Injection of morpholino oligonucleotides with Bubble liposomes and ultrasound.
PMO (20 pg) and the Bubble liposome suspension (30 pl) were injected into the TA
muscles of HSA™ mice (6 weeks old) using a 30-gauge needle (NIPRO Co., Osaka,
Japan). Immediately after injection, ultrasound (frequency, 1 MHz; duty, 50%;
intensity, 2.0 W/cm? time, 60 s) was applied transdermally downstream of the
injection site using a 6-mm diameter probe. A SONITRON 1000 device (Rich-Mar,
Chattanooga, TN, USA) was used to generate the ultrasound. We administrated the
PMO three times at weekly intervals. Three weeks after the last administration, we
performed EMG measurements and then killed the mice and harvested the TA
muscles for RT-PCR analysis and immunohistochemistry.

Electromyographic recording and electrical stimulation. Implantation of EMG
electrodes and stimulating electrodes was carried out under aseptic conditions on
mice anaesthetised with 2% vapourised isoflurane in air. Body temperature was
measured rectally and was maintained at 37-38°C using a homeothermic heating pad
(BioResearch Center, Aichi, Japan). Bipolar wire electrodes (tip distance, 1-2 mm)
made of Teflon-insulated stainless steel wire (76 um diameter bare, 140 pum coated;
cat. no. 791000; A-M Systems, Carlsborg, WA, USA) were implanted in the TA and
gastrocnemius (GA) muscles to record EMG activity. The electrical stimulation of the
TA muscle was achieved using two wire electrodes that were inserted under the skin
over the TA muscle and placed along the longitudinal axis of the muscle. After full
recovery from the anaesthesia, alert mice were restrained in a cylindrical mouse-sized
cage, with their hind limbs out of the cage to maintain their muscles at their resting
lengths. The EMG signals were amplified and bandpass filtered (15 Hz-1 KHz; AB-
611]J; Nihon-Koden, Co., Tokyo, Japan), digitised with an analog-digital converter
(PowerLab 16/30, ADInstruments Ltd, Oxford, UK) and recorded (sampling rate
10 kHz) on a computer. Electrical stimulation consisted of repetitive square pulses
(train of 20 pulses at 100 Hz, 1 ms duration) delivered by an isolation unit (§5-202];
Nihon-Koden) connected to a pulse generator (SEN-3401, Nihon-Koden). The
stimulus intensity was adjusted to evoke ankle dorsiflexion and avoid overt
movements and animal discomfort. EMG measurements were recorded in single-
blinded manner.

EMG data analysis. Myotonic EMG activities were easily confirmed by visual
inspection and analysed using custom-written MATLAB software (MathWorks, Inc.,
Natick, MA, USA). EMG signals were full-wave-rectified and filtered with a 20 Hz
low-pass second-order Butterworth filter. Offset of the EMG signal was defined as a
deflection below three standard deviations from baseline. The baseline level was
defined as the mean EMG signal in the resting state before stimulation. Duration of
myotonic activities was defined as the period from the termination of stimulation to
the ‘offset time. Myotonic activities were integrated during the duration of myotonia
and calculated by subtracting the baseline level. To quantify EMG activities per unit
time, iEMG values were then calculated as the integrated myotonia value divided by
corresponding net duration. The EMG data were analysed in a single-blinded
manner.

RT-PCR analysis. Total RN A was extracted from TA muscles and cultured cells using
TRIzol reagent (Life Technologies) and a GenElute Mammalian Total RNA Miniprep
Kit (Sigma-Aldrich), respectively, according to the manufacturers’ instructions.

Typically, 0.5-1.0 pg of total RNA was reverse-transcribed with a PrimeScript 1st
Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan) using oligo(dT) primers. PCR
reactions were performed using Ex Taq DNA polymerase (Takara Bio). The
sequences of the PCR primers are listed in Supplementary Table ST2. The products
were electrophoretically resolved on an 8% polyacrylamide gel that was stained with
ethidium bromide and analysed using an LAS-3000 luminescence image analyser
(FujiFilm, Tokyo, Japan). The ratio of exon 7A inclusion in Clcnl mRNA was cal-
culated as (7A inclusion)/(7A inclusion + 7A skipping) X 100.

Immunofluorescence. Frozen sections (6 um thick) of unfixed TA muscles were
immunostained with an affinity-purified rabbit polyclonal anti-Clenl antibody
(dilution 1:50; Alpha Diagnostics International, San Antonio, TX, USA). The
secondary antibody was Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life
Technologies) used at a dilution of 1:600. Images were collected using an IX70
inverted microscope (Olympus, Tokyo, Japan) equipped with a X20 objective lens.
Exposure time and threshold were identical for all comparisons of antisense and
saline controls.

Statistics. A two-tailed Student’s ¢-test or Tukey’s multiple comparison test were used
for statistical comparisor.
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Introduction

The transcription factor cAMP response element binding protein
(CREB) binds cAMP response element (CRE) and, upon activation
by phosphorylation, induces the expression of downstream genes
[1]. Biogenic amine neurotransmitters, including dopamine, sero-
tonin, and norepinephrine, have been shown to regulate GREB
activation through G protein-coupled receptors and G protein-
mediated signaling [2,3]. The amine-mediated regulation of CREB
plays important roles in many biological processes, including
learning and drug addiction. CREB has been shown to regulate a
large number of neuronally enriched genes, including genes that
function in neurotransmitter or growth factor signaling, and genes
encoding transcription or signal transduction factors [4]. These
genes have important roles in the regulation of neuronal
development, plasticity, and protection, and, although the precise
mechanisms are not entirely known, CREB. induces long-term
changes in the condition of the neurons in which it is activated.

In the model animal Caenorhabditis elegans, the crh-I gene, which
encodes CREB [5], is required for long-term learning in various
experimental paradigms, as seen in other animals [6-9]. ¢r4-1 also
controls the expression of #hA-1, which is required for serotonin
synthesis [10], and plays a role in the regulation of aging [11]. We
previously showed that CREB was regulated by biogenic amines in
C. eegans vsing the cregfp reporter {12,13], in which a CRE
sequence is fused to GFP sequence. This reporter allows for the
detection of CRE-mediated gene expression through GFP fluores-

PLOS ONE | www.plosone.org

cence in living animals [5]. Using this reporter system, we found that
CREB was activated in all four cholinergic SIA neurons of C. elegans
in the absence of food [12]. This activation is mediated by an amine
neurotransmitter called octopamine, which is considered to be the
biological equivalent of norepinephrine in invertebrates [14]. The
octopamine receptor SER-3 and Gq alpha subunit EGL-30
function in SIA neurons to induce activation of the CREB homolog
CRH-1. We subsequently found that dopamine signaling, which is
believed to be activated in the presence of food in C. elggans,
suppressed CREB activation in SIA neurons by inhibiting
octopamine signaling [13]. Dopamine works through the dopamine
receptors DOP-2 and DOP-3 and Gi/o alpha subunit GOA-1 to
suppress octopamine release from octopaminergic neurons as well
as octopamine-induced signaling in SIA neurons. However, the
physiological role of CREB activation in SIA neurons is unknown.

