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Abstract

Background: Nervous systems are generally bilaterally symmetric on a gross structural and organizational level but
are strongly lateralized (left/right asymmetric) on a functional level. It has been previously noted that in vertebrate
nervous systems, symmetrically positioned, bilateral groups of neurons in functionally lateralized brain regions differ
in the size of their soma. The genetic mechanisms that control these left/right asymmetric soma size differences
are unknown. The nematode Caenorhabditis elegans offers the opportunity to study this question with single
neuron resolution. A pair of chemosensory neurons (ASEL and ASER), which are bilaterally symmetric on several
levels (projections, synaptic connectivity, gene expression patterns), are functionally lateralized in that they express
distinct chemoreceptors and sense distinct chemosensory cues.

Results: We describe here that ASEL and ASER also differ substantially in size (soma volume, axonal and dendritic
diameter), a feature that is predicted to change the voltage conduction properties of the two sensory neurons.
This difference in size is not dependent on sensory input or neuronal activity but developmentally programmed by
a pathway of gene regulatory factors that also control left/right asymmetric chemoreceptor expression of the two
ASE neurons. This regulatory pathway funnels via the DIE-1 Zn finger transcription factor into the left/right
asymmetric distribution of nucleoli that contain the rRNA regulator Fibrillarin/FIB-1, a RNA methyltransferase
implicated in the non-hereditary immune disease scleroderma, which we find to be essential to establish the size
differences between ASEL and ASER.

Conclusions: Taken together, our findings reveal a remarkable conservation of the linkage of functional
lateralization with size differences across phylogeny and provide the first insights into the developmentally
programmed regulatory mechanisms that control neuron size lateralities.

Background
One of the most fundamental aspects of biological con-
trol is the regulation of size, on the level of the indivi-
dual cell, an organ, and the whole organism. Studies in
yeast have yielded scores of genes controlling size, many
associated with ribosomal protein synthesis [1]. In
metazoan organisms, growth and size control are usually
studied on the level of either whole organs or even
whole organisms, and several genetic mechanisms
involved in organism and organ size control have been
elucidated [1,2]. For example, signaling pathways trig-
gered by insulin and TGFb are known to control

organismal size [1-4]. Moreover, intriguing links
between size control and tumor formation and suppres-
sion have been found in the form of genes such as Myc,
Brat, and TFG [1,2,5,6].
In spite of these advances, size regulation in the ner-

vous system is poorly understood, even though the size
differences of neurons are particularly astonishing.
Cross-sectional cell soma size of neurons ranges widely
from 0.005 mm to 0.1 mm in mammals. Size in terms
of length of axon and dendrites can also hugely differ
from neuron type to neuron type, from several microns
to several meters within one given mammalian species.
Two different nematode species, Caenorhabditis elegans
and Ascaris suum have the same number and types of
neurons (their axonal projection patterns are identical as
well), yet they differ in soma size and neuronal pro-
cesses length by several orders of magnitude [7]. Even
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though the astounding range of neuron sizes in the ner-
vous system has been known for a long time, few genes
have been found that specifically control neuronal soma
size. One striking case is the gene encoding the phos-
phatase PTEN, which, when knocked-out, results in a
significant increase in neuron soma size, an effect
mediated by the kinase mammalian target of rapamycin
(mTOR) [8-10]. The importance of the PTEN-mediated
neuron-size regulation is illustrated by Lhermitte-Duclos
disease, which is characterized by overgrowth of neuro-
nal soma [8,9].
Neuron size regulation is particularly enigmatic when

considering size difference between otherwise quite
similar neuronal cell types. Such differential size regula-
tion is strikingly apparent in one intriguing and poorly
understood context in the nervous system, that of neu-
ronal laterality. In general, nervous systems are morpho-
logically bilaterally symmetric, yet they often are
lateralized (left/right asymmetric) in specific functions
[11]. That is, groups of neurons located on one side of
the brain perform different tasks than their mirror-
symmetric neurons on the contralateral side of the
brain. This lateralization is evident in many nervous sys-
tems across phylogeny, from worms to humans [11-14].
Yet how such asymmetry is genetically programmed is
poorly understood. Curiously, in spite of the strong
functional lateralization of many brain areas, there are
very few genetic correlates to this asymmetry, that is,
very few genes are known to be expressed in a left/right
asymmetric manner in the adult nervous system of any
species [12-14]. However, there is another quite striking
correlate to functional asymmetry that has been
described in several systems: a difference in soma size of
contralateral neuronal ensembles. For example, within
several subfields of the human hippocampus, there are
regional differences in soma size in the left versus right
hemisphere [15]. Intriguingly, these hemispheric soma
size differences are abrogated in schizophrenic patients
[15]. Left/right asymmetric soma size differences have
also been observed within auditory and language-
associated regions of the temporal lobe [16]. Similarly,
the optic tectum of birds, which is strongly functionally
lateralized, displays soma size differences in contralateral
neuron types [17,18]. It is, however, not clear how wide-
spread the coupling of functional lateralization and size
regulation is. Also, virtually nothing is known about the
underlying molecular pathways that control cell size in
these left/right asymmetric, neuronal contexts.
The nematode C. elegans contains an exquisitely well-

characterized, largely bilateral nervous system that also
displays functional lateralization [12,13] and therefore
serves as a good model to investigate the problem of
neuronal left/right asymmetry. We investigate here a
pair of chemosensory neurons, the ASE neurons (Figure

1A). These two neurons, a left and a right one (ASEL
and ASER) are symmetrically positioned in one of the
main head ganglia of C. elegans and are bilaterally sym-
metric in many morphological (dendritic morphology,
synaptic connectivity) and molecular (gene expression)
regards [12,19,20]. However, each neuron senses a dis-
tinct spectrum of chemosensory cues and expresses a dis-
tinct spectrum of putative chemoreceptors (Figure 1A)
[12,21]. Moreover, one neuron (ASEL) responds to
upshifts in the concentration of a chemosensory cue,
inducing runs in the locomotory behavior of the animal,
while the other neuron (ASER) responds to downshifts,
inducing reversals of the animal [22]. This lateralization
is controlled through a complex bistable system com-
posed of several gene regulatory factors, including regula-
tory RNAs and transcription factors [23].
Even though its neuronal anatomy has been described

in detail, neuronal size has, somewhat curiously, not
been studied at any great depth in C. elegans. Moreover,
it has not been addressed whether functionally latera-
lized neuron pairs display soma size differences. If this
were indeed the case, it may be possible to link genetic
mechanisms that control functional lateralization to
lateralized size control. We investigate this issue in this
paper.

