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Although recent studies have provided significant molecular insights into the establishment of neuronal
polarity in vitro, evidence is lacking on the corresponding phenomena in vivo, including correct localization of
synaptic components and the importance of this process for function of the nervous system as a whole. RIA
interneurons act as a pivotal component of the neural circuit for thermotaxis behavior in the nematode
Caenorhabditis elegans and provide a suitable model to investigate these issues, having a neurite clearly
divided into pre- and post-synaptic regions. In a screen for thermotaxis mutants, we identified the gene ttx-7,
which encodes myo-inositol monophosphatase (IMPase), an inositol-producing enzyme regarded as a bipolar
disorder-relevant molecule for its lithium sensitivity. Here we show that mutations in ttx-7 cause defects in
thermotaxis behavior and localization of synaptic proteins in RIA neurons in vivo. Both behavioral and
localization defects in ttx-7 mutants were rescued by expression of IMPase in adults and by inositol
application, and the same defects were mimicked by lithium treatment in wild-type animals. These results
suggest that IMPase is required in central interneurons of the mature nervous system for correct localization
of synaptic components and thus for normal behavior.
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Neurons are the most highly polarized animal cell type
and are composed of several subcellular compartments,
including axons, dendrites, and cell bodies, each of
which has its own molecular and physiological charac-
teristics. How these polarized compartments are estab-
lished has been extensively investigated using cultured
hippocampal neurons as a model system (Dotti and
Banker 1987; Dotti et al. 1988). Recent studies have dem-
onstrated that GSK-3� and small GTPase-mediated sig-
naling pathways are critical in assigning axonal fate to
the immature neurite in hippocampal neurons (Arimura
and Kaibuchi 2005; Jiang et al. 2005). The established
axonal compartment is physically separated from the
cell body by a molecular diffusional barrier, which is at

least partly responsible for maintaining the distinct char-
acter of these two compartments (Nakada et al. 2003).
However, it remains to be determined whether these
mechanisms are common to all neuronal types or other
mechanisms exist as well. Furthermore, to understand
the physiological importance of polarization and conse-
quent subcellular heterogeneity such as localization of
synaptic proteins, it is essential to evaluate how these
subcellular phenomena in vivo correlate with the func-
tion of neurons and the nervous system as a whole.

The nematode Caenorhabditis elegans has a simple
nervous system that consists of 302 neurons, the synap-
tic connectivity of which has been described in its en-
tirety by electron microscopy (White et al. 1986). Al-
though C. elegans neurons are less complex than those
in vertebrates, many are similarly bipolar and have dis-
tinctive axons and dendrites, whose polarization mecha-
nisms have recently begun to be clarified using genetics
(Crump et al. 2001; Hallam et al. 2002). Other neurons
are in a primitive unipolar form with a single neurite
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that is both pre- and post-synaptic to its neighbors.
Among these unipolar neurons, most of which have in-
termixed pre- and post-synaptic specializations within
the neurite, RIA interneurons have the notable feature of
a distinctive distal presynaptic region and proximal post-
synaptic region within a single neurite (Fig. 3B, below;
Supplementary Fig. S1A; White et al. 1986). This nearly
complete separation of pre- and post-synaptic specializa-
tions in RIA neurites, combined with the ease of observ-
ing synapses in specific neurons labeled with fluorescent
fusion proteins of synaptic proteins in C. elegans (Rongo
et al. 1998; Nonet 1999; Yeh et al. 2005), provides a
unique opportunity to analyze polarity establishment,
synapse formation, and maintenance in vivo.

One of the major advantages of analyzing synapses in
vivo in C. elegans is the ability to examine, through
observation of behavior, how subcellular events affect
function of the nervous system as a whole. RIA inter-
neurons play an essential role in thermotaxis (TTX) be-
havior, in which C. elegans memorizes the ambient tem-
perature in association with its feeding state and moves
to that temperature when placed on a temperature gra-
dient (Hedgecock and Russell 1975; Mori and Ohshima
1995; Mohri et al. 2005). Previous studies clarified that
thermotaxis is governed by a neural circuit composed of
thermosensory neurons, AFD, unidentified thermosen-
sory neurons (indicated as X in Fig. 2C, below), and in-
terneurons AIY, AIZ, and RIA (Fig. 2C, below; Mori and
Ohshima 1995). It has been proposed that AFD and AIY
neurons promote thermophilic behavior, AIZ neurons
promote cryophilic behavior, and RIA neurons integrate
signals from these upstream neurons. RIA neurons re-
ceive numerous synaptic inputs and emit outputs to
downstream neurons that dominate the movement of
neck muscles, thereby making the RIA neuron one of the
most prominent integrative interneurons (White et al.
1986; Gray et al. 2005).

In this study, we show that TTX-7, the sole C. elegans
ortholog of myo-inositol monophosphatase (IMPase; EC
3.1.3.25), controls localization of both of pre- and post-
synaptic proteins within neurites of RIA interneurons
and regulates sensory behaviors in the mature nervous
system. IMPase is a lithium-sensitive enzyme that con-
verts inositol monophosphates to inositol (Parthasarathy
et al. 1994). IMPase is highly conserved among different
species, including yeast, plants, and human. From its
discovery in rat testis 40 yr ago (Eisenberg 1967), the
structure and enzymatic properties of mammalian
IMPase have been extensively investigated (Atack et al.
1995). Among many tissues expressing IMPase (McAllis-
ter et al. 1992), brain has attracted the most attention as
a functional site of action, because inositol depletion
through IMPase inhibition is proposed to be a possible
underlying mechanism of lithium therapy for bipolar
disorder (Berridge et al. 1989). Although exogenously ap-
plied lithium was reported to reduce the amount of ino-
sitol in rat brain (Allison and Stewart 1971), the relation-
ship between the reduction of inositol and the therapeu-
tic effect of lithium is still inconclusive because the
actual site of lithium action in brain is unknown and

lithium affects molecules other than IMPase (Lenox et
al. 1998; Shaldubina et al. 2001; Jiang et al. 2005). Also,
despite the strong emphasis on the critical role of IMPase
in inositol production, IMPase is dispensable in yeast
(Lopez et al. 1999), and other lithium-insensitive activi-
ties were found to dephosphorylate inositol monophos-
phates in Dictyostelium (Van Dijken et al. 1996). Thus,
the function of IMPase in vivo remains largely unknown.
The present study provides direct evidence that IMPase
plays an important role in behavior and in localization of
both pre- and post-synaptic proteins in RIA neurons, pos-
sibly by positively regulating inositol metabolism.

Results

ttx-7 encodes an ortholog
of myo-inositol monophosphatase

To investigate the mechanisms of thermotaxis behavior,
we conducted a genetic screen for thermotaxis-defective
mutants, from which we isolated a novel mutant ttx-
7(nj40). Genetic mapping followed by transformation
rescue revealed that the gene ttx-7 was identical to the
predicted gene F13G3.5 (Fig. 1A). Analysis of cDNA
clones showed that F13G3.5 encodes two splice isoforms
that we designated ttx-7a and ttx-7b, differing in an al-
ternative fifth exon (Fig. 1B). Because nine of 10 available
cDNA clones encoded ttx-7a, and because the rescuing
activity of ttx-7b was much lower than that of ttx-7a
(data not shown), we concluded that ttx-7a is the major
isoform and thus used only ttx-7a cDNA in this study.

