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of CHRNA! compromises expression of the ol subunit in thymic epithelial cells, and
increases the chance of developing myasthenia gravis.
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Acetylcholinesterase (AChE) at the neuromuscular junc-
tion (NM]J) is anchored to the synaptic basal lamina via
a triple helical collagen Q (ColQ). Congenital defects of
ColQ cause endplate AChE deficiency and myasthenic
syndrome. A single intravenous administration of adeno-
associated virus serotype 8 (AAV8)-COLQ to Colg- mice
recovered motor functions, synaptic transmission, as
well as the morphology of the NMJ. ColQ-tailed AChE
was specifically anchored to NMJ and its amount was
restored to 89% of the wild type. We next character-
ized the molecular basis of this efficient recovery. We first
confirmed that ColQ-tailed AChE can be specifically tar-
geted to NMJ by an in vitro overlay assay in Colg”~ mice
muscle sections. We then injected AAV1-COLQ-IRES-
EGFP into the left tibialis anterior and detected AChE in
noninjected limbs. Furthermore, the in vivo injection of
recombinant ColQ-tailed AChE protein complex into the
gluteus maximus muscle of Colg~- mice led to accumula-
tion of AChE in noninjected forelimbs. We demonstrated
for the first time in vivo that the ColQ protein contains
a tissue-targeting signal that is sufficient for anchoring
itself to the NM]J. We propose that the protein-anchoring
strategy is potentially applicable to a broad spectrum of
diseases affecting extracellular matrix molecules.

Received 28 September 2011, accepted 31 January 2012; advance
online publication 28 February 2012. doi:10.1038/mt.2012.34

INTRODUCTION

Acetylcholine (ACh) released from the nerve terminal is rap-
idly hydrolyzed by acetylcholinesterase (AChE) at the vertebrate
neuromuscular junction (NM]) to terminate cholinergic trans-
mission. Three tetramers of catalytic AChE subunits are linked
by a triple helical collagen Q (ColQ) to constitute a ColQ-tailed
AChE.! The ColQ-tailed AChE is assembled in the endoplasmic
reticulum and the Golgi apparatus.>* ColQ carries three domains:
(i) an N-terminal proline-rich attachment domain that organizes
the catalytic AChE subunitsinto a tetramer, (ii) a collagenic domain

that forms a triple helix, and (iii) a C-terminal domain enriched
in charged residues and cysteines. ColQ-tailed AChE is organized
in a secretory pathway, excreted, and anchored into the synaptic
basal lamina using two domains of ColQ (Figure 1). First, the col-
lagen domain harbors two heparan sulfate proteoglycan (HSPG)-
binding domains’ that bind to heparan sulfate proteoglycan such
as perlecan in the synaptic basal lamina.® Second, the C-terminal
domain of ColQ binds to MuSK, a muscle-specific receptor
tyrosine kinase, on the postsynaptic membrane.t Human congeni-
tal defects of ColQ cause endplate AChE deficiency, in which the
neuromuscular transmission is compromised.”® Endplate AChE
deficiency is an autosomal recessive disorder, which manifests as
generalized muscle weakness, fatigue, amyotrophy, scoliosis, and
minor facial abnormalities. Thirty-nine mutations of COLQ are
currently registered in the Human Gene Mutation Database at
http://www.hgmd.cf.ac.uk/. Ephedrine is effective for myasthenic
symptoms to some extent,'™"! though the underlying mechanisms
of ephedrine efficacy remain elusive. We have developed a mouse
model deficient in ColQ by deletion of the PRAD domain.'? This
strain recapitulates the phenotype of congenital myasthenic syn-
dromes with AChE deficiency. '

Gene therapy of endplate AChE deficiency is a complex issue
both in humans and mice because ColQ is encoded by alterna-
tive promoters with a specific expression in subsynaptic nuclei of
slow- and fast-twitch muscles.'® The levels of AChE at the NM] are
supposed to be precisely controlled by the expression of ColQ and
AChE," as well as by a post-translational mechanism.? To treat end-
plate AChE deficiency in Colg-deficient mice, we delivered COLQ
using adeno-associated virus (AAV) serotype 8, which has a tro-
pism for muscles.”” We used human COLQ instead of mouse Colg
to foresee if the recombinant human COLQ is applicable to clini-
cal practice in the future. Efficient rescue of AChE at the NMJ of
AAV8-COLQ-injected mice prompted us to search for the molecu-
lar basis of these unexpected effects. We found that ColQ carries
tissue-targeting signals that are necessary and sufficient to cluster
AChE at the NMJ. This is the first report of a long-distance delivery
of a large extracellular matrix complex over 50nm in length and
weighing over one million kDa in skeletal muscle. The findings of

Correspondence: Kinji Ohno, Division of Neurogenetics, Center for Neurological Diseases and Cancer, Nagoya University Graduate School of Medicine,
65 Tsurumai, Showa-ku, Nagoya 466-8550, Japan, E-mail: ohnok@med.nagoya-u.ac.jp
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Figure 1 Schematic of anchoring of collagen Q (ColQ) to neuromus-
cular junction {MNM]). Twelve catalytic subunits of acetylcholinesterase
(AChE) are attached to ColQ to form ColQ-tailed AChE. Two heparan
sulfate proteoglycan-binding domains of ColQ are bound to perlecan.
C-terminal domain of ColQ is bound to muscle-specific kinase (MuSK).
Nerve-derived agrin binds to an LRP4-MuSK complex and induces
rapsyn-mediated clustering of acetylcholine receptors (AChR) by phos-
phorylating AChR.

the present study open a new therapeutic avenue for treating many
inherited defects of extracellular matrix proteins.

RESULTS

Intravenous administration of AAV8-COLQ normalizes
motor functions of Colg”~ mice

We explored the recovery of the muscular phenotype of Colg™"
mice by viral delivery of a functional ColQ molecule. Therefore,
we constructed a recombinant AAV serotype 8 carrying human
COLQ cDNA. AAV serotype 8 (AAVS) is efficiently delivered
to skeletal muscle after systemic injection.'® We intravenously
administered 1 x 10"'-2 x 10" viral genome (vg) copies of AAVS-
COLQ into 4-week-old Colg™ mice. These mice exhibit muscle
weakness, myasthenia, tremor, kyphosis, involuntary vocaliza-
tion, and a slower growth rate than their wild-type littermates.'
However, a single injection of 2 x 10'* vg, gradually improved
their motor function to reach the level of that of wild type
(Figuare 2a). Furthermore, there were no signs of fatigue 6 weeks
after the therapeutical injection (Figure 2b). Voluntary exercise
in the treated mice also increased gradually but did not reach the
level of wild type even at 5 weeks after injection (Figure 2¢). The
* improved motor activities of treated mice are also demonstrated
in Supplementary Video 1. Pairs of treated mice gave birth to
Colg™~ pups and reared them to maturity. In longitudinal studies
of three treated mice, all survived 18-20 months. Motor functions
of the treated mice were declined at 48 weeks after injection but to
the similar levels as those of wild type (Figure 2a,c). These obser-
vations clearly indicate the long-term therapeutic potential of a
single viral injection of AAV.

AAVS8-COLQ normalizes the neuromuscular synaptic
transmission

To estimate recovery of neuromuscular transmission, we per-
formed electrophysiological studies (Table 1). Treatment with

Protein-anchoring for AChE Deficiency
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Figure 2 Exploration of motor function after intravenous injection
of AAVB-Col( to the tall vein of Colg mice. (@) Motor function on
the rotarod. The rotation was linearly accelerated from 0 to 40 r.p.m. in
240 seconds. Five groups of six mice were studied. Each group consisted
of 4-week old mice and was either injected or not (control group) with
increasing numbers of viral particles. Three weeks after their AAV8-COLQ
injection, only the group of mice treated with 2 x 10'? vg remained on
the rod as long as the wild-type littermates. Importantly, there was a
progressive motor function recovery during the first 3 weeks after injec-
tion of Colg’/- mice. Symbols indicate mean and SE of six mice for each
experiment. Mean and SE of the durations on the rotarod of two treated
mice at 48 weeks after treatment is indicated along with that of the
four age-matched wild-type mice. (b) Fatigue test using the rotarod was
performed on three groups of a total of 18 mice. The rotation speed was
fixed at 10 r.p.m. and the mice were immediately placed back on the rod
each time they fell. Mice injected with 2 x 10'? vg exhibited no fatigue
at 6 weeks after injection, whereas untreated Colg”- mice fell increas-
ingly more rapidly off the rod. () Voluntary movements were quantified
by a counter-equipped running wheel. Plots show mean and SE of the
number of rotations over 24 hours in each group of six mice (wild type,
Colg™-, and AAV8-COLQ). Only the group of mice treated with 2 x 102
vg increased the number of rotations every week but they did not reach
the level of wild-type mice at 5 weeks after injection. Mean and SE of the
number of rotations of two treated mice at 48 weeks after treatment is
indicated along with that of the four age-matched wild-type mice. AAVS,
adeno-associated virus serotype 8; ColQ, collagen Q.