Results
The pair of ASE neurons displays size asymmetries
We visualized the ASEL and ASER gustatory neurons in
live animals using chromosomally integrated gfp reporter
gene constructs in which ASE-expressed cis-regulatory
sequences drive non-localized green fluorescent protein
(GFP), which diffuses throughout the entire cell and its
processes (Figure 1A). Using two different transgenes
(otIs242 = che-1 prom::gfp and otIs125 = flp-6 prom::gfp),
we find that the two neuron soma show consistent and
highly stereotyped size differences in adult animals (see
Materials and methods for details on size measure-
ments). The volume of the soma of ASER is more than
30% larger than the soma of ASEL (Figure 1).
We next examined the size of specific structures in

the soma. Using a gfp reporter that is targeted to the
nucleus of ASEL and ASER, we find that the volume
of the nucleus of ASER is not significantly different
from that of the ASEL neuron (Figure 2A). We esti-
mated DNA content (that is, ploidy) of the ASEL ver-
sus ASER cell using the standard DAPI stain and
observed no significant difference either (Figure 2B).
We then visualized the number and size of nucleoli.
We find that the ASER neuron contains, on average,
more nucleoli (Figure 2C,D).
Using a set of available electron microscopical sections

of the head regions of two different worms, we found
that these size differences are not restricted to soma
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Figure 1 Examination of lateralized neuron soma sizes in the head ganglia of C. elegans. (A) Schematic representation of the C. elegans
head, showing the general symmetric morphology of ASE neurons overlaid with asymmetric function. (B) Example of the expression pattern of
bilaterally expressed che-1prom::gfp. (C) Individual measurements of soma size for several head neuron pairs. Measurements are shown as two
open circles; lines connect each individual. Averages of each cell type are indicated as horizontal bars. The AWC neurons, in addition to being
measured as a left/right pair, were measured as an AWCon/AWCoff pair in separate animals, using str-2::gfp (kyIs140) for AWCon/AWCoff

identification. See Materials and methods for all reporters used. **P < 0.01; ns, not significant. (D) Averages of left/right (or AWCon/AWCoff) ratios,
generated from the data shown in (C). The dashed line is at a ratio of 1, which indicates the left and right cells are of equivalent volume. Error
bars are standard error of the mean.
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Figure 2 ASEL/ASER nucleoli number, but not nucleus size or DNA content, is lateralized. (A) Measurement of nuclei sizes in ASEL and
ASER using a nuclear-tagged che-1fosmid::yfp (otIs188). Error bars are standard error of the mean (s.e.m.); ns, not significant. A representative pair of
nuclei images from one worm is shown. (B) Ratio of ploidy in ASEL and ASER. Ploidy was measured by relative DAPI intensity in worms
containing a che-1prom::mChOpti transgene that labels ASE neurons in red. Error bars are s.e.m.; ns, not significant. A representative pair of DAPI
images from one worm is shown. (C) Measurement of number of nucleoli per cell in ASEL and ASER using an antibody targeting FIB-1. ASE
neurons were identified with a che-1prom:: mChOpti transgene that labels ASE neurons in red. An example image of a worm head is shown;
positions of ASEL and ASER are indicated with dashed circles, and arrows point to FIB-1 nucleoli foci. **P < 0.02, as determined by a Wilcoxon
signed-rank test. (D) Measurement of number of nucleoli per cell in ASEL and ASER using a translational FIB-1::GFP reporter [52]. ASE neurons
were identified with a che-1prom:: mChOpti transgene that labels ASE neurons in red. An example image of a worm head is shown, as in (B). *P <
0.05, as determined by a Wilcoxon signed-rank test.
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volume, but extend to the relative cross-sectional areas of
these neurons. They show an almost twofold difference
in cross-sectional area, which translates into a two-fold
difference in the volume per unit length (Figure 3A).
These results were confirmed with confocal imaging of
dendritic diameter using gfp reporters (Figure 3B). The
axonal projections of ASEL/R into the nerve ring also
show lateralities in diameter (Figure 3C). The overall
length of the axonal projections and dendrites are the
same on the left and right [19].
We also examined a panel of additional neuron pairs

in the head ganglia. We examined four additional sen-
sory neuron pairs (AWCL/R, ADFL/R, AWBL/R, ASKL/
R) and one interneuron pair (AIYL/R; the main postsy-
naptic target of ASEL/R). We found that even though
there was some variation in individual animals, none of
these neurons showed, on average, any indication of a
consistent laterality in soma size (Figure 1C,D). This
notion was corroborated by an analysis of sensory den-
drite diameter, in which we also found no significant
sidedness (Figure 3A), again in contrast to the situation
with ASEL/R.
We examined the AWCL/R case in more detail. Like

the ASEL/R gustatory neuron pair, this olfactory neuron
pair is known to be functionally lateralized. The left ver-
sus right neurons sense different sensory cues and pro-
cess information differentially [13,24,25]. However, in
contrast to ASEL/R laterality, which is deterministic
(that is, 100% invariant; a phenomenon called ‘direc-
tional asymmetry’) [26], AWCL/R asymmetry is stochas-
tic (a phenomenon called ‘antisymmetry’) [26]. This
lateralization can be visualized with two distinct putative
odorant receptors, str-2 and srsx-3 [27]. In 50% of ani-
mals str-2 is expressed in the AWCL, while in the other
50% it is expressed in AWCR. srsx-3 shows the comple-
mentary pattern. The str-2-expressing cell has tradition-
ally been called the AWCon cell [24]. Even though, on
average, AWC soma showed no laterality, we tested
whether the AWCon or AWCoff cell may correlate with
a specific relative size. However, this is not the case
(Figure 1C,D).
Taken together, the functionally lateralized ASEL/R

neuron pair shows a consistent soma size laterality that
is paralleled by axonal, dendritic, and nucleolar lateral-
ities, but not by lateralities in nuclear size or DNA con-
tent. The neuron pairs that we examined for lateralities
included neuron pairs in physical proximity to ASEL/R
and/or related by common ancestry (that is, lineage).
A lack of directional asymmetry in these related neuron
pairs illustrates that it is not simply the case that one
side (’hemisphere’) of the worm is larger than the other,
but rather that neuron size is regulated in a neuron-
type-specific manner. We also note that absolute size
measurements of other neuron pairs differ from neuron

type to neuron type, with the larger ASER not being lar-
ger than other neuron pairs and the smaller ASEL not
being smaller than yet other neuron pairs. It is therefore
not obvious as to whether the size difference between
ASEL and ASER is due to ‘overgrowth’ of ASER or
‘growth inhibition’ of ASEL.

