of 

voltage-gated sodium channels in the worm genome also strengthened the case that action 

potentials were not utilized.  However, a recent report found a neuronal response, 

possibly mediated through voltage-gated calcium channels, that resembles an action 

potential (Mellem et al., 2008).  There is considerable debate as to whether this response 

can properly be classified as an action potential, a plateau potential, or something else 

entirely (Lockery et al., 2009).  Nonetheless, it is clear that some combination of passive 

signaling and regenerative events is required for neuronal activity in C. elegans. 

 In addition to neural function, C. elegans is also a good model for body size and 

cell growth.  The most striking example of this is the TGF! pathway: several isolated 

mutations in this pathway induce a Sma (small) or Lon (long) phenotype (Savage-Dunn, 

2005).  Beyond C. elegans, potent controls of cell size control are the nucleus and the 

nucleolus, where ribosomes are transcribed and assembled.  The size of the nucleus is 

known to be related to overall cell size; nuclear : cytoplasmic size ratios are fairly 

consistent through differing cell sizes (Webster et al., 2009).  Similarly, nucleoli numbers 

are known to be correlated with overall cell size (Pena et al., 2001); this could be due to 

the increasing ribosomal requirements of larger cells, nucleolar involvement with 

signaling pathways (Welcker et al., 2004), or other, unknown mechanisms.  
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 Despite this wealth of knowledge of the C. elegans nervous system in general and 

the ASE neurons in particular, little is known about neural size control mechanisms in the 

worm.  And nothing is known about asymmetric size control in the nervous system of C. 

elegans.  In this chapter, I characterize the size asymmetry in the ASE neurons.  I develop 

a method to measure the body volumes of neurons, and use it to show that ASE is unique 

among neurons to show this type of asymmetry.  I show that the nucleoli, but not nuclei, 

show asymmetric properties that may explain the size asymmetry.  I also show that the 

body size asymmetry extends to the ASE neurites, and that this size difference imparts a 

functional difference.  These observations lay the groundwork for further characterization 

and experimentation to understand the cause and significance of neuronal size 

asymmetry.   

 

Results 

The ASE neurons show a consistent and directional size asymmetry 

 We visualized the ASE cell body sizes in live young adult worms using otIs242 

(che-1prom::GFP ) –  an integrated transgene that is expressed only in the ASE cells 

(Fig.2A).  otIs242 is a promoter fusion, such that there is no signal sequence attached to 

the GFP molecule and it diffuses throughout the cell.  I initially used a flp-6prom::GFP 

transgene to make measurements, but the flp-6 promoter is expressed in two unidentified 

cells just anterior to ASE that made isolating the ASE cells difficult.  I developed a 

measurement method described in the Experimental Procedures section, and found a 

consistent and directional asymmetry in cell body volume (Fig.2B).  This is highly 

consistent – in 40 measured worms, I only found two that had body volumes where 
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ASEL was greater than ASER.  In addition, I found this difference to be substantial: the 

ASER cell body was, on average, 44% larger than the ASEL cell body. 

 

Size asymmetry is present throughout development 

 I found that the asymmetry in size difference exists throughout development.  

Although both the ASE neurons are born from different lineages (ASEL = 

AB.alppppppaa, ASER = AB.praaapppaa), both are born at nearly identical times.  Both 

ASE cells have a sister cell that undergoes apoptosis ~30 minutes after its birth; all four 

cells express che-1.  I measured ASE volumes just after the sister cells have died – the 

1.5-fold embryonic stage.  At this stage (1.5-fold embryo), there is already a significant 

size difference in ASE (Fig.2B).  At the first larval (L1) stage, the cells are roughly the 

same stage as the embryonic cells – L1 worms and embryos are of roughly equivalent 

total volume – but also significantly asymmetric in size.  This ratio of ASEL:ASER sizes 

is roughly maintained in adult worms. 

 

Neuronal size asymmetry is not a characteristic of other neurons 

 Having seen a size asymmetry in ASE, we wondered if this was a global property 

of neurons in C. elegans.  Using reporters that had expression in only one pair of neurons 

each, I measured the sizes of four other pairs of amphid neurons (ADF, ASK, AWB, and 

AWC).  I also measured the AIY interneuron pair – it is the main synaptic target of ASE, 

affects ASE function, and has one known example of asymmetric gene expression (Tsalik 

and Hobert, 2003 and V. Bertrand, personal comm).  In none of these cases did we 

measure any directional size asymmetry (Fig.3).   
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 Of the measured neurons, there is one other example of functional lateralization: 

the AWC neurons.  The AWC neurons have differential function and information 

processing (Wes and Bargmann, 2001).  But the generation of asymmetry in AWC is 

different from ASE.  In ASE, the identity and function is due to the cell’s lineage – the 

ASEL and ASER neurons always adopt the same fates.  The asymmetry of AWC is 

stochastic and depends on inter-cell feedback mediated by cell contact (Troemel et al., 

1999).  This asymmetry is visualized by expression of the str-2 and srsx-3 genes: the cell 

that expresses str-2 is termed AWCON and the cell that expresses srsx-3 is AWCOFF.  I 

used a srsx-3::TagRFP reporter to identify the AWC fate and measured cell size with 

respect to this fate and not left/right identity.  However, I did not see a difference in cell 

size with these measurements either (Fig.3).  Thus, ASE is the only measured neuron 

with a consistent size asymmetry. 

 

Neuronal size asymmetry extends to the amphids and dendrites of ASE 

 It is unclear what the functional significance of the cell body asymmetry is.  One 

hypothesis is that amphids and dendrites of differing sizes could transmit signals in 

different ways; in this model, the cell body size asymmetry is a byproduct of the 

functionally important neurite asymmetry.  Making use of two nicely labeled sets of 

electron micrographs (EMs) from David Hall’s lab, we measured the amphid dendrite in 

two wild-type worms.  Each set of EMs was made from slices along a length of the 

amphid dendrite; we took seven evenly-spaced EMs from each worm and measured the 

dendritic size, as described in the Experimental Procedures.  We found a consistent size 

asymmetry in ASE (Fig.4A).  Because the lengths of the ASEL and ASER neurons are 
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not significantly different (data not shown), the cross-sectional size of the dendrites is 

proportional to their volume.  The ratio of the cross-sectional sizes of the amphid 

dendrites is biased to a similar degree as the volumes of the cell bodies.   

 In addition to the ASE neurons, we measured the cross-sectional sizes of the other 

11 pairs of amphids from the EMs.  Other than ASE, we saw size asymmetry in two 

neuron pairs: AWC (both L < R) and ASK (one L < R and one L > R).  The cell body 

measurements previously mentioned do not show consistent asymmetry in either if these 

neurons.  When I measure the cell body size of these, or any, neuron pair, I see some 

fluctuation in size ratio; although there are deviations from the two neurons being of 

equal size, it is not consistently in one direction (excepting ASE).  It is likely that these 

dendritic size asymmetries in AWC and ASK are due to this random fluctuation. 