The predicted peptide sequence of TTX-7A showed
45.6% identity to human IMPase 1 over its entire length,
suggesting that TTX-7 is an ortholog of IMPase. Studies
on mammalian IMPases revealed the key amino acid
residues important for the activity of IMPase, which are
all conserved in TTX-7 (Fig. 1C; Atack et al. 1995). The
ttx-7 genomic clone with a substitution in one of the key
residues (D99N in TTX-7, corresponding to D93N in hu-
man IMPA1; Pollack et al. 1993) could not rescue the
thermotaxis defect of ttx-7 mutants, suggesting that
TTX-7 shares common enzymatic properties with its
mammalian counterpart (data not shown). A Blast search
of genes in the C. elegans genome against human
IMPases revealed no other C. elegans gene as highly ho-
mologous to IMPases as TTX-7 (Supplementary Table
S1). These results suggest that TTX-7 is the sole C. el-
egans ortholog of IMPase in contrast to other organisms
that have multiple IMPase homologs (Fig. 1D).

Sequencing the ttx-7(nj40) genome revealed that nj40
is a missense mutation of the conserved glycine residue
whose role is unknown (Fig. 1C). As nj40 might repre-
sent a weak allele, we additionally isolated two deletion
mutants ttx-7(nj50) and ttx-7(nj51) from our mutant
bank created by TMP/UV mutagenesis (Gengyo-Ando
and Mitani 2000; N. Nishio, H. Inada, and I. Mori, un-
publ.). Both of the two deletion mutants are likely null,
because nj50 lacks the first exon, including the initial
methionine, and nj51 lacks the third exon, including
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many of the residues important for enzymatic activity of
IMPase (Fig. 1B,C; Atack et al. 1995). All three mutations
were recessive for the thermotaxis and presynaptic phe-
notypes described below (data not shown; not deter-
mined for other phenotypes). We mainly used nj50 in
this study.

TTX-7/IMPase is expressed strongly in subsets
of neurons

To determine its site of action, we analyzed the expres-
sion pattern of ttx-7 fused with EGFP, which completely
rescued the thermotaxis defects of ttx-7 mutants (Fig.
2A; data not shown). Strong and consistent expression
was observed in a limited number of neurons in the head
and tail and coelomocytes (Fig. 2B). Consistent with this
result, mammalian IMPase is strongly expressed in the
nervous system (McAllister et al. 1992). Weaker and/or
inconsistent expression of TTX-7�EGFP was detected in
nerve cord motor neurons, intestine, and somatic gonad
(Fig. 2B; data not shown). TTX-7�EGFP was diffusely
expressed in the cytoplasm and was not localized to any
specific subcellular compartment. We identified most of
the head neurons expressing ttx-7�EGFP (Fig. 2B), of
which AFD and RIA neurons are components of the ther-
motaxis neural circuit (Fig. 2C).

RIA neurons of ttx-7 mutants have no severe
morphological defects

As TTX-7 was demonstrated to function in RIA neurons
(discussed below), we examined whether RIA neurons
have any cell biological defects. As illustrated in Figure
3A, each of the left/right counterparts of RIA neurons
has its cell body in the lateral ganglia of the head and
sends a single neurite to the nerve ring. We first observed
the overall morphology of RIA neurons by expressing
GFP as a soluble marker using an RIA-specific promoter.
Although swellings and tiny protrusions were observed
more often in ttx-7 mutants than in wild-type animals,
no other severe morphological defect was observed (Fig.
3C). Because the expression level of GFP was similar
between wild-type and ttx-7 animals (Fig. 3C; data not
shown), the regulation of gene expression also appeared
intact in this mutant.

To further characterize general structural features of
RIA neurons, we expressed YFP-GPI, a membrane-an-
chored YFP, in RIA neurons (Rolls et al. 2002). In wild-
type animals, YFP-GPI localized diffusely on the plasma
membrane, and punctate intracellular structures were
visualized in the cell body (Fig. 3C). In neurites, fluores-
cence in the distal region was slightly but significantly
brighter compared with the proximal region, which

Figure 1. Genetic and molecular analyses
of ttx-7. (A) Position of ttx-7 on chromo-
some I. ttx-7 was mapped between two
SNPs. Results of rescue experiments for
ttx-7 mutant thermotaxis defects are indi-
cated as + (rescued) or − (not rescued). The
numbers in parentheses are the fraction of
rescued lines. (B) Two types of cDNA
clones. Exons are boxed, and key residues
are indicated by open triangles (Atack et
al. 1995). Mutation sites of ttx-7 mutants
are illustrated. (C) Comparison of se-
quences of TTX-7A and IMPases in other
species. Black and gray boxes highlight
identical and similar residues, respec-
tively. Black bars below the sequences in-
dicate conserved motifs, and asterisks in-
dicate key residues (Atack et al. 1995). The
aspartate with a white asterisk is the resi-
due whose conversion to asparagine abol-
ished the enzymatic activity of TTX-7 (see
text). Deletions are indicated by gray bars
above the sequences. (D) Phylogenic
analysis of full-length sequences of
IMPase orthologs and two other C. elegans
proteins, ZK430.2 and Y6B3B.5, that have
less similarity to human IMPases than
TTX-7 (Supplementary Table S2). The
dendrogram was generated with ClustalW
and NJplot.
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might reflect localization of YFP-GPI on the membrane
of synaptic vesicles that are abundant in the distal region
(see below; Fig. 3C; Supplementary Fig. S1B). In the ttx-7
mutant RIA cell body, YFP-GPI often localized on inter-
nal membranous structures in addition to the plasma
membrane (Supplementary Fig. S1C). Membrane swell-
ings were more often observed in ttx-7 mutants, as seen
with soluble GFP, but there was no difference in distri-
bution of YFP-GPI in RIA neurites between wild-type
animals and ttx-7 mutants (Fig. 3C; Supplementary Fig.
S1B). These results suggest that ttx-7 mutants have no

severe morphological defects in RIA neurites at light-
microscopic resolution.