Size differences translate into distinct electrophysiological
properties
One of the most likely functional consequences of a dif-
ference in size is a difference in the passive spread of
voltage from one end of a neuron to the other. To
assess whether the observed left-right differences in
neurite diameters are theoretically sufficient to produce
a significant difference in voltage spread, we modeled
ASE neurons as a pair of cylindrical cables representing
the dendrite and axon. The cables were joined at one
end and sealed at the other. The soma was omitted
because it is too small to affect the extent of voltage
spread [28]. Voltage spread is a function of the ratio
R of membrane and axial resistivity as well as the anato-
mical dimensions. R was set to the value obtained in a
previous analysis of ASER neurons [28]. Here we
assume that the effective passive electrical properties of
ASEL and ASER, including the value of R, are the same
for small depolarizations in the likely operating range of
the neurons. Partial support for this assumption is pro-
vided by the fact that the steady state current-voltage
relationships of these neurons are nearly identical in
their operating range. Dendrite and axon lengths were
measured in confocal reconstructions from GFP-labeled
ASE neurons in unfixed animals (dendrite, 116 μm, n =
28; axon, 80 μm, n = 18). The diameter of the dendrites
and axons of ASEL and ASER neurons were measured
separately in each of 13 worms (Figure 3B,C). For each
worm, we used standard cable theory [28,29] to com-
pute the steady-state voltage at the beginning or end of
the axon in response to a unit depolarization of the dis-
tal tip of the dendrite (representing the sensory cilium
where sensory transduction is believed to occur in real
ASE neurons). We found small but significant differ-
ences in the extent of voltage spread at both locations
(Figure 4). As output synapses from ASEL and ASER
neurons reside along the entire length of their axons, we
conclude that differences in process diameters could
result in stronger outputs from ASER neurons.

Size laterality does not depend on sensory activity, but is
embryonically programmed by the che-1 transcription
factor
The soma size lateralities in the optic tectum of birds
correlate with loci of functional lateralities, and those
functional lateralities are dependent on visual input, that
is, neuronal activity [11,17,18]. We therefore tested
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whether activity of the ASE neurons has an impact on
their size differences. We examined soma size lateralities
in a number of mutants in which the ASE neurons are
not able to sense or transduce sensory stimuli. We
observed no effect on soma size laterality (Figure 5A).
Keeping animals in a sensory-deprived environment by

hatching them in water also does not affect soma size
lateralities (Figure 5A). These findings suggest that
rather than being activity-dependent, size lateralities
may be developmentally programmed. To test this
notion, we examined ASEL/R size laterality not just in
the adult, but also at earlier stages. We indeed find that
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already at the first larval stage, right after hatching, the
differences in size between the two neurons is already as
apparent as in the adult (Figure 5B). Going back to the
450-minute stage of embryogenesis-100 minutes after
the ASE neurons are formed-we already observe size dif-
ferences. The observation of differential size regulation
occurring in the C. elegans embryo is somewhat unex-
pected as, in contrast to the enormous size increase of
all cell types after hatching, there is in general little
overall cell growth in embryos. Rather, as the overall
volume of the embryo is constant, every cell division
results in smaller daughter cell sizes.
To begin analyzing the genetic mechanisms that

underlie these size differences, we first used a genetic
background in which the ASEL/R neurons fail to be
appropriately specified. The ASEL/R-specific che-1 Zn
finger transcription factor is required for the correct
development of ASEL/R neurons; in che-1 mutants,
ASEL/R neurons are not functional (that is, animals are
not able to chemotax to water-soluble attractants, hence
the name che), and fail to express scores of genes that
are normally expressed in ASE, yet the ASE neurons are
still generated [20,30,31]. Measuring the size of ASE
neurons in che-1 mutants, we find that the soma differ-
ences of ASEL and ASER are eliminated (Figure 5C).
Left/right size differences are therefore programmed
through the activity of the che-1 transcription factor.

Gene regulatory factors that control functional laterality
also control size asymmetry
We next turned to a set of genes that we have pre-
viously identified as controlling the functional left/
right asymmetry of the ASE neurons [23]. A complex
regulatory system, composed of transcription factors
and regulatory RNAs, controls the left/right asym-
metric expression of distinct putative chemoreceptors of
the gcy gene family in ASEL versus ASER (Figure 6A).
The activity of what we termed ‘class I’ regulatory genes
promotes ASER fate, and their loss leads to a conversion
of ASER to ASEL. ‘Class II’ regulatory genes have the
opposite activity; they promote ASEL fate and their loss
leads to a conversion of ASEL to ASER. Class I
and class II genes cross-inhibit each other’s activities
(Figure 6A).
We first analyzed ASE soma size lateralities in three

different genetic contexts in which both neurons are
transformed to the ASER fate (’2 ASER’; as assessed by
gcy chemoreceptor gene expression). We used animals
carrying loss-of-function mutations in the ASEL indu-
cers die-1 (a Zn finger transcription factor) and lsy-6
(a miRNA), and transgenic animals in which the ASER-
inducer cog-1 (a homeobox gene) is ectopically
expressed in both ASE neurons. We find that in all
three genetic backgrounds, both ASE neurons now

adopt the larger size that is normally characteristic of
ASER (Figure 6B). Similarly, we analyzed ASE soma size
lateralities in two different genetic contexts in which
both neurons are transformed to the ASEL fate
(‘2 ASEL’; as assessed by gcy chemoreceptor gene
expression), namely in animals carrying loss of function
mutation in the ASER inducers cog-1 and in transgenic
animals that ectopically express the ASEL-inducer lsy-6
bilaterally in both ASE neurons. In both genetic back-
grounds, both ASE neurons now adopt the smaller size
that is normally characteristic of ASEL (Figure 6B). The
effect of die-1 manifests itself not only on the soma size
difference of ASEL/R, but also on difference in the num-
ber of nucleoli; they become bilaterally symmetric in the
die-1 mutant (Figure 6C).
ASEL and ASER inducers act in a feedback loop [32].

