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Fig. 3. Western blot analyses of DAT, TH, and actin in the forcbrain
of wild-type and knockout mice. a: Images of immunoblotting for
dopaminc transporter (IDAT; upper pancls), tyrosine hydroxylase (TH;
middic pancls), and actin (lower pancls) in wild-type (+/+) and
knockout (KO; —/—) mice. b: Quantitative Western blotting data in
Hosrl wild-type and KO mice (left pancls in a). ¢: Quantitative West-

KO lines. In Hesrl KO mice, DAT mRNA decreased
by 33% compared with the wild type.

DAT and TH Expression: Western Blotting

Western blotting analysis was conducted to investi-
gate protein levels of DAT and TH (Fig. 3). As shown in
Figure 3b,c, there was a slight reduction in DAT and TH
expression in Hesrl but not Hesr2 KO mice compared
with the wild type. However, this difference between
genotypes was not statistically significant.
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crn blotting data in Hesr2 wild-type and KO mice (right pancls in a).
There was no statistically significant difference between wild-type and
KO animals. Values arc means £ SEM. The numbers of mice used
were as follows: Hesr1(+/+), n=35; Hesrl(—/=), n=4; Hesr2(+/
+), n=15; Hesr2(—/=), n=15.

Effect of a Dopamine Agonist on PPI

To determine whether the dopaminergic system was
involved in the enhanced PPI observed in Hesrl KO mice,
we investigated the effects of a dopamine agonist on PPI in
the Hesr] line (Fig. 4), because dopamine hyperactivity has
been postulated as a possible cause of PPI deficits in schizo-
phremc patents (Geyer et al,, 2001). The generalized linear
model test indicated significant effects of dose (saline or 1 or
5 mg/kg of apomorphine) on habituation (x*= 23.69,
P<0.0001), startle response >=127.63, P< 0.0001), and

Habituation ‘Startle response PPI
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g g @ %
- ©
g £ @ © -
E 20 - N - -Pea B EERE N 5w - -
a g. 20 -
g 100 - @ 100 - ‘é 10
Q Sal . 0 - 0

Apo Tmg/kg
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Fig. 4. Effects of the dopamine D1 and D2 receptor agonist apomor-
phinc on PPI in Hesrl KO mice. An individual mouse was injected
with saline (Sal) or 1 or 53 mg/kg pomorphine (Apo) 15 min before
measurement of prepulse inhibition (PPI). Average values of the startle
response in habituation trials (left pancl) and pulsc-only trials (middle
panel) and of PPI (right panel) are presented. The generalized linear
model test indicated significant cffects of drug dose (saline and 1 or 5
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mg/kg of apomorphine) in all panels. An effect of genotype was
detected in only the PPl data. Valucs represent means = SEM.
*P<0.05, KO (=/=) vs. wild-type (+/+) mice (Student’s r~test);
TP<0.05 vs. saline ot the same genotype (Dumnett’s method). The
numbers of animals used were as follows: Hesr1(+/+), n=11;
Hesr1(—/—), n=12.
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PPI (x*= 41.69, P<00001) An effect of genotype was
detected only in PPI (x*= 10.61, P=0.0011). There was
no significant interaction between dose and genotype in any
index (habituation, startle response, and PPI). In the habitua-
tion and pulse-only (startle response) trals, post hoc tests
indicated that the values of the 5 mg/kg apomorphine
condition in wild-type mice were significantly lower than
those of saline in the same genotype (P<0.05). In the
startle response, the value of the 5 mg/kg apomorphine con-
dition in KO mice was significantly Tower than that of saline
in the same genotype (P < 0.05). The PPI value in the saline
group was significantly higher than that of 1 and 5 mg/kg
apomorphine in wild-type mice (P<0.05). On the other
hand, the PPI value of saline was significantly higher than
that of only apomorphine 5 mg/kg i KO mice. Further-
more, when comparing genotypes, the post hoc tests also
revealed that the PPI value of KO mice was higher than that
of wild-type mice only at the 1 mg/kg dose of : apomorphine
(P<0.05).

DISCUSSION
Basic Properties of Hesrl and Hesr2 KO Mice

In the behavioral test battery, no apparent deficit in
motor or spontaneous activity was observed in the novel
cage, home cage, open field, or rota-rod tests (Table I,
'dthough the body weights of both KO mice were signifi-
cantly lower than those of the wild-type mice, and lower
sensitivity to pain in the hotplate test was observed in the
Hesr2 KO mice compared with the wild type. Thus, the
KO mice did not show any difficulties caused by deficits
in motor or spontaneous activity for measurement of

emotional behaviors. .

In our previous study (Fuke et al.,, 2006), Hesrl KO
mice exhibited low spontaneous locomotion (open field
test) and anxiety-like behavior (open field and elevated
plus maze tests). However, in this study, we could not
replicate those data. Possible reasons include that the mice
after weaning were kept in a different facility and were
investigated by a different experimenter. Furthermore,
the mice were back-crossed to C57BL/6] for generations.
The difference in genetic background may be a cause of
the difference in behavioral phenotype in this study com-
pared with previous results. Another possible reason for
this may be differences in the apparatuses. Specifically, the
open field box was wider and the observation time was
shorter. Also, the elevated plus maze floor was 17 cm
higher and the open arm was longer and narrower. Thus,
the conditions were relatively more severe than in previ-
ous studies. The scores of locomotion and time in the
open arm (an indicator of anxiety) in both the wild-type
and the KO mice were too low to detect any differences.
However, when a 24-hr temporal pattern of home cage
activity was analyzed in the Hesrl line (1-hr bin), the
generalized linear model test indicated a significant main
effect of genotype; Hesrl KO miouse activity was rela-
tively lower (see Supp. Info. Fig. 1). Furthermore, when
the generalized linear model test was applied to the tem-
poral data of total distance in the open tfield test and time

in the light area of the light—dark box test (Supp. Info.
Figs. 2, 3), a significant main effect of genotype in the
Hesrl line was “observed. The post hoc tests also indi-
cated a time-point-specific significance between geno-
types: the distance value in Hesrl KO mice was lower
and time in the light area was shorter than in the wild-
type mice at certain time points. These differences in
spontaneous activity and anxiety-like behavior were
slight, but we believe that our previous data were in part
replicated.

Enhanced PPI and Dlﬁenng Sensitivity to
Dopamine Agonist in Hesrl KO Mice

In the presence of prepulse, it is known that the
startle response to strong sensory stimuli is inhibited
compared with the response in the absence of prepulse

(Geyer et al., 2001). That is, the prepulse makes the ani-

mals less reactive to a stimulus applied immediately after
the prepulse. It has also been reported that schizophrenia
patients exhibit lower PPI, suggesting that they may
have deficits in an operational measure of sensorimotor
gating (Geyer et al., 2001). D2 receptor antagonists, one
type of medication used to treat schizophrenia, enhance
PPI, whereas apomorphine, a D1 and D2 receptor ago-
nist, reduces PPI (Geyer et al., 2001). Here, we demon-
strated that PPI was enhanced in Hesrl KO mice (Fig.
1) and that PPI was reduced following apomorphine
injection in a dose-dependent manner, as reported previ-
ously (Geyer et al., 2001). Furthermore, we found that
Hesrl KO mice showed a lower sensitivity to apomor-
phine: Hesrl KO mice required a higher dose of apo-
morphine to reduce PPI compared with the wild type,
without any differences in startle response (Fig. 4). These
findings suggest that the enhanced PPI resulted from
dopaminergic alterations in Hesrl KO mice, particularly
the altered sensitivity to dopamine or an agonist. Thus,
Hesrl is likely involved in the function: of the dopami-
nergic system.