Since SIA neurons are known to be cholinergic {15], it is
possible that CREB activation in these neurons plays a role in the
regulation of acetylcholine signaling. In this study, we examined
acetylcholine signaling by monitoring aldicarb sensitivity and
found that the regulation of CREB activation by biogenic amines
in SIA neurons modifies acetylcholine signaling.

Materials and Methods

Strains

The culturing and genetic manipulation of C. elegans were
performed as described [16]. The alleles used in this study were;
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Figure 1. Dopaminergic mutants exhibit increased aldicarb resistance. (A-C) Animals were examined for paralysis on NGM plates containing
1 mM aldicarb. (D-F) The time required for 50% of the animals to become paralyzed was determined using Prism. (A and D) The dopamine-deficient
cat-2 mutants, cat-2(e1112) and cat-2(tm2261), took longer to become paralyzed than wild-type N2 animals. *P<0.001 by the Tukey-Kramer multiple
comparison test. (B and E) Aldicarb sensitivity of the dop-2 and dop-3 single mutants and dop-2;dop-3 double mutant. Both dop-2 and dop-3
significantly increased aldicarb resistance (Fj28=9.52, p<0.01 and F(; 25 =30.23, P<<0.001, respectively, by two-way ANOVA) without significant
interaction (F(;,28)=0.37, P=0.55 by two-way ANOVA). (C and F) The aldicarb resistance of N2 and dop-3 mutant animals was measured in the absence

of food. ns: P>0.05 by Student’s t-test. Error bars indicate the SEM.
doi:10.1371/journal.pone.0072578.g001

ser-3(ad1774) I [12] (a gift from Drs. T. Niacaris and L. Avery,
University of Texas Southwestern Medical Center, Dallas, TX),
cat-2(e1112) II [17), cat-2(tm2261) II [18] (a gift from the
National BioResource Project [NBRP], Ministry of Education,
Culture, Sports, Science and Technology [MEXT], Tokyo,
Japan), crh-1(tz2) III [5], dop-2(vs105) V [19], thh-1(0k1196) X
[12], and dop-3(vs106) X [19]. Double mutants were made using
standard crossing techniques. The genotypes were confirmed by
PCR for the deletion mutants and by PCR-RFLP for cat-
2(el112).

PLOS ONE | www.plosone.org

Aldicarb and levamisole assays

The measurement of aldicarb and levamisole sensitivity was
conducted as described [20] with some modifications. Aldicarb
(AccuStandard Inc., New Haven, CT) and levamisole (Sigma-
Aldrich, St. Louis, MO) were dissolved in DMSO and added to
molten NGM agarose (standard NGM agar except that the agar
was replaced by agarose) at a final concentration of 1 and 0.2 mM,
respectively. Aliquots of 2 ml of each were transferred to 35-mm
Petri dishes and allowed to solidify. An overnight culture of the
bacterial strain OP50 in LB medium was diluted 20 times with
water. A total volume of 20 pl of the diluted bacteria was then

August 2013 | Volume 8 | Issue 8 | 72578



CREB Modulates Aetylcholine Release in C elegans

E
A
[ SO S — e — -
100 4 N2 100 N2
*— cat-2 £ . cat-2
7801 —=~ thh-1 > 75
N e B8 tbh-1
T 60 —— cat-2jtbh-1 B W cat-2:thh-1
g £ 50
[« % 3]
£ 40 A S
g g
® 20 - B 25
£
0 T =~ 0
0 30 60 90 120 150 180
time (min)
B
100 F—=--s - N2 =100
- cat-2 £ B cat-2
B 80 1 ~*— ser-3 by
8 g 75 S ser-3
s 60 cat-z;ser-3 5 W cat-2:ser-3
5 g
Q. < 50
& 40 A =
8 g 25
X 20 4 ﬁ
£
0 T T T T ¥ Y -~ 0
Q 30 80 a0 120 150 180
time (min)
&
F
100 —e N2 2100
—&— cat-2 €
ke ~
o 8 —*-¢crh-1 ]
% 50 —e— cat-2;crh-1 5
g % 50
5 40 2
= =)
R 20 % 25
v (]
s £
0 T T T T T T ~ 0

0 30 60 90 120 150 180
time (min)

Figure 2. tbh-1, ser-3, and crh-1 suppress cat-2. Double mutants for cat-2 and tbh-1 (A), ser-3 (B), or crh-1 (C) were examined for paralysis on NGM
plates containing 1 mM aldicarb. (D-F) The time required for 50% of the animals to become paralyzed was determined using Prism. tbh-7, ser-3, and
crh-1 single mutants exhibited similar aldicarb sensitivity to wild-type N2 animals. The aldicarb resistance observed in the cat-2 mutant was

significantly reduced in the cat-2;tbh-1, cat-2;ser-3, and cat-2,crh-1 double mutants. *P<0.001 by the Tukey-Kramer multiple comparison test. Error

bars indicate the SEM.
doi:10.1371/journal.pone.0072578.g002

spread over the plates, except when the animals were tested in the
absence of food. The plates were allowed to dry without lids for at
least 1 h and stored at 20°C overnight to grow the bacteria. To
prepare the animals used in the assays, an adult animal was placed on
an NGM plate seeded with OP50. The plate was incubated at 20°C
for 4 days to allow most of the Fls to become adults. Approximately
25 adult animals on the culture plates were transferred with a
platinum wire to an aldicarb or levamisole assay plate. The animals
were examined every 15 min and scored as paralyzed if they did not
move after being prodded with a platinum wire. The experimenter
was blinded to the genotypes of the tested animals. Each assay was
done in duplicate and repeated at least four times.

PLOS ONE | www.plosone.org

Transgenic strains

The primers used for fusion gene construction were as follows
(from 5 to 3'):

A, ggatccaccggtaaaaatgatgttcctcagggceattac;

B, aagcttgeggeegetcacatteegtecttttecttte; C, ctggaatcagtgtictigttac;

D, ctacaacggcagcgtattccgectggaacagattgataaattc,

E, glatgatgcgactaticagctgegectggaacagatigataaatic; F, gaatacgctgeegttg-
tag;

G, cagctgaatagtcgeatcatac; H, caatgccatatcgggaaacc; I, gattg-
agcccgaacttigaac; and

J, cacaagttcgtgegtcaag.