 The amphid neurons all share a similar structure: the cell body, near the posterior 

ring of the pharynx, sends one dendrite to the tip of the nose and one axon to an area of 

lower neuronal body density called the nerve ring, where synapses form with other 

neurons.  Because the EMs are taken from slices that are perpendicular to the length of a 

worm, we cannot measure the ring neurite sizes.  To measure these sizes, we had to use 

confocal microscopy; normal light microscopes do not have the resolution required to 

distinguish size differences of the exceedingly thin neurites.  I took several pictures of 

four neurites each per individual otIs242 worms: the left and right amphid dendrites, and 

the left and right ring axons.  I verified the amphid neurite size asymmetry I saw in the 

EMs (Fig.4B) and saw a similar size asymmetry in the ring neurites (Fig.4C).   
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Dendritic size asymmetry translates into functional differences 

 Given that there is a verified size asymmetry in both the ring and amphid neurites, 

we asked whether this would translate into a functional difference.  I used a published 

model that describes neuronal attenuation based on morphology (Goodman et al., 1998), 

calculating the degree of attenuation from individual ASEL and ASER neurons.  The 

lengths of any ASE neurites were not significantly different on a left/right basis or 

between worms of the same age, so these values were held constant.  The measured 

widths of neurites from the confocal images were used and attenuation values were 

calculated individually for each measured worm.  I saw a significant difference in the 

left/right voltage attenuation, as measured from the cilia to either the proximal end or the 

distal end of the axon (Fig.4D).  This difference in attenuation may well be the functional 

significance of the ASE size asymmetry. 

 

Neuronal size asymmetry does not extend to the nucleus or DNA amount 

 Ploidy and nuclear growth are known to be linked to cell size (Gregory, 2002; 

Hall et al., 2004), so I wanted to determine whether either of these were affected in the 

asymmetric ASE cells.  To measure nucleus size, I used a che-1fosmid::YFP reporter.  

This fosmid reporter fuses the YFP and CHE-1 proteins; because CHE-1 is a 

transcription factor, the YFP signal is localized to the nucleus.  I measured nuclear size 

using the same protocol as used for cell body size and found that although there was a 

small difference, it was not significant (Fig.5A, p = 0.11).   

 To measure ploidy, I used a che-1::mChOpti strain stained with DAPI.  DAPI 

stains DNA, and the resultant intensity is a good proxy for DNA amount (Labarca and 
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Paigen, 1980).  No significant difference in the DNA amount was seen between ASEL 

and ASER (Fig.5B).   

 

A nucleolar asymmetry mirrors size asymmetry 

 There is evidence linking nucleolar size and number with cell size (Kononowicz 

and Janick, 1988), so we decided to investigate whether asymmetric properties of 

nucleoli in ASE exist.  I use expression of the C. elegans fibrillarin orthologue fib-1 as a 

marker for nucleolar abundance; fib-1 is a good marker for nucleoli (Ochs et al., 1985).  

There is some question as to the correlation between FIB-1 localization and nucleolar 

identity – FIB-1 may associate with non-nucleolar structures – for the purposes of this 

thesis, I will refer to the observed structures as FIB-1+ foci.  We obtained a translational 

FIB-1::GFP reporter (Lee et al., 2010); measurements of nucleolar size, complicated by 

the fact that there are variable numbers of FIB-1+ foci per cell, were not made.  I saw a 

significant difference in the number of FIB-1+ foci (Fig.5C).  We repeated this 

experiment with an antibody to verify that the reporter was accurately capturing FIB-1 

expression and foci position.  I saw a similar, significant difference in the number of FIB-

1+ foci using the antibody (Fig.5D).  With both methods, we see more FIB-1+ foci in the 

larger ASER cell. 

 

 

Discussion  

 To elucidate a basic characteristic of a nervous system, I developed different 

methods to measure morphological aspects of neurons and characterize the degree of size 
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asymmetry throughout development.  I find that neuronal size asymmetry of the ASE 

neurons extends to the cell body and both the amphid dendrites and ring axons.  This size 

asymmetry is not accompanied by changes in the DNA content or nuclear size, but is 

accompanied by changes in FIB-1+ foci number.  Lastly, I find a putative functional 

consequence of the size asymmetry in the degree of voltage attenuation in ASEL and 

ASER.  I hope this work will further our understanding of neuronal morphological 

asymmetry and allow further investigation of the phenomenon. 

 

ASE size asymmetry 

 I have shown that the ASE neurons display a size asymmetry that is present in 

both their cell bodies and their neurites.  This size asymmetry is present at the earliest 

measurable stage; this raises the question of how this size asymmetry is established, a 

question I hope to partially answer in the next chapter.  The finding that neither ploidy 

nor nuclear size is responsible for the differences in cell size excludes two correlatives of 

cell size that are known.  This comes with a caveat, however: there is a non-significant 

difference in nuclear size.  A real size difference may be camouflaged by the difficulties 

in measuring the nucleus: the nuclear volume is smaller than that of the cell body            

(< 20%) and the reporter used for its measurement was dimmer.  It is more of a firm 

conclusion that the nuclei have equal amount of DNA: although the cells come from 

similar lineages, they have a very similar final division that results in an apoptosing sister 

cell; differences in DNA amount would have to involve some hidden DNA division at 

during the life history of one cell.  Additionally, it would not be clear whether a real 

difference in nuclear size would be the cause or consequence of whole cell asymmetry.  
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The finding that increased nucleoli number was seen in ASER is not particularly 

surprising, as nucleoli number and cell size are known to be associated (Crespo et al., 

1988).  This will be discussed in the next chapter. 

 

The uniqueness of ASE size asymmetry 

 Of six neuron pairs I measured, ASE was the only one that showed a consistent, 

directional asymmetry.  This is not entirely unsurprising, as there are few examples of 

any kind of laterality in neuron pairs.  In the amphids, only AWC and ASE are known to 

show any lateralization.  Functional lateralization is thought to have evolved in response 

to a need to sense and discriminate a wide panel of chemicals.  Given that ASE is the 

primary sensor of water-soluble tastants, and AWC is one of the primary sensors for 

volatile odorants, a complex exterior environment would induce considerable pressure on 

these neurons to functionally diversify.  The size asymmetry seen in ASE may be a 

manifestation of this pressure, allowing a differential response by an unknown 

mechanism to the large number of chemicals that the worm is constantly presented with.  

And it is worth noting that ASE may not be totally unique: I did not measure the sizes of 

all 12 pairs of amphids and a size asymmetry may exist in one of the unmeasured pair. 