AAVS-COLQ reduced decrements of the compound muscle
action potentials in response to repetitive nerve stimulation at
2 Hz, reduced the amplitudes of miniature endplate potentials
(MEPPs), shortened the miniature endplate potential decay time
constants (Figure 3), and acquired responses to neostigmine.
Endplate potential quantal content, which was decreased in
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Table 1 Repetitive nerve stimulation and microelectrode studies

Wild type with Colg™ with Treated Colg with
Wild type neostigmine Colg™- neostigmine Treated Colg™ neostigmine
Repetitive nerve 0.92 +0.01% (2) n.a. 0.58 +0.05 (3) n.a. 0.76 = 0.02* (3) n.a.
stimulation®
EPP quantal content® 39.8 +2.3** (18) n.a. 282 +1.8(19) n.a. 24.1+1.6(18) n.a.

MEPP amplitude (mV)¢ 0.77 £ 0.04** (31) 1.52 +£0.12 (18) 1.52 £ 0.11 (19) 1.52 + 0.07 (10) 0.68 + 0.02%* (25)
EPP amplitude (mV)¢ 30.6 n.a. 429 na. 16.4 n.a.
MEPP decay time (ms)© 1.77 £ 0.06™* (31) 2.27 £0.08* (18) 3.07 £0.12(19) 2.99 £ 0.09 (10) 2.45 £ 0.08 (25) 3.66 + 0.09** (24)

Abbreviations: AChR, acetylcholine receptors; ColQ, collagen Q; EPP, endplate potential; MEPP, miniature endplate potential; n.a., not applicable.

Values represent mean + SE. T = 29 % 0.5°C for EPP and MEPP recordings. Numbers in parenthesis indicate the number of recordings for repetitive nerve stimulation
and the number of EPs from one or two mice for the other assays.

*Repetitive nerve stimulations were performed at 2 Hz, and the relative areas of compound muscle action potential (CMAP) of the fourth to the first stimulations are
indicated. ®PQuantal content of EPP at 0.5 Hz stimulation corrected for resting membrane potential of -80 mV, nonlinear summation, and non-Poisson release. As the
quantal contents of EPP are higher than 10, corrected values are indicated according to Cull-Candy et al.** Normalized for resting membrane potential of -80 mV and
a mean muscle fiber diameter of 55 um. The actual fiber diameters were 45 + 3.6 um (mean * SD, n = 31) for wild-type mice, 43 + 3.0um (n = 19) for Colg’- mice,
and 46 + 4.2pm (n = 25) for the treated Colg”- mice. ‘Estimated EPP amplitude is the product of the EPP quantal content and the MEPP amplitude. As AChR was partly
blocked with curare for EPP recordings and not for MEPP recordings, we could not directly measure EPP amplitudes. Predicted low EPP amplitudes in treated mice

0.98 + 0.05** (24)

suggest that the improvement of motor function was likely due to amelioration of depolarization block and/or of endplate myopathy.

*P < 0.05 and **P < 0.001 compared to Colg/- mice by Student’s t-test.

0.8
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Figure 3 Representative miniature endplate potential {(MEPP)
recordings of diaphragm musdes of {a) wild type, (b} Colg, and
{c} AAVE-COLG-treated mice. (b) Colg- mice have higher MEPP ampli-
tude and a longer decay time constant (TC) than (a) wild-type mice.
AAV8-COLQ treatment shortened the decay TC and lowered the MEPP
amplitude. Gray lines represent fitted exponential decay curves. AAVS,
adeno-associated virus serotype 8; ColQ, collagen Q.

Colg™- mice, was further decreased by the treatment, in contrast
to our expectation.

Human ColQ-tailed AChE is anchored to the mouse
NM]J in vivo

To further evaluate that the rescue was due to restitution of AChE
at the NM]J, we used histological methods to visualize ColQ
and AChE on muscle sections (Figure 4a~c). ColQ and AChE
were colocalized to acetylcholine receptors (AChR) at the NM]J,

confirming that ColQ-tailed AChE was specifically clustered to
the target tissue. Although, we failed to observe improvement
of motor functions with 1 x 102 vg or less (Figure 2a), we still
detected ColQ and AChE at NM]Js with smaller amounts (data
not shown). This suggests that a certain amount of viral genomes
is required to exhibit improvement of motor deficits.

The ultrastructural morphology of treated mice also improved
compared with age-matched Colg™~ mice (Figure 4d--f). The NM]J
ultrastructures were variable from one to another in wild type,
Colg", and treated mice, and we quantified the electron micro-
graph pictures (Supplementary Table S1). Quantitative analysis
of presynaptic ultrastructures demonstrated that, in soleus slow-
twitch muscle, Schwann cell invagination was mitigated, which
increased the nerve terminal length, but the nerve terminal area
remained essentially the same. Postsynaptic area and postsynaptic
membrane length were also increased in soleus muscle of treated
mice. In the extensor digitorum longus fast-twitch muscle, how-
ever, significant improvement was observed only in the ratio of
enwrapped nerve terminal. Thus, the morphological improve-
ments were more prominent in the soleus rather than in extensor
digitorum longus muscles.

AAV8-COLQ restores the amount of ColQ-tailed AChE
in the muscle to 89.3% of wild type

To estimate the efficiency of intravenous administration of
AAV8-COLQ, we quantified the amount of the transduced COLQ
mRNA, as well as ColQ-tailed AChE, in the muscle. We estimated
the amount of COLQ mRNA in hindlimbs by a TagMan probe,
and found that the treated mice expressed the transduced COLQ
at 92.5 + 47.8% (mean * SE, n = 4) of wild type. ColQ-tailed
AChE from hindlimbs of the treated mice was fractionated by
sucrose density-gradient ultracentrifugation. Sedimentation anal-
ysis revealed that AAV8-COLQ muscles have similar peaks of
ColQ-tailed AChE species as those of wild type (Figure 5a~c).
We also quantified the amount of globular AChE and ColQ-tailed
AChE in gastrocnemius muscles of treated mice (Figure 5d). As
previously reported, the amount of globular AChE was slightly
lower in Colg™ mice,”” and this was normalized by treatment
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2

Figure 4 Histologies and ultrastruciures of the newomuscular junctions (NMis). Localization of acetyicholinesterase {(AChE) activity,
codlagen Q (Cold), and acetyicholine receptors (ACHR) in quadriteps musdes of (a) wild type, (&) Coly~, and {£) AAVB-COLD mice, Mice
treated with 2 x 10'? vg of intravenous AAV8-COLQ express ColQ-tailed AChE at NM). AChE is stained for its activity. ColQ and AChR are detected
by the polyclonal anti-ColQ antibody and a-bungarotoxin, respectively. Bar = 10um (a~c). Representative stainings of six mice in each group are
indicated. Ultrastructures of soleus muscle NMj (d-f). (e) Colg”’- mice show simplified synaptic clefts (arrow) and widening of the synaptic space
(arrow head), whereas the NMJ ultrastructure of AAV8-COLQ mice (f) is indistinguishable from that of wild type (d). AAV8-COLQ mice still have small
nerve terminals and invaginated Schwann cells (*). Bar = 1 ym (d—f). Representative ultrastructures of 27—41 electron micrograph (EM) pictures (see
Supplementary Table $1) are indicated. AAV8, adeno-associated virus serotype 8.

with AAV8-COLQ. Treatment with AAV8-COLQ also restored
ColQ-tailed AChE to 89.3 + 9.6% (mean * SD, n = 4) of wild type
at 6 weeks after treatment. We also quantified ColQ-tailed AChE
at 48 weeks after treatment and found that the amount was still
81.8 *+ 21.6% (mean + SD, n = 2) of the age-matched wild-type
mice (n = 3). Although soleus slow-twitch muscle exhibited prom-
inent improvement with the ultrastructural analysis, the available
amount of soleus muscle was too small for the biochemical assay.

We also examined whether ColQ-tailed AChE was produced
in the liver because AAVS efficiently transduces hepatocytes.'®
AAVS8-COLQ increased the COLQ mRNA level in the liver from
3.4 £ 0.34% (mean + SE of five wild-type mice) to 61.3 £ 12.6%
(mean * SE of five treated mice) compared to those in the mus-
cle of wild-type mice (n = 5). The Ache mRNA levels in the liver
of wild type, Colg™~, and treated mice, however, were estimated
to be <0.5% of that in wild-type muscle. The Ache mRNA levels
in the liver were too low to be accurately quantified by real-time
reverse transcription-PCR. Sedimentation profiles revealed
no peaks of ColQ-tailed AChE in the liver of either wild type,
Colg™", or treated mice (Supplementary Figure Sla-c). This
was probably due to lack of Ache expression. Globular AChE
species observed in the sedimentation analysis was likely to
represent AChE on the erythrocyte cell membrane.'” These data

suggest that AAV8-COLQ did not induce expression of ColQ-
tailed AChE in the liver.