The cDNA for crh-1 was amplified using primers A and B from
cmk-1::crh-1 [5). The amplified DNA was digested with Agel and Nof
and cloned into Aged- and Nofl-digested ceh-17::dop-3f1 [13] to obtain
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Figure 3. Levamisole sensitivity was unchanged in the cat-2, tbh-7, and crh-7 mutants. (A and B) Animals were examined for paralysis on
NGM plates containing 0.2 mM levamisole. (C and D) The time required for 50% of the animals to become paralyzed was determined using Prism. A
one-way ANOVA revealed that cat-2, tbh-1, or crh-1 mutation does not significantly alter levamisole sensitivity (P>0.05). Error bars indicate the SEM.

doi:10.1371/journal.pone.0072578.g003

ceh-17::cth-1. Next, ceh-17::ch-1 was injected mto cat-2(el 112)scrh-
1{t22) together with a transformation marker, lin-44::gfp [21], which
induces GFP expression in the tail, and pBlueScript (Invitrogen,
Carlsbad, CA). In the aldicarb assays, the progeny of a transgenic
animal were tested and those animals that carried the transgene and
exhibited GFP expression were scored separately from those
animals that had lost the transgene and did not show GFP
expression. cat-2(el112);crh-1(122) was injected only with kn-44:gfh
and pBlueScript and this transgenic strain was tested as a control.

The fusion genes used for the SIA neuron-specific RNAI of the
cha-1 gene were made as described by Esposito et al [22]. Primers
C and D or C and E were used to amplify the ces-17 promoter
region from ceh-17::dop-3, and primers F and G were used to
amplify part of the cka-I coding region from genomic DNA. The
amplified DNAs were mixed and fusion genes were obtained using
primers H and I or H and J. The fusion genes were mixed and
injected into N2 and cat-2(el 112) mutant animals together with lin-
44:gfp and pBlueScript. The GFP-expressing transgenic animals
were used for the aldicarb assays.

Statistical analyses

The time required for 50% of the animals to become paralyzed
(T's0) was calculated with Prism software (GraphPad Software, San
Diego, CA) by a non-linear regression analysis of the Boltzmann
sigmoidal curve, as described previously for a C. elggans killing assay
[23]. To compare the Tso among strains, the statistical significance
was evaluated by a one-way ANOVA followed by the Tukey-
Kramer multiple comparison test using Prism software, except for
Figure 1E and 1F, which were evaluated by a Student’s #test and a
two-way ANOVA, respectively.

PLOS ONE | www.plosone.org

Results and Discussion

Suppression of dopamine signaling reduces
acetylcholine signaling

In C. elegans, the relative strength of acetylcholine signaling can
be measured by monitoring the paralyzing effect of the acetyl-
cholinesterase inhibitor aldicarb [20]. Animals with a reduced
level of acetylcholine signaling exhibit enhanced resistance to
aldicarb, whereas animals with increased acetylcholine signaling
are hypersensitive to it. To determine the effect of dopamine on
acetylcholine signaling, we first analyzed the aldicarb sensitivity of
cat-2 mutants. The cat-2 gene encodes tyrosine hydroxylase and is
required for dopamine synthesis [24]. We analyzed two different
alleles of cat-2 and found that both mutants exhibited moderate
resistance to aldicarb as they took significantly more time to
become paralyzed than did wild-type N2 animals (Figure 1A and
D). This result suggests that acetylcholine signaling was reduced in
the cat-2 mutants. The D2-like dopamine receptors DOP-2 [25]
and DOP-3 [26] work downstream of dopamine in the regulation
of CREB in SIA neurons [13]. We measured the aldicarb
sensitivity of dop-2 and dop-3 single mutants as well as that of dop-
2;dop-3 double mutants (Figure 1B and E). A two-way ANOVA
revealed that both the dop-2 and dop-3 mutations significantly
increased the resistanice of the animals to aldicarb (Fu,26=9.52,
p<0.01 and F; 55)=30.23, P<0.001, respectively), whereas there
was no significant interaction between the effects of dop-2 and dop-
3 (F,28=0.37, P=0.55). These results suggest that the suppres-

sion of dopamine signaling results in reduced acetylcholine
signaling.
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Allen et al. reported that the dop-3 mutant exhibits wild-type
aldicarb sensitivity in the absence of food and that only in the
enhanced background of ace-/ does the dop-3 mutation cause
hypersensitivity to aldicarb [27], as opposed to resistance we
observed in this study. The ace-I gene encodes acetylcholinester-
ase, which is released from muscle cells to degrade acetylcholine
[28]. Therefore, ace-] mutants should have an increased level of
acetylcholine in the neuromuscular junction. Allen et al. also
showed that, for this hypersensitivity, dop-3 works in the
cholinergic motor neurons of the ventral cords [27]. The
experiments in Figure 1B and E were conducted in the presence
of food. Since aldicarb sensitivity is influenced by the experimental
conditions [20], we also analyzed the aldicarb sensitivity of wild-
type and dop-3 animals in the absence of food and found that the
dop-3 mutant exhibited similar aldicarb sensitivity to wild-type
animals in this condition (Figure 1C), which is consistent with the
previous study. Our finding that dop-3 mutants exhibit stronger
aldicarb resistance than wild type animals only in the presence of
food suggests that food availability influences the effect of
dopamine on acetylcholine signaling. This is in line with the
reports that dopamine signaling works in the presence of food to
induce behavioral changes in C. elegans [19,29].

The aldicarb resistance of cat-2 is suppressed by tbh-1,
ser-3, and crh-1

With respect to the regulation of CREB activation in SIA
neurons, octopamine signaling works downstream of dopamine
[13]. We. previously showed that octopamine signaling was
activated in the cai-2 mutant, and that spontaneous CREB
activation in the ¢at-2 mutant was suppressed by a mutation in the
thh-1 gene, which encodes tyramine B-hydroxylase and is required
for octopamine production [30]. To determine whether octopa-
mine signaling also works downstream of dopamine in the
regulation of acetylcholine signaling, we examined the effect of
the tbh-I mutation in the regulation of aldicarb sensitivity (Figure
2A and D). The aldicarb sensitivity of the ibh-I mutant was not
different from that of wild-type animals. The cat-2;thh-I double
mutant also exhibited normal aldicarb sensitivity, indicating that
the aldicarb resistance observed in the cat-2 mutant was completely
suppressed by the mutation of #A-]. Since the octopamine
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receptor SER-3 is required for octopamine-mediated CREB
activation in SIA neurons [12], we next analyzed the ser-3 mutant
and found that se7-3 also, albeit partially, suppressed the aldicarb
resistance of cat-2 (Figure 2B and E). To determine whether CREB
plays a role in the regulation of acetylcholine signaling, we
analyzed crh-/ mutants. crh-I encodes a CREB homolog that is
required for CRE-mediated gene expression [12]. cr&-1, similar to
ser-3, suppressed the enhanced aldicarb resistance observed in the
cat-2 mutants (Figure 2C and F), suggesting that eri- also works
downstream of cat-2. Taken together, these results suggest that the
same pathway that works in the regulation of CRE-mediated gene
expression in SIA neurons functions in the regulation of
acetylcholine signaling.