 

Does this size asymmetry have a functional significance? 

 We have shown that size differences, as they extend to the axon and dendrite of 

ASE, induce a real change in the way input voltage at the distal end of a neuron will be 

received at the proximal end.  Equal inputs at the cilia of the ASE neurons will result in a 

stronger output from ASER than ASEL.  This is in agreement with a recent finding that a 
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downstep-sensing cell (like ASER) is more important for chemotaxis than an upstep-

sensing cell (like ASEL; Izquierdo and Lockery, 2010).   

 The model used for the calculations of voltage attenuation is based on the finding 

that neuronal signaling in C. elegans occurs by passive spread of voltage (Goodman et 

al., 1998).  Recent findings have called into question whether this passive spread of 

voltage is the only mechanism of neural signal transduction in C. elegans (Mellem et al., 

2008), but this reported existence of action potentials in ASE would not necessarily 

change the conclusion that size changes would change the signaling properties of a 

neuron.  Indeed, neurons with different axonal diameters will have different properties in 

their action potentials, such as in the velocities and critical firing level (Clamann and 

Henneman, 1976).  Additionally, we may already be accounting for the functional 

difference in neurons of different sizes.  The C. elegans putative action potentials were 

found to require extracellular Ca2+, and multiple voltage-gated calcium channels are 

found in the worm genome.  The known differential responses (ASEL as an upstep-

sensor, ASER as a downstep-sensor) are measured by calcium-based FRET: it is not 

inconceivable that differences in size induce differences in this Ca2+ response, which 

imparts the functional difference. 

 This putative lateralization in signal transduction does not rule out other effects 

from size.  For instance, because ASER is larger than ASEL, equal bilateral levels of 

expression of a particular gene would result in a higher concentration of that gene product 

in ASEL.  Although the difference wouldn’t be extreme, it could be enough to tip a 

balance, especially for interactions that are finely tuned with respect to dosage.  

miRNA:3’UTR interactions fall into this category, and at least one miRNA is known to 
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have a critical function in ASE.  This is hypothetical, but points to the many unknown 

effects that cell size could be mediating. 

 

Experimental Procedures 

Measuring cellular attributes 

 For the soma or nuclear size measurement, transgenic worms that express reporter 

constructs in specific neuron types are picked at the desired stage and examined using an 

Axioplan 2 microscope and a Sensicam QE camera controlled by Micro-Manager 

software (Stuurman et al., 2007).  Worms are rolled with the cover slip such that ASEL 

and ASER were in the same plane (dorsal-ventral view), and stacks are made with a 63x 

oil-immersion objective at 1#m depth; shutter speed is controlled such that maximum 

intensity is sub-saturating.  The stacks are analyzed using ImageJ software, where the 

contrast of the cell is chosen such that the fluorescence intensity does not impinge on 

neighboring cells, and the ImageJ plugin Voxel Counter is used to count the number of 

pixels for each cell.  Data are presented in Arbitrary Volume Units, consistent between 

measurements, which are equal to the number of thresholded pixels per cell. 

 Controlling intensity was initially a problem, such that brighter cells appear to be 

larger.  To control for this, I made two GFP constructs that we hoped would localize to 

the outer cell membrane and outline the cell.  The first was flp-6p::SS::GFP – a lin-12 

signal sequence plasmid was a kind gift of Dan Shaye from the Greenwald Lab. The 

second was flp-6p::PH::GFP – a pleckstrin homology domain vector from mouse 

phospholipase C was a kind gift from Barth Grant.  Neither construct properly localized 

to the cell body membrane: the SS construct localized mostly to the anterior ends of the 
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amphid dendrites, and the PH domain localized to several unidentified subcellular 

structures.  I also used multiple round of deconvolution of images taken from a flp-

6p::GFP strain; although the resulting image had cleaner localization of signal to the 

presumptive membrane of the cell, the size data I derived from these images was nearly 

identical the data derived from non-processed images.  Ultimately, GFP intensity is 

normalized after image acquisition in ImageJ by cropping stacks around each cell 

separately and adjusting the brightness levels of the two stacks such that the maximum 

intensity level of each stack is reset to a single standard. 

 Statistical analysis of the relative sizes within a given strain was also performed 

by using a paired two-tailed t-test; significance was determined using the Bonferroni 

correction.  For sets of experiments where n " 3, we employed the Bonferroni correction: 

instead of using a threshold of * p < 0.05 or ** p <  0.01, I used a stricter p threshold:  

* p < 1 – ((1 - 0.05)1/n) and ** p < 1 – ((1 - 0.01)1/n) where n is the number of experiments 

in a given set.  Statistical analysis of the number of nucleoli foci was performed using the 

Wilcoxon signed-rank test.   

 Dendrites were measured in one of two ways: First, two sets of EMs of wild-type 

worms are publicly available (Hall, 2001-2009).  The EMs have amphids identified; we 

traced the dendrites from seven images spaced at regular intervals along the dendrite 

using ImageJ.  The second method of measuring dendrites used a confocal microscope.  I 

took images of otIs242 worms using a Zeiss confocal with a 63X oil-immersion lens; I 

took images of four neurites (amphid/ring, right/left) and measured the width of a 

representative area using ImageJ. 
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 I measured ploidy by ethanol fixation followed by DAPI staining worms 

containing the integrated transgene otIs232 (che-1::mChopti) for ASE cell identification.  

Image stacks of DAPI-stained worms were taken using the method described above.  I 

measured DAPI intensity as a proxy for DNA amount and report the data as relative 

DAPI intensities, controlled for background intensity and nuclear size.   

 To measure FIB-1+ foci number, I used a cguIs001 = fib-1::GFP translational 

reporter crossed into an otIs232 (for ASE identification) background.  Alternatively, I 

stained otIs232 worms with an anti-FIB-1 antibody following freeze-crack and 

formaldehyde fixation.  Image stacks were made using the same protocol as was used to 

measure cell size, but with three channels: GFP for nucleoli count, RFP for cell 

identification, and DIC for nuclear identification. 

 

Calculating attenuation 

 I calculated attenuation values with the assistance of Shawn Lockery, using the 

formulas from his paper (Goodman et al., 1998).  For these calculations, the neurites are 

treated as tubes, the cell body is ignored, and the data is presented as the inverse of the 

degree of attenuation, or the fractional voltage spread. 

