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AxCArGIFM

Fig. 2. Representative brain sections of rats treated with AxCALacZ as control (A) and AXCAGIFM (B). In rats treated with AxCALacZ, the tissue with stab wound
tends to be concave from the surface of the brain. On the other hand, the rats treated with AxCArGIFM showed clear improvement around the stab wound compared
with rats treated with AxCALacZ. The sections were stained with hematoxylin and eosin (H&E) staining at 17 days postoperation. Scale bar, 100 pm.

To maintain the GIF effect, we produced AxCArGIFM and
administered it in the stab wound model. The administration
of AxCArGIFM at an appropriate amount produced the desired
results for the repair of the brain following stab wounds com-
pared with AxCALacZ. In AXCArGIFM-administered rats, the
levels of MAP-2 and GAP-43 were significantly higher than
those in the control, whereas the level of GFAP was almost the
same between the two groups.

GAP-43 is generally considered to be a marker of neurite out-
growth [1,16]. Although this finding seems to be in contrast with
the function of GIF for neonatal neurons in vitro, which is con-
sidered to have an inhibitory effect on neurite outgrowth, GIF has
also neuroprotective effects such as anti-oxidation. Therefore
GIF may increase or sustain the content of GAP-43 compared
with controls. Alternatively, GIF may affect the progression of
neuronal stem/progenitor cells. Further studies are needed to

450

MAP-2 level (0.D.)

AxCAGIFM

AxCALacZ

Fig. 3. MAP-2 level determined by immunoblotting. The MAP-2 level
in AxCArGIFM-administered rats was significantly higher than that in
AxCALacZ-administered rats (n=11). P <0.05.

clarify the functional mechanism of GIF in detail by immunohis-
tochemical methods using laser confocal scanning microscopy,
extending the work we have already performed [10], and molec-
ular genetic techniques. However, the finding in this paper will
be a turning point for further studies.

Carrasco et al. stated that GIF-deficient mice with focal cry-
olesions did not differ from control mice [2]. On the other hand,
we have demonstrated that AxCArGIFM could prevent degen-
eration of facial motoneurons following avulsion of the facial
nerve [17]. Furthermore, in this study we have demonstrated
that GIF can promote brain repair following brain injury due to
stab wounds. GIF interestingly confers protective roles against
not only oxidative stress [21,24] but also hypoxia [18]. MTs
including GIF are promising as therapeutic agents not only for
tissue repair following acute brain injury [4,13], but also for

GFAP level (0.D.)

AxCALacZ

AxCAGIFM

Fig. 4. GFAP level determined by immunoblotting. No significant differ-
ence could not be recognized between AxCArGIFM-administered rats and
AxCAlLacZ-administered rats (n=11).
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Fig. 5. GAP-43 level determined by immunoblotting. The GAP-43 level
in AxCArGIFM-administered rats was significantly higher than that in
AxCALacZ-administered rats (z=11). "P <0.05.

certain neurodegenerative diseases [6] because they have multi-
functional potential including anti-oxidation and may have some
effect on neurogenesis.

The experimental protocols were approved by the Animal
Care and Use Committees of both the Tokyo Metropolitan Insti-
tute of Gerontology and the Tokyo Metropolitan Institute for
Neuroscience.
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Adenoviral GDNF gene transfer enhances
neurofunctional recovery after recurrent laryngeal

nerve injury
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To assess the possibility of gene therapy for recurrent
laryngeal nerve (RLN) injury, we examined functional and
histological recovery after glial cell line-derived neurotrophic
factor (GDNF) gene transfer in a rat RLN crush model.
Adenoviral vector encoding B-galactosidase gene (AxCA-
LacZ) or human GDNF gene (AxCAhGDNF) was injected into
the crush site of the RLN. Neurons in the nucleus ambiguus
on the crushed side were labeled with X-gal or GDNF
immnohistochemistry after AxCALacZ or AXCAhGDNF injec-
tion. Reverse transcription-polymerase chain reaction analy-
sis revealed expression of human GDNF mRNA transcripts
in brainstem tissue containing the nucleus ambiguus on the
crushed side after AXCAhGDNF injection. Animals injected

with AxCAhGDNF displayed significantly improved motor
nerve conduction velocity of the RLN and recovery rate of
vocal fold movement at 2 and 4 weeks after treatment as
compared to controls. AxCAhGDNF-injected animals showed
a significantly larger axonal diameter and improved remye-
lination in crushed RLN as compared to controls. Adenoviral
GDNF gene transfer may thus promote laryngeal function
recovery after RLN injury. Inoculation of adenoviral vector
containing the GDNF gene at the site of damage soon after
nerve injury may assist patients with laryngeal paralysis
caused by nerve injury during head and neck surgery.