Aldicarb causes the accumulation of acetylcholine in the
synaptic cleft, leading to the over-activation of cholinergic
receptors on muscle and paralysis [20]. Aldicarb resistance could
result from decreased acetylcholine release from neurons or from
decreased acetylcholine sensitivity of the muscles. To distinguish
between these possibilities, we measured the sensitivity of the
mutants to levamisole, an agonist of muscle acetylcholine receptors
[31]. Sensitivity to levamisole was largely unchanged in the cat-2,
thh-1, and crh-1 mutants as well as the cat-2;tbh-1 and cat-2;crh-1
double mutants (Figure 3). These results suggest that the aldicarb
resistance observed in the cat-2 mutant was caused by decreased
acetylcholine release from neurons rather than a change in
sensitivity to acetylcholine.

CRH-1 works in SIA neurons to regulate aldicarb
sensitivity

Using the cregfp reporter, we previously showed that SIA
neurons are the only cells in which CREB activity is detectably
regulated by cat-2 [13]. To examine whether SIA neurons are
indeed where CREB functions in the regulation of acetylcholine
signaling by dopamine, we conducted the cell-specific rescue of
crh-1 i cat-2;crh-1 double mutants. If ¢rh-I functions in SIA
neurons, the expression of ¢4-1 only in these cells should increase
the aldicarb resistance of cat-2;crh-1 double mutants. For this
purpose, ch-1 was expressed under the ceh-I7 promoter (ceh-
17::rh-1) [32], which induces gene expression only in SIA neurons
and one additional neuron (the ALA neuron). The cat-2;crh-1

cat-2;crh-1

x B cat-2;crh-1
+ ceh-17::crh-1

MR cat-2;crh-1
+ no fransgene

3 B3 cat-2;crh-1
+ marker only

Figure 4. crh-7 expression in SIA neurons rescued aldicarb resistance in the cat-2crh-7 double mutant. cat-2;crh-7 mutants were
transformed with ceh-17:crh-1 and the co-injection marker lin-44::gfp. (A) Animals were examined for paralysis on NGM plates containing 1 mM
aldicarb. (B) The time required for 50% of the animals to become paralyzed was determined using Prism. Animals carrying the transgene exhibited
stronger aldicarb resistance than did the original double mutants. Those animals that lost the transgene or that were transformed only with the co-
injection marker showed similar levels of aldicarb sensitivity to the cat-2;crh-1 double mutants. *P<<0.001 by the Tukey-Kramer multiple comparison

test. Error bars indicate the SEM.
doi:10.1371/journal.pone.0072578.9004

PLOS ONE | www.plosone.org

August 2013 | Volume 8 | lssue 8 | e72578



double mutants carrying ceh-17::crh-1 exhibited stronger aldicarb
resistance compared to the original (cat-Zrh-1) double mutants,
whereas control animals that had lost ceh-17::c7h-1 or that had been

~ injected only with the co-injection marker did not (Figure 4).
These results suggest that the expression of ¢rk-1 in SIA neurons is
sufficient for the dopamine-mediated regulation of acetylcholine
signaling.

It remained unclear whether a change in acetylcholine release
from SIA neurons contributes to the regulation of aldicarb
sensitivity by dopamine. To address this, we conducted the cell-
specific RNAi-mediated knockdown of the cha-I gene, which
encodes the choline acetyltransferase and is required for acetyl-
choline synthesis [33], using the ces-17 promoter. Animals with a
wild-type background that were subjected to RNAi exhibited
stronger aldicarb resistance than did wild-type animals, although it
was not as strong as did the cat-2 mutant (Figure 5).Considering
that the ALA neuron is not cholinergic [15], this result suggests
that the removal of adetylcholine from SIA peurons alone causes
aldicarb resistance. If the aldicarb resistance observed in the cat-2
mutant was due to reduced acetylcholine release from SIA
neurons, the ca-2 mutation should have no effect in animals in
which acetylcholine is removed from the SIA neurons. We
therefore performed SIA neuron-specific RNAi of cka-1 in a cat-2
mutant background and found that the aldicarb sensitivity of this
strain was not significantly different from that of animals with a
wild-type background that were subjected to cka-/ RNAiL. Hence,
cha-1 RNAi did not increase the aldicarb resistance of cat-2 but
rather decreased it to the level of N2 animals subjected to cha-/
RNAIi. This result demonstrates that cat-2 does not have any effect
on aldicarb sensitivity when ¢ha-] was knocked down by RINAiL
using the ceh-17 promoter and suggest that the dopamine-
mediated modulation of aldicarb sensitivity is dependent on
acetylcholine in SIA neurons. There seems to be a tendency for
RNAI strains to have a slower decline in the number of moving
animals later in the assay than did ca-2 mutants. These strains
carry the transgenes as extrachromosomal arrays and it is possible
that variability in the copy number of the transgene is causing a
portion of RINAI animals to become more aldicarb resistance.

SIA neurons are known to be cholinergic {15] and have been
shown to synapse with the head muscles in C. elegans [34].
However, the aldicarb assay used here measured whole-body
paralysis, and the observed delay in aldicarb-mediated paralysis
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for the cat-2 mutant was not limited to the head muscles; their
entire body moved for a longer time after exposure to aldicarb
compared with wild-type animals. In addition to connecting to the
head muscles, STA neurons possess neuronal processes that extend

" from the head region to the tail through the sublateral cords [34].

The function of these processes is unknown. However, neural
processes in the sublateral cord contain synaptobrevin {35], which
plays a role in vesicle secretion, suggesting that acetylcholine can
be released from this region of the neuronal processes. SIA
neurons account for only four of approximately 100 cholinergic
neurons in C. elegans, and the muscles that control body movement
are controlled mainly by ventral cord cholinergic motor neurons.
Nonetheless, the results presented here suggest that reducing
acetylcholine release from these four SIA neurons produces a
change in aldicarb-mediated paralysis and negates the effect of cat-
2. We used ceh-17 promoter to express double-stranded RNA. of
cha-1 with the intention to inhibit expression of cha-I only in SIA
neurons. The cell-type specificity of ceh-17 promoter was
determined by expressing fluorescent proteins under this promoter
[12,32]. However, it remains possible that this promoter induces
gene expression in other cholinergic neurons in a way that is too
weak to be detected with fluorescent proteins. Such leaky
expression of double-stranded RNA may be causing knockdown
of cha-1 in other cholinergic neurons. cha-] mutants are very
uncoordinated, small, and slow growing [33]. The cha-I RNAi
strains used in this study did not exhibit these phenotypes and
therefore are unlikely to have severely reduced cha-1 expression in
many cholinergic neurons. However, a definitive way to address
the involvement of SIA neurons in the amine-mediated regulation
of acetylcholine release would be to laser ablate SIA neurons of N2
and cat-2 mutants and to test them for aldicarb sensitivity as this
approach does not depend on cell-specific promoters.