 

Strains used 

Strains used to measure neuron pairs: 

ASEL/R: otIs125 = flp-6::gfp 

  otIs242 = che-1::gfp 

 flp-6::SS::gfp 
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 flp-6::PH::gfp 

AWCL/R: otIs151 = ceh-36::dsRed2 

 odr-1::gfp 

AWCon/off: otEx9961 = srsx-3::TagRFP; odr-1::gfp 

ADFL/R: zdIs13 = tph-1::gfp 

AWBL/R: kyIs104 = str-1::gfp 

ASKL/R: otEx4302 = sra-9::gfp 

AIYL/R: otIs173 = ttx-3::gfp 

 

To measure ASE nuclear size: 

otIs188 (che-1fosmid::yfp) 

 

To measure FIB-1+ foci: 

cguIs001; otIs232 = fib-1::gfp::icr::rps-16::rfp; che-1prom::mChOpti 

otIs232 = che-1prom::mChOpti  (for antibody staining) 
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Chapter 4 – The Genetics of Asymmetric ASE Size 

Abstract 

 In the previous chapter, I characterized neuronal size asymmetry in the ASE 

neurons of C. elegans.  Here, I investigate the genetic basis for this size asymmetry.  I 

show that it is not activity-dependent, place it into the established genetic pathway for 

ASE fate, and use a candidate gene approach to determine its mediators.  Lastly, I find an 

interesting role that the TRIM-NHL family member ncl-1 may be playing in asymmetric 

cell size.  These experiments allow us to understand the genetic basis of the diferential 

size seen in these lateralized neurons. 

 

 

Introduction 

 The ASE neurons are asymmetric with respect to gene expression, function, and 

response to extracellular cues.  From the results of the previous chapter, we can add size 

to that list.  The mechanisms that control this size asymmetry, however, are unknown.  

Few studies have examined differential neuronal size, particularly the mechanistic control 

aspects.  One notable example is work done on the Pten gene, which induces a cell-

autonomous growth in neuronal cells when mutated (Backman et al., 2001; Kwon et al., 

2001).  Another is in pigeons, where morphological asymmetries in individual neurons is 

known to be dependent on embryonic light stimulation (Manns and Gunturkun, 2003).  

But little else is known about neuronal size control. 

 In contrast, plenty is known about general cellular size control.  Beyond 

previously mentioned effects of ploidy, numerous signaling pathways regulate cell size 
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and growth.  I reviewed several of these in the introduction, but it is worth noting again 

the C. elegans has orthologues of many well-known growth control pathways, including 

TGF!, insulin-signaling, and Myc. 

 There are also C. elegans orthologues of the TRIM-NHL family.  This family 

usually contains a tripartite motif (TRIM), consisting of a RING domain, one or two B 

boxes, and a coiled-coil domain, and several NHL repeats – named after ncl-1, human 

HT2A, and lin-41 (Slack and Ruvkun, 1998).  Some orthologues, such as the Drosophila 

brat or worm ncl-1, do not have the RING domain.  ncl-1 does have some size control 

properties: ncl-1 mutant worms are of larger size than WT worms, as are two measured 

neurons (Frank and Roth, 1998).  In these worms, rRNA and protein are globally 

upregulated, so ncl-1 is hypothesized to act to generally repression translation; 

concordantly, ncl-1 mutant cells have larger nucleoli. 

In this chapter, I investigate the genetic basis of the neuronal size asymmetry that 

I have previously characterized.  I find that the ASE size asymmetry is not activity-

dependent, and place it in the genetic pathway for ASE fate determination.  I find 

evidence that fib-1 is necessary for the asymmetry in size, and find a curious role for ncl-

1.  Lastly, I provide synthesize the previous findings and provide a model for the genetic 

control of cell size in ASE 

 

 

 

 

 



 

 

109 

 

Results 

ASE size asymmetry is not activity-dependent 

 Neuronal size asymmetries have been observed in the optic tectum of pigeons and 

found to be dependent on embryonic light stimulation (Manns and Gunturkun, 2003).  To 

see whether the ASE neurons show similar activity dependence, I measured ASEL and 

ASER neuron sizes using a variety of methods to reduce their function.  The first method 

involved hatching embryos into ddH2O; the normal postembryonic environment contains 

ample ionic input for the ASE neurons, and ddH2O alone does not. However, worms 

hatched without a food source will not develop past the first larval stage, so I measured 

their cell size at that age.  These worms retained their size asymmetry (Fig.1).  

 The other method to reduce neuronal activity involves a genetic approach.  

Various mutants that were known to reduce neuronal activity were crossed into an 

otIs242 reporter background.  None of these – the CNG channels tax-2 or tax-4, the 

ciliary morphology gene che-2, or the regulator of AIY function ttx-3, affect size 

asymmetry (Fig.1). 

 

ASE size asymmetry is genetically controlled 

 I have previously shown that ASE asymmetry exists from the time of ASE birth.  

This, in addition to the previous experiment indicating that size asymmetry is not 

activity-dependent, indicates that this asymmetry may be genetically programmed.  If 

size asymmetry were genetically programmed, it would be expected to be under the 

control of the che-1 gene – the CHE-1 Zn finger transcription factor is the master cell fate 
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regulator for ASE, and in a che-1 mutant, both ASE neurons have no function (these 

worms are unable to chemotax.)  che-1 autoregulates, such that in a che-1 mutant, che-1 

expression is lost by the mid-larval stage.  As such, I couldn’t measure che-1 expression 

in adult worms, but L1 worms in a che-1 mutant were measured and do show a loss of 

size asymmetry (Fig.2B). 

 

Size control is downstream of die-1 

 I then asked whether the known genetic pathway controlling asymmetric ASE fate 

also controls cell size.  Genes that affect this cell fate have been identified and classified 

by their function: Mutations in ‘class I’ regulatory genes show a conversion of ASER to 

ASEL (2-ASEL); these genes promote ASER fate.  Mutations in ‘class II’ show the 

opposite and promote ASEL fate (mutations are 2-ASER).  Bilateral overexpression of a 

class I gene can induce a class II-like phenotype, and vice versa.  I saw that the cell size 

phenotype mirrors the cell fate phenotype for both class I and II: 2-ASER mutation 

induce two large cells and 2-ASEL mutations induce two small cells (Fig.2C).  These 

mutations are all in genes of the bistable feedback loop (Fig.2A); these experiments 

indicate that the loop is upstream of cell size. 

 Given that ASE size is regulated very similarly to ASE fate, and that we know 

quite about the genetic fate determinants of ASE, I asked whether we could put size 

control into this genetic pathway.  Specifically, the output of the bistable feedback loop 

for ASE cell fate is the die-1 transcription factor.  It is possible that the output of the loop 

for cell size is not die-1; it would not be hard to imagine the transcription factor cog-1 or 

the miRNA lsy-6 having a more promiscuous role than is known.  To determine the 
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output of the loop with respect to size, I built strains that had mutations in two of these 

loop factors that induce opposite cell fate phenotypes: a class II die-1 mutation was put 

into two different class I backgrounds.  In both cases, both cells were statistically large 

(ASER-like, Fig.2C), indicating that die-1 is epistatic to cog-1 and lsy-6 with respect to 

cell size in addition to cell fate. 