Local intramuscular injection of AAV8-COLQ expresses
ColQ-tailed AChE at NMJs of noninjected limbs
Prominent improvements that we observed in AAV8-COLQ-
treated mice raised a possibility that ColQ-tailed AChE moved
from the transduced muscle cells to other muscle cells. We thus
tested this possibility in the following experiments.

First, we have previously reported that the human recombi-
nant ColQ-tailed AChE can be anchored to the synaptic basal
lamina of the frog NMJ.'® We tested this anchoring using mouse
NMJs. We purified ColQ-tailed AChE expressed in HEK293 cells
and incubated this with a section of skeletal muscle from Colg™"~
mice, As expected, ColQ and AChE were detected at the mouse
NM] (Supplementary Figure S2), which supports the notion
that ColQ-tailed AChE can be moved and anchored to the target
in vitro.

Next, we tested whether ColQ-tailed AChE moved from the
transduced muscles to the nontransduced muscles. We injected
AAVS-COLQ to the left anterior tibial muscle. As expected, AChE
and ColQQ were rescued at the NMJs of the injected muscle. In
addition, AChE and ColQ were also detected at all the examined
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Figure 5 Quantification and biochemical analysis of acetylcholinesterase (AChE) recovery in muscles. Intravenous injection of 2 x 10'2 vg
of AAV8-COLQ into (b) Colg”- mice gives rise to a sedimentation profile that is identical to that of (a) wild type, whereas (¢) Colg”’- mice carry no
collagen Q (ColQ)-tailed AChE. A,, A,, and A, species carry 4, 8, and 12 AChE catalytic subunits attached to a triple helical ColQ. G,, G,, and G,
species carry 1, 2, and 4 AChE catalytic subunits but without ColQ. A representative profile of three experiments is indicated. (d) Quantification of
globular and ColQ-tailed AChE species (mean and SD, n = 4). The activity of ColQ-tailed AChE in the skeletal muscle of AAV8-COLQ mice is restored

to 89 + 10% of that of wild type. AAV8, adeno-associated virus serotype

NMJs in noninjected muscles (data not shown). These results,
however, could not exclude the possibility that AAV8-COLQ had
been delivered to noninjected muscles in the form of a virus.

Local intramuscular injection of AAV1-COLQ-
IRES-EGFP expresses ColQ-tailed AChE at NM]s of
noninjected limbs

To reduce systemic delivery of AAV8 and to identify infected
cells, we packed COLQ cDNA into the AAV serotype 1 (AAV1)
that is known to transduce the injected muscle fibers locally.”® In
addition, we fused COLQ and internal ribosome entry site (IRES)-
EGFP to express green fluorescent protein (GFP) in transduced
cells synthesizing ColQ. We injected 2 x 10" vg of AAV1-COLQ-
IRES-EGFP into the left anterior tibial muscle of Colg™ mice,
while blocking the blood flow with a tourniquet for 20 minutes
to restrict the distribution of the virus. The transduction efficien-
cies of AAV1-COLQ-IRES-EGFP were as follows: left anterior
tibial muscle, 1.70 + 0.29 viral copies per nucleus; right gastroc-
nemius muscle, 0.00100 + 0.00079 copies; and bilateral brachial
muscles, 0.00126 + 0.00058 copies (mean * SD, n = 3). Although
only a fraction of the injected AAV1-COLQ-IRES-EGFP moved
to noninjected limbs, we observed colocalization of ColQ and
ACHhE at all the examined NMJs of right gastrocnemius, right tibi-
alis anterior, both triceps, and both biceps in four examined mice
(Figure 6a). We analyzed a total of 200-400 NM]Js per muscle.
In contrast, expression of intracellular enhanced GFP (EGFP)
was not observed in noninjected limb muscles. We also quanti-
fied ColQ-tailed AChE in the noninjected bilateral forelimbs and
right hindlimb, and found that the amounts were 21.5 = 10.2%

8.

and 28.4 + 10.0% (mean + SD, n = 4), respectively, of those of wild
type (Figure 6b).

ColQ-tailed AChE protein reaches and binds to
remote NM|s

The presence of ColQ in noninjected muscles strongly suggests that
the ColQ-tailed AChE is assembled intracellularly in one muscle
and has moved to noninjected muscles, where it is anchored to
the NMJs. To directly test this possibility, the gluteus maximus
muscles of 5-week-old Colg™ mice (n = 4) were injected daily
with 2 pg of recombinant human ColQ-tailed AChE for 7 days.
Histological analysis revealed the presence of ColQ and AChE
in all of the examined NM]Js from triceps muscles (Figure 7a).
Quantitative analysis of ColQ signal intensities at the NMJs of
noninjected triceps demonstrated that the ColQ-positive areas
normalized for the AChR-positive area per NM] became indis-
tinguishable from that of wild type (Figure 7b). Furthermore, the
ColQ signal intensity normalized for the AChR area per NMJs
reached ~41.6% of that of wild type (Figure 7¢). The Colg™~ mice
could not hang on the wire at all, but the protein-injected mice
acquired the ability to hang on the wire for two or more minutes
from the fourth day of injection.

DISCUSSION

Effective and persistent gene therapy of ColQ with a
single intravenous injection of AAV8-COLQ

We present an efficient and persistent recovery of AChE at the
NM]J after a single intravenous administration of AAV8-COLQ
in a Colg”~ mouse model of congenital myasthenic syndrome
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Figure 7 Injection of purified recombinant human collagen Q (ColQ)-
tatled acetylcholinesterase (AChE). (@) Daily injection of 0.2pg human
recombinant ColQ-tailed AChE into the gluteus maximus muscles
of Colg’- mice rescues AChE activity and ColQ in the noninjected tri-
ceps where they are colocalized to acetylcholine receptors (AChR).
Bar = 10um. (b) The size of ColQ-positive area is normalized for the size
of AChR-positive area at the neuromuscular junctions (NMjs) of nonin-
jected triceps. (c) Signal intensities of ColQ at the NMy|s of noninjected
triceps. Mean and SE are indicated. WT, wild-type mice, number of
NMyJs = 43; Protein injected, mice injected with ColQ-tailed AChE, num-
ber of NMJs = 42. *P < 0.001. Signal intensities are normalized to that
of Colg~- mice. Quantitative analyses were performed with the BZ-9000
microscope and the Dynamic Cell Count software BZ-H1C (Keyence).

with deficit in AChE. We observed ColQ-tailed AChE at all of
the NM]Js examined and the amount of the anchored AChE
reached 89.3% of the wild-type level. The improved motor func-
tions lasted at least 48 weeks after treatment and the treated
mice survived 18-20 months, which is in contrast to at most
6-month lifespan of Colg™ mice.'? Although >99.5% of the vector

genome stays episomal in mouse muscles even at 57 weeks after
injection,”?" expression of the transgene in skeletal muscle lasts
for 1.0-1.5 years without a decline in immunocompetent mice.??
Our studies also underscore the long-lasting expression of the
transgene delivered by AAV.

Rat Colg** and human COL(Q’ have two distinct promoters
and generate ColQ1 and ColQ1la transcripts, which respectively
include exon 1 and exon la and encode distinct signal peptides.
A nerve-derived factor, calcitonin gene-related peptide, controls
the expression of ColQla at the NM]Js of fast-twitch muscles.
However, in slow-twitch muscles, expression of ColQ1l occurs
throughout the muscle fibersand is controlled by Ca?*/calmodulin-
dependent protein kinase IT and myocyte enhancer factor 2.2% As
our viral construct was driven by the cytomegalovirus promoter,
spatial and temporal regulation of ColQ expression should have
been lost. In addition, our construct expressed ColQ1l and not
ColQla, which was expected to be physiological for slow-twitch
muscle but not for fast-twitch muscles. The prominent ultrastruc-
tural improvement in slow-twitch muscles rather than fast-twitch
muscles may be partly because AAV8-COLQ encodes ColQ1 and
not ColQla. This also suggests that the N-termini of ColQ1 and 1a
have different functions. The pattern of ColQ expression resulting
from our strategy was not physiological in three ways: (i) lack of
subsynaptic nuclei-specific expression of ColQ, (ii) a ubiquitous
cytomegalovirus promoter, and (iii) the exclusive expression of
ColQ1. Despite these features, the motor and the synaptic func-
tions are improved; AChE is locally accumulated at the NMJ in
our treated mice. This suggests that the precise genetic control of
the expression of ColQ is not the key factor for clustering of AChE
and tissue-targeting signals of ColQ are sufficient to functionally
restore AChE at the NMJ.

