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Cortical malformations are a collection of disorders affecting brain development. Mutations in the LIS1 gene
lead to a disorganized and smooth cerebral cortex caused by failure in neuronal migration. Among the clini-
cal consequences of lissencephaly are mental retardation and intractable epilepsy. It remains unclear
whether the seizures result from aberrant neuronal placement, disruption of intrinsic properties of neurons,
or both. The nematode Caenorhabditis elegans offers an opportunity to study such convulsions in a simple
animal with a defined nervous system. Here we show that convulsions mimicking epilepsy can be induced by
a mutation in a C. elegans lis-1 allele (pnm-1 ), in combination with a chemical antagonist of gamma-amino-
butyric acid (GABA) neurotransmitter signaling. Identical convulsions were obtained using C. elegans
mutants defective in GABA transmission, whereas none of these mutants or the antagonist alone caused
convulsions, indicating a threshold was exceeded in response to this combination. Crosses between
pnm-1 and fluorescent marker strains designed to exclusively illuminate either the processes of
GABAergic neurons or synaptic vesicles surprisingly showed no deviations in neuronal architecture.
Instead, presynaptic defects in GABAergic vesicle distribution were clearly evident and could be phenocop-
ied by RNAi directed against cytoplasmic dynein, a known LIS1 interactor. Furthermore, mutations in
UNC-104, a neuronal-specific kinesin, and SNB-1, a synaptic vesicle-associated protein termed synaptobre-
vin, exhibit similar convulsion phenotypes following chemical induction. Taken together, these studies
establish C. elegans as a system to investigate subtle cytoskeletal mechanisms regulating intrinsic neuronal
activity and suggest that it may be possible to dissociate the epileptic consequences of lissencephaly from
the more phenotypically overt cortical defects associated with neuronal migration.

INTRODUCTION

Lissencephaly is a rare childhood birth defect of the brain
resulting in a smooth cerebral cortex. Lissencephalic brains
present with reduced surface area and a lack of cortical
folds; this malformation is presumably caused by defects in
migration of neurons from the periventricular zone to the cor-
tical plate during development (1). Classical or Type I lissen-
cephaly consists of a subgroup of human neuronal migration
disorders including isolated lissencephaly sequence (ILS)
and Miller–Dieker syndrome (MDS). When compared with
ILS, MDS is generally considered to be a more severe form
of classical lissencephaly and includes craniofacial anomalies

and other organ malformations (2). ILS and MDS often result
from haploinsufficiency at human chromosome 17p13.3; this
chromosomal region includes the LIS1 gene. This gene is dis-
rupted in both ILS and MDS patients and suggests that
mutations within LIS1 are responsible for defective neuronal
migration (3). ILS patients typically have point mutations or
intragenic deletions within the LIS1 locus (4,5) whereas
MDS patients have deletions within the region of 17p13.3
that includes both LIS1 and Ywhae (14-3-31) (2,6–8). LIS1
encodes the non-catalytic subunit of platelet-activating factor
acetyl hydrolase isoform 1B (PAFAH1B) (9,10); this
enzyme inactivates platelet activating factor (PAF) and is
brain specific. It is not known whether the enzymatic function
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of LIS1 is important for neuronal migration; however, PAF
activity on neurons has been reported (11–13).

The first indication of a possible cellular function for LIS1
came from its identification in the fungus Aspergillus nidulans,
where a LIS1 homolog termed NUDF was shown to be essen-
tial for regulating nuclear distribution and migration in
growing hyphae (14). Additional homologs have since been
characterized in multiple eukaryotic model organisms, includ-
ing mouse, rat, Drosophila melanogaster and Caenorhabditis
elegans (reviewed in 15,16). Studies in these organisms
have shown that LIS1 proteins also function in nuclear posi-
tioning and cell proliferation. For example, LIS1 functions in
Drosophila neuroblasts (17), C. elegans mitotically dividing
embryos (18) and cultured mammalian cells (19,20). These
cumulative studies have shown that LIS1 is associated with
many subcellular structures, including centrosomes, micro-
tubules, the cell cortex and kinetochores, and that LIS1 is
important for accurate chromosome segregation. Diverse func-
tions for LIS1 are not surprising as this protein is a member of
the WD-40 repeat family of proteins that are characteristically
involved in multiple protein–protein interactions.

Through a combination of genetics, in vitro and in vivo
studies, LIS1 has been shown to interact with several proteins
associated with the cytoskeleton (reviewed in 15,16). LIS1
colocalizes and interacts with NUDEL and mNudE at the cen-
trosome and regulates cytoplasmic dynein motor function
(21–25). Cytoplasmic dynein has been implicated in many
cellular mechanisms, including the regulation of intracellular
transport of organelles and cytoskeletal components, and retro-
grade axonal transport. LIS1 interaction with cytoplasmic
dynein is important for at least a subset of dynein functions,
including mitotic progression and retrograde movement of
dynein in non-neuronal cells (19,20). In mammalian brain
tissue dynein, dynactin and LIS1 can be coimmunoprecipi-
tated (19,20) and genetic interactions of LIS1 with dynein,
dynactin and microtubules have been suggested from studies
of Drosophila (17,26). Furthermore, LIS1 colocalizes with
dynein at the leading poles of neurons, perhaps serving to
anchor dynein along the polarized microtubules of this
region (27). Other cytoskeletal proteins that interact with
LIS1 include NudC (28,29), cytoplasmic linker protein 170
(CLIP-170) (30), and tubulin (31,32). However, the molecular
evidence for LIS1 interactions with microtubules has been
confusing, as LIS1 has been shown to both stabilize microtu-
bules in vitro in mammalian systems (31) and promote micro-
tubule catastrophe in A. nidulans (32).

Although studies in fungi and cell culture have provided
insights into the molecular mechanisms of LIS1 function, dis-
cerning the activity of this protein within the context of the
mammalian brain remains paramount. In this regard, Lis1
knockout mice provide insights required for understanding
the anatomical and architectural milieu of LIS1-related neur-
onal migration (33,34). Homozygous Lis1 null mutations are
lethal in mice, wherein death ensues during early embryogen-
esis. Heterozygotes survive but exhibit evidence of delayed
neuronal migration, as these animals display aberrant cortical
neuron and radial glia morphology in the developing cortex.

Taken together, there are abundant data linking neuronal
and nuclear migration defects with LIS1. However, the
precise reasons why genetic disturbances associated with

LIS1 cause human lissencephaly and its various medical
consequences, such as mental retardation and epilepsy, are
unknown. Specifically, �90% of children with ILS and MDS
display intractable epilepsy (35) (W.B. Dobyns, personal com-
munication). Given the extreme complexity of the central
nervous system, we contend that genetic analysis in a simple
model organism may provide a complementary and rapid
means toward discerning the functional role of LIS1 in neu-
ronal development and activity.

Genetically tractable organisms that possess intact nervous
systems represent a distinct advantage in addressing questions
pertaining to these fundamental biological mechanisms.
C. elegans is ideal in this regard, as this transparent micro-
scopic nematode has a nervous system of precisely 302
neurons for which the complete neuronal connectivity has
been defined (36). All major hallmarks of mammalian neuro-
logical function are conserved in C. elegans, including ion
channels, axon guidance cues, receptors, transporters, synaptic
components, and neurotransmitters [i.e. acetylcholine, dopa-
mine, gamma-aminobutyric acid (GABA) serotonin] (37).
Moreover, a rich history of previously isolated mutations, a
wide variety of straightforward phenotypic assays for neuronal
function and a plethora of GFP markers that highlight specific
neuronal classes and processes are available for C. elegans
research.

We previously performed an initial characterization of
C. elegans lis-1 gene expression that showed localization to
several cell types in the worm, including proliferating cells
and neurons. Additionally, the primary phenotype associated
with LIS-1 depletion in C. elegans was embryonic lethality
(18). In this work, we show that a C. elegans lis-1 mutant is
subject to seizure-like convulsions in the presence of a
GABA antagonist. The cytological and molecular basis for
these convulsions was investigated. We concluded that the
lis-1-related convulsions observed did not result from impro-
per migration of neuronal nuclei or axons, or from a nuclear
division/apoptosis defect in C. elegans neurons. Rather, we
have observed an apparent presynaptic defect wherein synap-
tic vesicles are improperly distributed throughout the GABA-
ergic neuronal processes of lis-1 mutant worms. Thus,
mutation of lis-1 in C. elegans may result in altered neuro-
transmitter function, possibly through defects in the microtu-
bule cytoskeleton, as reduction in microtubule motor
proteins and a synaptic vesicle-associated protein also resulted
in similar neurological disturbances.