 Having established that die-1 has similar effects on asymmetric cell fate and size, 

I wanted to see whether it also affects another asymmetric cellular property: fibrillarin 

expression.  I previously showed that the ASE cells have an asymmetric number of FIB-

1+ nucleoli in the ASE cells (Chapter 2).  I crossed a mutant die-1 allele into the cguIs001 

fib-1 translational reporter and saw an abolition of this asymmetry as well (Fig.2D).

 lim-6 and fozi-1 are known to be effector genes: genetically downstream of the 

bistable feedback loop but upstream of some ASE terminal genes (Fig.2A).  Other genes 

are asymmetrically expressed in ASE but independently of these effector genes, however.  

To determine where cell size is in this genetic pathway, I assayed cell size in lim-6 and 

fozi-1 separately.  I saw no effect on size asymmetry; this indicates that lim-6 and fozi-1 

are also not upstream of the genes responsible for differential growth (Fig.2C).  The lim-6 

mutation induced overall larger cells: as a predicted transcription factor, it may be having 

effects on other genes that affect overall ASE size separately from relative size. 

 

A candidate gene approach yields some regulators of overall ASEL and ASER size 

 From the previous experiments, we found that die-1 is upstream of lateralized cell 

size, but the genes that mediate this asymmetry are unknown.  To identify these genes, 

we took a candidate gene approach.  I crossed in the otIs242 reporter into various mutant 
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backgrounds or used RNAi when mutants weren’t available.  I tested 24 genes in adults 

and 6 in the first larval stage (Fig.3) – those tested as L1 are genes that are lethal or have 

a larval arrest phenotype when mutated.  The genes and their identities are summarized in 

Table 1 – they include components of the TGF! pathway, components of the insulin-

signaling pathway, a TRIM-NHL family member ncl-1, the fibrillarin fib-1, the Myc 

orthologue mml-1, and the Ras orthologue let-60, and several others.  Mutations were 

tested in both gain- and loss-of-function when available. 

 Unsurprisingly, several of these mutations induce overall size changes on both 

ASEL and ASER.  These are the Brat orthologue ncl-1, Insulin/PI3K components akt-1 

and daf-18, GTPase rheb-1, and nucleostemin nst-1 (Fig. 3).  It is perhaps surprising that, 

in a panel of genes chosen for their effects on size, so few genes affect overall size of 

ASE, but this may reinforce how tightly-regulated ASE cell control is. 

 

The fibrillarin fib-1 is likely regulator of asymmetric size 

 Only two genes eliminate the size asymmetry, ncl-1 and fib-1.  ncl-1 is an 

interesting case and will be discussed below.  fib-1 encodes an orthologue of the 

conserved nucleolar protein fibrillarin.  fib-1 mutant animals were measured in the L1 

stage because the worms arrest and die in the mid-larval stages.  The ASE cell sizes are 

not statistically significant from each other in a fib-1 background (Fig.3B).  This result 

agrees with the previous finding that ASER contains more FIB-1+ nucleoli than ASEL 

(Chapter 3). 

 To ask about the mechanism of fib-1 action in ASE, I built and injected a 

construct to overexpress fib-1 bilaterally.  Although small changes in size were seen, 
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asymmetry was maintained (Fig.4), indicating that although fib-1 activity is necessary for 

cell size asymmetry, it is not sufficient. 

 

The TRIM-NHL family member ncl-1 has curious allele-dependent effects on cell 

size asymmetry 

 During the course of examining the panel of candidate genes, we found an 

interesting allele of the Brat tumor suppressor gene ncl-1.  The ncl-1(e1942) allele that I 

assayed for cell size is an early ochre stop and a likely null (Fig.5A); this mutation 

induces cells that are both larger in size but still asymmetric.  I also assayed the late ochre 

stop ncl-1(e1865) and found that this mutation, like e1942, induces larger cells.  

However, the e1865 mutation induces strong symmetry, such that both cells are roughly 

the size of an e1942 ASER cell (Fig 5B).  One other ncl-1 allele is publicly available: ncl-

1(ok2555) is an internal, in-frame deletion that curiously induces lethality.  Worms 

carrying this mutation do not die until mid-larval stages, however, when assayed as L1-

L2s, they maintain an asymmetry in size (Fig.5B). 

 

ncl-1 enhances the activity of the micro-RNA lsy-6 

 ncl-1 is an orthologue of brat and a member of the TRIM-NHL family of genes.  

Another TRIM-NHL family member, nhl-2, has recently been implicated in miRNA 

function (Hammell et al., 2009).  In this paper, one interesting finding is that a loss of 

nhl-2 function alone has no effect on two separate miRNA-mediated phenotypes, but 

does have an effect on these phenotypes in sensitized backgrounds.  One of these 

phenotypes is ASE fate, using a lsy-6(ot150) sensitized background.  The ot150 mutation 
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is a single base pair change in a CHE-1 binding site upstream of the lsy-6 miRNA; this 

mutation alone reduces the level of lsy-6 expression and induces a weak Lsy (Laterally 

Symmetric) phenotype (Sarin et al., 2007).  In a nhl-2 background, this weak phenotype 

is enhanced, but not to the phenotypic levels seen in a lsy-6 deletion.  Given the 

conservation between nhl-2 and ncl-1, I asked whether ncl-1 could be performing a 

similar role, and I performed a very similar experiment using the non-lethal alleles of ncl-

1.  I found that, like nhl-2, I saw no asymmetry in cell fate in either ncl-1 allele alone 

(Fig.5C).  Also like nhl-2, I saw an enhancement of the ot150 phenotype, but to a greater 

degree in either ncl-1 allele than compared to the assayed nhl-2 allele.  I concluded that 

ncl-1 might be acting to affect cell fate in a similar way as nhl-2, independently of its 

effects on cell size. 

 

 

Discussion 

In this chapter, I present four findings that help determine why the two ASE cells 

are of different size.  First, I find that the asymmetry is not activity-dependent.  Second, I 

find that it is genetically controlled, downstream of the die-1 gene.  Third, I find that fib-1 

activity is necessary but not sufficient for this asymmetry.  Lastly, I find that ncl-1 may 

play a cryptic role in determining this size asymmetry.  I finish with a model of genetic 

action to determine neuronal size asymmetry that I believe provides a mechanistic 

explanation of this ill-understood phenomenon. 
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Neuronal activity  

 Many aspects of neurons are known to be activity-dependent in vertebrate 

systems: gene expression, survival, and size forinstance (Manns and Gunturkun, 1999; 

Mao et al., 1999).  Although we do not see this activity-dependence extend to the ASE 

neurons, it is not entirely surprising given the result of the previous chapter showing that 

the ASE neurons are already size-asymmetric immediately after their birth.  If differential 

levels of activity were inducing size asymmetry, it would not be expected to manifest 

until after the neurons had been exposed to an environment outside the embryo.  