Synaptic proteins localize abnormally in RIA neurons
of ttx-7 mutants

As White and colleagues described (White et al. 1986),
RIA neurites have numerous chemical synapses (Supple-
mentary Table S2). Notably, all of the presynaptic spe-
cializations are located in the distal region of the neurite,
whereas most of the post-synaptic specializations are lo-

Figure 2. Expression pattern and cell-autonomous function of TTX-7 in RIA neurons. (A) The ttx-7�EGFP fusion gene. (B) Expression
of ttx-7�EGFP. Anterior is to the left, dorsal is up. (Top panel) Strong fluorescence was observed in head and tail neurons (arrow) and
coelomocytes (arrowhead). Bar, 100 µm. (Bottom left panel) In the head, a limited number of neurons express ttx-7�EGFP. Bar, 5 µm.
(Bottom right panel) Expression in RIA neurons was observed in another focal plane. Bar, 5 µm. Other identified neurons are listed in
the figure. (C) The proposed thermotaxis neural circuit (Mori and Ohshima 1995). AFD is a major thermosensory neuron, and X is a
putative minor thermosensory neuron. AFD and AIY neurons promote thermophilic behavior (indicated as “T”), and AIZ neurons
promote cryophilic behavior (indicated as “C”). RIA neurons are proposed to integrate these signals. In this circuit, AFD and RIA
express ttx-7 and are colored green. (D) Cell-specific rescue of the thermotaxis defect in ttx-7 mutants by ttx-7a cDNA expression. Bars
show the percentage of animals that moved to the cultivation temperature (20°C). osm-6p induces expression in many sensory
neurons. Compared with naïve ttx-7 mutants, only transgenic strains with RIAp�ttx-7a showed improved thermotaxis (Dunnett’s
multiple comparison test; n = 3 or more assays). (E) Genetic epistasis of ttx-7 and tax-6 mutants in thermotaxis. Note that the bars
indicate the percentage of thermophilic animals. The ttx-7 mutation suppressed the thermophilic behavior of tax-6 mutants, but the
double mutants were still more thermophilic than ttx-7 mutants (Dunnett’s multiple comparison test; n = 4 or more assays). (F)
Cell-specific rescue of the SNB-1 localization defect in ttx-7 mutants. Localization indexes were calculated as shown in Figure 3B and
Materials and Methods. The localization was rescued not with AIYp�ttx-7a but with RIAp�ttx-7a (Steel’s multiple comparison test;
n = 10 animals).
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cated in the proximal region; these two regions are con-
nected by an isthmus-like structure devoid of synapses
(Fig. 3B,C; for ventral view, Supplementary Fig. S1A).
Thus, the apparent monopolar neurite of the RIA neuron
is in fact bipolar in terms of the separation of distal pre-
synaptic and proximal post-synaptic regions within it.

To gain insight into the intracellular state of RIA neu-
rons, we observed localization of synaptic proteins by
expressing them as fluorescent protein-tagged fusions
using an RIA-specific promoter.

We observed the localization of SNB-1, the synaptic
vesicle protein synaptobrevin, in RIA neurons. In wild-

Figure 3. Synaptic defects in RIA neurons. (A) Schematic drawing of the head region. Colored circles and lines represent cell bodies
and neurites of RIA neurons, respectively. Left (green) and right (magenta) counterparts, whose neurites overlap in their distal regions,
are illustrated. Anterior is to the left, dorsal is up. (B) Schematic drawing of synapse distribution in an RIA neuron (White et al. 1986),
and calculation of the localization index. Presynapses and post-synapses are indicated in green and magenta, respectively. Fluorescence
intensity in regions A (distal neurite) and B (isthmus and proximal neurite) are measured and used to calculate the localization index
with the formula described in Materials and Methods. A single RIA neuron is illustrated for simplicity. (C) Fluorescence images of RIA
neurons in wild-type and ttx-7 animals. (First row) RIA neurons expressing soluble GFP. In ttx-7 mutants, minor swellings in the
neurite were observed more often than in wild type (arrowhead). (Second row) RIA neurons expressing YFP-GPI. (Third row) RIA
neurons expressing SNB-1�VENUS. (Fourth row) RIA neurons expressing GFP�SYD-2. (Fifth row) RIA neurons expressing GLR-
1�GFP. Bar, 5 µm. (D) Localization indexes of SNB-1�VENUS. ttx-7 mutants showed a lower index than wild-type animals (Mann-
Whitney U-test; n = 11 for wild type, n = 10 for ttx-7). (E) Localization indexes of GFP�SYD-2 are also lower in ttx-7 mutants than in
wild-type animals (Mann-Whitney U-test) (n = 20 animals). (F) Localization of SNB-1�ECFP (left) and GFP�SYD-2 (middle) in ttx-7
mutants were simultaneously visualized. (Right panel) Both were often observed to accumulate in the distal end of the post-synaptic
region (arrowhead). Dorsal is up, anterior is to the left. Bar, 5 µm.
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type animals, SNB-1 tagged with VENUS localized ex-
clusively in the presynaptic region and appeared punc-
tate, implying that SNB-1 correctly localized on presyn-
aptic vesicles. In contrast, SNB-1 mislocalized over the
entire length of the neurite in ttx-7 mutants (Fig. 3C;
Supplementary Fig. S1E). When quantified as shown in
Figure 3B, the localization index for SNB-1 fluorescence
distribution differed significantly between wild-type and
ttx-7 animals (Fig. 3D). In contrast, the localization in-
dex calculated by the same formula using the fluores-
cence intensity of soluble GFP was similar between
wild-type and mutant animals, excluding the possibility
that neurite volume itself changed in ttx-7 mutants
(Supplementary Fig. S1B). Similar control experiments
were performed using soluble GFP in subsequent local-
ization measurements (see below; Supplementary Fig.
S1B), and no significant changes were detected. Because
different synaptic vesicle proteins are in some cases
transported via alternate mechanisms (Nonet et al.
1999), we examined the localization of another synaptic
vesicle protein, SNG-1/synaptogyrin, tagged with GFP.
SNG-1 mislocalized in the same way as SNB-1 in ttx-7
mutants (Supplementary Fig. S1D). These results suggest
that ttx-7 mutants have general defects in localization of
synaptic vesicle proteins.

Mislocalization of synaptic vesicle proteins implies
that a more fundamental process may be defective in
ttx-7 mutants. To verify this hypothesis, presynaptic ac-
tive zones were observed with two additional GFP-
tagged proteins: SYD-2, the active zone protein �-liprin
(Yeh et al. 2005), and highwire/PAM encoded by rpm-1,
a periactive zone protein that regulates synaptogenesis
(Zhen et al. 2000). When expressed in RIA neurons of
wild-type animals, SYD-2 localized exclusively to the
presynaptic region and appeared punctate, implicating
localization to presynapses (Fig. 3C). In ttx-7 mutants,
the fluorescence was dimmer in the presynaptic region
and brighter outside of it, resulting in a lower localiza-
tion index than in wild-type animals (Fig. 3C,E). Like-
wise, RPM-1 tagged with GFP mislocalized outside of
the presynaptic region in ttx-7 mutants, though its fluo-
rescence was too dim to photograph (data not shown).

Finally, we visualized post-synaptic specializations
with GFP-tagged GLR-1, a non-NMDA-type ionotropic
glutamate receptor (Rongo et al. 1998). In contrast to
presynaptic components, GLR-1�GFP expressed in RIA
neurons of wild-type animals localized mainly in the
proximal region of the neurite, which is exclusively post-
synaptic. Dispersed fluorescent spots were observed in
the distal region, which is consistent with the observa-
tion that several post-synapses exist there (Fig. 3C;
White et al. 1986). When expressed in ttx-7 mutants,
GLR-1�GFP mislocalized throughout the neurite, with
considerable fluorescence detected also in the distal,
mainly presynaptic region (Fig. 3C).

In summary, our observations using fluorescence-
tagged synaptic proteins reveal that loss of TTX-7 func-
tion causes mislocalization of synaptic proteins in gen-
eral, without resulting in severe morphological defects
in RIA neurites.