There are, however, confusing results in Figures 1
and 4. A genotype difference of PPI in the Hesrl KO line
was significant in Figure 1, but there was no difference in
the saline condition in Figure 4. We cannot explain these
discrepancies, but prior experience with other behavioral
battery tests or injection stress could affect the results to a
certain extent. Although there was no difference in the
saline’ condition (Fig. 4), PP in the Hesrl KO mice dif-
fered in Figure 1 (t-test), and the generalized linear model
also indicated a genotype difference (Fig. 4). Furthermore,
the value of PPI in Hesrl KO mice was approximately
twofold higher than that of the wild type in the apomor-
phine 1 mg/kg condition, suggesting that Hesrl KO mice

exhibit Lelaavely high PPI at least under specific
conditions.

DAT Expression in KO Mice and Molecular
Contribution of Hesr1 to PPI

Here we demonstrate the involvement of Hesrl in
the sensorimotor gating system, possibly accompanied
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by dopaminergic modulation. As reported from our
previous study (Kanno and Ishiura, 2011), each Hesr
was expressed in dopaminergic neurons throughout the
SN and VTA. This suggests that the HESR family can
influence DAT expression in dopaminergic neurons in
vivo, as observed in our previous culture studies (Kanno
and Ishiura, 2011). In fact, DAT mRNA was signifi-
cantly higher in Hesrl KO than in wild-type mice at
postnatal day O (Fuke et al., 2006). These data seem rea-
sonable, in that our previous studies demonstrated the
inhibitory effect of HESR1 on a DAT reporter gene in
mammalian cell lines (Fuke et al., 2005; Kanno and Ish-
iura, 2011). Additionally, it has been reported that PPI
is lower in DAT KO mice (Geyer et al., 2001). This is
the phenotype opposite to that of the Hesrl KO muce,
and, if the DAT levels are higher in adult Hesrl KO
mice, then the molecular dynamics are correlated with
the phenotype. However, in this study, DAT and TH
proteins, the expression levels of which are thought to
reflect the amounts of dopamine innervation or
enzymatic activity, were comparable between wild-type
and KO mice of both Hesr strains. Moreover, the
DAT mRNA level in adult Hesrl KO mice was
actually lower than in the wild type, contrary to our
expectations.

These results are puzzling, and further investiga-
tions will provide possible explanations. Many environ-
mental and pharmacological manipulations during the
developmental stages have been reported to affect PPI
(Geyer et al., 2001), suggesting that upregulated DAT in
the developmental phase (Fuke et al., 2006) could alter
some of the neuronal substrates that affect PPI. In fact,
HESR family members have been described in develop-
mental signaling (Dahlqvist et al., 2003; Takizawa et al,,
2003; Zavadil et al., 2004) and in the differentiation and
maintenance of the dopaminergic nervous system (Stull
et al.,, 2001; Farkas et al., 2003; Sanchez-Capelo et al.,
2003). Thus, the physiological functions of the HESRs
should be further investigated, focusing on target genes
other than DAT or dopamine-related genes because
many HESR target genes exist (Fischer and Gessler,
2007).

HESRs had not been reported in clinical studies of
psychiatric or developmental disorders, but recent stud-
ies have suggested involvement of HESR1 in such dis-
orders, sometimes interacting with other factors, as
described below. HESR 1 was reportedly upregulated in
cell lines derived from the patients of autism-spectrum
disorder (Seno et al., 2011). We previously demon-
strated that HESR1 with a naturally occurring nonsy-
nonymous SNP at codon 94 (Lue94Met, SNP ID
rs11553421) in the HLH domain did not have the abil-
ity to repress DAT reporter gene expression (Fuke
et al., 2005). Additionally, this SNP converts HESR 1
from an androgen receptor corepressor to a coactivator
and abolishes HESR 1-mediated activation ot p53 (Vil-
laronga et al., 2010), which has been reported as a schiz-
ophrenia susceptibility gene (Allen et al., 2008). The
VNTRs of DAT1 (Cook et al., 1995) and DAT expres-
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sion level (Krause et al.,, 2003) are associated with
ADHD, features of which are shared with autism-
spectrum disorder to a certain degree (Rommelse et al.,
2010). Therefore, HESRs may be involved in psychiat-

ric disorders, developmental delay, and some behavioral
traits.

CONCLUSIONS

The present study demonstrates that the lack of Hesrl
leads to an alteration in sensitivity to dopamine accompa-
nied by enhanced PPL This suggests that expression of
Hesrl could influence sensorimotor gating at the physio-
logical level. The functional relationship between HESRs
and other target genes involved in sensorimotor gating
should be investigated further. '
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It is common for neurotransmitters to possess multiple
receptors that couple to the same intracellular signaling
molecules. This study analyzes two highly homologous
G-protein-coupled octopamine receptors using the model
animal Caenorhabditis elegans. in C. elegans, the amine
neurotransmitter octopamine induces activation of CAMP
response element-binding protein (CREB) in the choliner-
gic SIA neurons in the absence of food through activation
of the Gg-coupled octopamine receptor SER-3 in these
neurons. We also analyzed another Gg-coupled octop-
amine receptor, SER-6, that is highly homologous to
SER-3. As seen in ser-3 deletion mutants, octopamine-
and food-deprivation-mediated CREB activation was
decreased in ser-6 deletion mutants compared with wild-
type animals, suggesting that both SER-3 and SER-6 are
required for signal transduction. Cell-specific expression
of SER-6 in the SIA neurons was sufficient to restore
CREB activation in the ser-6 mutants; indicating that
SER-6, like SER-3, functions in these neurons. Taken
together, these results demonstrate that two similar G-
protein-coupled receptors, SER-3 and SER-6, function in
the same cells in a nonredundant manner. © 2014 Wiley
Periodicals, Inc.

Key words: G-protein-coupled receptor; CREB; octop-
amine; C. elegans; food deprivation

Amine neurotransmitters, such as dopamine, nor-
adrenaline, and serotonin, signal primarily through
G-protein-coupled receptors (GPCRs). Each neurotrans-
mitter is capable of binding multiple receptors, which in
turn couple different G proteins, allowing a single neuro-
transmitter to activate multiple intracellular signaling
pathways. In many cases, multple receptors bind to the
same neurotransmitter and activate the same intracellular
signaling cascades. The ay-adrenergic receptors, for
example consist of three subtypes, 0tq,, Qgp, and ogy. All
three receptors bind to both adrenaline and noradrenaline,
couple to G protein Ggq, and induce activation of phos-
pholipase C. The physiological significance of having

© 2014 Wiley Periodicals, Inc.

multiple receptors with the same function is not well
understood. Studies in receptor-knockout mice suggest
that these receptors may not be entirely redundant, in
part because expression of each receptor is restricted to
distinct cell types (Chen and Minneman, 2005).

Reecent studies have shown that GPCRs are capable
of regulating each other through the formation of hetero-
dimers in vivo and in doing so acquire new functions
(Gupta et al,, 2010; Pei et al,, 2010; He et al.,, 2011). Func-
tionally similar receptors have been shown to form hetero-
dimers when expressed heterologously in cultured cells,
suggesting that these types of receptors can work coopera-
tively. For example, the o,-adrenergic receptor facilitates
internalization of the o ~adrenergic receptor by forming a
hetero-oligomer, without affecting the pharmacology or
signaling of either receptor (Stanasila et al., 2003). Simi-
larly, the oy,~adrenergic receptor is capable of binding the
oy g-adrenergic receptor, facilitating its expression on the
surface of the cell (Hague et al., 2004). This heterodimer
behaves as a single functional entity with increased signal-
ing (Hague et al., 2006). Together, these interactions sug-
gest that similar receptors may perform nonredundant
tunctions when expressed in the same cell. This study ana-
lyzes two homologouns receptors, SER-3 and SER-G,
which likely couple to the same G protein signaling in the
model organism Caenorhabditis elegans.