We sought to determine which genes provide the output
from this loop to size control. For the determination of
left/right asymmetric chemoreceptor expression, die-1 is
the output, as the effect of die-1 on all previously
known lateralities is epistatic to any genetic manipula-
tions in the loop [32]. We performed similar epistasis
experiment, scoring asymmetric soma size. We find that
die-1 is epistatic to both manipulations of cog-1 and lsy-
6 activity (Figure 6B). That is, the ‘2 ASEL size’ pheno-
type of either cog-1(-) or lsy-6 misexpression is reverted
to the ‘2 ASER size’ phenotype in a die-1(-) background.
The two transcription factors lim-6 (a LIM homeobox

gene) and fozi-1 (a Zn finger transcription factor) act
downstream of die-1 as effector genes, regulating a subset
of left/right asymmetric features of ASEL and ASER
(Figure 6A) [32,33]. We find that these regulators
have no impact on the ASEL/R soma size differential
(Figure 6B).
Taken together, these findings show that size control

is tightly controlled by a genetic regulatory mechanism
that defines other aspects of laterality of the ASEL and
ASER neurons as well. The control of left/right asym-
metric size and chemoreceptor expression does, how-
ever, branch out downstream of die-1 (Figure 6A), as
lim-6 and fozi-1 affect chemoreceptor expression but
not size. We hypothesize that die-1 regulates either
directly or indirectly the expression of effector genes
that control size.

A candidate gene approach identifies the nucleolar
protein FIB-1 as a size regulator
The impact of the DIE-1 and CHE-1 transcription factors
on lateralization of soma size is presumably mediated by
gene(s) that are under control of these factors and possi-
bly expressed in a left/right asymmetric manner. In an
attempt to identify these effector genes, we tested a large
number of candidate genes for an effect on ASEL/R soma
size differences. These candidates encode proteins that
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have, in various different systems, been implicated in
controlling cell size. The candidate genes that we tested-
a total of 24 loci (some tested both with gain-and loss-of-
function alleles)-are listed in Table 1 and results are
shown Figure 7. Among the tested strains are animals
mutant components of the insulin receptor-like signaling
system, the C. elegans Myc homolog mml-1 [34], regula-
tors of ribosomal RNA synthesis like Brat/ncl-1 [1], sma
and lon genes [4], the C. elegans homolog of the nucleo-
lar protein Fibrillarin, FIB-1, and a recently discovered
set of genes involved in body size control in worms
(CREB-like gene crh-1, nucleostemin/nst-1, translational
initiation factor eIF2B/iftb-1, tumor suppressor gene
TFG/tfg-1) [6]. We also tested the impact of a calcium-
dependent pathway that in other systems is involved in
cell swelling in response to external/environmental chal-
lenges (’regulatory volume decrease’) [35].
We found that reduction or elimination of only some

of the candidate size regulators affect overall ASEL and
ASER size (Figure 7A,B). These include the phosphatase
PTEN, the kinase AKT, the Brat tumor suppressor Brat/

Ncl-1 and the small GTPase Rheb-1, but surprisingly, not
canonical size regulators, such as the insulin/IGF-1
receptor (Figure 7A,B). Of all the mutant animals tested,
only one eliminated the difference in soma size between
ASEL and ASER (Figure 7B). These animals carry a dele-
tion allele, ok2527 (kindly provided by the Oklahoma
C. elegans knockout consortium; Figure 7C) that elimi-
nates the nucleolar protein Fibrillarin/FIB-1, an RNA
methyltransferase involved in ribosome biogenesis [36].
This finding is in accordance with the observation that
ASER contains more FIB-1 positive nucleoli than ASEL
(Figure 2). Linking FIB-1 accumulation to the upstream
gene regulatory factors, we find that in die-1 mutants, the
number of FIB-1(+) nucleoli increases in ASEL (Figure 6C).
Even though fib-1 is required for the manifestation of

the size differences, it is not sufficient, as we did not
observe any effect on the size differential in transgenic ani-
mals that overexpress fib-1 bilaterally in both ASEL and
ASER using the ceh-36 promoter (four transgenic lines
tested; data not shown). We also note that loss of fib-1 has
no effect on left/right asymmetric chemoreceptor

Table 1 Background information on candidate genes tested for ASEL/R size differences

Reason for testing Genes tested Identity

Controls overall body and/or cell size in C. elegans [4,6,54,55] sma-2 Smad (TGFR signaling)

sma-3 Smad

sma-4 Smad

sma-5 MAPK

sma-6 Kinase receptor

lon-2 Glypican

egl-4 cGMP-dependent kinase

ncl-1 RBP (Brat tumor suppressor)

Controls cell size in C. elegans and other systems [6] nst-1 Nucleostemin

iftb-1 eIF2B

tfg-1 TFG oncogene

crh-1 CREB/ATF-family

Controls cell size in other systems [1,34,56-58] mml-1 Myc

let-60 Ras

daf-2 Insulin/IGF-receptor

ins-1 Insulin liganda

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

Regulatory volume control in other systems unc-43 CaMKII
ains-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 [59]. InR: Insulin/IGF-receptor.
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expression (gcy-5 and gcy-7; data not shown), corroborat-
ing the notion that size control can be decoupled from
other aspects of ASEL/R laterality. In conclusion, our can-
didate gene analysis has uncovered a protein with a func-
tion in nucleolar biogenesis required for left/right
differential size laterality in the nervous system.