RESULTS

pnm-1(t1550) encodes a nonsense allele of lis-1

Several large-scale screens have been conducted to identify
specific genes implicated in early embryonic cell division of
C. elegans. The pnm-1(t1550) allele was initially isolated in
one such screen, among a class of mutations that affect pro-
nuclear movement within the one-cell embryo of C. elegans
(38). Following fertilization of pnm-1 homozygous mutant
oocytes, migration and fusion of the sperm and egg pronuclei
do not occur, whereas these processes do occur normally in
heterozygous sibling embryos from pnm-1 heterozygous
hermaphrodites (and wild-type). This mutant phenotype is
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indicative of errors involving pronuclear migration (pnm) and
microtubule dynamics and results in embryos that undergo
several rounds of spurious mitotic division before lethality
occurs. This embryonic phenotype is also highly reminiscent
of the nuclear migration defect observed with LIS-1 knock-
down in C. elegans via RNA interference (RNAi) (18).

The pnm-1 locus was predicted to genetically map near the
region of linkage group III containing the lis-1 gene (38).
Therefore, rescue of the embryonic lethality phenotype in
pnm-1 homozygous embryos was performed via germline
transformation of pnm-1 heterozygous animals with the
lis-1 cDNA fused to the pie-1 promoter, which is expressed
in the early embryo (39). Worms heterozygous for pnm-1
produce offspring with three different genotypes (þ/þ,
pnm-1/þ and pnm-1/pnm-1 ). On the basis of Mendelian
patterns of inheritance, �25% of the total offspring should
be pnm-1 homozygotes. By examining the offspring from
heterozygous hermaphrodites, which include all genotypic
possibilities, 11% (139/1269) of the offspring have readily
observable embryonic lethality characteristic of pnm-1/pnm-
1 offspring. Following rescue with the lis-1 cDNA, observa-
ble embryonic lethality in the offspring decreased to 2%
(19/947), representative of 83% embryonic rescue of
pnm-1-based lethality.

To confirm the gene identity by direct sequencing, PCR was
utilized to amplify the LIS-1 coding region from pnm-1 homo-
zygous worms (�30% of the pnm-1 homozygotes are able to
survive embryonic lethality). Sequencing of the C. elegans
lis-1 gene revealed a G to A transition at position 276 of the
coding sequence that transformed a tryptophan to a stop
codon. This nonsense mutation occurred at amino acid 92
(Fig. 1, diamond) at a residue that is highly conserved
across species. Figure 1 shows an alignment of C. elegans
and human LIS1 amino acid sequences and contains a
collation of human patient mutation information such as
splice-site mutations, nucleic acid lesions and amino acid sub-
stitutions (40,41). The worm mutation lies near known regions
of homology to human LIS1 lesions that result in both non-
sense and frame shift mutations (40,42). These combined
sequencing, rescue and RNAi phenocopying data indicate
that pnm-1 is an allele of lis-1 in C. elegans.

To further characterize postembryonic phenotypes in pnm-1
animals that escape embryonic lethality, we examined pnm-1
homozygous worms for generalized proliferative or develop-
mental defects. Specifically, we examined the overall appear-
ance, body size, and growth rate of the escaper animals and
compared these characteristics with unc-32 animals (the
genetic background of the pnm-1 strain). No obvious differ-
ences in viability, proliferation, size, or developmental
timing were noted between the pnm-1 homozygous (n ¼ 10)
and unc-32 homozygous animals (n ¼ 10) (data not
shown). Both strains exhibit a pronounced lack of motility;
this is a well-characterized phenotype associated with
the unc-32 mutation. The one notable difference between
these two strains is in gonadal development, where pnm-1/
pnm-1 animals contain a disorganized gonad and subsequently
are sterile, whereas unc-32 animals have a normal gonad
and are fertile. The sterility of pnm-1 homozygotes corres-
ponds to our previous results for lis-1 knockdown by
RNAi (18) and, to the best of our knowledge, does not

impact any of the neuronal studies described herein. Thus,
pnm-1 homozygous mutant animals able to escape the
embryonic division defects appear to develop into somatically
normal animals.

Induction of convulsions in pnm-1 worms

Approximately 30% of pnm-1 homozygous animals are able to
survive to adulthood. We sought to identify lissencephaly-like
phenotypes associated with postembryonic pnm-1 worms that
escape lethality in early development. As many patients with
lissencephaly experience epileptic seizures, our first avenue
of inquiry was to determine if these animals had a propensity
to display seizure-like convulsions. Induction of seizures or
convulsions is readily achievable in many mammals with pen-
tylenetetrazole (PTZ), a GABA antagonist (43). GABA is a
widespread neurotransmitter in C. elegans, wherein the body
wall muscle cells of this nematode are innervated by GABA-
ergic inhibitory motorneurons, as well as cholinergic excit-
atory motorneurons. It is widely believed that PTZ treatment
lowers an intrinsic threshold of GABA-related responsiveness
in neurons, thereby revealing sensitized neuronal states that
may be associated with either a genetic or physiological sus-
ceptibility to seizures.

Using digital video imaging, we captured the phenotypic
effects of chemically inducing convulsions in a variety of
C. elegans genetic backgrounds. The results of these convul-
sion assays are depicted in Figure 2. Wild-type N2 worms
(0/300) do not experience PTZ-induced convulsions at con-
centrations of up to 20 mg/ml (data not shown); however,
the highest concentration used in this study was 10 mg/ml
PTZ (Fig. 2). The percentage of pnm-1 homozygous animals
undergoing convulsions was commensurate with PTZ concen-
tration. At 1, 4, 6, 8 and 10 mg/ml PTZ the percentage of
worms displaying convulsions is 48% (24/50), 80% (40/50),
78% (39/50) 84% (42/50) and 96% (48/50), respectively
(Fig. 2). The pnm-1 homozygous worms did not exhibit spon-
taneous seizures (0/50) during the experimental time frames of
observation when PTZ was absent. As the genetic background
of pnm-1 animals contains a marker gene (unc-32 ) that
encodes an allele of a vacuolar ATPase subunit that is targeted
to synaptic vesicles of cholinergic neurons (44), we limited
our study with pnm-1 homozygous mutant worms to the
effects on GABA neurotransmission. Importantly, unc-32
animals did not exhibit convulsions when exposed to any con-
centration (1–10 mg/ml) of PTZ tested (0/300), nor do pnm-1
heterozygous animals (0/300), as depicted in Figure 2.

PTZ-induced convulsions in pnm-1 worms are best
described as ‘head-bobbing’ convulsions, wherein the pos-
terior half of the animal is essentially immobile whereas
anterior muscle contractions occur repetitively. The convul-
sions are also characterized by a lack of pharyngeal
pumping, an observation indicative of disrupted GABA neuro-
transmission, as the muscle cells on the pharynx contain
GABA receptors. Still frames of pnm-1 homozygous worms
undergoing convulsions are shown at various time points in
Figure 3A. The actual convulsions are quite striking and are
best viewed as streaming video (25 frames/s) (Supplementary
Material, Video 1). Additional videos, including an N2 control
animal without PTZ (Supplementary Material, Video 2), and a
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pnm-1 homozygous animal not exposed to PTZ (Supplemen-
tary Material, Video 3), are available for comparison.

Interestingly, PTZ-induced convulsions in pnm-1 worms
phenocopied convulsions displayed by multiple C. elegans
GABA mutants exposed to this same GABA antagonist.
Head-bobbing convulsions were observed in various GABA
mutants including alleles of a GABA synthesis gene unc-
25(e156), GABA vesicular transporters unc-46(e177) and
unc-47(e307) and the GABAA receptor unc-49(e407). Previous

research with these alleles has shown that they are strong
mutations showing defects in all GABA-mediated behavioral
functions (45,46,47). However, only unc-49 (e407) is a
genetic null mutation (47). Still frames taken from streaming
videos of a representative GABA mutant, unc-25, are depicted
in Figure 3B and a corresponding video can be seen in the elec-
tronic supplemental material (Supplementary Material, Video
4). As with pnm-1, PTZ-induced convulsions in GABA
mutants involve head bobbing only and are comparable to the

Figure 1. Amino acid sequence alignment between C. elegans and human LIS1 proteins. Residues shaded in black correspond to identical matches in sequence
homology and residues shaded gray represent those with similar amino acid properties. The three main domains of the protein are indicated with brackets; the
LIS1 homology domain (LisH) consists of residues 6–39, the coiled-coil domain (C-C) contains residues 51–79 and the seven WD40 repeat domains comprise
residues 107–410 (96). The diamond represents the nonsense mutation identified in the C. elegans lis-1 allele, pnm-1(t1550). Additionally, known missense
(asterisks), splice site (triangles), frame shift (circles) and nonsense mutations (squares) found in human intragenic mutations are denoted (40,41). An arrow
designates the beginning of translation of the predicted gene product produced by the N-terminal deleted Lis1 knockout mouse (34).
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convulsions demonstrated by pnm-1 (Fig. 3A and B). All
GABA mutants tested had convulsions at 10 mg/ml PTZ;
unc-25, unc-46, unc-47 and unc-49 animals had 86% (43/50),
100% (50/50), 100% (50/50) and 98% (49/50) convulsions,
respectively. This mirrors the 96% (48/50) convulsions demon-
strated in pnm-1 homozygous animals when exposed to the
same concentration of PTZ (Fig. 2). None of the GABA
mutant strains exhibited convulsions in the absence of PTZ.