Amine neurotransmitters regulate activation of
cAMP response element-binding protein (CREB) in C.
elegans (Suo et al., 2006, 2009). CREB is a transcription
factor that plays essential roles in a variety of biological
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processes (Lonze and Ginty, 2002; Johannessen et al.,
2004). It binds to specific DNA sequences called cAMP
response elements (CRE) and regulates expression of its
target genes upon phosphorylation (Mayr and Montminy,
2001). Using a reporter for CREB activation, we previ-
ously found that CREB is activated in the cholinergic
SIA neurons in the absence of food (Suo et al,, 2006).
This signaling is mediated by the amine neurotransmitter
octopamine, which is considered to be the biological
equivalent of mammalian noradrenaline (Roeder, 1999),
because food-deprivation-mediated CREB activation was
decreased in the octopamine-deficient mutant tbh-1 and
CREB can be activated by addition of exogenous octop-
amine. SER-3, a putative Gg-coupled octopamine recep-
tor, and EGL-30, an a subunit of Gq, function in the SIA
neurons to induce CREB activation. Furthermore, this
octopamine signaling is suppressed by dopamine through
activation of the dopamine receptors DOP-2 and DOP-3
(Suo et al., 2009).

In addition to SER-3, C. ¢legans has another puta-
tive octopamine receptor, SER-6, that is highly homolo-
gous to SER-3. SER-6 has been shown to bind
octopamine and is believed to couple Gg because of its
ability to activate inward currents upon octopamine treat~
ment when heterologously expressed in Xenopus oocytes,
which presumably is mediated by endogenous Ca*"-
gated chloride channels (Mills et al.,, 2012). In this study,
we show that SER-6 is involved in octopamine-mediated
CREB activation and functions in SIA neurons, similarly
to SER-3. Interestingly, loss of either SER-3 or SER-6
leads to diminished signaling, indicating that both recep-
tors are required for normal signaling. These two similar
octopamine receptors are therefore working in the same
cells and function in a nonredundant manner in vivo.

MATERIALS AND METHODS
Strains

Culturing and genetic manipulation of C. elegans were
performed as described previously (Bremner, 1974). The alleles
used in this study were as follows: ser-3(ad1774) 1 (Suo et al.,
2006), ser-6(tm2104) IV and ser-6(tm2146) IV (gifts from the
National BioResource Project INBRP], Ministry of Education,
Culture, Sports, Science and Technology [MEXT], Tokyo,
Japan), octr-1(0k371)X (Wragg et al, 2007), tyra-3(0k325)X
(Wragg et al., 2007), unc-64(e246) III (Brenner, 1974), tbh-
1(0k1196) (Suo et al, 2006), and tzls3[cre::gfp; lin-15(+)
(Kimura et al., 2002). All mutants used in the CREB activity
assay carry crergfp reporter. These mutants were generared by
mating tzs3 males with other mutants. The resulting genotypes
were confirmed by PCR. thh-1(ok1196);1z1s3, ser-3(ad1774);1-
zIs3, and unc-64(e246)I1tz1s3 were constructed previously
(Suo et al., 2006).

Cloning of ser-6

Total C. clegans RNA was extracted from all stages of a
wild-type Bristol N2 strain using Trizol reagent (Gibco BRL,
Rockville, MD). The cDNA of SER-6 was synthesized using a
gene-specific primer (5-TACATACAATTGAATTTCAG-Y)

and the Prime Script 1st strand ¢cDNA synthesis kit (TaKaRa).
PCR was carried out with a SER-6 reverse primer (5'-GAA
CAATTATTACTGAACTGC-3) and an SL1 primer (5'-
GGTTTAATTACCCAAGTTTGAG-3") matching the 5'-
trans-spliced leader sequence found on C. elegans RINAs (Blaxter
and Liu, 1996) using PfuUltra High-Fidelity DNA Polymerase
(Stratagene, La Jolla, CA). The resulting PCR product was cloned
into pCR-Blunt (Invitrogen, Carlsbad, CA) and sequenced.

Phylogenetic Analysis

The amino acid sequences of SER-6 and other biogenic
amine receptors of human and invertebrates were aligned with
Clustal W/ (DNA Databank of Japan), using relatively well-
conserved regions excluding the N terminus, second extracellu-
lar loop, third-intracellular loop, and the C terminus of these
receptors. The phylogenic tree was drawn with PHYLIP by the
Fitch-Margoliash method and visualized with TreeView.

Analyses of CRE-Mediated Gene Expression

CREB activation assays were performed as described pre-
viously (Suo et al., 2006, 2009). Briefly, animals carrying cre::gfp
were synchronized by a hypochlorite treatment, and the result-
ing eggs were placed on NGM plates seeded with Escherichia coli
QPS50 (Brenner, 1974). Animals were incubated for 2 days at
20°C, transferred to new NGM plates, and incubated for an
additional 24 hr. Animals were then transferred onto assay plates
and incubated for 4 hr at 20°C. Each assay plate contained 1.7%
AgarNoble (BD Diagnostics, San Jose, CA) with or without 3
mg/ml octopamine-hydrochloride (Sigma-Aldrich, St. Louis,
MO), with bacterial food spread on its surface. For food-
depletion assays, synchronized animals were incubated on
NGM plates seeded with or without OP50 at 20°C for 6 hr.
For soaking assays, synchronized animals were incubated for 4
hr at 20°C on 60-mm NGM plates seeded with bacterial food
and overlaid with ~5 ml water. After incubation, animals were
collected in M9 buffer (Brenner, 1974) containing 50 mM
NaNj; and mounted on glass slides. The number of SIA neurons
expressing green fluorescent protein (GFP) was counted for
each animal using a fluorescence microscope (Olympus BX53)
to quantify CREB activation. All counting was performed by
an experimenter blinded to the genotype and incubation condi-
tions of the animals. Statistical significance was evaluated by an
analysis of variance followed by a Tukey-Kramer multiple-
comparisons test in GraphPad Prism. Images of animals were
obtained with the fluorescence microscope.

Analyses of ser-6 Expression Patterns

The transcriptional reporter fusion gene ser-6::gfp was
generated using the fusion PCR method as described elsewhere
(Hobert, 2002) using the primers Y54fusionA (5'-GTTAA
GCTCCTCGAACTTTCGG-3'), Y54fusionB (5-AGTCGA
CCTGCAGGCATGCAAGCTGCCCAGCGTCAGTGATA
GC-3"), Y54fusionE (5-CTCTCAAACTTTCCGGCGC-3",
fusionD (5'-AAGGGCCCGTACGGCCGACTAGTAGG-3'),
fusionF (5-GGAAACAGTTATGTTTGGTATATTGGG-3"),
and fusionC (5'-AGCTTGCATGCCTGCAGGTCGACT-3').
The region corresponding to 5.0-kb upstream and a part of
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exon 1 of ser-6 gene was amplified with the primers
Y54fusionA and Y54fusionB by LA Taq (TaKaRa) using
genomic DNA as the template. The resulting PCR. product
was fused to 2-1876 of pPD95.75. ser-6::¢fp was injected into
N2 wild-type animals together with ceh-17::dsred (Pujol et al.,
2000; Suo et al., 2006), tbh-1::dsied (Alkema et al., 2005; Suo
et al.,, 2006), pBluescript (Stratagene), and the transformation
marker pRF4, which contains the dominant roller mutation rol-
6(su1006) (Kramer et al., 1990), as described by Mello et al.
(1991). Concentrations of the injected plasmids were 30, 10,
10, 30, and 20 ng/pl, respectively. Images of transformants
were obtained with a confocal laser microscope (Leica inverted
microscope DMI6G000 B).

Cell-Specific Rescue of ser-6

To express ser-6 in the SIA neurons, cDNA of ser-6 was
fused to the celi-17 promoter, which induces gene expression in
only the SIA and ALA neurons. The coding sequence of ser-6
was amplified with the corresponding forward (5-TTCGCC
ACCGGTAAAAATGATTTTGCTATC-3) and reverse (5'-
AAATAAGCGGCCGCTCAAAATTTTGGCTTC-3') primers
by PfuUltra High-Fidelity DNA Polymerase (Stratagene) using
subcloned ser-6 cDNA as the template. The PCR. product was
digested with the restriction enzymes Agel and Nod and cloned
into Agel- and Nofl-digested ceh-17::dop-2] (Suo et al., 2009) to
obtain ceh-17::5er-6. ceh-17::5er-6 was then injected into ser-
6(tm2104);1zIs3 together with the transformation marker lin-
44::¢fp (Murakami et al., 2001) and pBluescript (Stratagene). The
concentrations of the injected ceh-17::ser-6, lin-44::¢fp, and pBlue-
script were 10, 20, and 70 ng/pl, respectively. Animals carrying
lin-44::gfp, reflected by expression of GFP in the tail hypodermis,
were analyzed in the rescue experiments.