Gene Therapy (2006) 13, 296-303. doi:10.1038/sj.¢t.3302665;
published online 27 October 2005
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Introduction

The recurrent laryngeal nerve (RLN) comprises neurites
of motor, sensory and autonomic neurons. One of the
most significant laryngeal impairments caused by RLN
injury is incomplete glottic closure, which induces
dysphonia, dysphagia and aspiration pneumonia. These
symptoms are associated with decreased quality of life.
RLN injury can be caused by direct invasion of
malignant tumor, such as thyroid or esophageal cancer,
surgical ablation of the neck or mediastinum, thoracic
aortic aneurism and intubation.

Medialization procedures (vocal fold injection, thyro-
plasty and arytenoid adduction) are commonly per-
formed to manage unilateral vocal fold palsy, and can
improve symptoms by enhancing glottic closure. How-
ever, these only achieve vocal fold medialization by static
-changes in vocal fold tissue or the laryngeal framework,
and such deficits can never be neurologically restored.!
Voice therapy is effective only for mild cases and
reinnervation procedures have been attempted in very
few cases.>™* Reinnervation procedures (neural anasto-
mosis, nerve graft, etc.) for the RLN may improve voice
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quality through restoration or preservation of laryngeal
muscle tone and have the potential to restore vocal fold
mobility.>¢ However, this procedure appears to have had
little impact on the recovery of dynamic laryngeal
function and is not widely accepted as a treatment
option. The failure of reinnervation procedures is the
result of multiple factors, including decreased motor
fiber density, existing laryngeal muscle atrophy, central
motoneuron loss in the nucleus ambiguus, and in-
appropriate or misdirected innervation by antagonistic
motoneurons.”?

The discovery of neurotrophic factors that support
neuronal survival during development and neuronal
function throughout adulthood has generated broad
interest in the use of these factors in facilitating recovery
after peripheral nerve injury. A multitude of neuro-
trophic factors have been shown to prevent motoneuron
loss, enhance nerve sprouting, preserve motor endplate
morphology, and promote reinnervation.>*®* For exam-
ple, glial cell line-derived neurotrophic factor (GDNE),
brain-derived neurotrophic factor, neurotrophin (NT)-3,
NT-4/5 and ciliary neurotrophic factor have been shown
to prevent the loss of facial and spinal motoneurons after
axotomy in neonatal rodents.**® Of these, GDNF offers
powerful survival-promoting effects on motor neurons
in vitro and in vivo, and promotes nerve regeneration
after injury.’®** Overexpression of GDNF produces
hyperinnervation of neuromuscular junctions,” and
expression of endogenous GDNF is increased early



following peripheral nerve injury.** The use of GDNF
and other neurotrophic factors may prove beneficial for
the treatment of peripheral nerve injuries.

Application of neurotrophic factors is hampered by
a lack of efficient means of delivery to the peripheral
nerves and brain. Direct injection of therapeutic peptides
into CNS parenchyma may cause further injury to the
CNS. When delivered through oral or systemic routes,
these peptides are not feasible due to a short half-life
in vivo and inability to cross the blood-brain barrier, and
often cause harmful adverse effects.'*'>*® Gene therapy
is a strategy for transferring the DNA coding for
neurotrophic factors into the CNS or peripheral nerve.
This would provide a mechanism for single admini-
stration of a vector to achieve limited long term,
steady levels of gene product using common routes of
delivery.”**

To overcome the problems concerning RLN reinnerva-
‘on failure, we have demonstrated the potential of gene
.erapy. Insulin-like growth factor (IGF)-I gene transfer
to denervated thyroarytenoid (TA) muscle has been
shown to prevent muscle atrophy while improving
motor endplate morphology in a rat laryngeal paralysis
model ?8*° and adenoviral vector-mediated GDNF gene
transfer prevents motor neuron loss in the nucleus
ambiguus in a rat vagal nerve avulsion model.*
Although our previous studies have demonstrated
histological improvements after therapeutic gene trans-
fer, neurofunctional improvement has not previously
been clarified. In the present study, to assess the
possibility of gene therapy for the recovery of neuro-
logical function after RLN injury, we examined the
electrophysiological and histological therapeutic effects
of adenoviral GDNF gene transfer in an adult rat RLN
crush model.