Discussion
We describe here a developmentally programmed size
laterality of a functionally lateralized neuron pair. It is
striking that the theme of lateralized soma sizes in func-
tionally lateralized brain regions is conserved from
higher vertebrates-for example, the optic tectum in
chick [17,18]-to a simple invertebrate like C. elegans.
The theoretical differences in passive voltage spread

presented here (Figure 4) could have significant func-
tional consequences. Other things being equal, one
would expect stronger synaptic outputs from ASER in
response to the same level of depolarization in the cilia
of two neurons. Notably, it can be shown from first
principles that for chemotaxis in a radial gradient, “off
cells” like ASER (i.e. neurons responding to a decrease
of a signal) are sufficient, whereas “on cells” like ASEL
(i.e. neurons responding to an increase of a signal) are
not [37]. Thus, worms with stronger ASER outputs
would enjoy a selective advantage, which may have
resulted in an increase in ASER size. If validated experi-
mentally, differential voltage spread would join a grow-
ing list of several distinct properties of the ASEL versus
ASER neurons, including differential sensation of taste
cues, differential chemoreceptor expression, differential
response to upsteps (ASEL) versus downsteps (ASER) of
chemosensory cues and differential contributions to spa-
tial orientation behaviors [36,38]. These features are
layered upon otherwise largely symmetric characteristics
of ASE [20]. However, in contrast to the invariant left/
right asymmetric expression of chemoreceptors, we note
that the ASER > ASEL size differences are only observed
when averaged over a population. That is, there are
individuals in which either no differences in size are
observed or in which the size asymmetry is reversed.
Whether this is due to experimental error or is an indi-
cation of distinct chemosensory capacities of individual
animals within a population remains to be determined.
We provide here three mechanistic insights into how

differential size regulation is achieved. First, we find that
size asymmetries are not activity-dependent, but devel-
opmentally controlled. Second, we have identified a
transcriptional regulator, the Zn finger transcription fac-
tor DIE-1 (as well as its upstream regulators), which
controls size laterality. The involvement of die-1 in con-
trolling size parallels its involvement in controlling later-
alized chemoreceptor expression. However, transcription
factors acting downstream of die-1, namely the lim-6

LIM homeobox gene and the fozi-1 Zn finger factor,
which also affect chemoreceptor expression, do not
affect differential size regulation. Regulatory pathways
controlling size and chemoreceptor expression therefore
branch downstream of die-1 (summarized in Figure 8).
Third, we have identified the functionally as yet unchar-
acterized C. elegans fibrillarin gene fib-1 as a gene
required for ASEL/R size laterality. fib-1 encodes a phy-
logenetically conserved RNA methyltransferase involved
in ribosome biogenesis whose human homolog is a
nucleolar autoantigen for the non-hereditary immune
disease scleroderma [39]. Our demonstration that loss of
fib-1 results in alterations on cell size may not be unex-
pected, given that yeast fibrillarin has been found to
control pre-rRNA processing, pre-rRNA methylation and
ribosome assembly [40] and that nucleolar size and ribo-
somal biogenesis have been previously linked to cell size
control [1], but our results nevertheless provide the first
direct implication of fibrillarin in cell size control and
they also place fibrillarin activity and nucleolar size into a
previously unknown cellular and functional context.
fib-1 acts downstream, and is therefore a target of the

die-1 Zn finger transcription factor, a conclusion based
on our observation that the number of FIB-1(+) nucleoli
increases - together with overall size - if normal die-1
expression in ASEL is lost. At this point, we can not tell
whether the fib-1 locus is a direct transcriptional target
of DIE-1 or whether differential FIB-1 accumulation in
ASEL versus ASER is an indirect consequence of DIE-1
function in ASEL (or absence thereof in ASER). fib-1 is
unlikely to be the sole (direct or indirect) target of DIE-1
in the context of size control since fib-1, unlike die-1, is
not sufficient to impose ASER size. Work in yeast and
flies has amply demonstrated that the genes encoding
nucleolar proteins involved in ribosome biogenesis, such
as fibrillarin, are co-regulated through common tran-
scriptional control mechanisms (’Ribi regulon’) [41-44].
Several distinct types of transcription factors are involved
in controlling the Ribi regulon, such as the yeast Fork-
head like protein Fhl1 or, in metazoans, the Myc tran-
scription factor [42-44]. DIE-1 may either be directly
involved in such a co-regulatory mechanism or may be
involved in indirectly triggering such a mechanism via
intermediary regulators (Figure 8). DIE-1 therefore joins
the ever-growing list of transcriptional regulators of cell
size; however, the role of DIE-1 in size regulation may be
highly context dependent, as die-1 mutants do not dis-
play any gross defects in animal size.
Our analysis of candidate size regulators has also iden-

tified a series of genes that control overall neuron size
in a bilaterally symmetric manner (that is, both ASEL
and ASER are affected). Given the paucity of known size
regulators in the nervous system, some of our partially
unexpected results raise questions and provide a starting
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point for future analysis. As expected from work in other
systems [8-10], daf-18/PTEN mutants show increased
neuron size. However, a null mutation in the insulin/
IGF-like receptor in worms, daf-2, does not affect neuron
size, even though the same signaling system does have
profound effects on size and growth in other organisms
[45]. Yet, loss of another gene in the daf-2 pathway, the
Ser/Thr kinase akt-1 does significantly affect the size of
both ASEL and ASER, suggesting that AKT may be
coupled to a distinct upstream input. However, unlike in
other systems, in which AKT negatively regulates size
[46], ASEL and ASER size is increased in akt-1 mutants.
A similar, unexpected ‘sign reversal’ is observed in ani-
mals lacking the size regulators rheb-1, a small GTPase,
or the nucleolar protein nucleostemin/nst-1, both known
to be required to promote growth in other systems
[47,48], but apparently inhibiting growth of both ASE
neurons. Other known size regulators, such as cdk-4 [49],
do not effect ASEL/R neuron size at all. We also found
no effect of removing the canonical size regulator let-
363/TOR; however, these animals could only be scored
at the first larval stage due to later larval lethality. The
maternal load of TOR may have rescued any potential
size regulatory effect. The same caveat holds for interpre-
tation of the lack of effect of removing let-60/Ras and tfg-
1/TFG. Lastly, we note that a transforming growth fac-
tor-b signaling pathway previously reported to control
overall animal size in C. elegans [4] does not affect ASE
neuron size, demonstrating that overall animal size is
decoupled from neuron size.

In conclusion, we have provided some of the first
mechanistic insights into how lateralized neuron size is
controlled and we have set a theoretic framework for the
type of impact such size difference may have on neuron
function. It is conceivable that lateralized neuron size dif-
ferences in vertebrates may also be controlled via nucleo-
lar mechanisms [50], a notion that is not a matter of
course since known cell size control pathways do not
necessarily work through regulation of ribosomal and
hence nucleolar mechanisms [43]. Our findings also raise
the possibility that lateralized neuron size control may be
uncoupled from more canonical mechanisms of size con-
trol in other cell and tissue types. This is because we find
that asymmetric neuron size control is established at a
stage (embryo) when no other tissues undergo the gen-
eric growth that is characteristic of late embryonic and
larval growth and because asymmetric neuron size con-
trol does not involve many of the canonical body size
regulators. The identification of direct target genes of the
die-1 transcription factor, the regulator we found to
impinge on the ASEL/R size differential, will provide
more insights into this pathway in the future.