Generation of Heterozygous Mutants and
Overexpression of ser-3 and ser-6

To generate heterozygous mutant animals,  ser-
3(ad1774);ser-6(1n2104);1z1s3 males, unc-64(e246)I1:tzIs3 her-
maphrodites, ser-3(ad1774);unc-64(e246)I1;tzIs3  hermaphro-
dites, or ser-6(tm2104);unc-64(e246)I1L;tzIs3  hermaphrodites
were mated before each assay. wnc-64 homozygous animals
exhibit an uncoordinated phenotype (Unc; Brenner, 1974).
Only non-Unc F1 animals were tested, because Unc animals
result from self-fertilization.

To obtain strains that overexpress SER-6 in the SIA neu-
rons, celi-17::ser-6 was injected into ser-3(ad1774):1z1s3, together
with lin-44;:¢fp and pBluescript (Stratagene). The concentrations
of the injected expression plasmids, lin-44::gfp, and pBluescript
were 10, 10, and 80 ng/ul, respectively. CREB activation was
analyzed using transformants that express GFP in the tail
hypodermis.

To obtain strains that overexpress SER-3 in the SIA neu-
rons, the ceh-17::ser-3 fusion construct (Suo et al., 2006) was
injected into ser-3(ad1774);tz1s3 together with lin-44::gfp and
pBluescript (Stratagene). The concentrations of the injected
expression plasmids, lin-44::¢fp, and pBluescript were 10, 10,
and 80 ng/ul, respectively. The transformant was then mated
with #zIs3 males, and the sibling zIs3 animals carrying the ceh-
17::ser-3 fusion construct were mated with ser-6(1m2104);tzIs3
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males to obtain ser-6(tm2104);tzIs3 carrving the ceh-17::ser-3
fusion gene.

RESULTS

SER-6 Is Highly Homologous to the Gq-Coupled
Octopamine Receptor SER-3

SER-6 was identified as an amine neurotransmitter
receptor by comparing the amino acid sequences of amine
receptors between human and C. elegans- (Chase et al,,
2004). Srinivasan et al. (2008) showed that ser-6 deletion
mutants have a defect in serotonin-induced reduction of
fat storage. Furthermore, Mills et al. (2012) showed that
SER-6 is required for octopamine-mediated alteration of
octanol sensitivity. SER-6 has also been shown to func-
tion as an octopamine receptor and possibly couple to the
Gq signal pathway by an electrophysiological experiment
using Xeiwpu\ oocyte heterolocously expressing SER-6
(Mills et al., 2012).

We cloned cDNA of ser-6 and compared the amino
acid sequence of SER-6 with that of SER-3 (Fig. 1A,B).
SER-3 is likely a Gg-coupled octopamine receptor and
concentration in response to
10 nM octopamme when expressed in HEK293 cells
(Petrascheck et al., 2007). As expected, SER-3 and SER-
6 were highly homologous. The phylogenic tree includ-
ing human and invertebrate amine receptors (Fig. 1C)
shows that SER-6 is homologous to other Gg-coupled
octopamine receptors of invertebrates, including SER-3
and insect octopamine receptors AmOAMB and
DmOAMB (Han et al., 1998; Grohmann et al., 2003).
Among mammalian amine receptors, SER-6 was most

1ose1y related to the human o;-adrenergic receptors,
which are also Gg-coupled receptors.

SER-6 Is Involved in Octopamine-Dependent
CREB Activation in the SIA Neurons

In C. elegans, CREB activation can be detected by
fluorescence in amimals carrying a cre:;gfp reporter, in which
CRE is fused to a GFP sequence (Kimura et al., 2002).
Using this reporter, we have shown that food deprivation
induces CREB activation in the SIA neurons (Suo et al.,
2006, 2009). This response appears to be mediated through
octopamine, because exogenously applied octopamine sim-
ilarly activates CREB in the SIA neurons, and mutants in
the tbh-1 gene, which encodes a tyramine B-hydroxylase
required for octopamine synthesis (Alkema et al., 2005),
exhibit decreased response to food deprivation. SER-3 has
been shown to function in the SIA neurons to transmit
octopamine signaling through EGL-30, the « subunit of
Gq. Here, we determined whether SER-6 is also involved
in this CREB activation.

Animals carrying cre::gfp were exposed to 3 mg/ml
octopamine for 4 hr or deprived of food for 6 hr. The
number of SIA neurons in each animal expressing GFP
was then counted to quantify CREB activation. Wild-
type animals exhibited significant GFP expression in the
SIA neurons following octopamine treatment or food
deprivation (Fig. 2B.E). C. elegans has four SIA neurons
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Fig. 1. Gene structure of ser-6 and comparison between SER-6 and other
amine receptors. ser-6 cDNA was cloned, and the structure of this gene
was identified. Black bars indicate the region deleted in the m2104 and
tm2146 alleles (A). The amino acid sequence of SER-6 was aligned with
SER-3 (B). Predicted wransmembrane (TMs) regions are overscored,
Amino acid residues conserved between SER~6 and SER-3 are indicated
by gray shading. Numbers in parentheses represent the number of amino
acids not shown in the figure. According to the phylogenic tree of SER-6
and other biogenic amine receptors of human and invertebrates, SER-3
and SER-6 arc highly homologous (C). The amino acid sequences of cach
receptor were aligned with ClustalW using relatively conserved regions,
excluding the N temminus, second cxtracellular loop, third intracellular
loop, and C terminus. The phylogenic tree was calculated by using the
PHYLIP package and the Fitch-Margoliash method. Receptor sequences
used and the GenBank accession numbers are as follows: C. clegans octop-
amine receptors (ceSER-3, NP491954: ceOCTR-1, CCD83472.1), C.
elegans dopamine receptors  (ceDOP-1, CCD68411.1;  ceDOP-2,

(SIADL, SIADR, SIAVL, and SIAVR) and there was no
apparent difference in GFP expression rates of these four
neurons. As reported previously, this CRE-mediated
gene expression was dependent on SER-3, with ser-3
mutants showing decreased responses to exogenous
octopamine and food deprivation (Fig. 2F). Next, we
examined two deletion alleles of ser-6, tm2104 and
tm2146, and found that octopamine-mediated GFP
expression was decreased in both mutants (Fig. 2D,G . H).
These results suggest that SER-6 is also required for
octopamine-dependent CREB activation in the SIA neu-
rons. CREB activation levels induced by food deprivation
were also decreased in ser-6 animals (Fig. 2G,H), suggest-
ing that SER-6 is involved in food deprivation-induced
CREB activation in the SIA neurons.