The protein-anchoring therapy
Although ColQ-tailed AChE in the serum of either wild type,
Colg™", or treated mice was less than a detection threshold in the
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sedimentation analysis (Supplementary Figure S1d-f), anchor-
ing of ColQ-tailed AChE to remote NM]Js was supported by two
lines of evidence: local intramuscular injections of AAV1-COLQ-
IRES-EGFP (Figure 6) and of the purified recombinant ColQ-
tailed AChE protein complex (Figure 7). In either case, AChE at
the NM]J of the noninjected muscle originates from ColQ-tailed
AChE arising from anocther source; not from local secretion and
retention of ColQ-tailed AChE synthesized by subsynaptic nuclei
followed by assembly and maturation in the postsynaptic area as
in wild-type mice. The overlay of recombinant ColQ-tailed AChE
in vitro either on normal muscle tissue sections of frog>'® or of
Colg™- mouse (Supplementary Figure S2) demonstrates that
ColQ harbors a signal that targets AChE to the NM]J. The dual
interactions of ColQ with MuSK® and perlecan,® which are both
required in the overlay experiment,'® are likely to restrict ColQ
to the NMJ. In endplate AChE deficiency, point mutations that
affect the binding of ColQ to MuSK prevent the accumulation of
AChE." Although no mutation has been reported at the heparan
sulfate proteoglycan-binding domains of ColQ in endplate AChE
deficiency, the reduction of perlecan mimicking Schwartz-Jampel
syndrome reduces the level of AChE and ColQ at the NMJ.?%¥ All
of these observations suggest that the combination of MuSK and
perlecan determines the number of ColQ-tailed AChE anchored
at the NM]J. This notion was previously termed as “molecular
parking lots” by Rotundo and colleagues.®

ColQ-tailed AChE is a nanostructure made of a rigid collagen
of 50-nm length and three AChE tetramers. ColQ-tailed AChE
is apparently able to move from one muscle to another as dem-
onstrated by clustering in the triceps muscle after protein injec-
tion into the gluteus. A similar approach is inherently employed
by nature, as exemplified by fibronectin that is ubiquitously pres-
ent in extracellular matrices and is largely derived from liver.”
Injection of a protein complex is reported with laminin-111. An
intramuscularly or intraperitoneally injected laminin-111 is dis-
tributed to the basal lamina of skeletal and cardiac muscles in an
mdx-mouse model of Duchenne muscular dystrophy. In contrast
to our strategy, laminin-111 is not expressed or accumulated in
normal or dystrophic adult muscles. Their studies exploit an ecto-
pic deposition of laminin-111 to induce expression of a_-integrin
that stabilizes the sarcolemma of dystrophic muscle fibers.

The ColQ must be synthesized in cells that produce a splice
variant T of AChE for obtaining the correct assembly of the com-
plex.? A single muscle fiber harbors hundreds of nuclei that are
functionally compartmentalized, and a molecule expressed in
a single nucleus goes through the muscle fiber only for a short
distance.>* Thus, the multinucleation of muscle fibers is unlikely
to have contributed to the restoration of function in the Colg™
mice of our study. Similar specific clustering of a muscle-generated
protein to the NMJ has been reported with laminin $2.** When
laminin P2 is expressed throughout muscle fibers by the MCK
promoter in transgenic mice, it is clustered at the NMJ.

The inability to achieve efficient and specific delivery of a
transgene to the target tissue often prevents the application of
gene therapy to model animals and patients.*® Here, we propose
the protein-anchoring strategy that provides a new therapeutic
approach for congenital defects of extracellular matrix proteins.*
The potential candidate molecules of the protein-anchoring

% The american Soclety of Gene & Celt Therapy

therapy include laminin a2 causing laminin-a2-deficient con-
genital muscular dystrophy,* perlecan causing Schwartz-Jampel
syndrome,*” and collagen VI causing Ullrich syndrome.® It
should be emphasized that this strategy can be potentially used for
a huge number of diseases caused by mutations of genes encoding
proteins of the extracellular matrices in general.

MATERIALS AND METHODS

Preparation of AAV carrying COLQ. Human COLQ cDNA’ was cloned into
PAAV-MCS (AAV Helper-Free system; Stratagene, Santa Clara, CA) that
carries the cytomegalovirus promoter to obtain a pAAV-COLQ. We also
inserted IRES-EGFP to make pAAV-COLQ-IRES-EGFP. To make AAVS-
COLQ, HEK293 cells were cotransfected with the following plasmids: the
proviral vector plasmid pAAV-COLQ, the AAVS8 chimeric helper plasmid
PRC8, and the adenoviral helper plasmid pHelper (Stratagene) using calcium
phosphate coprecipitation method.” To make AAV1-COLQ-IRES-EGFP, we
transfected HEK293 cells with pAAV-COLQ-IRES-EGFP, the AAV1 chi-
meric helper plasmid pRep2Capl, and pHelper. The AAV particles were
concentrated by CsCl gradient ultracentrifugation for 3 hours® and further
purified with the quick dual ion-exchange procedures.*’ The viral titer was
estimated by quantitative PCR in real-time using MX3000p (Stratagene).”

Administration of AAV carrying COLQ to Colq~- mice. All animal stud-
ies were approved by the Animal Care and Use Committee of the Nagoya
University Graduate School of Medicine. For intravenous administration,
1 x 10"-2 x 10" vg of AAV8-COLQ were injected into the tail vein of
4-week-old Colg™"~ mice." For intramuscular administration, 2 x 10" vg of
AAV1-COLQ-IRES-EGFP were injected into the left anterior tibial muscle
of 4-week-old Colg™~ mice. The left proximal thigh was tightly ligated with
a tourniquet for 20 minutes during intramuscular injection to prevent vas-
cular delivery of viral particles throughout the body.

Motor activity tests. Muscle weakness and fatigability were measured with
a rotarod apparatus (Ugo, Basile, Italy). Mice were first trained three times
to be accommodated to the task. Mice were consecutively examined three
times and were allowed to take a rest for 1 hour between individual tasks.

Running-wheel activity was used to quantify voluntary exercises. Each
mouse was placed in a standard cage equipped with a counter-equipped
running wheel (diameter, 14.7 cm, width, 5.2 cm; Ohara Medical, Tokyo, Japan).
The running distances were recorded using the counter every 24 hours.

Histology. We raised a polyclonal ColQ antibody by injecting a synthetic
peptide of SAALPSLDQKKRGGHKAGC, corresponding to codons 34-51
in human ColQ, into rabbits. We confirmed that the raised antibody recog-
nized ColQ by western blotting (Supplementary Figure §3) and that no sig-
nal was present in a section of Colg™~ mice (Figure 4b and Supplementary
Figure S$2). Mice were sacrificed at 6 weeks after treatment. Skeletal muscles
of mice were frozen in the liquid nitrogen-cooled isopentane and sectioned
at 8-pm thick with a Leica CW3050-4 cryostat at —20°C. Muscle sections
were blocked with 5% horse serum in phosphate-buffered saline for 20 min-
utes and incubated with the primary antibody (1:100) for 2 hours. Sections
were then incubated with a secondary antibody (1:100) for 1 hour, along
with Alexa-594-conjugated a-bungarotoxin (2.5pg/ml) (Sigma, St Louis,
MO) for visualizing AChR. Anti-rabbit and anti-mouse secondary anti-
bodies were both FITC-labeled (Vector Lab, Burlingame, CA). For AAV1-
COLQ-IRES-EGFP, we detected ColQ using anti-rabbit secondary antibody
labeled with rhodamine (1:40; Santa Cruz, Santa Cruz, CA) and localized
AChR by Alexa-647-conjugated a-bungarotoxin (2.5 ug/m}; Sigma). Signals
of ColQ, AChE, AChR, and EGFP were examined with BX60 (Olympus,
Tokyo, Japan) or BZ-9000 (Keyence, Osaka, Japan).

Mouse AChE activity was detected by the histochemical method at
6 weeks after treatment. Muscle sections were incubated for 20 minutes
at 37°C in the reaction mixture containing 1.73 mmol/l acetylthiocholine
iodide, 38 mmol/I sodium acetate, 51 mmol/l acetic acid, 6 mmol/l sodium
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citrate, 4.7mmol/l copper sulfate, 0.5mmol/l potassium ferricyanide,
and 5 x 107 mol/l ethopropazine (Sigma), which is an inhibitor of
butyrylcholinesterase.