Although it is conceivable that intraembryonic ions would activate the ASE neurons 

sufficiently to induce a size asymmetry, the lack of size symmetry in mutations in the 

CNG channels tax-2 and tax-4 or the ciliary-morphogenic gene che-2 demonstrate that 

this is not the case.  Even activity of a downstream interneuron – AIY – is not required 

for size asymmetry.  Both ASE cells have several other synaptic partners, so I cannot 

exclude the possibility that feedback from one or more of them is inducing this size 

asymmetry, but given the genetic results and findings that size asymmetry is present very 

early in the life of ASE, this seems very unlikely.  From these results, we conclude that 

neuronal activity is dispensable for the size asymmetry of ASE. 

 

Genetic control 

 The finding from the previous chapter that ASE cells are different sizes just after 

their birth strongly also points to a genetic basis for the size asymmetry.  Because I see an 

abolition of ASE cell size asymmetry in a che-1 mutation, we know that che-1 is 

controlling cell size in addition to its well-established role promoting general ASE cell 
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fate (Fig.2B).  But through which effector genes?  Through several mutant analyses and 

epistatic experiments, we place control of cell size downstream of die-1 on a parallel 

pathway to that of the previously described asymmetric cell fate (Fig.6).  I have also 

found two pieces of evidence that the fibrillarin fib-1 is important in establishing size 

asymmetry: size asymmetry is abolished in a fib-1 mutant, and I see a die-1-dependent 

increase in the number of FIB-1+ foci.  We do not know if the DIE-1 transcription factor 

acts directly on the fib-1 gene, through an intermediary, or is a more indirect consequence 

of relative die-1 activity levels.  The finding that overexpression of fib-1 does not affect 

size asymmetry indicates that fib-1 is a permissive factor, necessary but not sufficient to 

control cell size.  These observations of fib-1 activity in cell size fit well with the known 

role for fibrillarin: mutation in the yeast orthologue of fibrillarin, Nop1, induces a strong 

small cell phenotype (Jorgensen et al., 2002). 

 Lastly, mutations or RNAi targeting five genes induce overall cell size changes 

without affecting asymmetry: ncl-1, daf-18, akt-1, rheb-1, and nst-1 (Fig.3).  Removing 

the action of any of these genes induces larger cells, indicating that various size control 

mechanisms act to reduce cell size – the ‘natural’ state of these cells seem to be large.  

ncl-1 will be discussed below.  daf-18 is the orthologue of PTEN and has a larger cell 

phenotype in the mutant, as would be predicted from mouse models of Pten activity 

(Backman et al., 2001; Kwon et al., 2001).  Another member of the insulin-signaling 

pathway, the serine/threonine kinase akt-1, also induces larger cells when mutated, but 

work in Drosophila and other systems indicates that the akt-1 orthologues are positive 

regulators of growth, opposing the activity it Pten (Verdu et al., 1999).  Additionally, 

other insulin-signaling pathway members do not overall size phenotypes – this may 
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indicate a role for these genes that is partially independent of the canonical insulin-

signaling pathway.  Lastly, we see unexpectedly larger cells in RNAi against the small 

GTPase rheb-1 or the nucleostemin nst-1.  Both of these are positive regulators of growth 

in other systems, so it is curious that we see small cells in these two examples (Aspuria 

and Tamanoi, 2004; Lo and Lu, 2010).  Canonical size regulators such as let-363/TOR or 

various Smads of TGF! do not affect cell size, indicating that general size control 

mechanisms do not necessarily affect neuron size.  The tight control of asymmetric ASE 

cell fate is thought to underpin the importance that asymmetry in cell fate.  The fact that 

size asymmetry is also under tight genetic control is another indication of how important 

this morphological feature is to the worm. 

  

ncl-1 

 I have also found an interesting role for ncl-1 activity in determining cell size.  

The ncl-1 alleles e1865 and e1942 form an allelic series with respect to phenotype that is 

the opposite of the allelic series one would predict based on their molecular identity 

(Fig.5).  I can image two possibilities to explain this seeming contradiction: First, the late 

e1865 stop induces a neomorphic phenotype.  e1865 putatively truncates ncl-1 after 3 of 

its 5 NHL repeats; NHL repeats each make up one blade of a propeller that is the NHL 

domain (Edwards et al., 2003).  This domain is thought to act with pumilio (puf-9 in C. 

elegans) to mediate translational repression, especially through miRNA action.  Like nhl-

2, I showed that this interaction is dispensable in a wild-type background: both ncl-1 

alleles have no Lsy phenotype.  But in a sensitized background, two ncl-1 mutations are 

sufficient to induce a strong Lsy phenotype, indicating that ncl-1, presumably through its 
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interactions with puf-9, does slightly enhance the miRNA function.  Removing two NHL 

repeats via the e1865 domain could, for instance, allow for NCL-1 to bind and sequester 

PUF-9 while preventing the complex from meditating its normal role.  The e1942 allele 

would result in a very short form of NCL-1 being made which would be unable to 

sequester PUF-9, allowing it to function normally, albeit at a lower level. 

 The second possibility to explain this observation would be a simple background 

mutation in the e1865 strain.  In the simplest form, the allele would have the same 

phenotype as a mutation in lsy-6, and convert ASEL to ASER.  However, this simple 

model has to be rejected because e1865 does not have a Lsy phenotype alone – unless I 

replaced this background mutation with a wild-type copy in the crossing scheme.  This 

mystery mutation would have to be subtle, for instance in the miRISC, that does not show 

a phenotype alone but does in a sensitized background.   

 It is worth noting that several lines of evidence indicate that the larger cell size 

seen in both alleles is a ‘true’ function of ncl-1: both viable alleles have the common 

phenotype of larger cells, a previous report has shown ncl-1 mutant worms have both 

larger neurons and a larger overall body (Frank and Roth, 1998), and the Drosophila 

orthologue brat represses growth as a tumor suppressor in the brain (Arama et al., 2000). 

 

Model 

 From the work of the previous two chapters, we present the following model 

(Fig.6).  The bistable feedback loop that determines the ASE asymmetry fate also 

determines asymmetric size.  die-1 is the output of the loop for size, and acts on fib-1 

abundance.  The yeast orthologue of fib-1, Nop1, is coregulated as part of a large group 
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of genes involved in ribosome biogenesis called the Ribi regulon (Hall et al., 2004).  