Presynaptic proteins mislocalize randomly
by an unknown mechanism

To determine if the mislocalized synaptic proteins local-
ized randomly or constituted ectopic synaptic specializa-
tions in ttx-7 mutants, we examined whether mislocal-
ized SNB-1 and SYD-2 colocalized in the proximal region
of the neurite. As shown in Figure 3F, ECFP-tagged
SNB-1 mislocalized over the entire proximal region,
whereas GFP-tagged SYD-2 showed scattered distribu-
tion along the neurite with most of the label not colo-
calized with SNB-1 spots. Although they both often ac-
cumulated in the distal end of the proximal region next
to the isthmus (Fig. 3F, arrowhead), we could not deter-
mine whether they colocalized and made ectopic syn-
apses there due to the high density of fluorescent spots.

Because IMPase is known as an inositol-producing en-
zyme and inositol-containing lipids are important regu-
lators of membrane cycling (Cremona and De Camilli
2001), we speculated that synaptic protein localization
defects in ttx-7 mutants are caused by a failure of mem-
brane cycling. Thus, we screened available mutants
whose mutations abolish inositol metabolism, inositol
signaling, or synaptic vesicle cycling, in search for pos-
sible downstream components of TTX-7/IMPase. As
summarized in Supplementary Table S3, some mutants
showed less dramatic SNB-1 mislocalization in RIA neu-
rons than that observed in ttx-7 mutants (Supplementary
Fig. S2A). Of those, the unc-11 mutant, which lacks the
function of the AP180 homolog important for endocyto-
sis (Nonet et al. 1999), showed the most severe mislo-
calization. The appearance of SNB-1 localization in unc-
11 mutants, however, appeared diffuse on the plasma
membrane, which differed from the punctuate appear-
ance in ttx-7 mutants (Fig. 3C; Supplementary Fig. S2A),
suggesting that their actions also differ as supported by
the additive phenotype in unc-11 ttx-7 double mutants
(Supplementary Fig. S2A). The supposition that localiza-
tion defects in ttx-7 mutants are not simply caused by
endocytosis defects was further supported by the differ-
ent appearance of wild-type SNB-1 localization in ttx-7
mutants compared with that of the endocytosis-defec-
tive mutant SNB-1 (M38A) in wild-type animals, which
is known to localize on the plasma membrane (Supple-
mentary Fig. S2B; Grote and Kelly 1996). These results
suggest that synaptic components mislocalized ran-
domly in RIA neurons of ttx-7 mutants and that the
cause of the defects cannot be explained simply by a
single disruption of known vesicle cycling or inositol
metabolism steps.

ttx-7 mutants show severe defects
in sensory behaviors

To characterize behavior in ttx-7 mutants, we conducted
several sensory and other behavioral assays. In the ther-
motaxis assay, wild-type animals cultivated at 20°C
moved normally to the cultivation temperature. In con-
trast, ttx-7(nj40), ttx-7(nj50), and ttx-7(nj51) mutants
showed a severe athermotactic defect (Fig. 4A,B). ttx-7

IMPase regulates synapses and behavior

GENES & DEVELOPMENT 3301



mutants showed similar athermotactic defects when
cultivated at other temperatures, which indicates that
ttx-7 mutants have athermotactic defects that are
mostly independent of the cultivation temperature
(Supplementary Fig. S3A). ttx-7(nj50) and ttx-7(nj51) were
more defective in chemotaxis than ttx-7(nj40) mutants
(Fig. 4C,D), suggesting that nj40 is a hypomorphic allele.

As ttx-7 is expressed in motor neurons (Fig. 2B), we
conducted assays to examine the motor activity of ttx-7
mutants. First, we counted body bends per minute and
found that ttx-7 mutants showed a tendency to bend less
frequently than wild-type animals, but the difference did
not reach statistical significance (Fig. 4E). In another as-
say, we cultivated animals on plates containing the ace-
tylcholinesterase inhibitor aldicarb and counted the per-
centage of animals that became paralyzed (Fig. 4F). We
could not find any difference in sensitivity to aldicarb
between wild-type and mutants, consistent with the re-
ported result with RNA interference (RNAi)-treated ani-
mals (Sieburth et al. 2005). These results show that mo-
tor activity in ttx-7 mutants is largely intact.

The inositol trisphosphate (IP3) receptor plays an im-

portant role in defecation and egg laying behavior in C.
elegans (Dal Santo et al. 1999). Because IMPase has been
regarded as a key enzyme in inositol production and the
IP3 receptor is activated by the inositol-derivative IP3,
we examined whether ttx-7 mutants showed defects in
these behaviors. Unexpectedly, ttx-7 mutants showed
only slightly reduced brood size (243.2 ± 11.3 [SEM];
n = 10) compared with wild-type animals (279.3 ± 8.2
[SEM]; n = 12) (p < 0.05, Mann-Whitney’s U-test) and had
similar defecation cycles: 45.4 ± 0.93 (SEM) sec (n = 5) for
wild-type and 44.7 ± 0.69 (SEM) sec (n = 5) for ttx-7(nj50)
animals (Student’s t-test). These results stand in contrast
to the severe phenotypes reported for IP3 signaling mu-
tants (Dal Santo et al. 1999), and suggest that loss of
TTX-7/IMPase has little effect on many aspects of ino-
sitol signaling in C. elegans, significantly impacting only
specific functions such as sensory behaviors.

TTX-7 acts cell autonomously in RIA interneurons

To determine in which cell type TTX-7 acts for synaptic
protein localization and thermotaxis behavior, we con-

Figure 4. Behavioral defects in ttx-7 mutants. (A) Thermotaxis tracks of naïve wild-type, RIA-killed wild-type, and ttx-7 animals after
cultivation at 20°C. A radial thermal gradient was established on the assay plates, which was 17°C at the center and 25°C at the
periphery. (B) Thermotaxis assay. Bars indicate the percentage of animals that moved to the cultivation temperature, 20°C, on the
assay plates (n � 4 assays). Dunnett’s multiple comparison test was performed. (C) Chemotaxis to the soluble attractant NaCl. (+)
Strong attraction; (+/−) moderate attraction; (−) no attraction. No difference between wild type and ttx-7 mutants was observed. n = 60
animals. (D) Chemotaxis to volatile attractants. Bars show the chemotaxis index indicating the extent of attraction, which did not
differ significantly between wild type and ttx-7. n = 3 or more assays. (E) Bend counts per minute did not differ significantly between
wild type and ttx-7 (Mann-Whitney U-test; n = 10 animals). (F) Sensitivity to aldicarb (1 mM). The graph shows the percentage of
animals paralyzed at the time indicated. The EC50 values calculated with Origin software did not differ significantly between
wild-type and ttx-7 animals (Student’s t-test; n = 3 assays, 25 animals assayed per strain).
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ducted cell-specific rescue experiments of ttx-7 mutants
by introducing ttx-7a cDNA driven by cell-specific pro-
moters. As shown in Figure 2D, expression of ttx-7a
cDNA in RIA neurons rescued the thermotaxis defect of
ttx-7 mutants. Although the rescue was not complete in
these transgenic animals, we could not find any other
neurons in which expression of ttx-7a cDNA addition-
ally improved thermotaxis behavior. RIA-specific ex-
pression of ttx-7a cDNA also rescued SNB-1 mislocal-
ization in RIA neurons (Fig. 2F). These results suggest
that TTX-7 acts cell autonomously in RIA neurons for
both synaptic protein localization and thermotaxis.