The response to food deprivation was significantly
attenuated in octopamine-deficient tbii-1 mutants (Fig. 2J).
However, a small response was. observed, consistent with
previous reports (Suo et al., 2006), suggesting that the
response to food deprivation is partially octopamine inde-
pendent. The level of CREB activation observed in the

ser-3 mutants in the absence of food was similar to that of

tbh-1. We also analyzed tbh-1;ser-3 double mutants and
found that thh-1;ser-3 responded to food deprivation
slightly more strongly than ser-3 and tbh-1 single mutants

b3
-E—*_L-——L—_f‘m
01
»ws

CBY85347.1; ceDOP-3, NP_001024907.2] ceDOP-4, CCD65696.1),
C. elegans tyramine receptors (ccTYRA-2, CCID83463.1; ccTYRA-3,
CCD#83479.1; ceSER-2, NP_001024335.1), C. elegans serotonin recep-
tors (ceSER-1, CCD63419.1; ceSER-4, CCD73768.1; ceSER-7,
CCID83456.1), insect  o-adrenergic-like  octopamine  receptors
(dmOAMB, AAC17442; amOAMB, CAD67999; paOAT1, AAPY3817.1;
bmOAR1, NP_

001091748.1), human dopamine receptors (hD1, P21728; hD2, P14416;
hD3, P35462; hD4, P21917; hD5, P21918), human serotonin receptors
(h5HT1a, 138209; hSHT1b, JNO0268; h3HT1d, A53279; h3HTlc,
A45260; h3HTI, A47321; hS5HT2a, A43956; h5HT2b, S43687:
h3HT2¢, JS0616; h3HT4, Q13639; h5HT7, A48881), and human adre-
nergic receptors (halA. NP000671; halB, NP0O00670; hoalD,
NPOO0669: ha2A, A34169; hal2B, A37223; ha2C. A31237: hB1.
QRHUBT; hB2, QRHUB2; h33, QRHUB3). A human tracc aminc
receptor 3 (WTAR3, AAO24660) was used as an out group. bm, Bombyx
rmorf; pa, Periplaneta americana; dm, Drosophila inelanogaster, am, Apis mellifera.

(Fig. 2K). The reason for this increase is unknown. How-
ever, because CREB activation was not decreased by the
tbh-1 mutation in the double mutants, it is likely that the
CREB activity observed in the ser-3 mutants is octopamine
independent. In contrast, the level of CREB activation in
the ser-6 mutants was higher than that in the thh-1 mutants,
and the level of CREB activation in the thh-1;ser-6 mutants
was similar to that in the tbh-1 mutants (Fig. 2L). These
results suggest that some octopamine-dependent signaling
is occurring in the absence of ser-6. These experiments
were repeated in ser-3;ser-6 double mutants, and their
responses to exogenous octopamine and food deprivation
were similar to those of the ser-3 mutants (Fig, 2I).

CREB is activated in the SIA neurons when animals
are soaked in water, and this soaking response is inde-
pendent of octopamine (Suo et al., 2006). ser-6 mutants
responded normally to soaking (Fig. 2G), exhibiting
robust activation of CREB. This result confirms that the
SIA neurons are present in ser-6 mutants and that CREB
can be activated in these neurons under certain condi-
tions. Reduced octopamine-mediated CREB activation
seen in the ser-6 mutants is therefore not the result of
abnormal development of SIA neurons.

In addition to SER-3 and SER-6, the C. elegans
genome contains another octopamine receptor, OCTR-
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Fig. 2. Octopamine- and food deprivation-induced CREDB activation in
the SIA neurons. Animals carrying cre: :gfp were cultured on agar plates con-
taining 0 (A,C) or 3 mg/ml (B, D) octopamine. Fluorescent images werce
obtained from wild-type background animals (A,B) and ser-6(tm2104)
mutants (C,D) after 4 hr of incubation. GFP expression was induced by
cxogenous octopamine in the SIA neurons of wild-type but not ser-6
mutants. The bracket marked with an asterisk indicates autofluorescence of
the intestine. Wild-type, ser-3(ad1774), ser-6(tn2104), ser-6(tm2146), ser-
3(ad1774);ser-6(1in2104), thh-1{ok1196), thh-1(ok1196);ser-3(ad 1774), thh-
1{ok1196);ser-6(tm2104), octr-1(0k371), and tyra-3(0k325) mutants carrying
crezigfp were incubated on plates containing 0 or 3 mg/ml octopamine
(OA) for 4 hr, incubated on NGM plates with or without food for 6 hr, or

1, as well as the tyramine receptor TYRA-3, which has
been shown to bind octopamine, albeit weakly (Wragg
et al., 2007). We therefore investigated whether OCTR-1
and TYRA-3 are involved in octopamine-mediated
CREB activation. The octr-1 and tyra-3 mutants responded
normally to exogenous octopamine and food deprivation,
suggesting that these receptors are not involved in the
octopamine-mediated CREB activation seen in the SIA
neurons (Fig. 2M,N).

SER-6 Functions in the SIA Neurons to Activate
CREB

The observation that octopamine-induced CREB
activation was reduced in both ser-3 and ser-6 single
mutants indicates that both SER-3 and SER-6 are required
for CREB activation. Furthermore, the observation that
the response to food deprivaton in ser-3;ser-6 double
mutants was not smaller than that of either ser-3 or ser-6
single mutants also suggests that SER-3 and SER~6 are not
redundant. One possibility is that they function in different
neurons. Notably, it has been shown that both SER-3 and
SER-6 are required for regulation of octanol sensitivity by
octopamine and that they function in different neurons for
this regulation (Mills et al., 2012). Another possibility is
that SER-3 and SER-6 function in the same (SIA) neurons
and there may be some interaction at the molecular level.
It has been previously reported that ser-6 is expressed in a
subset of head and tail neurons (Srinivasan et al.,, 2008).
However, it has not been determined whether ser-6 is
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soaked in water (SO) in the presence of food for 4 hr. The number of
GFP-expressing SIA neurons per animal was then determined (E-IN).
Error bars indicatc the standard errors of the mean. Atleast 53 animals were
tested. *1P < 0.001 (Tukey-Kramer multiple-comparisons test) compared
with +OA of wild-type animals. *2P < 0.001 compared with —food of
wild-type animals. *3P <0.001 compared with —food of ser-6(tm2104)
mutants. *4P > 0.05 compared with —food of ser-3 mutants. *5P < 0.001
compared with —food of thh-1 mutants and ser-3 mutants. *6P > 0.05
compared with —food of thh-1 mutants. *7P < (.001 compared with
—food of ser-6(1m2104) mutants. Scale bars = 10 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.)

expressed in the SIA neurons. We generated a ser-6:.gfp
reporter fusion gene in which 5 kb of upstream sequence
plus a portion of exon 1 are fused to the gfp gene. This
tusion gene was coinjected along with the celi-17::dsred
reporter. The ceh-17 promoter was used because it induces
gene expression in only the four SIA neurons and one
additional neuron (the ALA neuron; Pyjol et al., 2000).
The ceh-17::dsred reporter therefore labels the SIA neurons
with DsRed expression. A thh-1::dsred reporter construct
was also introduced to label the octopaminergic RIC neu-
rons. In these transformants, GFP expression was observed
in multiple neurons, with GFP colocalizing with DsRed
(Fig. 3), suggesting that ser-6 is expressed in both the SIA
and the RIC neurons. ‘
To determine whether SER-6 functions in the SIA
neurons, we performed a cell-specific rescue experiment.
We introduced the ceh-17::5er-6 fusion construct, in which
the ceh-17 promoter was fused to SER-6 cDNA, into ser-
6(tm2104) mutant animals. These transformants should
express SER-6 in only the SIA and ALA neurons. As
shown in Figure 4, the transgenic animals responded to
exogenous octopamine as robustly as did the wild-type
animals, suggesting that expression of SER-6 in the SIA
neurons is sufficient to restore CREB activation upon
octopamine. CREB activation of the transformants in
response to food deprivation was not significantly different
tfrom that of the wild-type animals, also suggesting that
SER-6 functions in the SIA neurons for food-deprivation
response. However, there was no significant difference
between CREB activation levels for food deprivation of



676 Yoshida et al.

merge

Fig. 3. Expression pattern of ser-6. Fluorescent (A—C) and correspond-
ing differential interference contrast (D) images were obtained from
N2 animals carrying the ser-6:gfp, cch-17::dsred, and tbh-1::dsred con-
structs. The SIA- and RIC-neuron-specific promoters, ¢eh-17 and tbh-
1, vespectively, were used to label the SIA and RIC neurons with
DsRed. Merged images show the colocalization of GFP and DsRed.
Arrowheads indicate SIA neurons. Arrows indicate RIC neurons.
Scale bar =10 pm. |Color figure can be viewed in the online issuc,
which is available at wileyonlinelibrary.com.]

ser-6 animals and the transformants. Therefore, it remains
possible that ser-6 also functions in other cells.