Resulis

Sene expression in nucleus ambiguus

.0 investigate whether foreign gene transfer can be
achieved by adenoviral vector in the RLN crush model,
we first injected adenoviral vector encoding S-galactosi-
dase gene (AxCALacZ) directly into the nerve after left
RLN crush injury in adult rats. At 4 days after crush and
injection of AxCALacZ, motoneurons of the nucleus
ambiguus and associated axons were clearly Jabeled on
X-gal histochemistry (Figure 1). No motoneurons or
axons were labeled in the contralateral nucleus ambi-
guus. We subsequently injected human GDNF gene
(AxCARGDNEF) into crushed animals and examined the
expression of exogenous GDNF by reverse transcription-
polymerase chain reaction (RT-PCR) and GDNF immno-
histochemistry. At 4 days after left RLN crush and
AXxCAhGDNF injection, RT-PCR analysis revealed the
expression of virus-induced human GDNF mRNA
transcripts in brainstem tissue containing the nucleus
ambiguus on the treated side (Figure 2). Virus-induced
human GDNF mRNA was not detected on the contral-
ateral side by RT-PCR. At 5 days after left RLN crush and
AxCAhGDNF injection, GDNF immnohistochemistry
showed expression of virus-induced human GDNF in
motoneurons of the nucleus ambiguus on the treated
side (Figure 3). No motoneurons or axons were labeled
in the contralateral nucleus ambiguus. These results
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Figure 1 X-gal histochemical staining in the brainstem. At 4 days
after RLN crush and intraneural injection of AxCALacZ into the
RLN crush site, motor neurons in the nucleus ambiguus were
clearly labeled with X-gal. No motoneurons or axons were labeled
in the contralateral nucleus ambiguus. Scale bar, 50 um.
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Figure 2 RT-PCR analysis of brainstem tissue including nucleus
ambiguus 4 days after RLN crush and AxCAhGDNF treatment.
Lane M, size markers; Lane 1, brainstem tissue on the treated side
with reverse transcription; Lane 2, brainstem tissue on the treated
side without reverse transcription; and Lane 3, brainstem tissue on
the contralateral (nontreated) side with reverse transcription.
Expression of virus-induced human GDNF mRNA transcripts in
brainstem tissue on the treated side. No virus-induced human
GDNF mRNA was detected on the contralateral side.

indicate that, after injection to injured axons, virus
vectors were delivered to soma of motoneurons through
retrograde axonal flow and the virus-encoded foreign
gene was successfully induced.

Gene Therapy
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Figure 3 GDNF immunohistochemical staining in the brainstem.
(a) The nucleus ambiguus on the treated side of AxCAhGDNEF-
injected animal. (b) The nucleus ambiguus on the contralateral
(nontreated) side of AXCAhGDNF-injected animal. (¢) The nucleus
ambiguus of RLN crush (control) animal. At 5 days after RLN crush
and intraneural injection of AxCAhGDNEF into the RLN crush
site, motor neurons in the nucleus ambiguus were clearly labeled
with GDNE No motoneurons were labeled in the nucleus
ambiguus of contralateral side or RLN crush (control) animal. Scale
bars, 50 pm.

Gene Therapy

Neurofunctional recovery after adenoviral GDNF
gene transfer

We injected AXCAhGDNEF (Group I), AxCALacZ (Group
ID), or nothing (Group III) after left RLN crush, and
examined the effects of GDNF gene transfer on neuro-
functional recovery. Representative electromyography
(EMG) findings for Groups I, II and normal RLN are
shown in Figure 4. EMG of AxXCAhGDNF-injected rats
showed shorter latency and shorter time lag of latency
compared with AxCALacZ-injected rat, and the potential
wave of AxCAhGDNF-injected rats was substantially
similar to those in normal rats.