The occurrence of convulsions in the unc-49 strain (encod-
ing a null allele of a GABA receptor) following exposure to
PTZ raises a pharmacological question: how can a receptor
null mutant respond to a chemical antagonist? Though unc-
49 encodes the best characterized and a highly conserved
GABAA receptor in C. elegans, the completed genome
sequence for this nematode reveals that additional receptor
homologs with the potential to interact with PTZ also exist
within the genome. These include another clear GABAA

receptor homolog and numerous uncharacterized orphan
receptors (E. Jorgensen, personal communication). Therefore,
we postulate that the absence of the unc-49 encoded receptor
lowers a critical threshold, which PTZ then overcomes by
acting upon additional, secondary receptors. This contrasts
with the situation in wild-type worms, where the unc-49
gene product remains fully functional, and in which PTZ has
no effect at the concentrations used in our study.

The observation that GABA and pnm-1 mutants share a
similar convulsion phenotype was intriguing, especially
because other mutations in genes important for neuronal
function either do not result in a convulsion phenotype at

all or yielded convulsions that are phenotypically distinct
from those of pnm-1 and GABA mutants. We looked for
convulsions by testing several strains containing mutations
in other neuronal genes, as examples of putatively unrelated
gene products that may influence neuronal activity. For
example, unc-32 (the genetic background of pnm-1 ) is
severely uncoordinated; it encodes an allele of a cholinergic
vacuolar ATPase subunit. As noted earlier, when exposed to
10 mg/ml PTZ these animals do not display convulsions. We
also tested unc-4(e120) worms, which contain a mutation in
a homeodomain gene that is normally required for establishing
the identity of the A class motor neurons DA and VA (48).
The UNC-4 protein is required for movement, axon guidance
and synapse formation; unc-4 animals are incapable of moving
backwards as a result of this mutation (49). However, despite
the locomotory defect associated with this mutation, these
animals do not have convulsions when exposed to PTZ (0/
300; data not shown). We next examined unc-43 (n498
n1186) mutant worms. The unc-43 worm encodes calcium/
calmodulin-dependent serine/threonine kinase II (CaMKII), a
Ca2þ-dependent protein kinase which is thought to be a
general regulator of synaptic plasticity. C. elegans unc-43
hypomorphs exhibit widespread hyperactivity in locomotion,
egg laying and defecation (50). Additionally, unc-43 (n498
n1186) animals demonstrate a basal occurrence of spon-
taneous convulsions (J. H. Thomas, personal communication;
50). We observed that these animals experience full body con-
vulsions in response to PTZ (100% at 10 mg/ml; n ¼ 50),
wherein these convulsions result from contraction of dorsal
and ventral body wall muscles, followed by relaxation (Sup-
plementary Material, Video 5). This is in contrast to the exclu-
sively head-bobbing convulsions recorded for both pnm-1 and
GABA mutants. Still frames demonstrating unc-43-specific
full body convulsions, in which the posterior, as well as the
anterior, dynamically contract, are shown in Figure 3C.

Our results have illustrated an apparent GABA-specific phe-
notype, wherein mutations in pnm-1 phenocopy the convulsions
experienced by GABA mutants. Notably, these convulsions are
distinct from mutations in other neuronally expressed genes.
Indeed, some neuronal mutations do not respond with convul-
sions at all (unc-32 and unc-4 ), whereas unc-43 worms display
convulsions phenotypically different from pnm-1 and GABA
mutants. Consequently, the shared and characteristic convulsion
phenotype observed with both GABA and lis-1 mutant worms
prompted us to more closely investigate potential defects in
GABA-related neurons in pnm-1 worms, especially because
GABA and LIS-1 are both expressed within the VD and DD
motorneurons of the ventral nerve cord in C. elegans.

Neuronal division is normal in the ventral cord of
pnm-1 worms

Genetic mosaic analysis of DLis1 in the developing Droso-
phila brain has demonstrated that underexpression of Lis1
can cause a reduction in the proliferation of neurons (51).
Comparably, we have noted cell division defects in
C. elegans mitotically dividing embryos when LIS-1 is
reduced (18, this study). LIS-1 is also expressed in every
motorneuron class of the ventral nerve cord in C. elegans
(18, unpublished data). Taken together, we wanted to

Figure 2. Dose–response curves for convulsions demonstrated in C. elegans
mutants following exposure to increasing concentrations of PTZ. The response
level (percent animals displaying convulsions/total sample size; n ¼ 50) of
various C. elegans strains is depicted for each concentration of PTZ ranging
from 1 to 10 mg/ml. N2 wild-type worms, along with unc-32 and pnm-1/þ
worms (collectively shown by dark blue squares), did not exhibit convulsions
at any tested concentration of PTZ. unc-46 (red circles), unc-47 (light blue
triangles), and unc-49 worms (orange squares) containing mutations in
GABA-related genes, all demonstrated very similar levels of convulsions at
the concentrations of PTZ tested. unc-25 animals (dark green circles) had
fewer convulsions than other GABA mutants tested. pnm-1 homozygous
worms exhibited the greatest sensitivity of all worm strains assayed; 48% of
these animals had convulsions in the presence of only 1 mg/ml PTZ (light
green triangles).
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determine if mitosis occurred normally within the ventral cord
of pnm-1 homozygous animals.

During C. elegans development, neurons within the ventral
nerve cord must undergo several rounds of cell division, as
well as apoptosis, in order for the appropriate number of
neurons to be specified within the adult. For example, a
newly hatched larva contains 22 motorneurons in the ventral
cord and associated ganglia, whereas an adult animal has
�76 neurons (36). We examined the nuclei in the ventral
cords of adult N2 and pnm-1 homozygous animals to deter-
mine if pnm-1 animals exhibited an abnormal number of
nuclei within the ventral nerve cord or if the nuclei were
unevenly spaced (possibly indicative of a nuclear migration
defect). We determined that there was no difference between
the number or spacing of nuclei (73 + 3) between pnm-1

homozygous worms (n ¼ 15) and N2 worms (n ¼ 10). Though
we assayed neuronal cell division by 40-6-diamidino-2-pheny-
lindole (DAPI) staining adult animals, this is not sufficient to
unequivocally conclude that the normal number of division
events occurred during development. Although there is not a
precedent for LIS-1 activity in apoptosis, aberrant prolifer-
ation in combination with a compensatory decrease in cell
death could yield wild-type numbers of neuronal cell bodies
as determined by our assay.

Neuronal migration and architecture in GABAergic
neurons is normal in pnm-1 worms

The hallmarks of human lissencephaly in brain morphology
include the loss of normal gyral patterns within the cerebral

Figure 3. Still frame images demonstrating C. elegans strains undergoing convulsions following exposure to 10 mg/ml PTZ. The still images are representative
frames selected from videos (25 frames/s) available in Supplementary Material. The black lines represent a stationary reference point for visualization of anterior
and/or posterior movements in relation to time (indicated in s). Anterior is to the left in all images, where lines are placed perpendicular to the original position of
the animal’s nose. Note that pnm-1 homozygous (A), unc-25 (B), dhc-1 (RNAi) (D), unc-104 (E) and snb-1 (F) animals display anterior-only movements of the
head, whereas unc-43 worms (C) display full body convulsions. Bar ¼ 100 mm
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hemispheres and disorganization of the cerebral cortical
cytoarchitecture resulting from abnormal migration of
neurons during early brain development. At least a subset of
these malfunctioning neurons express GABA (reviewed in
52). In C. elegans, the adult ventral nerve cord contains pre-
cisely 20 GABAergic motorneurons (45). As LIS-1 is
expressed in all classes of neurons within the ventral
nerve cord (18), GABA and LIS-1 are co-expressed in many
of the same cells. Together with evidence indicating that
pnm-1 and GABA mutant worms share phenotypically
similar convulsions, the coincident expression of GABA and
LIS-1 in C. elegans further suggested the possibility that
lissencephaly-related convulsions occur, at least in part,
from disturbances in GABA neurons.