Materials and methods
Transgenic reporter strains
The following transgenes were used to measure neuron
soma sizes: ASEL/R, otIs125 = flp-6 prom::gfp; otIs242 =
che-1prom::gfp; AWCL/R, otIs151 = ceh-36::dsRed2;
AWCon/off, otEx9961 = srsx-3::TagRFP; AWCL/R, oyIs28 =
odr-1::gfp; ADFL/R, zdIs13 = tph-1::gfp; AWBL/R, kyIs104
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= str-1::gfp; ASKL/R, otEx4302 = sra-9::gfp; AIYL/R,
otIs173 = ttx-3prom::gfp. ASE nuclear size was measured
with otIs188 (che-1fosmid::yfp).

Measurements of ASE features
For the soma or nuclear size measurement, transgenic
worms, harboring neuron-type specifically expressed
reporter constructs are picked at the desired stage
(either L1 or adult) and examined using an Axioplan
2 microscope and a Sensicam QE camera controlled
by Micro-Manager software [51]. Worms were rolled
on the cover slip such that ASEL and ASER were in
the same plane (dorso-ventral view), and stacks were
made with a 63 × oil-immersion objective at 1 μm
depth. The stacks were analyzed using ImageJ soft-
ware, where the contrast of the cell was chosen such
that the fluorescence intensity did not impinge on
neighboring cells, and the ImageJ plugin Voxel Coun-
ter was used to count the number of pixels for each
cell. GFP intensity was normalized by cropping stacks
around each cell separately and adjusting the bright-
ness levels of the two stacks such that the maximum
intensity level of each stack was reset to one 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 Bonfer-
roni correction. For sets of experiments where n ≥ 3,
we employed the Bonferroni correction: instead of
using thresholds of P < 0.05 or P < 0.01, we used stric-
ter P-value thresholds of P < 1-((1-0.05)1/n) and P < 1-
((1-0.01)1/n), respectively, where n is the number of
experiments in a given set. We measured cross-sec-
tional diameters in the electron micrographs by tracing
each dendrite in ImageJ and using the Measure tool.
We measured ploidy by ethanol fixation followed by

DAPI staining either otIs151 (ceh-36prom::rfp) or
otIs232 (che-1::mChopti) for ASE cell identification.
Image stacks of DAPI-stained worms were taken using
the method described above. We measured DAPI
intensity as a proxy for DNA amount and report the
data as relative DAPI intensities. We used freeze frac-
ture followed by methanol/acetone fixation for
immunostaining.
To determine nucleoli size and number, we used

cguIs001 (fib-1::gfp) [52] and an antibody against
Nop1p (FIB-1) from EnCor BioTechnology (#MCA-
38F3, Gainesville, FL, USA) at a 1:200 dilution,
detected with a 1:200 dilution of an anti-mouse (Invi-
trogen #A-21202, Carlsbad, CA, USA”) secondary
antibody.
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GFP: green fluorescent protein; IGF: insulin-like growth factor.

Acknowledgements
We thank Q Chen for expert assistance with generating transgenic lines, D
Hall (Albert Einstein College of Medicine) for providing access to the archive
of electron microscopical sections and help in data collection, the C. elegans
knockout consortia for providing strains, SJ Lo for the fib-1 reporter, B Tursun
for ASE reporters and members of the Hobert lab for comments on the
manuscript. This work was funding by the NIH (5R03NS067451-02). OH is an
Investigator of the Howard Hughes Medical Institute.

Author details
1Howard Hughes Medical Institute, Department of Biochemistry and
Molecular Biophysics, Columbia University Medical Center, New York, NY
10032, USA. 2Institute of Neuroscience, University of Oregon, Eugene, OR
97403, USA.

Authors’ contributions
AG conducted all experiments shown in this paper, SS conducted some
initial size experiments, SL guided the voltage analysis, OH initiated and
supervised this study, and AG and OH wrote the paper.

Competing interests
The authors declare that they have no competing interests.

Received: 9 September 2010 Accepted: 1 December 2010
Published: 1 December 2010

References
1. Hall MN, Raff M, Thomas G: Cell Growth: Control of Cell Size Cold Spring

Harbor, NY: Cold Spring Harbor Laboratory Press; 2004.
2. Edgar BA: How flies get their size: genetics meets physiology. Nat Rev

Genet 2006, 7:907-916.
3. McCulloch D, Gems D: Body size, insulin/IGF signaling and aging in the

nematode Caenorhabditis elegans. Exp Gerontol 2003, 38:129-136.
4. Savage-Dunn C: TGF-beta signaling. WormBook 2005, 1-12.
5. Jorgensen P, Tyers M: How cells coordinate growth and division. Curr Biol

2004, 14:R1014-1027.
6. Chen L, McCloskey T, Joshi PM, Rothman JH: ced-4 and proto-oncogene

tfg-1 antagonistically regulate cell size and apoptosis in C. elegans. Curr
Biol 2008, 18:1025-1033.

7. Angstadt JD, Donmoyer JE, Stretton AO: Retrovesicular ganglion of the
nematode Ascaris. J Comp Neurol 1989, 284:374-388.

8. Kwon CH, Zhu X, Zhang J, Knoop LL, Tharp R, Smeyne RJ, Eberhart CG,
Burger PC, Baker SJ: Pten regulates neuronal soma size: a mouse model
of Lhermitte-Duclos disease. Nat Genet 2001, 29:404-411.

9. Backman SA, Stambolic V, Suzuki A, Haight J, Elia A, Pretorius J, Tsao MS,
Shannon P, Bolon B, Ivy GO, Mak TW: Deletion of Pten in mouse brain
causes seizures, ataxia and defects in soma size resembling Lhermitte-
Duclos disease. Nat Genet 2001, 29:396-403.

10. Kwon CH, Zhu X, Zhang J, Baker SJ: mTor is required for hypertrophy of
Pten-deficient neuronal soma in vivo. Proc Natl Acad Sci USA 2003,
100:12923-12928.