Both SER-3 and SER-6 Are Required for Normal
CREB Activation in SIA Neurons

The present results suggest that SER-3 and SER-6
function in the same cells and that both of these receptors
are required for normal signaling, despite having similar
functions. One explanation for the decreased CREB
activation seen in ser-3 and ser-6 single mutants is a
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Fig. 4. SIA-neuron-specific rescue of the ser-6 CREB activation phe-
notype. The transgenes cch-17::ser-6 and lin-44:.gfp were introduced
into a ser-6(mm2104) mutant carrying creiigfp. The ceh-17 promoter
induces gene expression in only the SIA and ALA neurons. The lin-
44::9fp construct was used as a cotransformation marker. Transform-
ants were incubated on plates containing 0 or 3 mg/ml octopamine
for 4 hr or on NGM plates with or without tood for 6 hr (C). At
least 72 animals were tested. Error bars indicate the standard errors of
the mean. CREB activity in wild-type animals and ser-6(tm2104)
mutants shown in Figure 2E,G is rcprinted (A,B). *1P<0.001
(Tukey-Kramer multiple-comparisons test) compared with +OA of
ser-6 mutants. *2P> 0.05 compared with +OA of wild-type animals.
*3P < 0.001 compared with —food of wild-type animals. *4P> 0.05
compared with —food of wild-type animals.

decrease in the total number of octopamine receptors. A
specific level of octopamine receptor may be required for
normal signaling, and removal of either of these two
genes results in an insufficient quantity of octopamine
receptors. To address this possibility, we assayed CREB
activation in double heterozygous ser-3/+;ser-6/+ ani-
mals. The double heterozygous animals responded slightly
more weakly to exogenous octopamine treatment than
wild-type animals (Fig. 5B). However, the response of
the double heterozygous animals was much stronger than
that of the ser-3 or ser-6 single mutants, which was essen-
tially zero (Figs. 2F—H, 5B). This result suggests that hav-
ing both ser-3 and ser-6 is important for CREB activation
rather than the quantity of octopamine receptor genes.
The response to food deprivation was not different
between ser-3/+ser-6/+ double heterozygous animals
and wild-type animals (Fig. 5A,B). Furthermore, we ana-
lyzed the ser-3/ser-3;ser-6/+ and ser-3/+ ;ser-6/ser-6 het-
erozygous animals and found that ser-3/ser-3;ser-6/+
were similar to ser-3 single mutants (P> 0.05; Figs. 2F,
5C) and that ser-3/+ ;ser-6/ser-6 were similar to ser-6 sin-
gle mutants (P> 0.05; Figs. 2G, 5D) with respect to their
response to food deprivation. These results suggest that
removing one copy of the ser-3 or ser-6 gene has little
effect on the response to food deprivation, which further
supports the 1dea that normal CREB activation requires
the existence of both octopamine receptors rather than
just a specific quantity of receptor.

To address the effect of the gene dosage further, we
next assessed CREB activation in animals overexpressing
either SER-3 or SER-6. SER-3 was overexpressed in the
SIA neurons of the ser-6 deletion mutant using the ceh-
17::ser-3 fusion construct, and SER-6 was overexpressed in
the SIA neurons of ser-3 deletion mutant using the cch-
17::ser-6 tusion construct. These animals therefore lacked
either SER-6 or SER -3 but overexpressed the other recep-
tor in the SIA neurons, in addition to endogenous expres-
sion. It has been shown that multiple copies (typically over
100 copies) of genes are retained in transgenic animals
when transformed by injection (Fire et al., 1991). In ser-3
mutants overexpressing SER-6, CREB activation induced
by exogenous octopamine or food deprivation was similar
to that for ser-3 deletion mutants alone (P> 0.05; Figs. 2F,
SE). This result suggests that SER~6 alone cannot induce
activation of CREB, even when SER-6 is overexpressed.
In ser-6 mutants overexpressing SER-3, some spontaneous
CREB activation was observed on the control plates that
did not contain octopamine but did contain food (Fig. 5F,
first bar). However, this activation was not seen on NGM
plates containing food (Fig. 5F, third bar); the cause of this
difference is unknown. One possible explanation is that,
because control plates for octopamine treatment contained
less salts and peptone than NGM plates, these compounds,
or the difference in the condition of the bacteria growing
on these plates, might have affected CREB activation in
this strain. Nonetheless, 2 moderate increase in CREB acti-
vation was observed upon exogenous octopamine treat-
ment in the ser-3-overexpressing animals (Fig. 5F),
suggesting that SER-3 can partially respond to exogenous
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Fig. 5. Octopamine- and food deprivation-mediated CREB activity in
heterozygous and overexpressing animals. Double heterozygous ani-
mals (B). ser-3/ser-3;ser-6/+ animals (C), ser-3/4;ser-6/ser-6 animals
(D), ser-6-overexpressing animals (E), and ser-3-overexpressing animals
(F) carrying cre::gfp were incubated on plates containing 0 or 3 mg/ml
octopamine for 4 hr, incubated on NGM plates with or without food
for 6 hr, or soaked in water (SO) in the presence of food for 4 hr.

octopamine without SER-6 when overexpressed. In con-
trast, the level of CREB activation induced by food depri-
vation in ser-3-overexpressing animals was not different
from that of ser-6 mutants (P> 0.05). Collectively, these
results suggest that both ser-3 and ser-6 are required for full
activation of CREB regardless of their quantity and that
ser-3 but not ser-6 can partially function by itself only when
it is overexpressed.

DISCUSSION

It is common for neurotransmitters to possess multiple
receptors that couple to the same intracellular signaling.
When expressed in a heterologous system, such function-
ally similar receptors function in a nonredundant manner
through receptor—receptor interactions. This study ana-
lyzed two homologous octopamine receptors of C. elegans,
SER-3 and SER-6, which have been shown to couple to
the same class of G proteins (Petrascheck et al., 2007; Mills
et al, 2012). These receptors were both required for
octopamine-mediated CREB activation in the SIA neu-
rons. Cell-specific rescue experiments revealed that SER-
6, like SER-3, functions in the SIA neurons, indicating
that these receptors function in the same cells. These results
suggest that SER-3 and SER-6 act together to transmit
octopamine signaling in the SIA neurons.

Using SER-3- and SER-6-overexpressing animals,
we further demonstrated that both SER-3 and SER-6 are
requited for normal CREB activation by octopamine;
overexpression of one receptor in the absence of the other
could not fully restore normal CREB activation. ser-3-
overexpressing animals did respond to exogenous octop-
amine in the absence of ser-6, although the response was
much weaker than that in the wild-type animals. In con-
trast, SER-6 could not activate CREB without SER-3
even when overexpressed. These results indicate that,
when overexpressed, SER-3 can partially bypass the
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The number of GFP-expressing SIA neurons per animal was then
determined. At least 43 animals were tested. Error bars indicate stand-
ard errors of the mean. CREB activity in wild-type animals shown in
Figure 2E is reprinted (A). *1P<0.01 (Tukey-Kramer multiple-
comparisons test) compared with +OA of wild-type animals.
*2P>0.05 compared with —food of wild-type animals. *3P < 0.001
compared with ~OA of ser-3(0¢):ser-6 animals.

requirement for SER-6. In addition, CREB activation by
food deprivation was stronger in ser-6 mutants than in ser-
3 mutants or ser-3;ser-6 double mutants (Fig. 2), suggest-
ing that SER-3 can also partially activate CREB without
SER-6 in this condition. One possible mechanism in
which SER-3 and SER-6 function cooperatively is that
SER-6 functions in part to assist the function of SER-3
by controlling the quantity of functional SER-3. Another
possibility is that SER-3 and SER-6 form a dimer and that -
the heterodimer transmits stronger signals than monomers
or homodimers. It has been shown that structurally similar
GPCRs can form heterodimers and that dimerization
affects their membrane expression as well as their signaling
strength (Stanasila et al., 2003; Hague et al., 2004, 2006). It
also remains possible that, even though SER-3 and SER-6
are structurally similar, they transmit different intracellular
signals in vivo and these signals converge to activate
CREB fully. Further efforts, including expression of SER -
3 and SER-6 in a heterologous expression system, would
be required to elucidate the precise mechanisms by which
these receptors function cooperatively.