Additionally, fib-1 overexpression is not sufficient to affect cell size.  It is therefore 

unlikely that fib-1 is the sole target of die-1 regulation with respect to ASE asymmetric 

size.  As such, we presume that die-1 is acting on several genes, directly or indirectly, to 

repress growth in ASEL. 
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Table 1: Background information on candidate genes tested for ASE size  
differences. 
Genes tested Identity  Reason for testing 
sma-2 Smad (TGFb signaling)  
sma-3 Smad 
sma-4 Smad 
sma-5  MAPK   
sma-6 Kinase receptor 
sma-9 Transcription factor (schnurri) 
lon-1 CRISP family 
lon-2 glypican  
lon-8 nematode-specific secreted 
egl-4  cGMP-dependent kinase 
ncl-1 RBP (Brat tumor suppressor)  

Controls overall body and/or 
cell size in C. elegans (Frank 
and Roth, 1998; Fujiwara et al., 
2002; Savage-Dunn, 2005; 
Chen et al., 2008) 

nst-1 nucleostemin  
iftb-1 eIF2B  
tfg-1 TFG oncogene  
crh-1 CREB/ATF-family  

Controls cell size in C. elegans 
and other systems (Chen et al., 
2008) 
 

mml-1 Myc  
let-60 Ras 
daf-2 insulin/IGF-receptor  
ins-1 insulin ligand 1 
daf-18 PTEN phosphatase 
let-363 TOR kinase 
akt-1 Protein kinase B  
akt-2 Protein kinase B 
fib-1 fibrillarin 
rheb-1 GTPase  
cdk-4 cyclin-dependent kinase  

Controls cell size in other 
systems (Datar et al., 2000; 
Long et al., 2002; Hall et al., 
2004; Pickett et al., 2007; 
Honjoh et al., 2008) 
 

unc-43 CaMKII Regulatory volume control in 
other systems 

1 ins-1 is only one of several insulin ligands in the worm; we specifically tested this one as 
it is known to be released from a postsynaptic ASE target to affect InR signaling in ASER 
in the context of learning and memory (Tomioka et al., 2006).  
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Experimental Procedures 

 Cell size measurement, nucleoli quantification, and statistical analysis were 

performed as in Chapter 2.  

 

Strains used 

For mutant analysis, crossed to otIs242 (che-1::gfp): 

akt-1(ok525) 

akt-2(ok593) 

cdk-4(he109) 

che-1(ot66) 

che-2(e1033) 

daf-18(ok480) 

daf-2(e1370) 

egl-4(ad450gf) 

egl-4(n478lf) 

fib-1(ok2527)/nT1 

ins-1(nr2091) 

let-363(ok3018)/hT2 

let-60(n1046gf) 

let-60(s1155lf), unc-22(s7), unc-31(e169)/nT1 

lon-1(e185) 

lon-2(e434) 
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lon-8(hu188) 

mml-1(ok849) 

ncl-1(e1865) 

ncl-1(e1942) 

ncl-1(ok2555)/hT2 

nre-1(hd20); lin-15b(hd126) 

sma-2(e502) 

sma-3(e491) 

sma-4(e729) 

sma-5(n678) 

sma-6(e1482) 

sna-9(qc3) 

tax-2(p691) 

tax-4(p678) 

tfg-1(ok2290)/hIn1 

ttx-3(ot22) 

unc-43(e408lf) 

unc-43(n498gf) 

  

To determine the genetic relationship of cell size to the known ASE feedback loop: 

die-1(w34)/mnC1; ntIs1 (gcy-5::gfp) 

lsy-6(ot71); otIs220 (gcy-5::mCherry); otIs242 

otIs282 (ceh-36::cog-1); otIs220 
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cog-1(ot28); otIs114 (lim-6::gfp) 

otIs204 (ceh-36::lsy-6); otIs242 

die-1(w34)/mnC1; cog-1(ot28); ntIs1 

die-1(w34)/mnC1; otIs204; ntIs1 

lim-6(nr2073); ntIs1 

fozi-1(tm563); otIs114 

otIs232 (che-1::mChOpti); cguIs001 

die-1(ot26); otIs220 (gcy-5::mCherry); cguIs001  

 

Other: 

ntIs1 

lsy-6(ot150); ntIs1 

lsy-6(ot71); ntIs1 

lsy-6(ot150); ncl-1(e1865); ntIs1 

lsy-6(ot150); ncl-1(e1942); ntIs1 

4 independent lines of Ex(ceh-36::fib-1); otIs242  
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Chapter 5 – Conclusions and Future Directions 

 

As may be clear, I have pursued several lines of research during my graduate 

career.  Those presented in my thesis have the common theme of investigating aspects of 

ASE asymmetry that are more obscure than those first tackled by the Hobert lab.  The 

work I have done on amino acid gustation and associative learning in ASE is far less 

complete than the work on size asymmetry, but that does leave more avenues for future 

work.  Overall, I find that the known lateralization of the genetic fate of the ASE neurons 

extends to many other of its attributes.  This suggests that the underlying genetic 

asymmetry of ASE has allowed this neuronal pair to globally diversify, and indicates that 

ASE is an excellent model for general neural asymmetry. 

 

Amino Acid Gustation 

I have determined that the mechanism behind amino acid gustation is very similar 

to that behind canonical salt gustation.  Additionally, amino acids share many functional 

characteristics with ions known to be sensed by ASER.  This is interesting in the sense 

that it more evidence that ASE asymmetry is used for many of its functions; this 

asymmetry is not only seen in its most basic sensory modalities.  This is less interesting 

in that the worm has not evolved different mechanisms for sensing different water-

soluble attractants, meaning that there is likely not a new neuronal or signaling pathway 

to study.  However, there are some gaps in the presented work and some questions that 

can be asked. 
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Within the ASE-only sensed amino acids, the approach I took to assay sensitivity 

was slightly haphazard.  I did not systematically examine salt gustation in parallel to the 

amino acid assays I was performing, so it was sometimes difficult to make direct 

comparisons to the known ASE pathways.  Additionally, the effects of a 2-ASER or 2-

ASEL mutation are often difficult to interpret, given the unknown effects that such 

mutations have on synapses to interneurons.  To better understand the separate roles of 

ASEL and ASER, it would be more proper to utilize unilateral genetic ablations via cell-

specific caspase expression.  Experiments of this sort have been performed in our lab, and 

a difference in response is seen between a strain with two ASERs and a strain with 

ASEL-ablated, indicating that these methods are having different effects (Ortiz et al., 

2009). 

 Additionally, I only performed the mutant analyses on a subset of mutants of each 

signaling pathway.  A more comprehensive study would be required to fully understand 

how the amino acid signal is being transduced.  Similarly, I would like to repeat the 

experiments with glutamine; some differences between the methionine and isoleucine 

responses were seen, and adding another amino acid might elucidate different 

mechanisms used to sense different amino acids. 