Mean (+s.d.) motor nerve conduction velocity
(MNCV) in Group I was 31.49+7.03m/s at 2 weeks
and 35594628 m/s at 4 weeks. Normal MNCV of
the RLN was 41.3847.23m/s (mn=4). MNCV of
AxCAhGDNF-injected animals thus recovered close to
normal levels. MNCV in Group IT was 12.59+1.43 m/s at_
2 weeks and 19.874+3.05m/s at 4 weeks, while MNCV/
in Group III was 17.34+4.25m/s at 2 weeks and
17.24+3.18 m/s at 4 weeks. At both 2 and 4 weeks after
RLN crush, MNCV was markedly reduced in Groups II
and III. MNCV was thus significantly faster in Group I
than in Groups II and III (P <0.05) (Figure 5), indicating
better neurofunctional recovery.

Recovery of vocal fold movement

The number of rats displaying obvious recovery of left
vocal fold movement was 4/4 (100%) at 2 weeks and 4/4
(100%) at 4 weeks in Group I, 1/4 (25%) at 2 weeks and
1/4 (25%) at 4 weeks in Group II, and 0/4 (0%) at 2
weeks and 2/4 (50%) at 4 weeks in Group III. Recovery of
vocal fold movement was thus significantly better in
Group I than in Groups II and III (P <0.05) (Table 1).

Morphometry results of RLN section

Diameters of axons were measured from left RLN
sections. Representative cross-sections of RLN samples
stained using epon/toluidine blue are shown in Figure 6. _
Mean diameters of axons and a histogram of axon
diameters in normal rats, in Groups I and HI are
presented in Figure 7. Mean axon diameter was
6.28+0.43 pm in normal rats, 4.76+0.62 ym in Group I
and 2.67+0.10 ym in Group III. Mean axon diameter in
group I was recovered to almost normal level, signifi-
cantly larger than in Group III (P <0.05). Histograms of
axon diameter demonstrated that Group I displayed a
reduction in the number of small axons and an increase
in the number of larger axons compared with Group IIL

Discussion

Injection of viral vector into nerves has been demon-
strated in both spinal cord®” and peripheral nerves.®*3*
The remote injection method of adeno-associated or
adenoviral vectors into RLN is reportedly useful for
delivering therapeutic gene products to the CINGS.3>°¢
Virus vector injected directly into the nerve is trans-
ported in a retrograde manner to the soma of neurons,
and virus-induced foreign genes are thus induced in
neurons. Our study showed that by direct injection to the.
RLN, AxCALacZ could transduce the p-galactosidase
gene in the nucleus ambiguus as detected by X-gal
histochemistry, and AxCAhGDNF could transduce the
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Figure 4 Electromyography of thyroarytenoid muscle. Represen-
tative evoked EMG obtained by left RLN stimulation. (a) Normal
animals, (b) AxCAhGDNF-injected animals and (c) AxCALacZ-
injected animals. EMG in AxCARGDNF-injected rat revealed big
action potential wave and shorter latency (b). Conversely, EMG in
control rat showed small, unclear action potentials and delayed
latency (c).

hGDNF gene in the nucleus ambiguus as detected by
RT-PCR and GDNF immnohistochemistry.

Remote injection of viral vectors does not appear to
cause significant additional neuronal injury. Rubin et al.>®
demonstrated that no significant difference existed in
—ercentage of nerve-endplate contacts between an RLN

sushed-nerve group and a group with crush injury
followed by virus injection. Our data support these
findings. MNCV of the RLN did not differ significantly
between the crushed-nerve group and the group with
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Figure 5 MNCV at 2 and 4 weeks after injury (n =4). Significant
differences are apparent between AXCAhGDNEF- and AxCAlacZ-
injected animals, and between AxCAhGDNF-injected and RLN
crush animals (P <0.05) at 2 and 4 weeks after injury. MNCV in
AxCAhGDNF-injected animals recovered favorably and was
comparable to normal rat. GDNF gene expression offers strong
protective and regenerative effects against motor nerve injury.

Table 1 Vocal fold movement recovery in each group

2 4
weeks weeks
AxCAhGDNF 4/4 ]* 4/4 ]*
AxCALacZ 1/4 ] 1/4 ]
Crush 0/4 2/4

Numerators show number of animals with vocal fold movement
recovery. Denominators show number of animals observed.
AXCAhGDNF-injected animals showed significantly better recovery
rate for vocal fold movement compared to control animals
(AxCALacZ-injected and RLN crush) at 2 and 4 weeks after injury,
indicating strong functional recovery following GDNF gene
transfer.