11. Davidson RJ, Hugdahl K: Brain Asymmetry Cambridge, MA: MIT Press; 1994.
12. Hobert O, Johnston RJ Jr, Chang S: Left-right asymmetry in the nervous

system: the Caenorhabditis elegans model. Nat Rev Neurosci 2002, 3:629-640.
13. Taylor RW, Hsieh YW, Gamse JT, Chuang CF: Making a difference together:

reciprocal interactions in C. elegans and zebrafish asymmetric neural
development. Development 2010, 137:681-691.

14. Sun T, Walsh CA: Molecular approaches to brain asymmetry and
handedness. Nat Rev Neurosci 2006, 7:655-662.

15. Zaidel DW, Esiri MM, Harrison PJ: Size, shape, and orientation of neurons
in the left and right hippocampus: investigation of normal asymmetries
and alterations in schizophrenia. Am J Psychiatry 1997, 154:812-818.

16. Hutsler JJ: The specialized structure of human language cortex:
pyramidal cell size asymmetries within auditory and language-
associated regions of the temporal lobes. Brain Lang 2003, 86:226-242.

17. Gunturkun O: Morphological asymmetries of the tectum opticum in the
pigeon. Exp Brain Res 1997, 116:561-566.

18. Manns M, Gunturkun O: Light experience induces differential asymmetry
pattern of GABA-and parvalbumin-positive cells in the pigeon’s visual
midbrain. J Chem Neuroanat 2003, 25:249-259.

Goldsmith et al. Neural Development 2010, 5:33
http://www.neuraldevelopment.com/content/5/1/33

Page 16 of 17

http://www.ncbi.nlm.nih.gov/pubmed/17139322?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12543270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12543270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18050404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15589139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18635357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18635357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2754041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2754041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14534328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14534328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12154364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12154364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20147373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20147373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20147373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16858393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16858393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9167509?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9167509?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9167509?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12921766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12921766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12921766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9372306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9372306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12842270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12842270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12842270?dopt=Abstract


19. White JG, Southgate E, Thomson JN, Brenner S: The structure of the
nervous system of the nematode Caenorhabditis elegans. Phil Trans R Soc
Lond B Biol Sci 1986, 314:1-340.

20. Etchberger JF, Lorch A, Sleumer MC, Zapf R, Jones SJ, Marra MA, Holt RA,
Moerman DG, Hobert O: The molecular signature and cis-regulatory
architecture of a C. elegans gustatory neuron. Genes Dev 2007,
21:1653-1674.

21. Ortiz CO, Faumont S, Takayama J, Ahmed HK, Goldsmith AD, Pocock R,
McCormick KE, Kunimoto H, Iino Y, Lockery S, Hobert O: Lateralized
gustatory behavior of C. elegans is controlled by specific receptor-type
guanylyl cyclases. Curr Biol 2009, 19:996-1004.

22. Suzuki H, Thiele TR, Faumont S, Ezcurra M, Lockery SR, Schafer WR:
Functional asymmetry in Caenorhabditis elegans taste neurons and its
computational role in chemotaxis. Nature 2008, 454:114-117.

23. Hobert O: Architecture of a microRNA-controlled gene regulatory
network that diversifies neuronal cell fates. Cold Spring Harb Symp Quant
Biol 2006, 71:181-188.

24. Troemel ER, Sagasti A, Bargmann CI: Lateral signaling mediated by axon
contact and calcium entry regulates asymmetric odorant receptor
expression in C. elegans. Cell 1999, 99:387-398.

25. Wes PD, Bargmann CI: C. elegans odour discrimination requires
asymmetric diversity in olfactory neurons. Nature 2001, 410:698-701.

26. Palmer AR: From symmetry to asymmetry: phylogenetic patterns of
asymmetry variation in animals and their evolutionary significance. Proc
Natl Acad Sci USA 1996, 93:14279-14286.

27. Bauer Huang SL, Saheki Y, VanHoven MK, Torayama I, Ishihara T, Katsura I,
van der Linden A, Sengupta P, Bargmann CI: Left-right olfactory
asymmetry results from antagonistic functions of voltage-activated
calcium channels and the Raw repeat protein OLRN-1 in C. elegans.
Neural Dev 2007, 2:24.

28. Goodman MB, Hall DH, Avery L, Lockery SR: Active currents regulate
sensitivity and dynamic range in C. elegans neurons. Neuron 1998,
20:763-772.

29. Rall W: Core conductor theory and cable properties of neurons. In
Handbook of Physiology Section 1: The Nervous System. Volume 1. Edited by:
Kandel ER. Bethesda: American Physiological Society; 1977:39-97.

30. Uchida O, Nakano H, Koga M, Ohshima Y: The C. elegans che-1 gene
encodes a zinc finger transcription factor required for specification of
the ASE chemosensory neurons. Development 2003, 130:1215-1224.

31. Chang S, Johnston RJ Jr, Hobert O: A transcriptional regulatory cascade
that controls left/right asymmetry in chemosensory neurons of C.
elegans. Genes Dev 2003, 17:2123-2137.

32. Johnston RJ Jr, Chang S, Etchberger JF, Ortiz CO, Hobert O: MicroRNAs
acting in a double-negative feedback loop to control a neuronal cell
fate decision. Proc Natl Acad Sci USA 2005, 102:12449-12454.

33. Johnston RJ Jr, Copeland JW, Fasnacht M, Etchberger JF, Liu J, Honig B,
Hobert O: An unusual Zn-finger/FH2 domain protein controls a left/right
asymmetric neuronal fate decision in C. elegans. Development 2006,
133:3317-3328.

34. Pickett CL, Breen KT, Ayer DE: A C. elegans Myc-like network cooperates
with semaphorin and Wnt signaling pathways to control cell migration.
Dev Biol 2007, 310:226-239.

35. Vazquez-Juarez E, Ramos-Mandujano G, Hernandez-Benitez R, Pasantes-
Morales H: On the role of G-protein coupled receptors in cell volume
regulation. Cell Physiol Biochem 2008, 21:1-14.

36. Iino Y, Yoshida K: Parallel use of two behavioral mechanisms for
chemotaxis in Caenorhabditis elegans. J Neurosci 2009, 29:5370-5380.

37. Izquierdo EJ, Lockery S: Evolution and analysis of minimal neural circuits
for klinotaxis in Caenorhabditis elegans. J Neurosci 2010, 30:12908-12917.