Exogenous application of dopamine causes reduced locomotion
of C. elegans animals through DOP-3 [19,36]. Furthermore,
reduced dopamine clearance in the dopamine transporter mutant
dat-1 causes paralysis of animals in liquid [37]. These results
suggest that dopamine signaling reduces activity of muscle, which
is regulated by acetylcholine signaling. Our finding that the
reduced dopamine in cat-2 mutants causes reduced acetylcholine
signaling is somewhat surprising in that dopamine is having an
opposite effect on acetylcholine signaling from these previous
studies. This difference may be caused by differences in when and

N2

EEN2 + cha-1 RNAI in SIA
8 cat-2

cat-2 + cha-1 RNAi in SIA

Figure 5. cha-7 RNAi in wild-type and cat-2 mutant animals. The choline acetyltransferase gene cha-7 was specifically knocked down by RNAi
in the SIA neurons of wild-type N2 animals or in the cat-2 mutant. (A) The animals were examined for paralysis on NGM plates containing 1 mM
aldicarb. (B) The time required for 50% of the animals to become paralyzed was determined using Prism. cha-1 RNAi in SIA neurons resulted in
increased aldicarb resistance in a wild-type background. The cat-2 mutation did not significantly alter aldicarb sensitivity when cha-7 was knocked

down in SIA neurons. *P<0.001, ns: P>0.05, by the Tukey-Kramer multiple comparison test. Error bars indicate the SEM.
doi:10.1371/journal.pone.0072578.9005 :
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where dopamine works. Exogenous dopamine and liquid treat-
ment induce acute behavioral changes and exogenously applied
dopamine works on the ventral cord motor neurons to control
locomotion. On the other hand, it is likely that the effect of
dopamine on aldicarb resistance we observed here is a slow
response since it depends on a transcription factor CREB and that
the SIA neurons play a role in this regulation. Our findings
together with the previous reports suggest that dopamine regulates
muscle activity through multiple mechanisms.

Conclusions

Studies using several model animals have demonstrated that
amine neurotransmitters regulate CREB to induce long-term
changes in neuronal activity. In this study, we found that multiple
dopamine signaling mutants exhibited increased aldicarb resis-
tance, which is indicative of reduced acetylcholine signaling.
Genetic experiments revealed that octopamine and CREB
signaling, which is suppressed by dopamine in the presence of
food, functions downstream of dopamine and that activation of
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this signaling pathway reduces acetylcholine release. Cell-specific
rescue and knockdown experiments suggested the involvement of
SIA neurons for the regulation of acetylcholine signaling by
dopamine. The results of this study indicate that the regulation of
CREB by amine neurotransmitter signaling modulates neuro-
transmitter release in C. elggans. Our findings will facilitate future
studies of the mechanism of the CREB-mediated regulation of
neurotransmitter release in the genetically tractable model
organism C. elegans.
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Summary

We dramatically improved a plasmid-isolation protocol based on the popular alkaline-

sodium dodecyl sulfate plasmid iselation method. Our modified method provides
significant time and cost savings. We used a modified solution during the neutralization
step, which allowed us to skip several subsequent handling steps, saving a great amount of
time. The plasmids purified by this method were of high quality, and the optical density
ratio 260 and 280 was approximately 1.8. Plasmid DNA isolated by our method was of
sufficient quality to perform subsequent restriction enzyme cuts and other downstream

experiments, including budding yeast transformation, cultured cell transfection, and
Caenorhabditis elegans injection experiments.

Keywords: Plasmid isolation, calcium chloride, polyethylene glycol, RNase-free

1. Introduction

Plasmid isolation from Escherichia coli is an
indispensable step in most routine laboratory experiments
for molecular biology, biochemistry, and cell biology.
There are several published plasmid-isolation methods
(1-8). Among them, the alkaline-sodium dodecyl sulfate
(SDS) method (/) is the most popular procedure for
purifying plasmid DNA. In this method, the DNA
denaturation step (using Solution {1) and neutralization
step (using Solution 111) are very effective and
sophisticated techniques for separating plasmid DNA
from E. coli genomic DNA. Moreover, insoluble cellular
debris, including proteins, is separated together with
genomic DNA from plasmids. One of the difficulties
of this popular method is that a huge amount of RNA
is collected along with the plasmid DNA. Therefore,
RNase is always required to remove unwanted RNA
from the plasmid solution. Then a hazardous organic
solvent (phenol/chloroform) is added to inactivate and
remove the RNase protein: This process requires several
additional steps and extra time.

*Address correspondence to:

Dr. Noboru Sasagawa, Department of Applied
Biochemistry, School of Engineering, Tokai University,
Kanagawa 259-1292, Japan.

E-mail: noboru.sasagawa@tokai-u.jp

Many commercial kits are available for plasmid
isolation. Two major kits with different principles are
widely used. One is based on an anion-exchange resin
(9). Plasmid DNA is adsorbed onto the resin by the
negative charge of DNA and then eluted by adding a
high-salinity solution. Another method employs a silica
membrane with chaotropic solutions (/0.//). Under
chaotropic conditions, nucleic acids are adsorbed onto
silica particles and eluted using pure water. In both
major commercial kits, the principle of separating
plasmid DNA from bacterial genomic DNA is still
based on the popular alkaline-SDS method. Moreover,
both kits require RNase to digest unwanted RNA.
Therefore. a large amount of RNase is added to the
kit solution. These kits are very easy to use, but rather
expensive. Thus, another time- and cost-saving protocol
for high-quality and high-quantity plasmid isolation
is needed for everyday experiments in the laboratory.
Furthermore. RNase is widely known as a robust,
stable protein. RNase protein contamination results in
the degradation of RNA in the laboratory and disrupts
RNA experiments. It is best not to use RNase protein in
laboratories that handle RNA molecules.

Cajcium chloride (CaCl,) is an effective reagent
that selectively removes RNA from a mixture of DNA
and RNA (/2.13). That is, RNA can be precipitated by
centrifugation in the presence of CaCl, (RNase is not
needed). However, this requires sever a] centrifugation
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steps and takes quite a long time. Hence, we established
a modified plasmid purification method using CaCl,
{called the Super Sol 1il method or Sasagawa method)
that is based on standard alkaline-SDS isolation but
is much easier and less time consuming. Our method
eliminates several steps, allowing us to isolate plasmid
DNA in much less time, and the total isolation time is
around 55 min.

2. Materials and Methods
2.1 E. coli, liquid medium. and plasmid DNA

We used E. coli IM109 or XL-1 blue, which we
routinely use for cloning experiments. Bacteria were
grown in LB medium supplemented with ampicillin
(final concentration, 50 pL/mL). E. coli was incubated
in 15-50-mL tubes with 5-10 mL LB medium in a
shaking air incubator. The plasmids pBluescript and
pUCT18, and their derivatives, were also tested.