Sedimentation biochemical analyses. Mice were sacrificed at 6 weeks after
treatment. Sedimentation analysis was performed as previously described.”
Proteins were extracted from the muscle and liver in a detergent buffer
[10mmol/l HEPES (pH 7.2), 1% CHAPS, 10mmol/l EDTA, 2mmol/l
benzamidine, leupeptin (20 pg/ml) and pepstatin (10 ug/ml)] containing
0.8 mol/l NaCl. The eluate was applied on a 5-20% sucrose density gradi-
ent, which was made in the detergent buffer containing 0.8 mol/l NaCl,
along with B-galactosidase (16S) and alkaline phosphatase (6.18) as inter-
nal sedimentation standards. Centrifugation was performed in a Beckman
SWA41Ti rotor at 4°C for 21 hours at 38,000 r.p.m. AChE activity was
assayed by the colorimetric method of Ellman in the presence of 5 x 10
mol/l ethopropazine. v

For biochemical analysis, skeletal muscle was shattered by the Cool
Mill (Toyobo, Osaka, Japan) in liquid nitrogen. We extracted globular
forms of AChE into the NaCl-free detergent buffer, and ColQ-tailed AChE
into detergent buffer containing 0.8 mol/l NaCl as previously described.”
AChE activity was assayed using AChE-Specific Assay kit (Dojindo,
Kumamoto, Japan) or the Ellman method and normalized by Torpedo
AChE activity (Sigma).

Microelectrode studies. Phrenic nerve-diaphragm preparations were
obtained from three wild type, three Colg™~, and three AAV8-COLQ-
treated mice at 8 weeks of age, which corresponds to 4 weeks after treat-
ment. We stimulated the sciatic nerve at 2 Hz and recorded compound
muscle action potentials of gastrocnemius muscles using a needle elec-
trode under deep anesthesia. For technical reasons, we could not analyze
the limb muscles that we used in the other assays. After mice were sac-
rificed, miniature endplate potentials and evoked EPPs were recorded as
described clsewhere.” Neostigmine methylsufate (Elkins-Sinn, Cherry
Hill, NJ) was used at a concentration of 107° g/ml in the bath to block cho-
linesterases. We employed the AxoGraph x 1.1.6 {AxoGraph Scientific,
Sydney, Australia) for data analysis.

Electron microscopy. For electron microscopy, extensor digitorum lon-
gus and soleus muscles were fixed in ice-cold 3% glutaraldehyde buflered
with 0.1 mol/l cacodylate buffer (pH 7.3) at 4 weeks after treatment. The
endplate-rich region of the muscle was refixed in 2% OsO, in cacodylate
buffer, dehydrated, and embedded in Epon812.

All thin sections were cut transversely, stained with lead citrate, and
photographed in a JEM 1,200 EX electron microscopy. Morphometric
analysis of the motor endplate was performed following the procedure of
Engel and Santa," and included the following: (i) presynaptic membrane
length, inpm; (ii) nerve terminal area, inpm? (iii) number of synaptic
vesicles per unit area, in numbers perpm? (iv) length of processes
of Schwann cells on presynaptic membrane, inpm; (v) percentage of
totally enwrapped nerve terminal by processes of Schwann cells; (vi)
postsynaptic area of folds and clefts associated with a given nerve
terminal, inpum? (vii) postsynaptic membrane length associated with a
given nerve terminal, inum; (viil) postsynaptic membrane length per
unit postsynaptic area (postsynaptic membrane density), derived by
dividing the value of (vii) by that of (vi), in pum per um? (ix) postsynaptic
to presynaptic membrane ratio. Endplates were localized and analyzed by
established methods, and peroxidase-labeled a-bungarotoxin was used
for the ultrastructural localization of AChR.* The images were quantified
using the NIH Image 1.62 software (National Institutes of Health).

Expression and purification of recombinant ColQ. The plasmids that
previously introduced human COLQ and human ACHE ¢DNAs into a
pTargeT (Promega, Madison, WI)” were cotransfected into HEK293 cells.
Proteins were extracted from the cells in Tris-HCl buffer [50 mmol/l Tris—
HCI (pH 7.0), 0.5% Triton X-100, 0.2 mmol/l EDTA, leupeptin (2 pg/ml),
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and pepstatin (1 pg/ml)] containing 1 mol/l NaCl. The extracts were loaded
onto HiTrap Heparin HP columns (GE Healthcare, Buckinghamshire, UK).
The concentration of purified recombinant ColQ-tailed AChE was equiva-
lent to ~4pg/ml Torpedo AChE. We injected 50 pl of the purified ColQ-
tailed AChE in phosphate-buffered saline daily into the gluteus maximus
muscles of 5-week-old Colg™~ mice for a week. Mice were given a single
intraperitoneal injection of 300mg/kg cyclophosphamide monohydrate
(10 mg/ml in saline) at 24 hours after the first ColQ-tailed AChE injection
to suppress immunoreaction against the recombinant human protein.*
After 7 days, mice were sacrificed and brachial muscles were stained for
ColQ molecule and AChE activity as described-above.

Real-time PCR/reverse transcription-PCR. For expression analysis, total
RNASs from skeletal muscle and liver cells were extracted using the RNeasy
Mini kit (Qiagen, Hilden, Germany) with DNasel and proteinase K treat-
ment according to the manufacturer’s instructions. First-stranded cDNA
was synthesized using the ReverTra Ace reverse transcriptase (Toyobo).
Expressions of human COLQ, mouse Colg, and mouse Ache were analyzed
using the TagMan (Applied Biosystems, Foster city, CA) probes and prim-
ers in LightCycler 480 (Roche, Mannheim, Germany). We also quantified
18S rRNA for normalization.

To quantify the transduction efficiency, total DNA was extracted
from skeletal muscle and liver using the QIAamp DNA Mini Kit
(Qiagen). The amount of viral genome was quantified by real-time PCR
using a TagMan probe targeting to human COLQ, as well as to mouse
Tert encoding telomerase reverse transcriptase to normalize for the cell
numbers.

SUPPLEMENTARY MATERIAL

Figure $1. Sedimentation analyses of AChE in the liver and serum.
Figure $2. Binding of human ColQ-tailed AChE proteins to the NM| in
muscle section of Colg”/~ mice.

Figure $3. Western blot of a newly raised rabbit polyclonal anti-ColQ
antibody (1:1,000).

Table $1. Morphometric analysis of endplate ultrastructures.

Video 1. First part: Two Colg”’~ mice treated with an intravenous
administration of 2 x 102 vg of AAV8-COLQ (right cage) move around
actively.
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SUMMARY

Purpose: The occurrence of acute encephalopathy in chil-
dren with Dravet syndrome has been reported sporadi-
cally. This study clarified the features of acute
encephalopathy in children with Dravet syndrome.
Methods: Through the mailing list of the Annual Zao Con-
ference on Pediatric Neurology, we collected I5 patients
with clinically diagnosed Dravet syndrome, who had acute
encephalopathy, defined as a condition with decreased
consciousness with or without other neurologic symp-
toms, such as seizures, lasting for >24 h in association with
infectious symptoms.

Key Findings: There were seven boys and eight girls.
A mutation of the SCNIA gene was present in nine (trun-
cation in six and missense in three). The frequency of sei-
zures during the 3 months before the onset of acute

encephalopathy was monthly in seven children and none
in three. The median age at the onset of acute encepha-
lopathy was 44 months (range 8-184 months). Ali chil-
dren had status epilepticus followed by coma as the
initial manifestation. Two different distributions of brain
lesions were observed on diffusion-weighted images dur-
ing the acute phase: cerebral cortex-dominant lesions
with or without deep gray matter involvement and sub-
cortical-dominant lesions. Four children died; nine sur-
vived with severe sequelae, and two had moderate
sequelae.

Significance: We must be aware that acute encephalopa-
thy is an important complication in children with Dravet
syndrome, and associated with fulminant clinical manifes-
tations and a poor outcome.

KEY WORDS: Dravet syndrome, Acute encephalopathy,
SCNIA, MRL.