*P < 0.05.

crush injury followed by AxCALacZ injection. Although
the exact degree of nerve injury caused by the injection
process itself is unclear, remote injection of adenoviral
vector does not cause significant additional injury after
crush and appears to represent a safe way to deliver viral
vectors to the CNS.

Nerve crush is a reproducible injury that has been
shown to yield a consistent degree of nerve injury.®-*
This process induces Sunderland second-degree injury
(axonotmesis), which involves injury to the axon such
that Wallerian degeneration occurs distal to the injury,
with only rare and minor features of first- and third-
degree injury.*® This model is ideal for exploring the
effects of remotely injected viral vectors, providing an
intact nerve for injection and retrograde axonal transport
of virus. Recovery is associated with axonal sprouting
with the intact individual endoneural tubes of Schwann
cell basal lamina.*

Bridge et al?® demonstrated that in the various
methods of delivering crush injury in rat sciatic netve,
the functional and histological responses to crush are
identical. Their results also showed that MINCV recov-
ered to almost normal levels and only minimal histolo-

Gene Therapy
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Figure 6 Photomicrographs of sectioned RLN stained with epon/
toluidine blue at 5 mm distal from crush site at 2 weeks after injury.
(a) Normal, (b} AXCAhGDNF-injected animal and (¢) RLN crush
animal. Control animal with crush injury displays atrophied and
demyelinated axons (c). However, in AXCAhGDNF-treated animal
(b), better myelination and thick axons are observed, comparable to
those in normal rat (a). Scale bars, 20 ym.
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Figure 7 Axonal diameters 2 weeks after injury. (a) Mean axonal
diameter for each nerve fiber (n=4). Significant differences exist
between AxCAhGDNF-injected animals and RLN crush animals
(P <0.05) at 2 weeks after injury, indicating better myelination and
axon preservation in AXCAhGDNF-injected animals. (b) Distribu-
tion of axonal diameters. Histogram shows the total number of
axonal diameters in AXCAhGDNF-injected and RLN crush animals
(n=4). Histogram of diameters reveals a reduced number of small
axons and an increased number of larger axons in Group I
compared with Group III.

gical abnormalities persisted with every crush method
after 8 weeks and that electrophysiological recove
paralleled functional recovery. The present study as-
sessed neurofunctional recovery 2 or 4 weeks after
surgery, demonstrating enhancement of motor nerve
recovery based on neurofunctional and laryngeal func-
tional data. The timing of assessment was appropriate
for the regenerative process of peripheral nerves and our
results demonstrate that early neurofunctional recovery
might preserve good laryngeal function.

MNCV for the injured nerve is a commonly used
physiological measure to evaluate peripheral nerve
function in the rat nerve injury model>?**' In this
study, the latency of compound muscle action potential
from the TA muscle was recorded, and MNCV was
calculated from the latencies of action potential and
distance between the two stimulating points. Control
animals injected with or without AxCALacZ displayed a
markedly slowed MNCYV that did not change between 2
and 4 weeks after injury. These results are consistent with
limited regeneration of the nerve in control animals that
did not improve even up to 4 weeks after injury.



After nerve injury, despite the occurrence of some
degree of spontaneous functional recovery, complete
functional recovery does not occur due to limited
regenerative potential. The primary mechanical trauma
causes disruption of the neuron and axon. Damage is
due to ischemia at the injury site, shifts in electrolyte
concentrations and excessive release of excitatory amino
acids.*? These processes initiate a cytotoxic-signaling
cascade and myelin destruction, impeding axonal re-
growth. In our study, animals injected with Ax-
CAhGDNF exhibited significant improvements in
MNCV compared to control animals, reaching almost
normal levels by 2 and 4 weeks after treatment.

We also demonstrated that AxCAhGDNF-injected
animals show significant improvements in recovery of
vocal fold movement, axonal diameter and myelination,
compared to control animals. Thickening of axon
Yiameter and enhancement of myelination are consid-

ed to contribute to increases in MNCV. These regen-
erative effects on the nerve might finally achieve
recovery of dynamic laryngeal function (recovery of
vocal fold movement).