To elucidate to what extent TTX-7 is essential for RIA
neurons to function normally during thermotaxis, we
compared the thermotaxis defect of ttx-7 mutants with
that of RIA-killed wild-type animals and found that
their thermotaxis phenotypes highly resembled one an-
other (Fig. 4A; Supplementary Fig. S3B; Mori and Ohs-
hima 1995). This result further supports our conclusion
that TTX-7 acts in RIA neurons and suggests that the
function of RIA neurons is strongly abolished in ttx-7
mutants.

If RIA neurons are indeed pivotal integrative compo-
nents in the thermotaxis neural circuit as proposed (Fig.
2C; Mori and Ohshima 1995), then disruption of RIA
function should eliminate any signaling from upstream

neurons. To test this hypothesis, we used the ttx-7 mu-
tation as a tool to ablate RIA neurons genetically. In
tax-6 mutants, AFD neurons are hyperactivated and send
activated signals downstream to induce thermophilic be-
havior (Kuhara et al. 2002). The double mutants ttx-7;
tax-6 showed athermotactic behavior similar to ttx-7
single mutants, demonstrating that genetic ablation of
RIA neurons strongly suppresses a hyperactivated signal
from upstream thermosensory neurons, which supports
the proposed thermotaxis neural circuit (Fig. 2E).

TTX-7 is required in the mature nervous system

To specify when TTX-7 functions, we induced expres-
sion of ttx-7a cDNA in ttx-7 mutants at specific devel-
opmental stages using the heat-shock promoter and ob-
served the phenotypes of treated animals at adult stages.
Little rescue of thermotaxis defects was observed when
heat shock was applied at or before larval stages. In con-
trast, heat shock in the adult stage rescued the thermo-
taxis defect (Fig. 5A,B). Heat shock at adult stages could
also rescue SNB-1 and SYD-2 localization defects (Fig.
5A,C,D). These results suggest that adult-stage-re-
stricted expression of ttx-7 is sufficient for its function
and that a large portion of the defects in ttx-7 mutants is
not developmentally irreversible. In addition, when ani-

Figure 5. Rescue of defects by adult-stage-specific expression of ttx-7. (A) Thermotaxis tracks and synaptic protein localization in
ttx-7 mutants with transgene hsp16-2p�ttx-7a cDNA. Animals had not been (no hs) or had been (hs at adult) exposed to heat shock
at the adult stage. (B) Heat-shock rescue of thermotaxis. ttx-7 mutants with the transgene were exposed to heat shock at the stages
indicated and were assayed as adults. ttx-7 mutants without the transgene were not rescued by heat shock (data not shown) (Dunnett’s
multiple comparison test; n = 3 assays). (C) Localization indexes of SNB-1�VENUS in heat-shock experiments. TTX-7 expression in
adult stages rescued SNB-1 localization, although the index of rescued animals was still lower than that of wild-type animals (Steel’s
multiple comparison test; n = 10 animals). (D) Localization indexes of GFP�SYD-2 in heat-shock experiments. TTX-7 expression at
the adult stage rescued SYD-2 localization in ttx-7 mutants (Steel’s multiple comparison test; n = 10–20 animals).
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mals were heat-shocked for various periods, there was a
positive correlation between the extent of rescue of lo-
calization and behavioral phenotypes (Supplementary
Fig. S4A–C), indicating a close relationship between syn-
aptic protein localization and behavior.

Inositol rescues defects in ttx-7 mutants

Because IMPase is an inositol-producing enzyme, inosi-
tol shortage caused by loss of TTX-7/IMPase might ac-
count for the defects in ttx-7 mutants. After ttx-7 mu-
tants were grown from birth in the presence of inositol,
both thermotaxis and localization defects were signifi-
cantly rescued (Fig. 6A–D). The rescuing activity was
specific to inositol, because the other monosaccharides
of the same atomic composition did not rescue the de-
fects. Furthermore, applying inositol only in adult stages
rescued the defects (Fig. 6B–D), which is consistent with
the result of the heat-shock-induced rescue experiments.
These results suggest that TTX-7 is required to supply
inositol, which also indicates that TTX-7 actually acts as
an inositol-producing IMPase in vivo. We also found that
galactose delayed the development of ttx-7 mutants, but
not of wild-type animals, which might suggest that

IMPase also acts in galactose metabolism (Parthasarathy
et al. 1997).

The IMPase inhibitor lithium reversibly mimics
TTX-7 disruption

We next investigated whether exogenous application of
lithium chloride (LiCl), a potent inhibitor of IMPase in
vitro, to wild-type animals could mimic the loss of TTX-
7. Although cultivation with LiCl from birth often
caused concentration-dependent developmental retarda-
tion and partial movement defects (data not shown), in
the behavioral assays shown here we used treated ani-
mals that grew and moved normally. As shown in Figure
7A and Supplementary Fig. S5D–F, cultivation with 15
mM LiCl from birth caused thermotaxis and synaptic
localization defects in wild-type animals, similar to ttx-7
mutants. Thus, treatment with LiCl from birth com-
pletely mimicked the phenotypes of ttx-7 mutants.

To determine whether adult-stage-specific inhibition
of TTX-7 is enough to mimic the disruption of ttx-7, we
applied LiCl to adult wild-type animals. After overnight
cultivation in 15 mM LiCl, adult wild-type animals
showed as severe thermotaxis defect as ttx-7 mutants

Figure 6. Effects of exogenously applied inositol. (A) Thermotaxis tracks and protein localization in RIA neurons of ttx-7 mutants
grown from birth with sorbitol or inositol. (B) Effects of inositol and other monosaccharides on thermotaxis behavior of ttx-7 mutant
animals. “Inositol at adult” indicates that animals were treated with inositol after they grew to be adults, whereas animals in the other
conditions were cultivated under constant conditions (see text). Although not illustrated for simplicity, the difference between
wild-type and the other groups, and the difference between each of the two right-most treatments and each of sorbitol, glucose, and
galactose treatments, were also significant (p < 0.01, Tukey’s multiple comparison test; n � 3 assays). (C,D) Localization index of
SNB-1�VENUS and GFP�SYD-2 in animals grown with monosaccharides. Inositol application in the adult stage rescued the indexes
of ttx-7 mutants, which were still lower than that of wild-type animals (Steel-Dwass multiple comparison test; n = 10 or more
animals).
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(Fig. 7A,E; Supplementary Fig. S5G). Although the same
treatment did not cause as severe localization defects as
observed in ttx-7 mutants, the effects were clearly ob-
served: Overnight LiCl reduced the amount of SYD-2 in
the presynaptic region (2804 ± 327 [SEM] A.U. for un-
treated animals and 899 ± 129 [SEM] A.U. for LiCl-
treated animals, p < 0.01, Mann-Whitney U-test) (Fig.