GABAergic neurons in pnm-1 homozygous worms were
analyzed for defective migration or architectural changes.
An integrated GFP marker strain containing an unc-47::GFP
transcriptional reporter construct, specifically highlighting
the GABAergic neurons of C. elegans, facilitated this study
(46). The unc-47 gene is normally transcribed and expressed
in all 26 GABAergic neurons of the worm, including the 20
ventral cord motorneurons (46). Within control animals,
unc-47::GFP was localized in all GABAergic cell bodies
and axons, as expected. This expression was strongest in the
ventral cord and cell bodies, with slightly reduced expression
in both the commissures and the dorsal cord (Fig. 4A, D and
E). The unc-47::GFP strain was crossed into both the pnm-1
and unc-32 backgrounds to determine whether pnm-1 worms
displayed any defects in overall neuronal architecture. GABA-
ergic neurons were rigorously examined for any defects in the
extension of axons and for branching defects of the commis-
sures. We did not find any discernable expression pattern
differences between either unc-47::GFP alone (n ¼ 50), unc-
47::GFP; unc-32 control animals (n ¼ 50) (image not
shown) or unc-47::GFP; pnm-1 animals (n ¼ 50) at the light
microscope level (Fig. 4B). The results of this analysis are
compiled in Table 1. We concluded that this pnm-1 mutant
allele of lis-1 does not affect overt GABAergic neuronal
architecture.

Within the C. elegans field, neuronal migration is commonly
studied by visualizing the two HSN cells (hermaphrodite-
specific neurons required for egg laying), as well as two
cells arising from the Q-neuroblast lineage, AVM and PVM,
which are touch sensory neurons. We examined neuronal
migration following introduction of the pnm-1 mutation into
transgenic lines expressing GFP in the appropriate cell
types; this facilitated examination of alternative neuronal
migration defects that would not be observed by our other
assays. To examine HSN migration, we crossed the pnm-1
strain with worms expressing a GFP transgene that is
expressed within the HSN neurons. Specifically, we utilized
a strain containing the arrestin promoter fused to GFP (arrest-
in::GFP); arrestin is a cytosolic protein involved in G protein-
coupled receptor desensitization that is expressed in many
neurons within the worm but shows particularly clear GFP
expression within the two HSN cells. We did not observe
any obvious migration defects in the final position of the
HSN neurons when analyzed within the pnm-1 or unc-32
backgrounds (n ¼ 50 for each strain; data not shown). In
order to examine the Q-neuroblast lineage, the final position

Figure 4. GABAergic neuron architecture is unaffected by pnm-1 or dhc-1
(RNAi). A transcriptional reporter gene fusion, unc-47::GFP, reveals the neur-
onal cell bodies and processes of GABAergic neurons and commissures in C.
elegans [A; lin-15(n765ts) oxIs12 X (integrated strain carrying unc-47::GFP)].
One focal plane is shown for each strain, inclusive of representative commis-
sures and processes (anterior is to the left in all images). Arrows point to
tightly fasciculated ventral nerve cords in all strains; arrowheads demonstrate
wild-type commissures extending from ventral to dorsal nerve cords. Introduc-
tion of the lis-1 mutation associated with the pnm-1(t1550) allele by genetic
crosses with unc-47::GFP [B; lin-15(n765ts) oxIs12 X; pnm-1(t1550) ] or
reduction of DHC-1 levels by RNAi [C; lin-15(n765ts) oxIs12 X fed dhc-1
dsRNA] does not result in any discernable change in the overall architecture
of the GABAergic system. Bar ¼ 100 mm. (D) and (E) High magnification
views of the ventral cord (D) and commissures (E) exhibiting normal
GABA neuron architecture, as illuminated by the unc-47::GFP reporter.
Bar ¼ 350 mm.
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of the AVM and PVM touch neurons was assayed by crossing
a strain carrying the mec-17 promoter fused to GFP (mec-17 is
expressed in these touch neurons) (53) with the pnm-1 and
unc-32 strains. There was no deviation from the wild-type
expression pattern for the AVM and PVM neurons (n ¼ 50
for each cross; data not shown). Therefore, as was also
observed for GABA neurons, the pnm-1 mutation does not
affect neuronal migration of HSN or Q-neuroblast cells.

The distribution of synaptic vesicles is disrupted in
GABA neurons of pnm-1 worms

As the neuronal architecture appeared normal in GABAergic
neurons, the distribution of GABAergic synaptic vesicles
was examined in the pnm-1 homozygous mutant background.
Specifically, transgenic worms containing a fusion protein
construct were used that allows for visualization of
GABA vesicles. This construct consists of the synaptic
vesicle-associated membrane protein synaptobrevin (SNB-1)
fused to GFP and is expressed under the control of an
unc-25 GABA-specific promoter (54). Animals carrying an
integrated array of unc-25::SNB-1::GFP were crossed into
pnm-1 mutant animals and the distribution of GABA special-
izations was visualized. In control animals (both wild-type and
unc-32, n ¼ 74 for each strain), the GFP fluorescent signal
was visualized as discrete puncta dispersed evenly along the
ventral nerve cord in positions consistent with the pattern of
VD motorneuron synaptic output (Fig. 5A and B). These
puncta were similar to the distribution of wild-type GABA-
ergic neuromuscular junctions identified via EM analysis
(36,55,56). Notably, in 22% (n ¼ 74) of the pnm-1 homozy-
gous animals, the synaptic vesicle puncta appear significantly
altered from control animals (Table 2). The most common
differences observed were in regions along the ventral cord
that contained gaps without GFP puncta (19%) and irregularly
sized and unevenly spaced puncta (3%; Fig. 5C). As each
punctum likely represents a synaptic terminal, these gaps indi-
cate a defect in vesicle transport within GABAergic neurons.
Although fewer animals had observable vesicle/synaptic
gaps when compared with convulsion rates (e.g., 22% synaptic
defects versus 48% convulsions at 1 mg/ml PTZ for pnm-1
animals), it is important to remember that these synaptic
gaps were analyzed in live animals and, presumably, are dyna-
mically changing in response to stimuli. Furthermore, it is

possible that additional animals have subtle synaptic defects
unresolved at the light microscope level.

To determine whether the observed vesicle transport defect
within pnm-1 worms is occurring pre- or postsynaptically,
pnm-1 worms were tested for sensitivity to the GABA
agonist muscimol. If a defect is presynaptic, then muscimol
causes body muscle paralysis owing to the inhibition of post-
synaptic GABA function (45). Upon exposure to muscimol,
100% of the pnm-1 animals (n ¼ 20) responded with paralysis,
as did 100% of the presynaptic GABA mutants tested (unc-25,
unc-46 and unc-47; n ¼ 20 for each strain). Conversely, 0% of
the unc-49 animals (n ¼ 20), containing a mutation defective
in postsynaptic GABA reception, were paralyzed by muscimol
at the concentration tested. These results indicate that the
GABA transmission defect in pnm-1 is likely occurring
presynaptically.

Aberrant molecular motor protein function also causes
GABA transmission defects

Studies with A. nidulans and mammalian cells have shown
that LIS1 physically interacts with cytoplasmic dynein heavy
chain and likely serves as a functional regulator of motor
activity (25,57,58). Therefore, we wanted to determine
whether a dynein mutant also had altered GABA vesicle
defects similar to those observed in pnm-1 mutants of
C. elegans. Unfortunately, viable mutations in the dhc-1 gene,
encoding dynein heavy chain protein (DHC-1), were not avail-
able and depletion of dhc-1 by microinjection of dsRNA is
lethal (59). Therefore, to obtain non-lethal dhc-1 phenotypes,
the technique of bacterial dsRNA feeding to evoke RNAi was
employed. This method was carefully titrated to bypass lethal-
ity, as much weaker phenotypes can be obtained by modulat-
ing the potency of RNAi in C. elegans (60).