Dravet syndrome is an epileptic syndrome characterized
by the following: an onset with prolonged seizures that are
often provoked by fever during early infancy, intractable
seizures, repetitive episodes of status epilepticus (SE), and a
subsequent decline in cognitive function (Dravet et al.,
2005a). Fever sensitivity is an outstanding feature of Dravet
syndrome. SE can be provoked by a febrile illness and may
be followed by severe neurologic sequelae. Most patients
with Dravet syndrome have a mutation in the SCN/A gene,
which encodes the voltage-dependent sodium channel
(Nav1.1) o subunit (Claes et al., 2001).
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Acute encephalopathy, characterized by noninflammatory
cerebral edema, implies sudden onset of severe central ner-
vous system (CNS) symptoms such as convulsions followed
by prolonged consciousness disturbance, and is often pre-
ceded by infection (Mizuguchi et al., 2007). In Japan, acute
encephalopathy during influenza, exanthema subitum, and
other febrile illnesses has attracted the attention of pediatric
neurologists and general pediatricians since the outbreak of
influenza-associated encephalopathy in the winter of 1997/
1998 (Morishima et al., 2002). The occurrence of acute
encephalopathy in children with Dravet syndrome has been
reported sporadically in Japan (Takayanagi et al., 2010). In
addition, we encountered several children with Dravet syn-
drome who had acute encephalopathy in association with a
febrile illness. In addition, similar events have been reported
from the developed countries in Europe, North America,
and Oceania (Berkovic et al., 2006; Chipaux et al., 2010;
Tang et al., 2011). Children with Dravet syndrome

_46_

79



complicated by acute encephalopathy were presented in the
mailing list of the Annual Zao Conference on Pediatric Neu-
rology. These children invariably had fulminant clinical
course and poor outcome. The need for research on this
topic was advocated.

We recruited children with Dravet syndrome who had
acute encephalopathy through the mailing list of the Annual
Zao Conference on Pediatric Neurology, to clarify the fea-
tures of acute encephalopathy in children with Dravet syn-
drome. We present the results of a retrospective review of
15 patients.

METHODS

We collected patients who met the following criteria
through the mailing list of the Annual Zao Conference on
Pediatric Neurology: clinical diagnosis of Dravet syndrome,
a history of acute encephalopathy, and no evidence of direct
CNS infection, such as bacterial meningitis, severe meta-
bolic derangement, or other systemic disorders that could
cause a reduction in consciousness. The mailing list of the
Annual Zao Conference includes >500 pediatric neurolo-
gists from all over Japan. In February 2010, the chief author
(AO) announced the enrollment of the patients with Dravet
syndrome who had acute encephalopathy within the last
5 years. The chief author provided a structured research
form on the mailing list. The members of the mailing list
were asked to fill out the research form and to send it by
email to the chief author if they had potential subjects. We
did not request the responses from the members who did not
have any potential subjects or would have difficulty partici-
pating in this study for any reasons. The 16 potential sub-
jects were reported to the chief author from 14 hospitals
until June 2010. After careful inspection of the chief author,
15 subjects were confirmed to meet the inclusion criteria.
These 15 patients were a subject of this study. The clinical
course of patient 11 was presented elsewhere as a case
report (Tsuji et al., 2011). The approximate number of the
patients with Dravet syndrome who were regularly followed
was available from 12 hospitals. According to these data,
acute encephalopathy was observed in 13 of approximately
170 children with Dravet syndrome. The number of patients
with Dravet syndrome in each hospital ranged from 2--56.

The clinical diagnosis of Dravet syndrome was made
according to the International League Against Epilepsy
(ILAE) classification (Commission on Classification and
Terminology of the International League Against Epilepsy,
1989). In this study, Dravet syndrome was diagnosed if all
of the following characteristics were present: onset in the
first year of life with hemiclonic or generalized seizures,
frequent seizures provoked by fever, previously normal
development, evolution of generalized spike-wave dis-
charges, refractory to antiepileptic treatment, and subse-
quent delay in psychomotor development. Children without
myoclonic seizures were included in the Dravet syndrome

Epilepsia, 53(1):79-86, 2012
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classification when they met all the characteristics
described in the preceding. Acute encephalopathy was
defined principally as a condition characterized by
decreased consciousness with or without other neurologic
findings, such as seizures, involuntary movement, and delir-
ious behavior, lasting for >24 h in children with infectious
symptoms including fever, cough, and diarrhea. However,
barbiturate coma or continuous midazolam was adminis-
tered in several patients. As to these patients, acute encepha-
lopathy was diagnosed when prolonged coma was observed,
even after the discontinuation of these drugs.

This study was approved by the institutional review board
of Juntendo University Fac of Medicine. The patient’s data
were collected anonymously. Neuroimaging data were also
collected after enrollment. We reviewed the clinical and
neuroimaging features of the patients.

The outcomes of the patients were classified into the fol-
lowing four categories: mild sequelae (mild cognitive and/or
motor impairment), moderate sequelae (moderate cognitive
and/or motor impairment), severe sequelae (severe cognitive
and/or motor impairment), and death. The severity of the
cognitive impairment was classified according to the intelli-
gence quotient or development quotient as follows: mild,
51-70; moderate, 30-50; and severe, <30. Intelligence quo-
tient or developmental quotient was measured using Tsumor-
i-Inage Developmental Assessment Test, Enjoji Analytical
Development Test, KIDS Infant Development Scale, and Ta-
naka-Binet Intelligence Scales according to the age of the
patient and the preference of each hospital. A formal assess-
ment was not performed in some patients with apparently
severe cognitive impairment. The severity of the motor
impairment was classified into three groups: mild, if the
patient could walk without support; moderate, if the patient
could sit without support but could not walk without support;
and severe, if the patient could not sit without support.

ResuLTs

Demographic data

The demographic data of the patients before the onset of
acute encephalopathy are shown in Table 1. There were
seven boys and eight girls. The onset of Dravet syndrome
ranged from 2-7 months of age. All but one child had a his-
tory of SE before the onset of acute encephalopathy. A muta-
tion in the SCNIA gene was present in 9 of the 12 children
in whom a SCNIA mutation was examined, including multi-
plex ligation-dependent probe amplification: It was a trun-
cation mutation in six children and a missense mutation in
three. Myoclonic seizures were recognized in 14 children.
Cognitive impairment before the onset of acute encephalop-
athy was absent in three children, mild in three, moderate in
seven, and severe in two. The frequency of seizures during
the 3 months before the onset of acute encephalopathy was
monthly in seven children and none in three. Five children
had histories of one or more episode of SE and three had a



Hi Szs during 3 months before
istory Ci
Onset of DS of status  Myoclonic  before the the onset of AE
Patient Sex (months) SCN/Amutation epilepticus Sz onsetof AE Frequency Cluster Status AED at the onset of AE

| M 6 IVS 26-2 A>C 10 No Moderate  None 0 0  VPA CLB,KBr

2 F 3 L929del fsX934 Several Yes Moderate  Daily 0 0 VPA, CLB, CZP,KBr, ZNS, LTG

3 M 3 R568X 3 Yes Moderate  Monthly 0 0  VPA CZP,KBr

4 F 4 K1846fsX1856 15 Yes Moderate  Weekly 0 | VPA, ZNS, CLB

5 F 7 IVS4+1G>A Several Yes None Monthly 0 | VPA, CZP

6 F 3 R701X 0 Yes None None 0 0  VPA CZP,PB

7 M 2 Al33%V 3 Yes Mild Monthly | 0 VPA ZNS,PB

8 F 4 Y145H 2 Yes Moderate  Weekly 0 0 VPA CZP

9 F 5 V1630L I Yes Mitd None 0 0  VPA CLB,KBr
I0 F 6 None 4 Yes Moderate  Weekly | 0 VPA, CLB, PB, TPM
I F 5 None Frequent Yes Moderate  Monthly 0 4 VPA CzZP
12 M 4 None 3 Yes None Monthly 0 2 VPA
13 M 4 Not done 2 Yes Severe Weekly | 0  VPA CLB,PRM,SLT, AZA,ESM, CLZ
14 M 5 Not done | Yes Severe Monthly 0 0 VPA, ZNS, NZP
15 M 4 Not done 7 Yes Mild Monthly 0 4  VPA,CLB,ZNS

DS, Dravet syndrome; Sz, seizure; Cl, cognitive impairment; AE, acute encephalopathy; SE, status epilepticus; VPA, valproate; CLB, clobazam; PB, phenobarbital;

TPM, topiramate; PRM, primidone; SLT, sulthiame; AZA, acetazolamide; ESM, ethosuximide; CLZ, clorazepate; ZNS, zonisamide; NZP, nitrazepam; CZP, clonaze-
pam; KBr, potassium bromide; LTG, lamotrigine.