7A), and in a portion of the treated animals caused mis-
localization of SNB-1 similar to that observed in ttx-7
mutants (29.1 ± 2.46% for treated and 0% for untreated
animals) (Fig. 7A). Thus, application of LiCl to adults
mimicked the effects of ttx-7 disruption partially but
significantly for synaptic localization and completely for
thermotaxis. Intriguingly, the disrupted behavior and lo-

Figure 7. Effects of exogenously applied LiCl. (A) LiCl reversibly disrupts thermotaxis and protein localization. (First row) Thermo-
taxis. (Second row) SNB-1 localization. (Third row) SYD-2 localization. In each row, wild-type animals that were cultivated without
LiCl, (first column) with LiCl from birth (second column), and with LiCl overnight after cultivation without LiCl to adulthood (third
column) are shown. (Fourth column) The individuals shown in the third column were cultivated one more day without LiCl and
observed again. For quantification for the experiments shown in the second column, see Supplementary Figure S5D–F. (B–D) Overnight
LiCl-induced defects are reversible. Filled circles and filled triangles indicate naïve and continuously LiCl-treated wild-type animals,
respectively. Open circles indicate the animals that had been cultivated overnight with LiCl until the first observation on day 1 and
thereafter cultivated without LiCl until the second observation on day 2. Statistical analyses were performed on the data for day 2 with
Tukey’s (B) or Steel-Dwass (C,D) multiple comparison test. (B) Thermotaxis (n = 3 assays). (C) SNB-1 localization index (n = 10
animals). (D) Fluorescence intensity of GFP�SYD-2 in the distal region of the neurite. The localization index could not be used in this
condition because of the poor S/N ratio due to low fluorescence intensity in LiCl-treated animals (n = 10 animals). (E) Effects of
overexpressing ttx-7 on thermotaxis behavior in adult animals after overnight LiCl treatment. Tukey’s multiple comparison test was
performed (n � 6 assays). (F) Effects of inositol and other monosaccharides on thermotaxis behavior in adult animals after overnight
LiCl treatment. Tukey’s multiple comparison test was performed (n = 4 assays). (G) A model for TTX-7 function. In RIA neurons, the
lithium-sensitive enzyme TTX-7/IMPase produces inositol. A supply of inositol is necessary for regulating localization of synaptic
components and possibly other cellular functions in mature RIA neurons that together enable the neurons to function as major
integrative interneurons for C. elegans behavior.
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calization recovered considerably after removal of LiCl
from the cultivation media (Fig. 7B–D). These results
suggest that inhibition of TTX-7/IMPase by lithium in
the adult stage causes reversible defects in protein local-
ization and behavior similar to those seen in ttx-7 mu-
tants, which further supports the hypothesis that these
defects are not of irreversible developmental origin.

Lithium chloride exerts its effects by inhibiting TTX-7
in RIA

We next hypothesized that, if LiCl exerts its effects by
inhibiting TTX-7, antagonistic treatments should re-
verse the effects. Thus, we conducted the following ex-
periments using overnight LiCl treatment of adult ani-
mals to investigate the effects on the mature nervous
system. First, we asked whether overexpression of ttx-7
could confer LiCl resistance in wild-type animals. As
shown in Figure 7E and Supplementary Figure S5H, wild-
type animals overexpressing the ttx-7 genomic clone
showed almost normal thermotaxis even after LiCl treat-
ment. In addition, overexpression of ttx-7a cDNA spe-
cifically in RIA neurons conferred weaker but significant
LiCl resistance, which was abolished by increasing the
LiCl concentration in the cultivation media (Supplemen-
tary Fig. S5I). These results indicate that LiCl exhibits its
effect by inhibiting TTX-7 in RIA neurons.

Given the above result, LiCl might cause inositol
depletion as well. After being grown with inositol or
other monosaccharides to adulthood, wild-type animals
were treated overnight with LiCl before the thermotaxis
assay. Despite LiCl treatment, the animals grown with
inositol showed improved performance (Fig. 7F; Supple-
mentary Fig. S5H). Although sorbitol also improved ther-
motaxis behavior, this effect was weaker than that of
inositol. These results suggest that LiCl affects thermo-
taxis by inositol depletion. The weaker effect of sorbitol
might derive from incomplete inhibition of TTX-7/
IMPase by LiCl, which would allow synthesis of inositol
from the large amount of sorbitol administered.

Because both ttx-7 overexpression in RIA neurons and
exogenous inositol conferred LiCl resistance, it is con-
ceivable that LiCl perturbs thermotaxis by preventing
TTX-7/IMPase from producing inositol in RIA neurons,
which is also important for synaptic protein localization
(Fig. 7G). Although LiCl reportedly perturbs neuronal po-
larity in hippocampal neurons by inhibiting GSK-3�, an-
other molecule known for its LiCl sensitivity (Jiang et al.
2005), localization of SNB-1 was intact in RIA neurons of
gsk-3 (tm2223) mutants (Supplementary Fig. S2A). This
excludes the possibility that GSK-3 is the target of LiCl
in the process of SNB-1 mislocalization in RIA neurons
of C. elegans.

Discussion

Loss of TTX-7/IMPase causes specific defects
in RIA interneurons

Although ttx-7 mutants are healthy and reproduce well
with slightly reduced brood size, they exhibit severe de-

fects in sensory behaviors, for which the function of RIA
neurons is essential (Fig. 2). Despite these limited de-
fects, we could isolate ttx-7 mutants by forward genetics
owing to the vulnerability of the thermotaxis system,
which depends on a delicate counterbalance between
thermophilic and cryophilic pathways (Fig. 2C). The dis-
pensable nature of TTX-7/IMPase is consistent with the
lack of a phenotype in knockout mutants of IMPases in
yeast (Lopez et al. 1999). In C. elegans, the regulation of
inositol trisphosphate signaling is essential for ovulation
and defecation (Clandinin et al. 1998; Dal Santo et al.
1999). The mild or absent phenotype of these traits in
ttx-7 mutants indicates that TTX-7/IMPase is not re-
quired for all inositol signaling and that C. elegans may
thus have other inositol-producing enzymes, as is the
case in Dictyostelium (Van Dijken et al. 1996). The sen-
sitivity of the thermotaxis assay system and the func-
tional specificity of TTX-7/IMPase together make C. el-
egans a unique tool to investigate the function of IMPase
in vivo.

In contrast to the severe synaptic localization defects
in RIA neurons of ttx-7 mutants and LiCl-treated wild-
type animals, we could not find any significant mislo-
calization of synaptic proteins in other neurons (Supple-
mentary Fig. S6). The lack of localization defects in neu-
rons in general is consistent with the previous report
that knockdown of TTX-7 using RNAi produced no de-
tectable defects in function of the entire nervous system,
especially of the neuromuscular junction (Sieburth et al.
2005). The reason for the RIA-specific defects may be
ascribed to the properties of RIA neurons, one of the
most notable of which is the large number of chemical
synapses. Indeed, RIA neurons have the largest number
of chemical synapses in the C. elegans nervous system
except for synapses in nerve cords, which mainly consist
of synapses dedicated to direct control of body move-
ment (Supplementary Table S2; White et al. 1986; Oshio
et al. 2003). These numerous synapses might in some
way confer upon RIA neurons a stronger dependence on
TTX-7/IMPase. For example, high levels of total synaptic
activity might cause an accelerated consumption of ino-
sitol. Indeed, it has been proposed that the effect of
lithium on IMPase can be pronounced in neurons with
high activity, because the uncompetitive mode of
lithium inhibition of IMPase results in increasing inhi-
bition proportional to the activity of the cell (Berridge et
al. 1989). A large number of synapses can also confer
lithium sensitivity by other mechanisms such as activ-
ity-promoted accumulation of lithium in the neuron
(Kabakov et al. 1998). RIA neurons express at least three
types of non-NMDA-type ionotropic glutamate recep-
tors, of which GLR-3 and GLR-6 are expressed exclu-
sively in RIA neurons (Brockie et al. 2001). Because non-
NMDA receptors conduct lithium as well as sodium
(Kabakov et al. 1998), it is possible that a large number of
synapses containing many glutamate receptors promote
lithium uptake, resulting in a higher concentration of
lithium in RIA neurons than in other neurons, similar to
the uneven accumulation of lithium in mouse brain
(Thellier et al. 1980). Given that C. elegans probably has
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inositol-producing enzymes other than TTX-7/IMPase as
discussed above, dependence of each neuronal subtype
on a different enzyme may be an additional reason for
the IMPase-dependence of RIA neurons.