2.2. Reagents and equipmeni

For all of our experiments, the purest grade reagents
available were purchased from Wako Pure Chemical
Industries (Osaka, Japan) or Nacalai Tesque (Kyoto,
Japan). Solutions | and Il were prepared according
to a standard protocol (/4). We purchased restriction
enzymes from Takara-Bio (Shiga, Japan) and/or
Toyobo (Osaka, Japan) to cut plasmid DNA. Sample
quality and quantity were determined using a NanoDrop
2000 (Thermo Fisher Scientific, Yokohama, Japan). A
Narishige micromanipulator (Tokyo, Japan) was used
to inject plasmid into (. elegans.

2.3. Super Sol 11l solution

The modified Solution 111 (Super sol Il or Sof 11i-
Ca) consisted of | mL Solution I11 (/4), 1 mL 3 M
CaCl,, and 0.5 mL H,O. A warming step to dissolve the
solution might be needed (i.e.. 37°C or above).

2.4, Handmade filiration column

We made a filtration column as follows (Figure [).
The bottom of a S-mL polystyrene round-bottom tube
(e.g., Falcon 352058) was drilled using a heated ice
pick to create a pinhole (Figure 1a). A polypropylene
centrifuge tube (15 mL) was used for sample
collection. We made a hole in a 15-mL screw cap tube
using a cork borer (#6, ©12 mm). The round-bottom
tube was inserted through the cap hole, and the top of
the round-bottom tube was taped with electrical tape
as a stopper (Figure 1b). A piece of tissue paper was
pushed firmly into a 5-mL polystyrene round-bottom
tube (Figure lc). Before use. 3 mL H,O was applied
and the filter was washed using centrifugation. Afier

centrifugation. filtered H,O was discarded.
2.5. Budding yeast. cultured cells, and C. elegans

The budding veast Succharomyces cerevisiae strain
PJ69-4A was used for transformation. A derivative
of plasmid p426ADH (/5) was transformed into the
yeast using URAS3J as a selectable marker. A pEGFP
plasmid was transfected into Hel a cells as a model of
mammalian cell transfection. C. elegans (N2 strain)
were injected with plasmids pRF4, in which a mutated
collagen gene is coded.

3. Results
3.1 Removal of high-molecular-weight RNA in a single step

Our first challenge was to modify Solution Il by
adding CaCl,. We named the new mixture Super Sol
[11. We tested it and found that it neutralized as well as
traditional Solution I11. Moreover, it greatly reduced the
amount of RNA in the cleared lysate. Higher molecular
weight RNA precipitates out with protein and genomic
DNA. Only small RNAs. such as tRNA. seem to remain
in the lysate (Figure 2. lane 3).

Centrifugation was thought to be necessary to
precipitate RNA in the presence of CaCl.. However,
surprisingly. we found that centrifugation was not
absolutely necessary to remove high-molecular-weight
RNA. To test the effect of Super Sol Il on RNA
removal from the lysate, we first filtered the neutralized
sample solution, which contained a large amount of
debris, without using centrifugation. We then added
2-propanol to the filtered lysate and centrifuged the

(a)

€ paper =

¥

Figure 1. A handmade filtration column. (a) A hole was
made in the bottom of a round-bottom 3-mL polystyrene tube
using a heated needle. (b) A hole was made in the top of'a 13-
mL tube screw cap. and a 3-mL tube (a) was inserted through
the hole. The top of the round-bottom tube was taped with
electrical tape as a stopper. (¢) A piece of tissue paper was
pushed into a S-mL polystyrene round-bottom tube. (d) A
2.5-10-mL disposable syringe with tissue paper could also be
used as a handmade filter in this experiment.

www. biosciencetrends.com
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Plasmid DNA

RNA

Figure 2. Effect of RNA removal by CaCl,, which is
premixed into Solution ITl. Lane I: molecular weight
marker. Lane 2: negative control (standard alkali-SDS plasmid
purification without RNase). Lane 3: a solution neutralized
by Super Sol 111 was centrifuged, and then 2-propanol
precipitation was performed. Lane 4: a solution neutralized
by Super Sol I1I was filtered without centrifugation, and then
2-propanol precipitation was performed.

sample to precipitate nucleic acids. This procedure
resulted in the recovery of plasmid DNA and a small
amount of RNA (Figure 2, lane 4). These results
indicate that a large amount of RNA became insoluble,
and was removed with insoluble proteins and debris as
well as genomic DNA during the filtration step.

3.2. .4 combination of Super Sol Il and polvethviene
glycol precipitation

Based on the above results, we further improved the
protocol by adding polyethylene glycol directly to the
filtered lysate to precipitate plasmid DNA. Polyethylene
glycol precipitates plasmid DNA, but not smali-
molecular-weight RNA (/6./7). We added polyethylene
glycol to a final concentration of 0-12% to filtered lysate
and centrifuged the sample to precipitate plasmid DNA.
Pure plasmid DNA without unwanted RNA was obtained.
Even small-molecular-weight RNA disappeared from
the sample (Figure 3). A final concentration of 6-12%
polyethylene glycol produced good results. Therefore.
we decided to precipitate plasmid DNA to a final
concentration of 8% polyethylene glycol by adding 32%
polyethylene glycol solution. Both polyethylene glycol
#4,000 and #6,000 worked well for precipitating clear
plasmid DNA (data not shown). '
Prior to polyethylene glycol precipitation, the debris
(i.e., insoluble proteins and genomic DNA) should be
completely removed from the lysate. For this purpose,

Figure 3. A combination of Super Sol 111 and polyethylene
glycol precipitation. Lane [: molecular weight marker. Lanes
2-8 represent various final concentrations of polyethylene
glycol (PEG) during the plasmid precipitation step. Lane 2:
0% PEG. Lane 3: 2% PEG. Lane 4: 4% PEG. Lane 5: 6%
PEG. Lanc 6: 8% PEG. Lanc 7: 10% PEG. Lane 8: 12% PEG.

5-10mt LB, 37°C overnight shake

<t2? 3,000 rpm, 10min

Pellet + 250pL Solution 1, mix well
+ 2504l Solution li, gently mix, Smin

+900uL Super Solution 11}, gently mix

3,000 pm, 10min

Pour supernatant to handmade filter

=b 3,000 rpm, 30sec

Filtrated solution {1200uL) + 32% polyethylene glycol {400uL)

12,000 rpm, 10min

Wash peilet with 70% ethanol (twice)

Dry up, +50uL H,0

Figure 4. The complete 55-min protocol established in this
study.

we made a handmade filtration column (Figure 1).
Based on these results, we established our complete
plasmid purification protocol (Figure 4).