To investigate whether dhc-1 (RNAi) worms phenocopy the
neurological defects observed with pnm-1 animals, worms
containing the unc-25::SNB-1::GFP transgene were exposed
to dsRNA targeting dhc-1. We determined that the normal dis-
tribution of GABA vesicles was clearly disrupted in these
worms (Fig. 5D). Notably, as observed within the GABAergic
neurons of pnm-1 homozygous worms, 29% of dhc-1 (RNAi)
worms (n ¼ 100) had regions with gaps in the GFP pattern
(Table 2). Muscimol assays revealed that the defect was pre-
synaptic in the dhc-1 (RNAi) animals, as these animals
responded with total paralysis. To ensure that the altered

Table 1. Alterations in LIS-1 or DHC-1 do not cause changes in GABAergic architecture

Worm strain Genotype Wild-type
expressiona (%)

Axonal extension
defects (%)

Branched
commissures (%)

unc-47::GFP lin-15(n765ts) oxIs12 X (n ¼ 50) 96 0 4
unc-47::GFP; unc-32 lin-15(n765ts) oxIs12 X (n ¼ 50) 100 0 0
unc-47::GFP; pnm-1 lin-15(n765ts) oxIs12 X;pnm-1(t1550) (n ¼ 50) 98 2 0
unc-47::GFP þ dhc-1 (RNAi) lin-15(n765ts) oxIs12 X fed dhc-1 dsRNA (n ¼ 100) 97b 2 1

aSee Figure 4, where arrows point to tightly fasciculated ventral nerve cords in all strains; arrowheads demonstrate wild-type commissures extending
from ventral to dorsal nerve cords.
bA total of 82% of the ventral cords in these animals appeared completely wild-type; however, 15% appeared wild-type with respect to axon extension
and commissures but lacked wild-type character with respect to muscular attachment.
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GABA vesicle distribution was not simply a problem with the
GABAergic neuronal architecture, unc-47::GFP worms were
also fed dsRNA versus dhc-1 and examined for defects. As
shown in Table 1, 97% (n ¼ 100) of the dhc-1 (RNAi)
worms possessed intact axon extensions and commissures in
GABAergic neurons (Fig. 4C). The general effectiveness of
RNAi in GABA neurons was judged using control dsRNA
targeting GFP. In 98% of all animals tested (n ¼ 100)

unc-25::SNB-1::GFP knockdown was achieved by RNAi
feeding in simultaneously performed trials (data not shown).
Neuronal cell division was also assayed; both the spacing
and number of nuclei visualized by DAPI staining were com-
parable to wild-type levels (73 + 3; n ¼ 10).

For assessment of the convulsion phenotype, N2 animals
fed dsRNA targeting dhc-1 were exposed to 10 mg/ml PTZ.
Notably, 44% (22/50) of these dhc-1 (RNAi) animals were
immobilized at the posterior and displayed weak head-
bobbing convulsions, similar to both pnm-1 and GABA
mutants (Fig. 3D), although not as visibly dramatic (Sup-
plementary Material, Video 6). Many dhc-1 (RNAi) animals
appeared to have a more generally stiff or ‘tonic’ appearance
in the presence of PTZ, whereas control dhc-1 (RNAi)
animals, in the absence of GABA antagonist, displayed
normal locomotion and foraging behavior. These results corre-
late with lis-1 (RNAi) experiments, wherein wild-type N2
RNAi-treated worms display a tonic phenotype when
exposed to PTZ as well (data not shown). The distinction
between the lis-1 (RNAi) and pnm-1 convulsion phenotype
may be due to the inherent difference between partial knock-
down of an entire protein versus expression of a genetic
mutation, respectively. These combined data suggest a
common activity for LIS-1 and dynein within neurons
wherein the observed convulsion phenotype is a functional
consequence of aberrant expression.

Dynein is involved in numerous microtubule-based cellular
processes, one of which is a clearly defined role in retrograde
transport. In support of this, C. elegans researchers have very
recently reported the isolation of one allele of dynein light
intermediate chain (dli-1 ) and two alleles of dynein heavy
chain (dhc-1 ) from a genetic screen designed to identify
mutations that misaccumulate synaptobrevin (61). As synapto-
brevin is considered a reporter for axonal transport, this result
is most significant in light of our own data indicating that
GABA vesicles are mislocalized in both cytoplasmic dynein
and lis-1 mutant backgrounds. This report also determined
that UNC-104, a neuronal-specific kinesin-like protein,
requires the dynein motor for transport (61).

UNC-104 is homologous to the human axonal transporter of
synaptic vesicles, KIF1A, and is required for anterograde
axonal transport of synaptic vesicles in C. elegans (62). EM
analyses of unc-104 worms have provided evidence that
these animals do not have densely packed neurotransmitter
vesicles near the active zone in neurons of the ventral cord
(63). Instead, small vesicles were clustered together in neur-
onal cell bodies. Additionally, it was shown that the presence
of SNB-1::GFP is primarily visualized in the cell body of
neurons and not within the synaptic regions of neurons of
unc-104 animals (54). To further investigate the possibility
that defects in neuronal vesicle trafficking can lead to convul-
sions, we examined a worm strain containing an unc-104
mutation [unc-104 (e1265) ] for PTZ-induced convulsions.
Upon exposure to 10 mg/ml PTZ, 48% (24/50) of the worms
presented a tonic posture with mild head-bobbing convulsions
as shown in Figure 3E and Supplementary Material, Video 7.
These convulsions were similar to those displayed by dhc-1
(RNAi) animals. Without the presence of PTZ, unc-104
worms maintained their characteristic Unc phenotype but did
not have convulsions (0/50), nor were they tonic in appearance

Figure 5. Changes in GABA synaptic vesicle distribution following altera-
tions in LIS-1 or DHC-1. As shown in (A) and (B), unc-25::SNB-1::GFP is
localized to discrete puncta along the ventral nerve cord consistent with the
normal motorneuron pattern of synaptic output in both the wild-type [A;
lin-15(n765ts) X juIs1 ] or unc-32 [B; lin-15(n765ts) X juIs1 ] background.
Round spots are autofluorescent gut granules that are not associated with
GFP expression. In contrast, introduction of the lis1 mutation associated
with the pnm-1(t1550) allele by genetic crosses with unc-25::SNB-1::GFP
worms leads to the appearance of regions lacking GFP fluorescence
(arrows) within the ventral cord [C; lin-15(n765ts) X juIs1; pnm-1(t1550) ].
This result is mimicked by reduction of DHC-1 levels by RNAi [D;
lin-15(n765ts) X juIs1 fed dhc-1 dsRNA]. All images were taken of the
region just posterior to the vulval opening. Bar ¼ 5 mm
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(Supplementary Material, Video 8). Previous work at the EM-
level has shown that although synaptic vesicle transmission
defects in the unc-104 ventral cord are evident, axonal out-
growth is normal in these animals (63). Thus, unc-104 is
another example of a strain that has neurotransmitter traffick-
ing defects and also displays convulsions.

Synaptic transmission defects are associated with
convulsions when exposed to PTZ

Although these data lend support for a neurotransmitter traf-
ficking mechanism being responsible for the convulsion phe-
notype, they do not fully prove that defects of synaptic
transmission are involved. As dynein mutants in C. elegans
can cause a misaccumulation of the vesicle associated
protein synaptobrevin (61), we examined a hypomorphic
worm strain carrying a synaptobrevin mutation, snb-
1(md247), for convulsions. These worms have a variety of
behavioral phenotypes that are consistent with an overall
reduction in synaptic transmission. Furthermore, electrical
activity assays have provided additional proof that SNB-1 is
required for synaptic transmission (64). Therefore, if exposure
of snb-1 worms to PTZ were to cause convulsions, it would
corroborate our data indicating that synaptic transmission
defects can lead to this phenotype. Upon exposure to 10 mg/
ml PTZ, snb-1 worms did indeed have convulsions (but not
in the absence of PTZ). In fact, 98% (49/50) of the animals
exhibited a tonic posture and mild head-bobbing convulsions
that are reminiscent of those observed with pnm-1, GABA
and motor protein mutants (Fig. 3F and Supplementary
Material, Video 9). These data lend support to our hypothesis
that neurotransmitter trafficking defects, such as those incurred
by defective motor proteins or vesicle components, contribute
to a possible mechanism accounting for the observed pnm-1
convulsions. This, in turn, allows us to postulate that the epi-
lepsy experienced by lissencephalic patients may be a conse-
quence of a synaptic transmission defect rather than purely a
result of abnormalities within the organization of the cerebral
cortex.

DISCUSSION

Significant advances have been made toward an understanding
of normal neuronal migration and the cortical malformations
that stem from genetic deficits in this mechanism. The identi-
fication of the LIS1 gene as causative in classical lissencephaly
has led to correlative studies between cortical defects and bio-
chemical effectors of LIS1 (3,9). This discovery has opened
the door to the application of powerful comparative genomic

analyses in simple genetic model systems designed to
rapidly discern the evolutionarily conserved intricacies of
LIS1 function.