To minimize the deleterious effects of early trauma
and promote and guide axonal regrowth, the delivery of
neurotrophic factors has emerged as a promising
strategy to manipulate for axonal regrowth in the early
phase. This study demonstrated the enhancement of
neurofunctional recovery after remote injection of ade-
novirus vector coding for the GDNF gene into crushed
RLN over the course of a few weeks. The vocal folds are
extremely delicate structures, and imperceptible injuries
can result in excessive vocal complications. Extended
injury results in atrophy of the laryngeal muscles,
motoneuron loss in the nucleus ambiguus, and decreases
in both motor axon density and nerve-endplate contact.
Early recovery from axonal degeneration is important for
preservation and recovery of laryngeal function. Again,
the present methods achieved good preservation and
-facilitated recovery of laryngeal function.

Laryngeal paralysis most often occurs clinically as a
result of vagal nerve or RLN injury after surgical ablation
of a tumor involving the head and neck region. If the
nerve is injured during surgery, direct injection of the
vector into the nerve might prevent paralysis. Alterna-
tively, when paralysis becomes apparent on extubation,
the vector can be injected into the nerve after reintuba-
tion and opening the wound.

The adenovirus vector was used in this study. For
clinical applications, controversy remains regarding the
potential risks of virus-mediated gene therapy***
particularly when applied to nonlethal benign diseases
such as laryngeal paralysis. To overcome this problem,
safety of the vector must be demonstirated prior to
clinical application. Preliminary experiments of nonviral
gene transfer systems are also currently underway.

Our previous reports analyzed prevention of moto-
neuron death® and improvements in motor endplate
morphology and muscle atrophy using histological
methods.?*94¢ The present study analyzed neurological
function using electrophysiological examination in vivo
~nd demonstrated neurofunctional recovery. This report

arries a higher clinical impact than our previous reports.
Adenoviral GDNF gene therapy may save patients with
laryngeal paralysis caused by nerve injury during head
and neck surgery, by inoculation of the vector at site of
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nerve damage immediately after injury. These results
may open up clinical applications for GDNF gene
therapy, not only for laryngeal paralysis, but also for all
forms of peripheral motor nerve paralysis.

Materials and methods

Adenovirus preparation

Generation of replication-defective recombinant adeno-
virus carrying human GDNF cDNA (AxCAhGDNEF) and
bacterial fp-galactosidase gene (AxCALacZ) has been
described elsewhere.*®*” Recombinant adenoviral vec-
tors were propagated and isolated from 293 cells, and
purified by two rounds of CsCl centrifugation. Bioactiv-
ities of AXCAhGDNF for fetal rat mesencephalic and
spinal motoneuron cultures in vitro have prev1ously been
demonstrated.*64®

Animals and surgical procedures

A total of 32 adult male Sprague-Dawley rats (12-weeks
old, 340-360 g) were used in these experiments. Animals
were anesthetized using ketamine (100 mg/kg, intraper-
itoneal) and xylazine (10 mg/kg, intraperitoneal) and a
midline vertical cervical incision was made through the
skin. The submandibular glands and strap muscles were
divided to expose trachea, thyroid and larynx. Under a
dissecting microscope, the left RLN was exposed just
inferior to the left lobe of the thyroid gland. At a point
10 mm proximal to the inferior border of the thyroid
gland, the RLN was crushed once with a pair of forceps
for exactly 60s. Crush pressure of forceps was about
80 MPa and crush width was 2 mm. Direct laryngoscopy
was performed to confirm left vocal fold paralysis. All
procedures were performed in an identical manner by
the same investigator using the same equipment.

Rats were randomly assigned to three groups (Groups
HID. In Group I (n=10), about 3 ul of AXCAhGDNF
(1 x10™ PFU/mb) was injected at the crush point using
a Nanoliter 2000 oocyte microinjector (World Precision
Instruments, Sarasota, FL, USA) and micromanipulator
immediately after nerve crush. In Group I (1n=10),
AxCAlLacZ (1 x10" PFU/ml) was injected in an iden-
tical procedure. In Group Il (n=38), the RLN was
crushed but no viral vector was injected. A glass
micropipette was used for direct nerve injection and
inserted beneath the perineurium with gentle counter-
traction of the nerve using microforceps. The strap
muscles were repositioned, and the skin was sutured
closed. Normal nerve conduction velocity in the RLN
was measured using four rats without crush injury or
vector injection.