TTX-7/IMPase produces inositol to regulate
the localization of synaptic components in the mature
nervous system

Our present work shows that one of the physiological
functions of IMPase is to localize synaptic components
in the mature nervous system, at least partially by pro-
ducing inositol. Because inositol-containing lipids are
pivotal regulators of membrane traffic (Cremona and De
Camilli 2001), we suspected that defects in membrane
trafficking caused by inositol depletion might be the rea-
son for protein mislocalization. Thus we screened the
available mutants defective in synaptic membrane cy-
cling or inositol signaling to identify downstream targets
of IMPase, but we did not identify mutants with the
same range and strength of defects seen in ttx-7 mutants
(Supplementary Table S3; Supplementary Fig. S2A). One
of the possible reasons for this negative result is that
several inositol-regulated molecules work in parallel to
serve as downstream effectors of IMPase to regulate pro-
tein localization. If that is the case, mutations in mul-
tiple genes may result in the same defects as in ttx-7
mutants, but this is difficult to prove because of the
enormous number of possible combinations of muta-
tions, which is one of the most serious problems in cur-
rent biology. It is also possible that molecules not related
to inositol signaling or membrane cycling are involved in
the physiological condition, because inositol is not the
sole substrate of IMPase (Parthasarathy et al. 1997).

What is the underlying mechanism of mislocalization?
The most fundamental question is whether pre- and
post-synaptic regions are correctly differentiated, or po-
larized, in RIA neurites of ttx-7 mutants. In the C. el-
egans nervous system, the PAR-related kinase SAD-1
and PDZ domain protein SYD-1 have been reported to
act in neuronal polarization (Crump et al. 2001; Hallam
et al. 2002). Because ttx-7, sad-1, and syd-1 mutants each
showed different SNB-1 localization in RIA neurites (Fig.
3C; Supplementary Fig. S2A), the three proteins TTX-7,
SAD-1, and SYD-1 should act differently in the polariza-
tion process of RIA neurons. Because SNB-1 and SYD-2
did localize to some extent to the correct location (Fig.
3C) and did not make ectopic presynapses in the proxi-
mal region in RIA neurites of ttx-7 mutants (Fig. 3F), the
polarity in RIA neurites seems at least partially intact.
However, these results do not prove that RIA neurites in
ttx-7 mutants have completely intact polarity because
ttx-7 mutants showed more severe localization defects
in RIA neurites than sad-1 and syd-1 mutants, which
should have neuronal polarization defects. As mentioned
above, RIA neurites are clearly separated into three re-
gions: distal presynaptic, intermediate isthmus, and
proximal post-synaptic regions (Supplementary Fig.
S1A). If physical barriers between these regions prevent
diffusion of proteins, as in hippocampal neurons (Nakada

et al. 2003), disruption of the barriers can be another
possible cause of the localization defects.

All the synaptic proteins examined in this study, in-
cluding both pre- and post-synaptic components, mislo-
calized in RIA neurons of ttx-7 mutants. Although this
means that RIA neurons of the mutants have more than
simple defects like failure to transport specific types of
packets, several lines of evidence imply that the funda-
mental properties of RIA neurons are correctly estab-
lished and the transportation system in general is not
disrupted. First, RIA neurons of ttx-7 mutants are mor-
phologically intact overall, which means that molecules
necessary for general development and maintenance of
cell integrity must be normally transported and function
properly. Second, localization defects in adult ttx-7 mu-
tants can be rescued by transient expression of ttx-7 (Fig.
5), and defects in wild-type animals treated with lithium
can be reversed after lithium removal (Fig. 7A–D). These
findings suggest that despite mislocalization of many
synaptic components, certain cues remain that indicate
the correct position of synapses in RIA neurites. The
cues may or may not reside in RIA neurons themselves
because RIA neurites appeared correctly positioned and
could likely communicate with their synaptic partners.
Although an electron microscopic (EM) study of ultra-
structure in RIA neurons would provide crucial mecha-
nistic insights about mislocalization, observing a spe-
cific neuron in vivo under EM is technically challenging.

In this study, we showed that in RIA neurons—one of
the most pivotal interneurons in the C. elegans nervous
system—IMPase plays an important role in regulating
localization of both pre- and post-synaptic proteins,
which may correlate with behavior. As there have not
been previous reports that loss of IMPase causes detect-
able phenotypes, analysis of ttx-7 mutants provides valu-
able information about IMPase function, especially from
the aspect of participation of inositol derivatives in syn-
aptic protein localization. In addition, analysis of ttx-7
mutants and the mechanism of lithium-induced IMPase
inhibition in RIA neurons provides better understanding
of lithium action on the nervous system. From the view-
point of lithium targets, it is interesting that GSK-3�
does not participate in polarity establishment and main-
tenance processes in RIA neurons (Supplementary Fig.
S2A), which differs from observations in hippocampal
neurons (Jiang et al. 2005). These and future findings will
pave the way for clarifying the mechanism of lithium’s
therapeutic effects on human patients by confirming or
rejecting IMPase as one of the most plausible lithium
targets. Future advances in the therapy will be based on
concrete knowledge about IMPase function in vivo,
which until now has been completely lacking.

Materials and methods

Strains and genetics

C. elegans culture was essentially as described by Brenner
(1974). The following strains were used: wild-type Bristol strain
(N2), wild-type Hawaiian strain (CB4856) for mapping with the
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snip-SNPs method (Wicks et al. 2001), IK575 ttx-7(nj40), IK589
ttx-7(nj50), IK591 ttx-7(nj51), IK656 tax-6(db60), CB47 unc-
11(e47), CZ1893 syd-1(ju82), CX5156 sad-1(ky289), gsk-
3(tm2223), and many transgenic strains derived from them. ttx-
7(nj40) was originally isolated from a genetic screen for asso-
ciative-learning-defective mutants (Mohri et al. 2005; I. Mori,
unpubl.). Deletion mutants ttx-7(nj50) and ttx-7(nj51) were iso-
lated by the TMP/UV method (Gengyo-Ando and Mitani 2000)
with a slight modification in that a mercury lamp attached to an
Axioplan2 microscope (Carl Zeiss) was used as the UV source
(N. Nishio, H. Inana, and I. Mori, unpubl.). Absence of intact
ttx-7 was verified by PCR. The isolated ttx-7 mutants were
backcrossed to N2 animals 10 times before the analyses.