3.3. Quality and quantity check of plasmid DNA by
spectrophoiometer

We checked the quality of plasmid DNA purified by
our Super Sol Il method. As shown in Table 1, we
obtained very high quality plasmid DNA. The optical

www.biosciencetrends.com
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Table 1. Spectrophotometric DNA quality and quantity check

Table 2. Results of DNA injection into C. elegans

A~y Conc.ing/ul) Total plasmid (ug)  As/As
Average 3358 179 8.935 1.83
S.D 1.81 91 4.5 0.04

Figure 5. Restriction enzyme check. Lane 1: molecular
weight marker. Lane 2: uncut plasmid DNA. Lane 3: Kpn
| cut (Low-salt buffer). Lane 4 Hind 111 cut (Medium-salt
butfer). Lane 5: Eco R I cut (High-salt buffer). Lane 6: Bam
H T cut (High-salt butfer with potassium).

density ratio at 260 and 280 (A,./A.y) was around
1.8, indicating that there was no protein contamination
in the isolated plasmid. The quantity of plasmid
DNA was almost | pug/mL in LB medium, which is
sufficient for downstream experiments. We found that
both handmade-columns and syringe filters have good
qualities (Table 1).

3.4. Restriction enzyme check

The quality of purified plasmid DNA was also checked
by using restriction enzymes. A purified plasmid was
cut with Eco R I (High-salt buffer), Bam H [ (High-salt
buffer with potassium). Hind 1l (Medium-salt buffer).
and Kpn 1 (Low-salt buffer). All of these enzymes
successfully cut plasmid DNA (Figure 5).

3.5. Injection inio C. elegans

To check the quality of the purified plasmid, we
injected plasmids into C. elegans following a previous
study (/8). Generally, we obtain F1 transformants in
the injection experiments, but the F2 transformant (i.e.
stable transformant) appears only when the transgene is
provided in the F1 germline. That is. we can conclude
the stable transformation experiment was successful

Injected worm ' ) 9.
F1 transformant
F2 transformant

[FERN e

Figure 6. Results of yeast transformation. In total 30 ng.
3 ng. and 0.3 ng plasmid per plate were transformed into the
budding yeast. (A). plasmid DNA isolated by our protocol.
(B). plasmid DNA isolated by a standard silica membrane kit
(positive control). (C). no plasmid DNA (negative control).

only when we obtained F2 transformants. We injected
plasmid DNA from our method into nine worms, and
obtained six F1 transformants. And then. one of the F1i
transformants had F2 transformants, indicating that our
injection experiments were successful using the plasmid
purified by our method (Table 2).

3.6. Yeast ransformation

We performed yeast transformation in S. cerevisiae
to determine plasmid DNA quality. A derivative
of plasmid p426 ADH (/5) was purified using our
plasmid isolation method, and then transformed into
S. cerevisiae with a standard lithium chloride protocol
(/9). As shown in Figure 6. transformation was efficient
with our plasmid, and was similar to the plasmid
transformation efficiency achieved when using a Sigma
commercial kit (/0). Transformation efficiency was
calculated as colony forming units per 1 ug plasmid
(cfu/pg). According to this calculation, the efficiency
of our system was 1.8 » 10" cfu/ug, while the efficiency
using the Sigma kit was 2.5 x 10" cfu/pg. Generally.
around 10" cfu/ug is an acceptable result.

3.7. Transfection into cultured cells

Our plasmid-isolation method also provided plasmids
of sufficient quality for transfection into cultured cells.

www. biosciencetrends.com
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Figure 7. Result of cultured cell transfection. Upper panels
(A, B) are cells transfected using a plasmid described in
this manuscript, and lower panels (C, D) are cells using a
commercial kit. (A) and (C). phase-contrast image: (B) and
(D). EGTP fluorescence detection.

Using the standard Fugene 6.0 (Promega) protocol (20),
0.5 ng pEGFP plasmid was transfected into cells seeded
in a 20-mm dish. As shown in Figure 7, we successfully
observed EGFP fluorescence in Hela cells. This
indicates that plasmid DNA isolated by our method
is of sufficient quality for use in cell transfection. We
counted cells in microscopic images and calculated
transfection efficiencies. The transfection efficiency
of our plasmid isolation method was 20%, whereas the
efficiency was 50% when we transfected a plasmid
with a Sigma kit.

4, Discussion

The advantage of the traditional alkaline-SDS method
is that chromosomal £. coli DNA is removed, along
with insoluble debris, by several simple steps, leaving
plasmid DNA in the cleared lysate. The basic steps of
this traditional method include cell lysis and protein/
DNA denaturation by the alkaline solution (Sol II)
and a sudden pH change to neutrality by neutralization
buffer (Sol I1I). This sudden pH change is essential to
transform genomic DNA and proteins into insoluble
debris.

The difficulty of this method lies in separating
RNA from the cleared lysate: RNA and plasmid DNA
react.similarly to pH changes. Therefore, an RNA-
removal step using RNase is always needed. which
requires additional processes such as phenol/chloroform
extraction.

Our new plasmid-purification protocol greatly
improved on previous methods in two ways. First, we

modified Solution 111 (into Super Sol 111) by adding
calcium chloride to directly remove a large amount of

-RNA during the neutralization step. This allowed us to

purify plasmid high quality DNA in fewer steps. It also
did not require RNase incubation or a hazardous phenol/
chloroform extraction step. Our modified Solution
111 removed unwanted RNA in the neutralization
step without centrifugation. A small amount of RNA
still remained in the cleared lysate, which was easily
removed by simple polyethylene glycol precipitation.
Second, we added a filtration step. Unlike an anion-
exchange column and/or a silica membrane column.
our column simply filtered and separated insoluble
debris. In our protocol (Figure 4), centrifugation was
performed before filtration not to precipitate RNA but
simply to reduce debris. Use of a commercial filter and/
or gel filtration resin (such as Sephadex) may lead to
a much better result, although our handmade column
was sufficient for our experiments. The syringe filter
was easier to handle, although the total quantity was
better in the handmade-column than the syringe (Table
1). This might be due to the dead volume of the syringe
filter. The syringe filter is still applicable because the
plasmid purified using the syringe filter had a quality
good enough for downstream experiments. In our
manuscript, Figure 2, Table 1 (in part) and Table 2 were
data using the syringe filter, and others were from the
handmade-column. We tested both filters and concluded
that they worked well in our daily experiments (data
not shown).

Too large of an amount of £. cofi at the start (/.e.
too much E. coli cells for reagent volumes) results in
insoluble impurities in the final plasmid solution. It is
important to keep a volume balance between solutions
and E. coli. In large-scale experiments, simply dividing
E. coli samples into several test tubes will give a good
result. An option for scaling up is to use a 50-mL
polypropylene centrifuge tubes and 15-mL polystyrene
round-bottom tubes for the handmade-column, instead
of the tubes indicated in Figure 1. We checked and
confirmed that this scaled-up protocol worked well up
to 50-mL LB medium (data not shown).