Although almost all patients with lissencephaly, including
those with ILS and MDS, suffer from epilepsy, the role of
the cortical malformation per se, and the role of the causative
gene, such as LIS1, in this aspect of syndrome remains unre-
solved. Though prospective studies have not been done,
medical experience has shown that the epilepsy in patients
with lissencephaly clearly worsens over time, and worsens
the overall severity of the disease (40,65) (W.B. Dobyns, per-
sonal communication). Further, the epilepsy associated with
LIS1 mutations is typically more severe than associated with
mutations in doublecortin (DCX ), a gene implicated in
X-linked lissencephaly. LIS1 expression persists through the
postnatal and adult brain whereas DCX does not, so that
impairment of other LIS1 functions such as regulation of vesi-
cular transport may contribute to the epileptic phenotype
(W.B. Dobyns, personal communication). Furthermore, a
direct link between LIS1 and epileptic seizures in animal
models has been demonstrated. Following kainic acid-
induced seizures in rats, there is an immediate reduction in
LIS1 protein levels (66). This suggests that the reduction of
LIS1 levels in lissencephalic patients may lower LIS1 activity
below a critical level, thereby predisposing these patients to
seizures. Supporting these conclusions, there is a correlation
between LIS1 reduction in heterozygous knockout mice and
an increased occurrence of seizures (33,34). Despite these
advances, the cytological consequences of decreased levels
of LIS1 protein activity remain unclear.

It remains possible that disrupted cell positions within the
lissencephalic brain may not be wholly responsible for lissen-
cephaly-related epilepsy. Instead, it has been suggested that
intrinsic properties of the neurons may be causative (67).
This hypothesis is bolstered by evidence gathered from the
reeler mouse, in which a mutant extracellular matrix molecule
is produced, leading to cortical malformations that are not as
correlative with the occurrence of seizures as are LIS1
mutations (67). In contrast, the LIS1 protein interacts with
many components of the neuronal cytoskeleton. Disruption
of microtubules, actin and associated motor proteins could
dramatically alter normal neuron function and influence the
activity of neurotransmitter receptors and ion channels. In
this regard, we explored the relationship between LIS-1 cyto-
skeletal function and convulsions in C. elegans.

Surprisingly, no overt defects in the overall GABAergic
neuronal architecture were observed at the light microscope
level in pnm-1 worms encoding a defective LIS-1 protein.
However, this does not preclude the possibility that electron
microscopy analysis would reveal more subtle subcellular

Table 2. Alterations in LIS-1 or DHC-1 result in a change in GABAergic synaptic vesicle localization

Worm strain Genotype Wild-type
expression (%)

Gaps in
GFP (%)

Bunched
GFP (%)

unc-25::SNB::GFP lin-15(n765ts) X juIs 1 (n ¼ 74) 92 8 0
unc-25::SNB::GFP;unc-32 lin-15(n765ts) X juIs1;unc-32(e189) (n ¼ 74) 93 7 0
unc-25::SNB::GFP;pnm-1 lin-15(n765ts) X juIs1;pnm-1(t1550) (n ¼ 74) 78 19 3
unc-25::SNB::GFPþ dhc-1 (RNAi) lin-15(n765ts) X juIs1 fed dhc-1 dsRNA (n ¼ 100) 71 29 0
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neuronal defects in microtubule structure. For example, pre-
vious analyses of worms containing mutations in two mechano-
sensory genes, mec-7 and mec-12, revealed EM-level defects
of microtubule structure (68). These microtubule defects were
not apparent at the light microscope level and, in fact, the
affected neurons appeared normal. Unlike mechanosensory
mutants, the limited viability and sterility of pnm-1 homozy-
gotes renders these animals very problematic for ultrastruc-
tural analyses. However, the advent of GFP reporter
technology has allowed for illumination of other cellular con-
sequences of neuronal malfunction, as we have observed using
a fluorescent synaptic vesicle marker. Another interesting
possibility for the absence of overt neuronal migration
defects in pnm-1 animals is that the physical distances traveled
by migrating neurons in the human brain are many times those
of microscopic worms (in which an entire adult animal is
�1 mm long). Thus, the biophysical and cellular constraints
imposed by LIS1 mutations might have different conse-
quences in different species.

In both humans and worms, epileptic-like convulsions can
result from a multitude of factors. Some or all of the following
could be altered: neurotransmitter release, receptor levels,
synapses, membrane potentials, neuronal differentiation or
cytoskeletal function (67). Neurons require transport of orga-
nelles, vesicles, cytoskeletal proteins and signaling proteins
for proper function. Evidence from Drosophila indicated that
reduced expression of Lis1 results not only in less dendritic
branching, but also caused defective axonal transport (51).
We have determined that the distribution of GABAergic
synaptic vesicles along the ventral cord within pnm-1 mutant
worms is abnormal. Findings of similar neurological pheno-
types following mutation or depletion of cytoplasmic dynein
heavy chain, a protein known to interact with LIS1, add
further support to this scenario (61; this study). We contend
that the presence of synaptic defects, along with PTZ-
induced convulsions, within both pnm-1 and dhc-1 (RNAi)
worms, is at least partially indicative of cytoskeletal
deficiencies within the GABAergic neurons of C. elegans.
There is recent precedent for cytoskeletal involvement in
neurological disease; cytoplasmic dynein and dynactin dys-
function have been shown to cause exclusively neuronal
defects in human motor neuron disease (69,70).

Cytoplasmic dynein and LIS1, along with dynactin, CLIP-
170, EB1, adenomatous polyposis coli (APC) and CLASPs,
are all considered to be ‘plus-end-tracking proteins’ that loca-
lize to the plus ends of microtubules (reviewed in 71). The
plus-end localized dynein/dynactin complex may serve as a
cargo loading site on microtubules, as has been suggested
from studies of mammalian cells and fungi (72–76). It has
been demonstrated that A. nidulans nudF mutants (the lis-1
homolog) accumulate dynein and dynactin at plus ends,
suggesting that LIS1 may facilitate dynein movement toward
the minus end of microtubules (76).

Dynein is also responsible for retrograde vesicle transport
along microtubules within neurons. Drosophila strains with
mutations in cytoplasmic heavy or light chain or dynactin
component p150Glued show defects in the transport of synaptic
vesicle components within neuronal axons (77). LIS1 phys-
ically interacts with two regions of dynein, both the cargo-
binding region and the first AAA (ATPases Associated with

cellular Activities) repeat of this motor protein (58). Further-
more, as LIS1 and CLIP-170 have been shown to interact,
LIS1 may function as an adaptor protein coordinating
dynein activity and cargo binding (30). In neurons, this
could involve mediating the proper interaction between
dynein and GABA- or VGAT-containing vesicles for recy-
cling or reuse. A defect in retrograde transport of GABA ves-
icles from the presynaptic cleft back toward the nucleus could
lead to a decrease in the available presynaptic GABA pool. A
decrease in synaptic GABA would, in turn, result in a loss of
GABAergic muscular inhibition and hyperexcitation.

Additionally, while dynein is not conventionally thought to
have a role in anterograde fast transport, several studies have
reported a link between plus-end- and minus-end-directed
motors that suggest an interdependency of function exists
(61,78,79,80,81). Kinesin was demonstrated to be required
for the accumulation of cytoplasmic dynein and dynactin at
microtubule plus ends in A. nidulans (75). Blocking the inter-
action of dynein and dynactin in extruded squid axoplasm
resulted in a bidirectional block in vesicle transport along
microtubules (81). Likewise, genetic studies in Drosophila
have shown interactions between dynein and dynactin that
can result in a bidirectional inhibition of axonal transport
(77). Recent work in C. elegans lends support to this by
showing that mutations in cytoplasmic dynein components
cause misaccumulation of synaptobrevin, a protein that is
dependent on functional anterograde transport by kinesin
(61). When considering that LIS-1 interacts with dynein,
pnm-1 mutant animals may also have deficient retrograde
and anterograde transport of GABA along microtubules
(Fig. 6). Thus, molecular motors and associated proteins
involved in the transport of neurotransmitters may very well
play a causative role in some forms of epilepsy.