Durati Qutcome
uration of
Onset of AE Prodromal SEatthe Treatment for Maximum Neurologic Cognitive Motor Sz frequency
Patient  (months) illness  Pathogen onsetof AE the initial SE° LOC sequelae  impairment impairment after recovery
I 38 URI ND 40 min Dzp Coma  Severe Severe Severe None
2 153 URI ND I'h TP(2) Coma  Severe Severe Severe None
3 53 Flu FluA 4h DZP (2), PHT, TL,MDZ Coma Death
4 45 URI ND 50 min DZpP,MDZ Coma  Severe Severe Severe None
5 13 Subitum  HHV-6 | h MDZ Coma  Severe Severe Severe None
6 13 NSFi ND 3h DZP,MDZ,PHT,PTB,TP Coma Death
7 16 Subitum  ND 4h TL,MDZ(2),PB Coma Moderate Mild Moderate  Monthly
8 27 URI ND 15h DZp,MDZ Coma  Severe Severe Severe None
9 45 URI ND 50 min DZP,MDZ Coma Moderate Moderate None Monthly
10 6l URI ND 2h MDZ (2), DZP (2) Coma  Severe Severe Severe None
L 15 URI ND 2h DZP,MDZ, TL Coma  Severe Severe Severe None
12 8 URI RSV I h DZP (3), MDZ (3) Coma  Severe Severe Severe Monthly
13 92 URI ND I'h bzZpP Coma  Severe Severe Mild Monthly
14 184 URI ND Ih DZP (2), MDZ (4) Coma  Death
15 43 INSFI ND 5h DZP,MDZ,PB, TP Coma  Death
AE, acute encephalopathy; LOC, loss of consciousness; Sz, seizure; Flu, influenza; URI, upper respiratory tract infection; Subitum, exanthema subitum; NSF,
nonspecific febrile illness; HHV-6, human herpesvirus 6; RSV, respiratory syncytial virus; DZP, diazepam; MDZ, midazolam; PB, phenobarbital; PHT, phenytoin;
PTB, pentobarbital; TL, thiamyial; TP, thiopental.
“The AEDs until the cessation of SE are shown according to the order of administration. The numbers in the brackets indicate the number of the doses for each
patient, when two or more doses were administered.

history of cluster seizures during the 3 months before the
onset of acute encephalopathy. All children had been treated
with antiepileptic drugs (AEDs), such as valproate, ben-
zodiazepines, and bromide.

Acute encephalopathy

The clinical manifestations of the acute encephalopathy
are shown in Table 2. The median age at the onset of acute
encephalopathy was 44 months (range 8-184 months).

Eleven children were younger than 5 years of age, whereas
two were older than 10 years. All children had a febrile ill-
ness before the onset of acute encephalopathy. A pathogen
was identified in three children: influenza A in one, human
herpesvirus 6 in one, and respiratory syncytial virus in one.
Rapid antigen test for influenza was negative in the other
four children.

Neurologic findings of acute encephalopathy were char-
acterized by a fulminant clinical course with SE and severe
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loss of consciousness. All children had SE followed by
deep coma as the initial manifestation of acute encephalop-
athy. The duration of SE ranged from 40 min to 5 h.
Although AEDs were administrated without a delay in a
manner similar to that with the previous events with SE in
most patients, seizures were refractory and persisted for
1 h or longer in 12 patients. More than two doses of AEDs
were necessary to control SE in 12. Deep coma was seen
following SE in all patients, even when seizures were con-
trolled with one dose of AEDs. The loss of consciousness
persisted for 2 weeks or longer in 13 children. Seizures
were observed in all children on the first day, in seven on
the second day, and in four on the third day. Thereafter, sei-
zures were observed in only two children during the course
of the acute encephalopathy. Although SE was seen on the
first day in all patients, it was subsequently seen in only
two children during the course of the acute encephalopathy.
Delirious behavior was not seen in any child. No child had
a biphasic clinical course: that is, an onset with SE, tran-
sient recovery of consciousness, and late clustering seizures
with a worsening of consciousness. Despite the severe neu-
rologic symptoms, serious systemic circulatory failure was
not seen during the first few days after onset in any but one
patient (Patient 15), even in those who died later. Vital
signs such as heart rate, oximetry, blood pressure, and urine
output were continuously monitored in all patients. Mild
and transient hypotension was observed in some patients

and was treated appropriately with catecholamine and vol-
ume expander.

The laboratory examinations on admission revealed
thrombocytopenia (platelet count <10.0 x 10%ul) in five
(33%). Elevated levels of aspartate transaminase (>100
TU/L), alanine transaminase (>80 TU/L), lactate dehydroge-
nase (>600 IU/L), and creatine kinase (>400 IU/L) were
present in seven (47%), three (20%), seven (47%), and three
(20%), respectively. Elevated blood urea nitrogen (>20 mg/
dl) and creatinine (>1.0 mg/dl) were seen in three (20%)
and three (20%), respectively. Hypoglycemia (blood glu-
cose <40 mg/dl) was not observed in any child, but hyper-
glycemia (blood glucose >200 mg/dl) was seen in three
(20%). An elevated serum ammonia level was not seen in
any child, whereas metabolic acidosis was present in six
children (40%). :

The neuroimaging findings are summarized in Table 3.
Neuroimaging examinations were performed in 12 children
during the first week. Three of them underwent computed
tomography (CT) on the second day of illness, and marked
brain edema was seen in all three. Magnetic resonance
imaging (MRI) was performed in nine children and abnor-
mal findings were seen in seven children. Two different
distributions of brain lesions were observed on diffusion-
weighted images: cerebral cortex-dominant lesions with or
without deep gray matter involvement (Fig. 1A-D) and
subcortical-dominant lesions (Fig. 1E,F). Five patients

Acute phase Recovery phase
Days after Neuroimaging findings during the Days after Neuroimaging findings during
Patient AE onset acute phase AE onset the recovery phase
| 6 HIA in cerebral cortex, and caudate and lentiform nuclei on DWI 31 Diffuse atrophy on MRI
2 0 No abnormalities on MRI 10 HIA in cerebral cortex and corpus
callosum on DWI
4 HIAin cerebral cortex, caudate nuclei, thalami,
and cerebellum on DWI
3 Notdone Not done
4 0 HIA in cerebral cortex and subcortical WM on DWI 14 Diffuse atrophy on MR
5 0 HIA in cerebral cortex, lentiform nuclei, and 34 Diffuse atrophy on MRI
thalami on DWI
6 | Marked brain edema on CT Not done
7 0 No abnormalities on MRI 7 Mild atrophy on MRI
8 | Marked brain edema on CT 68 Diffuse atrophy on MRI
9 0 HIA in subcortical WM on DWI 13 Mild atrophy on MRI
10 Notdone 19 Mild atrophy, striatal necrosis on MRI
N Notdone 21 Diffuse atrophy on MRI
12 3 HIA in subcortical WM on DWI 21 Diffuse atrophy on MRI
13 I No abnormalities on MRI 33 Diffuse atrophy on MRI
14 1 HIA in cerebral cortex, thalami, and cerebellum Not done
on DWI
15 | Marked brain edema on CT Notdone
AE, acute encephalopathy; HIA, high intensity areas; WM, white matter; DWI, diffusion-weighted images; CT, computed tomography; MRI, magnetic resonance
fmaging.
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Figure 1.

Diffusion-weighted images. (A, B)
Patient 15, | day after the onset of
acute encephalopathy. Abnormal
high intensities were observed in the
cerebral cortex, thalami, and
cerebellar hemispheres. (C) Patient
I, 6 days after the onset of acute
encephalopathy. Abnormal high
intensities were seen in the cortex
in the frontotemporal region
bilaterally and the caudate and
lentiform nuclei bilaterally.

(D) Patient 5, on the day of onset of
acute encephalopathy. Abnormal
high intensities were present in the
cortex in the temporal-parietal-
occipital region bilaterally. Slightly
high intensities were also
recognized in the cortex in the
frontal region bilaterally. (E) Patient
12, 3 days after the onset of acute
encephalopathy. Abnormal high
intensities were seen in the entire
subcortical white matter. (F) Patient
9, the day of the onset of acute
encephalopathy. Abnormal high
intensities were observed in the
subcortical white matter in the
frontal and mesial occipital regions
bilaterally.

Epilepsia © ILAE

(Patients 1, 2, 4, 5, and 14) had cerebral cortex-dominant
lesions. In addition to cortical lesions, caudate lesions were
observed in two children, lentiform nuclei lesions in two,
thalamic lesions in three, and cerebellar lesions in two. In
three children, these lesions were present within the first 2
days after the onset. Two patients (Patients 9 and 12) had
subcortical-dominant lesions: One patient had diffusion
abnormalities in the entire subcortical white matter and the
other had bilateral frontal lesions. No child with subcorti-
cal-dominant lesions had deep gray matter involvement.
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Among six children with cerebral cortex—dominant lesions,
four had truncation mutations and one had no SCNIA
mutation. SCN/A mutation was not assessed in the other
two children. As to the two children with subcortical-domi-
nant lesions, one had a missense mutation and the other
had no SCNIA mutation. MRI after recovery from the
acute encephalopathy was performed in 11 children.
Marked, diffuse atrophy of the cerebral hemispheres was
observed in seven children and mild atrophic changes in
the other four.
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Regarding treatment, barbiturate coma was administered
in 7 children and continuous midazolam infusion in 12 dur-
ing the clinical course. Phenobarbital and phenytoin were
used in two and three children, respectively. Artificial venti-
lation was required in 12 children. Steroid pulse therapy
was performed in eight, steroid other than pulse therapy in
four, and intravenous immunoglobulin in five. Selective or
systemic hypothermia was applied in four children.