Generally, super-high-quality plasmid DNA is
required for injection into C. elegans or transfection into
cultured cells. Our data strongly suggests that plasmid
DNA isolated by our protocol is of high enough quality
for use in biochemical reactions and transformations.
A Sigma commercial kit showed better transfection
efficiency for cultured cells than our method. but it is
very surprising that we can prepare a transfection-grade
plasmid by such a simple protocol as described in this
manuscript. This commercial kit describes that up to
15 ng of plasmid DNA can be purified from 1-5 mL
of £. coli culture (/0). which is a better quantity than
our method. Nevertheless, our method has good quality
and quantity for downstream experiments (Table 1).
Besides, our method has significant advantages that we

www. biosciencetrends.com
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do not need RNase, any special reagents or equipment.
The column and syringe are recyclable, so that we do
not need to take these costs into account.
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Abstract

Myotonic dystrophy

Shoichi Ishiura, Ph.D.”, Kosuke Oana, M.S.” and Michinori Koebis, M.S.”

YGraduate School of Arts and Sciences, The University of Tokyo

No effective treatment was available for myotonic dystrophy, even in animal model. We have established a new
antisense oligonucleotide delivery to skeletal muscle of mice with bubble liposomes, and led to increased expression of
chloride channel (CLCN1) protein and the amelioration of myotonia. In other experimernts, we also identified small
molecule compounds that correct aberrant splicing of Cicn/ gene. Manumycin A corrected aberrant splicing of Clenl in

mouse model.

Key words: myotonic dystrophy, splicing, chloride channel, myotonia, therapy

(Clin Neurol 2013;53:1109-1111)
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Abstract

We report a 3-year-old boy with X-linked myotubular myopathy complicated by peliosis hepatis. At birth, he was affected with
marked generalized muscle hypotonia and weakness, which required permanent ventilatory support, and was bedridden for life. He
dled of acute fatal hepatic hemorlhaoe after using a mechanical m-exsuﬁiator Peliosis hepatis, defined as multiple, variable-sized,

To ay 01d fawl he ’anc hemorrhage by peliosis
) ith X-linked myotubular

1. Introduction

X-linked myotubular myopathy (XLMTM) is one of the

most serious types of centronuclear (“myotubular™)
myopathies. which is pathologically characterized by a
high proportion of small myofibers with centrally placed
nuclei [1]. With recent advances in molecular analysis.
centronuclear myopathy has been classified into three
genetic subtypes. XLMTM is a severe form of
centronuclear myopathy presenting with symptoms from
birth, including respiratory failure. ophthalmoplegia, and

* Corresponding author. Address: Department of Pediatrics, Uwajima
City Hospital, 1-1 Goten-cho, Uwajima. Ehime 798-8510. Japan. Tel.: +81
89525 1111: fax: +81 895 25 5334,

E-mail address: tmotoki@m.ehime-u.ac.jp (T. Motoki).
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muscle w eakness {2} XLMTM is caused by genetic
aberration of the MTM] ‘gene on ‘chrothosorme Xq28 31
MTM]I encodes myotubularin, a dual-specificity 3-
phosphoinositide phosphatase, which plays an important
role in the regulation of signaling pathways involved in
muscle growth and differentiation [3].

Although XLMTM is considered to be a fatal disorder
within the first year of life. it has been recently shown
that more than half of XLMTM patients achieve
prolonged survival, and most of the long-term survivors
suffer from several complications in several organ systems
[4]. Among them, peliosis hepatis is a rare condition that
can affect children and cause fatal hepatic hemorrhage. A
few reports have suggested that XLMTM patients might
be at risk for development of peliosis hepatis [4-7]. We
report a S-year-old patient with XLMTM who suffered



918 ) T. Motoki et al. | Neuromuscular Disorders 23

from fatal peliosis hepatis. In addition, the ¢liniéal features
and prevention approach of fatal hepatic hemorrhage in
XLMTM are also discussed.

2. Case report

A full-term male was born at 39 weeks of gestational age
by normal spontaneous vaginal delivery and weighed
2728 g. The Apgar score was 5 at 1 min and 7 at 5 min.
There was no abnormal antenatal symptom (e.g.
polyhydramnios, reduced fetal movements, and thinning
of the ribs). And neither family history of genetic
disorders nor medical problem during perinatal period
was observed. At birth, however, marked generalized
muscle hypotonia and weakness, which required
ventilatory support, appeared in the patient. On physical
examination, facial muscle weakness and a high-arched
palate were detected, and extraocular muscle involvement
was not detected. The hypotonia did not improve with
conventional management. The karyotype of peripheral
blood was normal. A muscle biopsy from the biceps
branch was performed under the possible diagnosis of
neuromuscular disease. All muscle fibers were small and
round (Fig. 1a), and a peripheral halo was observed in
most fibers (Fig. 1b), compatible with the diagnosis of
myotubular myopathy. Type 1 fiber predominance was
remarkable (90%) (Fig. lc). Genetic analysis of XLMTM

{2013} 917-921

revealed a splice-acceptor-site mutation of MTMI in
intron 6 (c.445-1G>A), resulting in skipping of exon 7 at
the cDNA level (Fig. [8] The patient received
respiratory support using non-invasive positive pressure
ventilation, and underwent a tracheotomy at 8 months of
age because of frequent asphyxia caused by aspiration.
At 5years old, he was admitted to the Uwajima City
Hospital for treatment of massive pneumonia and
atelectasis in the left lung. Laboratory studies on
admission showed that hemoglobin was 14.6 g/dL, white
blood cell count was 11,400/uL, platelet count was
338,000/uL, aspartate aminotransferase was 69 IU/L,
alkaline phosphatase was 73 IU/L, and C-reactive protein
was 0.46 mg/dL. Bacterial blood and sputum cultures
showed negative results. Fibrinolytic activity test on four
days after admission remained within normal limits
(prothorombin time was 11.9s, fibrin degradation
products was 8.6 pg/ml and D-dimer was 0.8 pg/ml). The
patient gradually improved with a course of antibiotics
(cefotaxime sodium) and lung physical therapy. Nine
days after admission, a mechanically assisted coughing
system was used a$ a mechanical in-exsufflator (MI-E)
because of difficulty of sputum expectoration. The next
day, he suffered from abrupt tachycardia and cyanosis.
He had a peripheral coldness and his abdomen was
gradually distended, especially the right costal margin,
because of hepatic enlargement. Laboratory studies

(d)

c.445-1G>A Exon7?
% Exon 7 Exon 6 Exon 8
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Fig. 1. Histological findings of muscle biopsy and genetic analysis. (a) Hematoxylin and eosin (H & E) staining shows that all muscle fibers are small and
rounid. Marked perimysial fibrosis and scattered pyknotic nuclear clumps can be seen. Muscle fibers with central nuclei comprise 40% of the biopsy
specimen. (b) As shown by nicotinamide adenine dinucleotide tetrazolium reductase staining, the intermyofibrillar netw rork is markedly disorganized with
peripheral halo features seen in most fibers. (¢} On ATPase, types 1, 2A-C comprise 90%, 8%, 29

%, 2%, and 0%, respectively. Type 2 fiber atrophy can be seen.

(d) MTA{] analysis revealed a splice-acceptor-site mutation in intron 6 {c.445-1G>A) at the genomic DNA level and skipping of exon 7 at the cDNA level.