This is the first report that correlates defects within the lis-1
gene with vesicle trafficking deficiencies. Synaptic vesicle
transmission has been linked with seizures in human patients.
For example, the synaptic vesicle protein synapsin I, which is
involved in neurotransmitter release, has been identified as the
causative mutation in a familial form of X-linked epilepsy
(82). Additionally, mice deficient for synapsin I also exhibit
seizures that are correlated with synaptic vesicle clustering
defects (83). Our data show that a hypomorphic mutation in
synaptobrevin also causes convulsions and is linked to synap-
tic vesicle clustering. Whereas these are examples of synaptic
exocytosis defects, mutations affecting endocytosis have also
been linked to seizures. Amphiphysins belong to a protein
family involved in clathrin-mediated endocytosis of synaptic
vesicles. Depletion of amphiphysin 1 results in synaptic
vesicle recycling defects and rare, irreversible seizures (84).
CLIP-170 has also been determined to have a role in retro-
grade endosome trafficking via endosome–microtubule inter-
actions (85). Furthermore, studies have implicated dynein
motor complex function in retrograde endosomal trafficking
(73,86). For example, disruption of the dynactin–dynein
complex in COS7 cells by overexpression of dynamitin led
to dispersion of endosomes toward the cell periphery (86). It
has been recently demonstrated that the ClC-2 ion channel
interacts with the dynein motor complex in vivo and in vitro
(87), supporting the putative role for the dynein complex in
retrograde endosome trafficking. Mutations in ClC-2 have
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also been linked to inherited forms of idiopathic generalized
epilepsy (IGE) where these altered channels are expected to
lower the transmembrane chloride gradient essential for
GABAergic inhibition (88).

Although we cannot rule out the possibility that the convul-
sions we have observed within the pnm-1 mutant animals are a
result of defects in local endosome recycling, our data are
most consistent with a model wherein convulsions are
caused by failure in vesicle trafficking. Synaptic vesicles and
their neurotransmitter cargo must travel from the site of
docking at the membrane of the presynaptic cell before they
can enter the endosomal pathway. Only after vesicles travel
from the cell surface via microtubule system do they enter
the endosomal recycling pathway. In the presence of the
GABA antagonist PTZ, aberrant expression of dynein,
kinesin, or synaptobrevin results in mild head-bobbing convul-
sions, a phenotype that is reminiscent of the convulsions seen
with mutations in GABA transmisson and lis-1. This pheno-
type is coincident with observable synaptic defects in vesicle
distribution within the C. elegans ventral nerve cord of these
mutants. Taken together, these data correlate with a hypothesis
that vesicle trafficking defects may contribute to convulsive
phenotypes, such as those experienced by lissencephaly
patients.

The convulsion phenotype we observed in most worm
strains responsive to PTZ consisted of anterior head bobbing
and posterior immobilization. Notably, cytoskeletal and
GABA-related mutant strains mimicked this phenotype. In
contrast, other neuronal worm mutants either did not respond
to PTZ (unc-4 or unc-32 ) or responded with a phenotypi-
cally different type of convulsion (unc-43 ). The differential

susceptibility of unc-43 mutants to PTZ treatment is a prob-
able result of the documented inherent hyperexcitability of
these specific CaM kinase II defective animals (50). Neverthe-
less, mutations in PTZ-responsive motor proteins or associated
components, kinesin (UNC-104/KIF1A), cytoplasmic dynein
heavy chain and LIS1, clearly affect more cellular processes
than simply GABA transmission. Likewise, SNB-1, a vesicle-
associated protein, is involved in generalized neurotransmission.
Therefore, the apparent specificity of the convulsion phenotype
observed is likely due to our use of PTZ, a GABA antagonist,
for these studies. We speculate that the use of chemical inducers
designed at disrupting other neurotransmission pathways may
yield their own distinct convulsive phenotypes and this rep-
resents a most interesting direction for future investigation.
However, we limited our studies to the GABAergic system
because the genetic background of the pnm-1 strain (unc-32 )
encodes a tightly linked allele of a vacuolar ATPase subunit
specific to cholinergic neurons, thereby precluding an analysis
of the cholinergic system with the pnm-1 mutation. Continued
mutational analyses in C. elegans via the isolation of weak
lis-1 alleles, not linked to known neuronal mutations, could
provide significant insights into the broader impact of LIS-1
malfunction on neuronal activity.

LIS1 is highly expressed in the Cajal-Retzius cells of
human brains, neurons that produce high levels of GABA
(52,89). Although the mechanisms connecting GABA with
epilepsy are yet to be elucidated, altered GABA transmission
has been linked with seizures (reviewed in 90). Rescuing the
convulsion phenotype using a GABA-specific promoter to
drive lis-1 expression within GABA neurons of C. elegans
could strengthen an association between GABA and lis-1.
However, phenotypic rescue in neurons is particularly tricky;
it has been shown that even a small decrease in cortical
GABAergic inhibition can promote epileptogenic activity
(91). In this regard, an attempt at neuronal rescue of pnm-1
was unsuccessful using an unc-47 (GABA transporter) promo-
ter driving lis-1 (data not shown). It is very likely that the unc-
47 promoter does not initiate lis-1 expression at an appropriate
stage in development, prior to synaptogenesis. As a predispo-
sition to seizures involves factors that perturb the balance
between GABA inhibition and neuronal excitation, an associ-
ation between GABA and LIS-1 remains plausible.

Comprehensive analysis of the mechanisms by which LIS1
acts will likely elucidate regulatory factors governing the cyto-
skeletal control of neuronal development and activity.
Although use of a non-mammalian model system renders it
impossible to fully recapitulate the expected complexities
of cortical malformations, it is advantageous for discerning
molecular subtleties of cellular dysfunction associated with
specific genetic deficits. In this regard, we have shown with
C. elegans that a distinction between altered neuronal migra-
tion and cytoskeletal regulation of neuronal activity may be
drawn in terms of LIS-1 function. Given the complexity of
phenotypes in lissencephaly, it is easy to envision that the epi-
leptic convulsions are likely among the weakest phenotypic
manifestations of the fundamental cytoskeletal problems
within these neurons. This report leads to a more complete
understanding of the underlying consequences of lissence-
phaly gene defects and their specific contribution to the
variable phenotypes comprising this syndrome.

Figure 6. A model depicting a potential role for LIS1 in mediating cyto-
skeletal interactions necessary for GABA neurotransmission. LIS1 may be
involved in coordinating dynein motor activity in binding and transporting
GABA (or VGAT-containing) vesicles at the plus ends of microtubules. A
defect in LIS1 or dynein function could result in a failure of retrograde trans-
port from the presynaptic cleft toward the nucleus for recycling or reuse,
leading to the observed aberrant distribution of GABA vesicles at synaptic
junctions. Additionally, the putative interdependency of function between
plus-end- and minus-end-directed motors could contribute to deficient exocy-
tosis of GABA via an inhibition of kinesin-based anterograde transport result-
ing from defects in dynein motor function.
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MATERIALS AND METHODS

Worm strains and maintenance

C. elegans growth and maintenance was performed via stan-
dard procedures (92). Worm strains used in this study
include N2 Bristol, unc-32(e189) pnm-1(t1550)/qC1 dpy-
19(e1259) glp-1(q339) III; him-3(e1147), unc-32(e189) III,
unc-47(e307) III, unc-46(e177) V, unc-49 (e407) III,
unc-25(e156) III, unc-43(n498 n1186) IV, snb-1(md247) V,
unc-104(e1265) II, unc-4(e120) II, lin-15(n765ts) X juIs1 (an
integrated unc-25::SNB-1::GFP strain), lin-15(n765ts) oxIs12 X
(an integrated unc-47::GFP strain), kyIs161 (an integrated arrest-
in::GFP strain) and uIs31 (an integrated mec-17::GFP strain).

Genetic crosses were performed by first crossing wild-type
N2 males to hermaphrodites carrying GFP constructs and sub-
sequent crosses of these male offspring to hermaphrodites of
the target strain. A Zeiss M2 Bio-Quad fluorescent dissecting
microscope was utilized to select GFP positive animals for
analysis.