We found that SER-3 and SER-~6 are coexpressed
in the SIA neurons. Although both SER-3 and SER-6
are also expressed in other neurons, the expression pat-
terns of these receptors overlap only partially. Neurons
expressing only SER-3 or SER-6 are unlikely to be able
to respond to octopamine stimulation by fully activating
CREB, unliké the SIA neurons. It therefore is possible
that, by utilizing multiple functionally similar receptors

‘dlﬁ'erennally exp1essed across several cells types, the nerv-

ous system diversifies its sensitivity to neurotransmitters,
allowing for more complex neuronal regulation.
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DM OHEHRBCEERREI 2R 701, £ERNA
TRLDTHB, KERNA R, TOREERFIOFEC
X0, UTo2 o0 x> THREAKREZILL,
RNA 277 (Fig)o

1 DB ATGEEERN 2B (repeat-associated
non-ATG translation : RANEIER) i3 7vF &
AEHSORY) TNY I RFFFOEETH B, IE
R OBEIIREEED, ZOEIPORVT I /EED L
S CEHEEEERTHEENSELON TV S,

2 DHBRBEAEOE Y RNABEEOEORHRIZ X 5
EEBEOEETH S, HE, IOBEIRLEELHR
B EEZONTWS, EERNABEELDT
, ZARHELZY, BN TEELRHBETD 3 foci 2F
BT 549, ZOkbBEanicl{, BRIEEEL,
PFwRT RNABESEAECEEL2RIFT, MBNLL
(muscle blind-like protein 1) & CELF1 (CUGBP/
Elav-like family member 1) &V £—» RNA &
T2 200RFWN2 RNARBEELETHS, BERKES
w7, MBNL1 & CELF1 i3 #NF AR, SEfl =
TFIA YT REET D EVWD, AT7T4 v TEHIERE
FrLUTHRT 282D,

DM k238w, MBNLI1 I¥, ZA&#{LLZEE RNA
CHIEEN, foci EEXBET 3. TORD, ATSTA Y
v B2 MBNLL A L, BIRHRA T4 v~
JRENS|EEIENDY,

— % CELF1 i, BIRWA 754> 7 U4k b
RNA ZEM - BIROZERE2FIEH T 2 S BEEDET
Hb, Thibb, A774 YT RELUSNOBETY
DM DEEREZHFET 2 LEZ2 b0 TW5, RIEERTIEE

TTCELF1 @8 YB{tL, ZELT 2 Vs n
Twal, L5, REEOLY VEE (S302) @
BOTIERY VBEMEES N, TN 2H8EE0
BhbhTwaZ b7, IN6DY ¥
E{b&lEz 1k, PKC (protein kinase C)®, AKTI1 (v-
akt murine thymoma viral oncogene homolog 1),
CDK4 (cyclin-dependent kinase 4), CCND3 (cyclin
D3)®, GSK34 (glycogen synthase kinase 3 beta)® %2
EOBESHEE SN T3, BY VBILEFTh?
CELF1 Oz Y vBL7 07 7 { LR LEKHEFD
) CEMEEIEC 31T 2R8I DX TR ESE,

II. RESBIEREDREE

DM TI¥, RNA ## 1 X > T MBNL1 ® CELF1 ®
BREHENS R I 3N, S EERBEFORT T4
VY IREBRBCEENEL D, TR, ELREERL
D ZDTIERICFEL THL OFERCES O,

BER DS FEM 2 DM T, BB CEET 28 E
FORT 4 vy TREBECE CHBESh TS, B
ADBERPHBCEELMBERNA VY 7 A4 4 VBEH
#i % 1T 9 SERCA1 (sarcoplasmic/endoplasmic
reticulum Ca?* ATP-ase 1), RyR1 (ryanodine rece-
ptor 1)V, Cayl.l (L-type Ca?* channel and voltage
sensor 1.1)1®, TE®RICEES T % BINL (bridging
integrator 1), Z#RiZHET % LDB3 (LIM domain
binding 3)¥, XK I LT V=T OERELRFTH 2
CLCNI (chloride channel, voltage-sensitive 119 e
TH?b, SERCAI®X RYRIDA TS 4 vy v T BE L
BT 20X 2, DM BETIHEEALI VY T AL %
VRBEOLEBSHFEINTBYY, BETFORRPES
BOBEHMCEENELCTWSE %2 o050, BEY
RERAOBE S B Th LT wiw, Cayll iZBL
TRHFROFRLMECEERREIRRILL, 34 b=
TADOEEY, RSRFDRATTA VT RE LBHHE
TORENHEET 2 2 L RES ne?, BINI OEE
BRTEWREEC L 2HAORERE LI, &
THETWZDRMN5 EvnbitTw 3, CLCNL BREAK
BEZ7o 74 RFv2VT, ZOBERBRIF V=T
RE|EF T,

T OMOERCELTE, 4 >R VZEEORT S
Ay T ERENEMNEREE ST 5L, SIXSD
HEEBETIHABCHEST 26 LI &9 2 D5
ZHRVT, FHRIEARL LTFHETH S,

%7z, MBNL1® CELFl, $20»iEZDOWAK Lo

BRAIN and NERVE 66% 38 201443 8



TATZ2A4 v 7HIHIN T 2BEFREIIELED
L EREZINT WSS, EREDEESTFHNZEN
7ZbDROLITTH B,

. ll:l = Jf\(uﬁg_e"%’)ﬁﬁm

1. ZERNA DR - EE1L

DM DARARZEE 25 DX, RIEEFIOEEEYIC X
%3 RNABMEOBRETH B, 2009 F, KEO Thornton
5D T N—7» TSciences W FEEL 7z CUG RER
FE2ERNE LT vFEYALTVIXIZvEF YK
(AON) 2Hwi-FREIEBINLEENETS0T
bHolzt?, # & X AON @ CAG25 % HSAR = ¥ 2
ODMETNVIVX) CBETZE, EERELR
CUG-RNA i AON 28#& L, Mbnll & OMEEER D
FEEANE ZERER L, ROXEERNABSOE
ERXTHD foci bEINTZ, LELZOHRIEE
BT, 8512 AON ODSTEENPTENSETERNAD
SEEEECRES o,

2012 | 7N —7"2 5% LwiREDY TNatures 38
W E N, SEIAON O A 2-O-methoxyethyl
(MOE) #&#i%2iEl CEFNTORER:R L, &s
RNase H 2EMHET 5 - W hiric EERHOEE 2
%7z MOE gapmers ODREFEZFRL 229, T D MOE
gapmers # T 7TV VY ALHEA L I3, BERNA
BAEE N, foci XBFESh, MBNLL O b Bk
ENFeTe W, Sercal, LDB3, Clcnl R EDATZ 4
vy RREIN, PRIERETHEZ RN,
F h =7 0OHE, FUEOREL, HIRESEORLENR
» BTz,

BBRRATIZAV U ITEERITRL, Hivr 7 VA7
U7y =&l wTh, FERITEY mRNA O
BRI Nz, 20K, EERREDshE,hoTz,
%7z, MOE gapmers REFNTEERIERL, A1
EBIBVLTHOBDEENEFELIELTVS, &
Mz LTS, t b DMPK-CUGS00 2FEHT 3 v v X
THRGOER 2TV, HERZ2E T2,

ZDEDITH AON ZHWICA T T4 ¥ v THEOH
FREELITbNTBY, AON OE& LEIRE &
nTw32, ULxl, AON 2ERLIEEBOBREI,
BAFEPEIERZ EORN 2EL, ER{LE TizidtE
LORELZET 3 L FEEINS, BHERTIR 20135 E
M HREEFR Y VS - HRFESHE LT
FavaryIEBIAtnr7— (DM EE%D, Fiy
EH 0 RETBROERLRK, YA o774 VEEFOR