Behavioral assays

Animals were grown at 20°C, except for the thermotaxis assay
in which animals were cultivated at 17°C or 25°C (Supplemen-
tary Fig. S3A). The procedure for the thermotaxis assay was as
previously reported (Mori and Ohshima 1995), and 20 animals
were assayed for each condition in each assay. Except for the
assays in Figure 2E and Supplementary Figure S3, the fraction of
animals that moved to the 20°C (cultivation temperature) re-
gion was calculated. Chemotaxis to odorants was assayed as
described by Bargmann et al. (1993), except we used slightly
different medium (2% agar, 1 mM MgSO4, 1 mM CaCl2, 25 mM
potassium phosphate at pH 6). The dilutions of odorants with
ethanol were 1:1000 for diacetyl, 10 mg/mL for pyrazine, 1:100
for isoamyl alcohol, and 1:200 for benzaldehyde. The chemo-
taxis assay to NaCl was as described (Komatsu et al. 1996). The
aldicarb-resistance assay was performed with NGM plates con-
taining 1 mM aldicarb (Wako) as described by Nurrish et al.
(1999). Measurements of brood size and defecation cycle were
performed as described by Dal Santo et al. (1999), and counting
bends was performed as described by Segalat et al. (1995).

Molecular biology

The ttx-7 genomic sequence including 0.5 kb of the promoter
region was amplified from the N2 genome by PCR and cloned to
make pTAN3 (ttx-7�EGFP in Fig. 2A; EGFP amplified from
pEGFP-N1; Takara Bio). ttx-7a cDNA was amplified from
yk808d3 and cloned into pPD49.26 to generate pTAN10. ttx-7a
from pTAN10 was inserted into each promoter construct to
generate specific promoter�ttx-7a plasmids. Specific promoters
are gcy-8p for AFD, odr-1p or str-2p for AWC, ttx-3p for AIY,
and glr-3p or glr-6p for RIA. snb-1 from pSB120.65 (Nonet 1999)
(snb-1�gfp) and venus from yc2.12 (Nagai et al. 2002) were
cloned into pTAN41 (glr-3p�gfp) to obtain pTAN93 (glr-
3p�snb-1�venus). sng-1�gfp from pSY3 (Nonet 1999), rpm-
1�gfp from pCZ161 (Zhen et al. 2000), gfp�syd-2 from pJH23
(Yeh et al. 2005), YFP-GPI (Rolls et al. 2002), and glr-1�gfp from
CR120 (Rongo et al. 1998) were inserted into pTAN41 to make
pTAN70 (glr-3p�sng-1�gfp), pTAN111 (glr-3p�rpm-1�gfp),
pTAN115 (glr-3p�GFP�syd-2), pTAN134 (glr-3p�YFP�GPI),
and pTAN74 (glr-3p�glr-1�gfp), respectively. pTAN135 (glr-
3p�snb-1�ECFP) was created by cloning ECFP from pECFP-N1
(Takara Bio) into pTAN93 in place of VENUS. pTAN117
[glr-3p�snb-1(M38A)�VENUS] and pTAN119 [ttx-
7(D99N)�EGFP] were generated by site-directed mutagenesis of
pTAN93 and pTAN3, respectively, according to published re-
ports (Atack et al. 1995; Grote and Kelly 1996). Details of all
procedures are available upon request.

Transgenic animals

Germline transformation was performed by coinjecting test
DNA (1–50 ng/µL) and an injection marker pKDK66 (ges-

1p�NLS-GFP), ofm-1p�GFP, or pRF4 (rol-6gf) into the gonad
(Mello et al. 1991). Multiple independent transgenic lines were
established for each test DNA. For comparison of phenotypes on
different genetic backgrounds, transgenic arrays were trans-
ferred by intercrossing. Integrated arrays were made by TMP/
UV mutagenesis of the animals with an extrachromosomal ar-
ray. Animals at the L4 larval stage were soaked in M9 buffer
with 0.033 mg/mL trimethylpsoralen (Wako) for 15 min, then
irradiated with 365-nm UV light at 1500 µJ/cm2 using the mer-
cury lamp of an Axioplan2 fluorescence microscope. From their
F2 progenies, putative integrants were selected and confirmed
by briefly mapping the array using the snip-SNPs method.

Observation and quantification of synaptic
molecule localization

Observations were largely performed with an Axioplan2 light
microscope. All of the fluorescence images were taken with a
confocal laser scanning microscope Fluoview FV500 (Olympus)
except for the image in Figure 3F, which was taken with a Fluo-
view FV1000 (Olympus) for scheduling reasons. The localiza-
tion index was calculated from confocal images using ImageJ
software (NIH). For each optical slice, the area and mean fluo-
rescence intensity of background, the presynaptic region (region
A in Fig. 3B), and the rest of the neurite (region B in Fig. 3B) were
measured. The total intensity in each region for each slice was
calculated by subtracting the mean intensity of background
from that of the region of interest, then multiplying the differ-
ence by its area. Summing these values for all the slices yielded
the “fluorescence” of regions A and B in Figure 3B, from which
we generated the localization index from the formula presented
there. The A.U. for the amount of SYD-2 described in the text
and Figure 7D are equal to the fluorescence intensity of region
A calculated in the same way. The fluorescence intensity in cell
bodies varied widely among individuals irrespective of genotype
and were thus excluded from the calculations. The observations
in the last row of Figure 3C (images of GLR-1�GFP) and Supple-
mentary Figures S1D and S2A were performed on animals with
integrated arrays, and the others were performed on animals
with extrachromosomal arrays.

Application of drugs and heat shock

Drugs were added to cultivation plates. Drugs used were LiCl
(15 mM except in Supplementary Fig. S5G,I; Wako), myo-ino-
sitol (Sigma), sorbitol (Wako), glucose (Wako), and galactose
(Sigma). Sugars were used at 200 mM for the thermotaxis assay
and at 500 mM for synapse observation. Animals were culti-
vated on seeded plates containing drugs for the indicated periods
before the assay. For inositol rescue experiments in Figure 6, all
the animals that were cultivated without inositol were instead
cultivated with sorbitol for equivalent osmolarity. Sorbitol did
not affect any of the localization or thermotaxis phenotypes of
wild-type or ttx-7 animals (Fig. 6B; data not shown). In Figure
7F, glycerol (Wako) was used as the osmolyte instead of sorbitol
because sorbitol affects this assay (Fig. 7F). In heat-shock ex-
periments, animals were cultivated at 30°C for 4 h in the ex-
periments shown in Figure 5, and for the periods indicated in
Supplementary Figure S4.

Statistics

Thermotaxis results and localization indexes were treated as
parametric and nonparametric data, respectively. When the test
methods comparing between only one control group and the
others were applied (Dunnett’s and Steel’s tests), all compari-
sons are indicated with lines regardless of significance. When
other tests were applied, only comparisons with statistical sig-
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nificance are indicated with lines. All of the detected statistical
significances were indicated with one asterisk for p < 0.05 and
two asterisks for p < 0.01. Error bars in all figures are SEM.
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