 Lastly, I found sensory neurons apart from ASE were required to sense the amino 

acid signal.  This is also known to be true for other cues: for example, abolishing ASE 

function does not abolish sensation to all water-soluble cues (Bargmann and Horvitz, 

1991).  It would be interesting to establish which neurons transduce the signal for amino 

acids.  This could be accomplished with different genetic ablations of these neurons and 
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subsequent chemotaxis assays.  It is worth noting that the similarity between salt and 

amino acid sensation may make this a less-than-ideal course of study in the future. 

 

Associative Learning 

 Much like the amino acid gustation result, associative learning uses ASE 

asymmetry in a role beyond simple salt sensation.  This had been previously known, but a 

surprising and interesting result found was that a 2-ASEL worm has a strong defect in 

this learning; this contradicts a previous model of the associative learning action taking 

place in ASER.  As discussed in chapter 2, I presume that this is because of how the 

downstream signaling in the 2-ASEL mutant differs, or fails to differ, from that in a wild-

type worm.  Indeed, the more complete model of salt learning from the Iino lab presumes 

that the two ASE neurons have different synaptic connections from each other (Tomioka 

et al., 2006).  Much like the asymmetric results seen in amino acid gustation, I would 

need to assay ASEL- or ASER-ablated strains to eliminate the effects from a cell with a 

reversed fate.   

It would also be very interesting to examine the role that this fate duplication has 

on the synaptic connectivity: whether both ASE cells in a 2-ASEL worm have ASEL-like 

synaptic connections, or whether wild-type synaptic connections are maintained.  For that 

matter, little is known about how variable the numbers of synapses between specific 

neurons are; the established values derive from only one or two worms (White et al., 

1986).  Techniques exist for in vivo visualization of synaptic formation and activity 

(Umeda and Okabe, 2001); using these techniques in addition to careful anatomical 

studies could answer these questions and provide an insight as to the asymmetric action 
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of the ASE neurons in regard to associative learning.  Lastly, I only tested a few of the 

genes known to be asymmetrically expressed in ASE.  To more fully explore the role of 

ASE asymmetry in salt learning, I should test this complete panel of mutants. 

 

ASE Size Asymmetry 

 I found that ASE genetic asymmetry extends to their cell sizes, and elucidated 

some of the genetic pathway to explain this phenomenon.  There are two main questions 

remaining from the study on size asymmetry in ASE: first, what genes other than fib-1 

are responsible for size asymmetry?  Second, what is the role of ncl-1 and why does an 

allele that presumably truncates the NCL-1 protein near its C-terminus induce a stronger 

phenotype than one that truncates it near its N-terminus?   

To answer the first, the geneticist’s favorite tool – a screen – is unfortunately not 

possible due to the technical difficulty of scoring the phenotype.  However, we can look 

at other genes that we would expect to be coregulated with fib-1; indeed, many genes are 

known to be coregulated with fibrillarin as part of the Ribi regulon in yeast (Hall et al., 

2004).  Genes of or upstream of this regulon would be a good place to start, with 

experiments similar to those that identified fib-1: either depleting their activity with 

mutations or RNAi or overexpressing them.  Also, fib-1 activity is not sufficient to alter 

cell size when overexpressed.  Our interpretation is that fib-1 is a permissive factor 

needed for cell growth but unable to alter cell size by virtue of its overabundance due to a 

regulatory control.  Looking at other genes in the Ribi regulon might show us which 

genes impose this regulatory control.  In a related experiment, we would like to look at 
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general transcriptional regulation of fib-1: it is unclear whether it is how it is regulated in 

the ASE neurons.   

To answer the second question, as to the differential effects of ncl-1 allele, I need 

to differentiate between the possibilities of a background mutation in the ncl-1(e1865) 

strain that induces symmetry and a neomorphic function of the NCL-1(e1865) protein.  

Two experiments would do this: overexpression of the mutant ncl-1 gene, or rescue of the 

ncl-1 mutant with the ncl-1 locus.  If ncl-1(e1865) overexpression induces the mutant 

(size symmetric) phenotype, we could conclude that this mutation induces the symmetry.  

Similarly, if we were able to rescue the e1865 mutant phenotype with the ncl-1 locus (and 

see size asymmetry), it would indicate that the e1865 allele is a loss-of-function, and a 

background mutation is responsible for the size symmetry.  In fact, this is what 

preliminary experiments demonstrate, indicating that an interesting mutation may exist in 

the e1865 background.  Mapping and cloning this mutation would be the next logical 

step. 

 

Concluding Remarks 

The C. elegans body plan, like that of many organisms, is mostly symmetric with 

some asymmetries layered on top.  10 of the 12 amphid sensory neuron pairs have no 

known asymmetries, indicating that the asymmetric neurons ASE and AWC are special.  

It is likely that asymmetry in these neurons has developed in response to a strong 

evolutionary pressure: ASE and AWC are the primary sensors of water-soluble and 

volatile chemicals, respectively, and asymmetry is a good mechanism for these neurons 

to functionally diversify while remaining as a single pair each.  
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This does beg the question: how did this asymmetry develop?  Because the known 

asymmetric aspects of the neurons – the differential ion sensation, their role in salt 

learning, their size – are dependent on their genetic fate, it makes sense that this genetic 

profile developed first, likely in concert with one of these functions.  From this 

underlying genetic asymmetry, other asymmetric functions can be layered on, much as 

various types of asymmetry are layered onto the symmetric body plan.  Given that we see 

asymmetry in many animal types, this provides a very intriguing model of how functional 

asymmetry with broad consequences develops. 
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Appendex 1 –  

Lateralized Gustatory Behavior of C. elegans is Controlled by Specific Receptor-

Type Guanylyl Cyclases 

 

Chris O Ortiz, Serge Faumont, Jun Takayama, Heidi K Ahmed, Andrew D Goldsmith, 

Roger Pocock, Kathryn E McCormick, Hirofumi Kunimoto, Yuichi Iino, Shawn 

Lockery, Oliver Hobert (2009).  Current Biology 19(12): 996-1004. 

 

The work done on amino acid gustation from Chapter 2 was published in this 

manuscript and can be found represented in Supplemental Figure 3.
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Appendex 2 –  

Developmental control of lateralized neuron size in the nematode Caenorhabditis 

elegans. 

Andrew D. Goldsmith, Sumeet Sarin, Shawn Lockery, and Oliver Hobert (2010).  

Neural Development 5:33. 

 

The work done on the asymmetric size of ASE – Chapters 3 and 4 – were 

published in this paper.  The data is largely the same as was presented in the thesis, with 

one main exception: the ncl-1 allelic differences are not mentioned and only the ncl-

1(e1942) asymmetric size allele is presented. 
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