B3 261

EIZX % I DMD) DWBEESHES L, BRABRLHA
Folt@d@ Y THE FEHRES NS O65/NCNP-
01)s

2. MBNL1 ®FE A EIF, CELF1 DEKEAETIF3

EEER RNA 2BET UMY, ZOEENEE
TEIREEZEET S Z EREECRY D, MBNLL i
RO EBY, DM BETREENSEL{ELEZLDNTY
LATSA Vv IHEHRFTH S, 72, CELF1RE
BIEELEN TV EEHETH S, 2D 220D RNA
HEEOEOEEREELE ¥ St QBB O
5o

MBNL1 BEERNA R I->TEHNZHESES L TY
27:9, EEx@EervEEINLTWS, 2T,
MBNL1 O EDEKR, H5WITEERNA L O
GHEE:R T2 L THBEEEC ORI EEZ SN D,
EE, 7T WBEYA VA (AAV) k3 MBNLL O
BRIFEF I, HERC+S% MBNLL EREEES b 2

EERNADSIERH I TEERZREL 29,
AAV &, DMD BECREGCFEADBRMNETC—E
DOREZ DT TS (NCT00428935), L7zd35T,
DM THRAU LI 2AEERE2HFTELLEZ 6N
2, %%, DM2 wBLTb MBNLl OERETICL 3
ATTAVVITRBENLRONE Z 6, DML L Ak
DBEDENTEFIND, Z0DEDH, MBNLL 2 LR
RNA» GG EBTEANIBREAL LD (pentami-
dine) BWREDOH-TED, foci DX, X774y v
BEEOHREHTAD 5122,

CELF1 i3 % OBBED LR E o S 1M 2 TR
BH¥ETHDE, VoB{EE3N B I LT CELFL OBRENE
b33 ZcB3MoenTwizR, EE, U VEBLEAI
Lo THE s S CELFL OBRENELR L I E8bho
TE&T,

9, EERNA WX 32 PKCEE 2N L CELF1
DB VBILRATSA4 vy PRERB|ER T, X
W, AKTIZ28FBEBx ) vEE®Y) VEB{EL, -
#fEE T o CELF1 A 251 L TRHRED mRNA ~D
FiErmEaw 582,

— 75, CCND3 & CDK4 13 S302 %2 Y » &1k L,
CELF1 @ R&HEE cHE T 229, B4R,
S30228Y vEfh& N3 &, CELF1 X elF2a (eukary-
otic initiation translation factor 2«) KE&L, &
e LT 2 e T mRNA OFIR2RET 2, Zhic
Lo TEHREE SN T 2 BEFRRHROREECES
T5HDHBH Iz (cyclin-dependent kinase in-
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262 HREMEY R o7 —HEOBRE

hibitor, p21, cyclin D1, myocyte enhancer factor 2A 72
£), CELF1 O#REEEMES, TORT I, v
HIHEFEERRE, DM OBEBECEEST 2 Z L 8FI 0
%,

DM T, EE RNA IZ X - T GSK33 »5iEEfa
Tw3 RANBERRIZ K-> TEEINIKRET S 2B~
TFREZEB DR ELIHRED b D BLFHMIZTH),
ZDiz®, GSK3B W X->TCCND3 D283 FEHD A v
FZUBERECBIT ) VBRESEEINTEY, TORK
B, CCND3 Do EEI N, BPL T3 I EHTR
woehiz, IR EL>7T, CELF1 D S302 B 5
D VB [:iﬁﬁiﬁ_é h, ZOEFREEEE BZzbLTY
% 24)0

DED X >ziE#E» S, CELF1 O8Y Bt i2EE
L, S302 B2 VER{LOARET 215EBEVPEE L
%, 37, CELF1 0#8Y Btk PKCEHEHTH 3
Ro 31-8220%%, S302 kB 5 Y »E{kix GSK3p OfH
EXITH 2 TDZD-8 BEXZ I L2 b o>Twn b,

3. RN DIHERE

1) 3Fb=7

IFP=7 X DM OBEHRERD 12T, wolk
AR L 12 B ADSHIE T 2 £ CREFEE 225, L1
ERTh2, CODMOBETREEERICALGNS Z L
Bzwh, RECHEVWERR2ET, EREECEA R
VA, S b =TI & B REBOSHERRE MEN S
N LAA L VRER B, BRECEEYE L 36
HRb 5,

EFP=TRBLOLOER I o THET B
TEZ, PPV 7 AF Y ANVOEEES=ZBRNS D
B, vV vREThDL, RCHTAEBRETHD A
vV UiRE T (NCT01406873), AF Y Vv FrX&
HCEIHERLR A 2w E SNBHTAPAED ST TN Y F
VIS AR (NCT01939561) % THRBEBRISEA TS
D, WIhb BIFTRENREE TV D,

7)) HEMICLBHFHET
ETHEOHEBICL-CIERIENAHNETR
DM®D&3 1 20FERTHS, LrL, OFRERL
% HONDBEELHROEFLBE T A SNz,
Db, EEEDOERPES L, EEMEQ/NMRH
FEHLENTEY®Y, ZnlE, HRIEBHEEENTYS
;t%a%?%o

2T, HREREESE 22 tf%?ﬁ@kﬁ%@
585 &@T%%k%xéh HATaAf FRVEY
THBETEFuz 7 RNoX7 oy (DHEA) in&

Hanhiz, LrL, BT/MHEOKKRETDHEA 2
BECRORELULERTRE, L Tw SR RES
nTwzy (NCT00167609) o

—7%, RYHREEEROMR A R VU EERERF 1
(IGF-1) 2HVWIBRERThbhTw3, Vavy
7Y hDt MIGF-1 (rhIGF-1) D¥EERSE W T 9,
K(ED Moxley D7 V—7"1F, VavyE+r Dk b
IGF1#&EH™ 3 (hIGFBP3) r&EAKETER I ¥R
rhIGF1:rhIGFBP3 % DM & 125 L7z, &, B
BFERE DB & KRB OREBSTD SN2, BH7 L HEE
DBWERIAHSNZH» -7 (NCT00233519, 55 I4E).
3) tDMOER

DM TIRMERREER 812 & > T HBOBEEDIRSHE|
SEIANZEAY D 5, 201248, —BRFVav
FY—DREETHIAFNT 2= F— FOBREILY
ERVBUE L7 L BRE S 7z (NCT01421992) 6

BhHDIC

DM i % 0EFEBETFRRIEI N TH 5K 20 E£L»
Fo TR, %EAON%%w%ﬁxm&%ﬁﬁw
EHEBRZIBD, £, AON 2HRWEBEER, B
7% mRNA, Uwf@%ﬂ@:—b?%i%%éﬁ@%
BEEEETEZ L5, DMREST, 20OM%E D&
ERTHERIBEEREE 2D > 32 e n8FE3N 2,

Lidwz, DM OREEBIET 28R, WEREF
+5TH s, Bz, DM2 T, MBNL1 O & &
CLCNIDATZAYv v 7 EEIZDM] tRETH BT
bbb oT, 2034 =7 REECEETEATY
5, TNBATIA VT EEUNORKERE (34 b
ZTRRT D) BEETEIELRPERT 3, £,
MEF2A ® MEF2C iz ¥ DA 754 vy v 7 E2EICEL

TiX, DMBENTEZL, MoMRBEBTLRD S
h%’tﬂ%,m<oﬂ®x774V/?Eﬁﬂ_A%
THLUEEDTRRENTNS, €512, DM TORS
TAYVITREOREE, SEENSWI LT LN
3, UL, PWEEZATTA v NuhpiclAZAY]
DEZFHESNZDOR, FOSREBRCIENEET
b5,

X #

1) Furling D, Lam le T, Agbulut O, Butler-Browne GS,
Morris GE: Ghanges in myotonic dystrophy protein
kinase levels and muscle development in congenital
myotonic dystrophy. Am J Pathol 162: 1001-1009, 2003
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