The outcome in these children was invariably poor
(Table 2). Four children died; nine survived with severe
sequelae and two had moderate sequelae. All but one surviv-
ing child had moderate or severe cognitive impairment, and
nine had moderate or severe motor impairment. In contrast,
the seizure frequency after recovery was reduced, compared
with that before the onset of acute encephalopathy in most
surviving patients. Seven children had no seizures after
recovery and four had monthly seizures. Although no statis-
tical analysis was performed because of the small number of
children, the outcome was relatively worse in children with
a truncation mutation than in those with a missense muta-
tion. Of six children with truncation mutations, two died and
the other four survived with severe sequelae. Of three chil-
dren with missense mutations, moderate sequelae were seen
in two and severe sequelae in one. Three children without
SCNIA mutations had severe sequelae.

Discyussion

Our study revealed that acute encephalopathy can be an
important complication of Dravet syndrome. A catastrophic
clinical course is the outstanding feature of acute encepha-
lopathy in children with Dravet syndrome. Some authors
have recently reported children with Dravet syndrome
accompanied by acute encephalopathy (Chipaux et al.,
2010; Takayanagi et al., 2010; Tang et al., 2011). The clini-
cal course of these patients is characterized by severe SE,
followed by massive neurologic regression and marked
brain atrophy. These features are similar to those in our
patients. Sakauchi et al. (2011) conducted a questionnaire
survey on the causes and prevalence of deaths related to
Dravet syndrome. They reported that acute encephalopathy
with SE was the cause of mortality in 21 (36%) of 59
patients who died. Berkovic et al. (2006) found de novo
mutations of SCN/A in 11 of 14 children with alleged vac-
cine encephalopathy. These patients may have had acute
encephalopathy, like our patients. Moreover, Kobayashi
et al. (2010) performed a mutational analysis of SCNIA in
15 children with various types of acute encephalopathy.
A missense SCNIA mutation was detected in a patient with
a history of acute encephalitis with refractory, repetitive
partial seizures. These facts suggest that Dravet syndrome
or SCNIA mutation may be a genetic predisposition of acute
encephalopathy induced by infection.

We considered the catastrophic neurologic conditions in
our patients as acute encephalopathy rather than severe SE,
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although it is well known that pyrexia can cause SE leading
to severe neurologic sequelae or even death in children with
Dravet syndrome (Oguni et al., 2001; Dravet et al., 2005a).
The SE triggered by fever in children with Dravet syndrome
is not usually followed by severe neurologic deterioration
(Oguni et al., 2001; Dravet et al., 2005a,b). Postictal motor
deficit may be observed in some patients after SE, but motor
function usually recovers within a few hours. In contrast,
our patients were characterized by severe neurologic deteri-
oration and marked brain lesions on MRI. These neuroimag-
ing abnormalities are distinct from those reported in Dravet
syndrome including temporal sclerosis, nonspecific atro-
phic changes, and increased intensities in the white matter
(Oguni et al., 2001; Dravet et al.,, 2005b; Siegler et al.,
2005; Striano et al., 2007). Hypoxic ischemic damage in
association with systemic circulatory failure may explain
the widespread brain lesions. However, serious hypoxia
and/or systemic circulatory failure were not observed in any
but one patient during the first few days. On the other hand,
SE and prolonged impairment of consciousness are core
neurologic symptoms of acute encephalopathy induced by
infectious diseases (Togashi et al,, 2004; Nagao et al.,
2008; Wada et al., 2009). Diffusion abnormalities on MRI
are often observed in children with acute encephalopathy,
even without serious hypoxia or systemic circulatory failure
(Takanashi et al., 2006; Okumura et al., 2009). On the basis
of these observations, we considered that the SE in our
patients will be derived from acute encephalopathy in itself
from the start of seizures, not from epilepsy.

We found two different patterns of diffusion abnormali-
ties on MRI in our cohort: reduced diffusion in the cortex
and deep gray matter and that in the subcortical white mat-
ter. The distribution of the diffusion abnormalities was
unique in patients with cortical and deep gray matter
involvement. Thalamic involvement is a remarkable feature
of acute necrotizing encephalopathy (Mizuguchi, 1997).
However, diffusion abnormalities of the cortex have not
been reported in children with acute necrotizing encepha-
lopathy. Studies of scn/a mRNA expression in mice have
shown that scn/a mRNA is highly expressed in the thalami,
deep cerebral nuclei, pons, medulla, and spinal cord (Ogiw-
ara et al., 2007). The involvement of the caudate nuclei and
putamen may be explained by high expression of the mutant
SCNIA. Reduced diffusion in the subcortical white matter
was observed in two of our patients. The distribution of dif-
fusion abnormalities resembled that of acute encephalopa-
thy with biphasic seizures and late reduced diffusion
(AESD), proposed by Takanashi et al. (2006; Takanashi,
2009). However, biphasic clinical course, that is an
outstanding feature of AESD, was not recognized in any of
our patients. The different clinical manifestations despite
similar MRI findings are difficult to explain at present.

The precise incidence of acute encephalopathy among
children with Dravet syndrome is not easy to determine. In
our study, 13 of approximate 170 children with Dravet



syndrome had acute encephalopathy. Although this result
can be largely overestimated, the incidence of acute enceph-
alopathy among children with Dravet syndrome will be
more frequent than that among general children. It is esti-
mated that acute encephalopathy develops in 500-1,000
among 17 million children every year in Japan. These facts
indicate that children with Dravet syndrome will be at an
increased risk for acute encephalopathy.

It is remarkable that the seizure frequency before the
onset of acute encephalopathy was relatively low in a major-
ity of our patients. Three children had no seizures and seven
had monthly seizures during the 3 months before the onset
of encephalopathy. Given the refractory nature of Dravet
syndrome, antiepileptic drug treatment was appropriate in
our patients because of lower seizure frequency. We must
be aware that acute encephalopathy can develop in children
with Dravet syndrome unexpectedly, even if the seizures are
well controlled by AEDs.

The neuroimaging findings and the severity of the
sequelae in our children may be related to the type of
SCNIA mutation, although statistical analyses could not
be performed because of the small sample size. Children
with truncation SCN/A mutations tended to have cerebral
cortex—dominant lesions and a poor outcome. Those with
no mutation or a missense mutation tended to have subcor-
tical-dominant lesions with a relatively favorable outcome.
This suggests that children with a truncation SCNJA muta-
tion may develop more severe acute encephalopathy.
There is an ongoing controversy on the genotype—pheno-
type correlation of SCN/A mutations. Further studies with
more patients are necessary to clarify the relationship
between the type of SCN/A mutation and the severity of
acute encephalopathy.

Recent genetic studies have revealed that the mutation in
the PCDH9 gene encoding protocadherin 19 is present in
some female patients with Dravet syndrome (Depienne
et al., 2009; Marini et al., 2010). The patients with Dravet
syndrome with PCDHI9 mutations share most of the hall-
mark features of Dravet syndrome with SCN/A mutation
including early onset, seizures provoked by fever, frequent
SE, and stagnation of development (De Jonghe, 2011). The
relation between acute encephalopathy and PCDH 19 muta-
tion will be a subject of future studies.

Fever-induced refractory epileptic encephalopathy in
school-aged children (FIRES) is a recently proposed clinical
entity (Nabbout et al., 2011). Acute phase of FIRES is char-
acterized by seizures rapidly aggravating into SE a few days
to 1 week after febrile illness. Severe seizures and poor out-
come are similar between FIRES and acute encephalopathy
in children with Dravet syndrome. However, there are some
differences between these two conditions. Onset in most
children with FIRES is after fever had disappeared, whereas
onset of encephalopathy is usually associated with fever in
children with Dravet syndrome. Although repeated seizures
up to 100 per day are common in children with FIRES, a
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long seizure refractory against AEDs is characteristic in
acute encephalopathy in children with Dravet syndrome.
FIRES usually occurs in previously healthy children, but a
delay in psychomotor development is not uncommon prior
to acute encephalopathy in children with Dravet syndrome.
Therefore, these two clinical entities will be distinguish-
able.

In conclusion, we reviewed the clinical and neuroimaging
features of acute encephalopathy in 15 children with Dravet
syndrome. The acute encephalopathy was characterized by
fulminant manifestations with SE and subsequent deep
coma. Diffusion-weighted images revealed two different
patterns of brain lesions: cerebral cortical-dominant lesions
and subcortical-dominant lesions. The outcome was mostly
poor, with death or severe neurologic sequelae.
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