Sequencing of pnm-1

Mutant animals homozygous for pnm-1 were hand-selected as
progeny from pnm-1/þ hermaphrodites on the basis of the
unc-32 marker phenotype. PCR on pnm-1/pnm-1 worms was
performed by standard procedures (93) with the following
modifications: 20–30 homozygous pnm-1 worms were
placed into a single PCR tube. PCR was subsequently per-
formed using conditions appropriate for Platinumw Pfx DNA
Polymerase (Invitrogen). PCR products, which were short
exon segments from genomic DNA, were then subcloned
into the pCRw-Blunt vector (Invitrogen) and sequenced
using flanking M13 sites within the vector. Sequencing was
performed using BigDyew Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems) and ABI PRISMw3100 Genetic
Analyzer. The following primer pairs were used in
this amplification. pair 1: 50-CGTCATCGTTTCGTTC
GATTCGCGCACTCCG and 30-TTTTCGTCCGCTTGTCTC
AGTAGTAGCTGC; pair 2: 50-CGTCGATGATGACTCTG
TTCGCCTGCTTTTAAG and 30-AGTGCCTATCGACTT
AAAATGCACCCGAAAGCG; pair 3: 50-CGCTTTCGGGT
GCATTTTAAGTCGATAGGCACT and 30-GAGATCTGGC
ACGGTGCCAGCGCATTGAATG; pair 4: 50-CATTCAAT
GCGCTGGCACCGTGCCAGATCTC and 30-AATGTCGT
GTTTTAGTTGGTATAATGG; pair 5: 50-CCATTATACC
AACTAAAACACGACATT and 30-GATTTCTGATCAA
TTTCGACCATAACCACC.

The resulting sequence information was compared to the
open-reading frame for C. elegans lis-1 (T03F6.5) for which
we have previously isolated and characterized a cDNA (18).

Rescue of pnm-1

The lis1 cDNA (T03F6.5) was cloned into the vector pJH4.66
at the BamHI sites (removing the GFP::b-tubulin sequence),
creating pUA1.1. pUA1.1 and pRF4 [carrying the dominant
marker rol-6(su1006 )] were injected into pnm-1 heterozygous
L4 animals at a concentration of 150 ng/ml. Worms from a
stably transmitting line were dissected in 50 ml embryo rinse
buffer (40 mM NaCl, 60 mM KCl, 3 mM MgCl2, 3 mM Ca

Cl2 and 10 mM HEPES, pH 7.0) and embryo fixation was per-
formed by standard methods (94). Monoclonal anti-a-tubulin
antibody (Sigma) was used at 1:200 and visualized using
goat-anti-mouse AlexaFluor488 (Molecular Probes) at 1:800
dilution. DNA was visualized by staining with DAPI.
Embryos younger than the 50-cell stage were scored as
either having evenly spaced DNA (wild-type) and appropriate
spindle structure or clumped DNA and aberrant spindles
(mutant).

pnm-1 characterization

The viability, proliferation, size and developmental timing of
pnm-1/pnm-1 worms was characterized. Homozygous pnm-1
mutant animals were selected at the L2 stage, the earliest
stage in which the unc-32 phenotypic marker is clearly dis-
tinguishable, thereby ensuring the selection of homozygous
individuals from heterozygous parents for this study. Mutant
unc-32 animals, which are maintained in the homozygous
state, were also individually selected at this stage for compa-
rison. In total, 20 L2 homozygotes were isolated to fresh plates
and allowed to grow to adulthood at room temperature, which
took �26 h. This allowed for comparisons of worm growth
rate and viability between these two strains, which were
almost identical. Additionally, no lethality occurred for
either strain during the assay. Morphometeric analysis of
these strains was performed to test for size differences in
adult homozygous animals to determine whether noticeable
proliferation defects were present. Live worms were paralyzed
in 3 mM levamisole and placed onto a microscope slide con-
taining a 2% agarose pad and then visually inspected for
normal organ structure and photographed for morphometric
analysis of body length using MetaMorph software (Universal
Imaging Corp.). Size differences were not noted; the mean
length of unc-32 young adult animals was 807.3 mm
(n ¼ 10) when compared with 797.8 mm for pnm-1 (n ¼ 10)
animals.

Immunofluorescence microscopy

To count neuronal nuclei of the ventral nerve cord, young
adult animals were fixed in Carnoy’s fixative (60% ethanol,
30% acetic acid, 10% chloroform), and following a graduated
ethanol rehydration were stained with DAPI. To observe poss-
ible alterations in GABA neuronal architecture, unc-32(e189)
or pnm-1(t1550) hermaphrodites were crossed with
lin-15(n765ts) oxIs12 X males to generate lin-15(n765ts)
oxIs12 X; unc-32(e189) or lin-15(n765ts) oxIs12 X;pnm-
1(t1550) animals, respectively. Following minor modification
of the methodology of Knobel et al. (95), animals were exam-
ined for proper extension of axonal processes and branching of
commissures; additionally, the number of cell bodies within
the ventral nerve cord was scored. To be considered wild-
type, the number of commissures scored in each animal was
14–16. Likewise, the number of GABAergic cell bodies con-
sidered wild-type within the ventral cord was 20. To examine
the final position of the HSN neurons, unc-32(e189) or pnm-
1(t1550) hermaphrodites were crossed with kyIs161 males to
generate kyIs161;unc-32(e189) or kyIs161;pnm-1(t1550)
animals, respectively. Adult animals were examined for the

Human Molecular Genetics, 2004, Vol. 13, No. 18 2055



final position of the HSN neurons. In order to examine
migration of the Q-neuroblast lineage, male uIs31 animals
were crossed with either unc-32(e189) or pnm-1(t1550)
animals to generate uIs31;unc-32(e189) or uIs31;pnm-
1(t1550) animals, respectively. Adult animals were examined
for wild-type expression of the GFP construct within the AVM
and PVM neuronal cell processes (touch cells arising from the
Q-neuroblast). To observe GABA vesicle distribution defects,
unc-32(e189) or pnm-1(t1550) hermaphrodites were crossed
with lin-15(n765ts) X juIs1 males to generate lin-15(n765ts)
X juIs1;unc-32(e189) or lin-15(n765ts) X juIs1;pnm-1(t1550)
animals, respectively. All animals were mounted in 3 mM

levamisole on 2% agarose pads for observation with a Nikon
Eclipse E800 epifluorescence microscope equipped with DIC
optics and Endow GFP HYQ and UV-2E/C DAPI filter
cubes (Chroma, Inc.). Analysis was performed at 600–
1000� magnification.

Behavioral assays

Convulsion assays were performed by adding 1–10 mg/ml
(PTZ) (Sigma) to NGM plates. Drug plates were then
seeded with a concentrated stock of OP50 bacteria. Worms
were placed onto the drug plates and observed for a period
of 30 min. Worms were scored positive for convulsions if
they demonstrated repetitive body contractions (‘tonic–
clonic’ convulsions). Animals in this broader class of contrac-
tions were subdivided into head-bobbing only, characterized
by anterior contractions with posterior immobilization, or as
full body contractions, wherein simultaneous contraction of
both the anterior and posterior occurred. If animals appeared
overtly rigid but still viable (by virtue of pharyngeal activity),
and did not respond to touch stimulus following gentle prod-
ding with either a platinum wire or eyebrow hair, they were
deemed ‘tonic’. As discussed, this latter class of animals
was exclusively observed in some of the dhc-1 (RNAi) experi-
ments. In total, 50 worms of each strain were observed at each
concentration of PTZ, unless noted otherwise.

Muscimol paralysis assays were performed as previously
described (45) with the following modifications: worms
were observed for pharyngeal pumping immediately following
placement upon NGM plates seeded with concentrated OP50
containing muscimol (Sigma) at a concentration of 3 mM. If
the pharynx continued to pump for 1 h, worms were scored
as unresponsive to muscimol; worms responding within the
first hour (i.e. no pharyngeal pumping) were scored as respon-
sive to muscimol. A total of 20 worms for each strain were
observed.

Digital videos of convulsions

Worms were exposed to 10 mg/ml PTZ for 15 min and then
examined under a Zeiss M2 Bio-Quad stereomicroscope. Con-
vulsions were recorded for 20 s using a Q Imaging Retiga Exi
digital video camera at 25 frames/s. The captured images
were saved onto an Intel Pentium RAID computer using
Northern Eclipse software (Empix Imaging, Mississauga,
Ontario). Streaming videos were subsequently converted to
QuickTime format at 25 frames/s.

RNA interference

RNA interference by bacterial feeding was performed using
standard procedures with minor modifications (60). HT115
(DE3) cells transformed with the L4440 vector containing
dhc-1 sequence (T21E12.4) were inoculated overnight in
LB þ 100 mg/ml ampicillin. Overnight cultures were plated
onto NGM plates containing 100 mg/ml ampicillin and
0.25 mM IPTG. The following day, dauer larvae were placed
onto the plates. Young adult offspring of these animals were
analyzed for convulsions (N2 animals) muscimol response
(N2 animals) or GFP expression using the following marked
strains: lin-15(n765ts) oxIs12 X (unc-47::GFP) or lin-
15(n765ts) X juIs1(unc-25::SNB::GFP).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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