38. Pierce-Shimomura JT, Faumont S, Gaston MR, Pearson BJ, Lockery SR: The
homeobox gene lim-6 is required for distinct chemosensory
representations in C. elegans. Nature 2001, 410:694-698.

39. Ochs RL, Lischwe MA, Spohn WH, Busch H: Fibrillarin: a new protein of
the nucleolus identified by autoimmune sera. Biol Cell 1985, 54:123-133.

40. Tollervey D, Lehtonen H, Jansen R, Kern H, Hurt EC: Temperature-sensitive
mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing,
pre-rRNA methylation, and ribosome assembly. Cell 1993, 72:443-457.

41. Jorgensen P, Tyers M, Warner JR: Forging the factory: ribosome synthesis
and growth control in budding yeast. In Cell Growth: Control of Cell Size.
Edited by: Hall MN, Raff M, Thomas G. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press; 2004:329-370.

42. Jorgensen P, Rupes I, Sharom JR, Schneper L, Broach JR, Tyers M: A
dynamic transcriptional network communicates growth potential to
ribosome synthesis and critical cell size. Genes Dev 2004, 18:2491-2505.

43. Grewal SS, Li L, Orian A, Eisenman RN, Edgar BA: Myc-dependent
regulation of ribosomal RNA synthesis during Drosophila development.
Nat Cell Biol 2005, 7:295-302.

44. Martin DE, Soulard A, Hall MN: TOR regulates ribosomal protein gene
expression via PKA and the Forkhead transcription factor FHL1. Cell 2004,
119:969-979.

45. Goberdhan DC, Wilson C: The functions of insulin signaling: size isn’t
everything, even in Drosophila. Differentiation 2003, 71:375-397.

46. Verdu J, Buratovich MA, Wilder EL, Birnbaum MJ: Cell-autonomous
regulation of cell and organ growth in Drosophila by Akt/PKB. Nat Cell
Biol 1999, 1:500-506.

47. Aspuria PJ, Tamanoi F: The Rheb family of GTP-binding proteins. Cell
Signal 2004, 16:1105-1112.

48. Lo D, Lu H: Nucleostemin: another nucleolar ‘Twister’ of the p53-MDM2
loop. Cell Cycle 2010, 9:3227-3232.

49. Meyer CA, Jacobs HW, Datar SA, Du W, Edgar BA, Lehner CF: Drosophila
Cdk4 is required for normal growth and is dispensable for cell cycle
progression. EMBO J 2000, 19:4533-4542.

50. Pena E, Berciano MT, Fernandez R, Ojeda JL, Lafarga M: Neuronal body size
correlates with the number of nucleoli and Cajal bodies, and with the
organization of the splicing machinery in rat trigeminal ganglion
neurons. J Comp Neurol 2001, 430:250-263.

51. μManager. [http://www.micro-manager.org/].
52. Lee LW, Lo HW, Lo SJ: Vectors for co-expression of two genes in

Caenorhabditis elegans. Gene 2010, 455:16-21.
53. Sarin S, O’Meara M M, Flowers EB, Antonio C, Poole RJ, Didiano D,

Johnston RJ Jr, Chang S, Narula S, Hobert O: Genetic screens for
Caenorhabditis elegans mutants defective in left/right asymmetric
neuronal fate specification. Genetics 2007, 176:2109-2130.

54. Frank DJ, Roth MB: ncl-1 is required for the regulation of cell size and
ribosomal RNA synthesis in Caenorhabditis elegans. J Cell Biol 1998,
140:1321-1329.

55. Fujiwara M, Sengupta P, McIntire SL: Regulation of body size and
behavioral state of C. elegans by sensory perception and the EGL-4
cGMP-dependent protein kinase. Neuron 2002, 36:1091-1102.

56. Honjoh S, Yamamoto T, Uno M, Nishida E: Signalling through RHEB-1
mediates intermittent fasting-induced longevity in C. elegans. Nature
2009, 457:26-30.

57. Long X, Spycher C, Han ZS, Rose AM, Muller F, Avruch J: TOR deficiency in
C. elegans causes developmental arrest and intestinal atrophy by
inhibition of mRNA translation. Curr Biol 2002, 12:1448-1461.

58. Datar SA, Jacobs HW, de la Cruz AF, Lehner CF, Edgar BA: The Drosophila
cyclin D-Cdk4 complex promotes cellular growth. EMBO J 2000,
19:4543-4554.

59. Tomioka M, Adachi T, Suzuki H, Kunitomo H, Schafer WR, Iino Y: The
insulin/PI 3-kinase pathway regulates salt chemotaxis learning in
Caenorhabditis elegans. Neuron 2006, 51:613-625.

doi:10.1186/1749-8104-5-33
Cite this article as: Goldsmith et al.: Developmental control of
lateralized neuron size in the nematode Caenorhabditis elegans. Neural
Development 2010 5:33.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Goldsmith et al. Neural Development 2010, 5:33
http://www.neuraldevelopment.com/content/5/1/33

Page 17 of 17

http://www.ncbi.nlm.nih.gov/pubmed/17606643?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17606643?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19523832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19523832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19523832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17381295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17381295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10571181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10571181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10571181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11287957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11287957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8962039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8962039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17986337?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17986337?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17986337?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9581767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9581767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12588839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12588839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12588839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12952888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12952888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12952888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16887832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16887832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17826759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17826759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18209467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18209467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19403805?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19403805?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20881110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20881110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11287956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11287956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11287956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2933102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2933102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8431947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8431947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8431947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466158?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466158?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15466158?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15620355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15620355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12969331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12969331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10587646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10587646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15240005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20703089?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20703089?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10970847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10970847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10970847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11135260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11135260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11135260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11135260?dopt=Abstract
http://www.micro-manager.org/
http://www.ncbi.nlm.nih.gov/pubmed/20149852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20149852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9508766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9508766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12495624?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12495624?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12495624?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12225660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12225660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12225660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10970848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10970848?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16950159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16950159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16950159?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The pair of ASE neurons displays size asymmetries
	Size differences translate into distinct electrophysiological properties
	Size laterality does not depend on sensory activity, but is embryonically programmed by the che-1 transcription factor
	Gene regulatory factors that control functional laterality also control size asymmetry
	A candidate gene approach identifies the nucleolar protein FIB-1 as a size regulator

	Discussion
	Materials and methods
	Transgenic reporter strains
	Measurements of ASE features

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