Reverse transcription-polymerase chain reaction

At 4 days after left RLN crush and injection of
AxCAhGDNF, animals were euthanized with a lethal
dose of ketamine, and brainstem tissue around the
nucleus ambiguus was selectively collected under
microscopy. Total RNA was isolated from tissue using
RNA isolation reagent (Trizol, Invitrogen, Carlsbad, CA,
USA) in accordance with the instructions from the
manufacturer, and freated with RNase-free DNase
(Invitrogen, Carlsbad, CA, USA). First-strand cDNA
was synthesized from 380ng of total RNA using a
random primer and Superscript Il reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) for one PCR analysis.
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PCR reactions were performed in PCR buffer containing
c¢DNA template, 200 mM dNTPs, 2 mm MgCl, 20.2 mM of
each primer and 25U/ml of Taq DNA polymerase
(TaKaRa, Osaka, Japan). Specific oligonucleotide primers
for PCR were designed to amplify adenovirus-derived
human GDNF cDNA (forward, 5-ATGAAGTTATGGGA
TGTCGT-3; reverse, 5-TCACCAGCCTTCTATTTCTG-3'),
which produces 511-bp amplified product.*® The PCR
amplification program comprises 40 cycles of: denatura-
tion at 95°C for 1 min, annealing at 55°C for 90 s and
extension at 72°C for 90 s. For negative control reactions,
nonreverse transcripted RNA samples and reverse-trans-
cripted brain tissue of nontreated side were processed
for PCR. PCR products were subjected to electrophoresis
on a 2% agarose gel stained using ethidium bromide.

Histological analysis

For X-gal histochemistry, rats (n =2 from Group II) at 4
days after left RLN crush and AxCALacZ injection were
anesthetized using ketamine and xylazine, and trans-
cardially perfused with 4% paraformaldehyde in PBS.
Brainstem tissue was dissected, immersion-fixed in the
same fixative for 2 h, cryoprotected in 30% sucrose in
PBS, and serial transverse frozen sections were cut at
16 um. Cryostat sections were incubated overnight at
37°C in a solution containing 5mM potassium ferri-
cyanide, 5 mM potassium ferrocyanide, 2 mM magnesium
chloride, and 1 mg/ml of 5-bromo-4-chloro-3-indotyl-b-D
galactopyranoside (X-gal; Invitrogen) in PBS. Sections
were then rinsed and counterstained with eosin.

For GDNF immnohistochemistry, rats (n=2 from
Group D) at 5 days after left RLN crush and AXCAhGDNF
injection were anesthetized and transcardially perfused
with 4% paraformaldehyde in PB. Brainstem tissue was
dissected, immersion-fixed in the same fixative for 2 h,
cryoprotected in 30% sucrose in PBS, and serial trans-
verse frozen sections were cut at 16 um. Sections were
pretreated with 0.3% H.O, in PBS, rinsed in 0.1% Triton
X-100 in PBS (T-PBS) and preincubated in 3% normal goat
serum in T-PBS. After treatment using an ABC blocking
kit (Vector, Burlingame, CA, USA) according to the
manufacturer’s instructions, sections were incubated
overnight at 4°C with rabbit polyclonal antibody to
GDNF (Santa Cruz Biotech, Santa Cruz, CA, USA) at a
dilution of 1:1000, followed by incubation with biotiny-
lated anti-rabbit IgG at a dilution of 1:100 and ABC
reagent (Vector, Burlingame, CA, USA), visualized by
3,3'~diaminobenzidine tetrahydrochloride (DAB)-H,O.
solution and counterstained with hematoxylin.

For analysis of RLN section morphometry, left RLNs
were excised 2 weeks after surgery and fixed in PBS
containing 4% paraformaldehyde/2.5% glutaraldehyde
at 4°C for 3 days. Sections were then postfixed in 1%
osmium tetroxide, dehydrated through graded ethanol
steps, and embedded in Epon 812 (Polysciences,
Warrington, PA, USA). At 5 mm distal from the crush
site, semithin sections of left RLN at 1 pm thickness were
stained using toluidine blue. Digitized images of the
entire axonal area were acquired using a CCD camera
(PDMC II; Polaroid, Waltham, MA, USA) mounted on
an E600 light microscope (Nikon, Tokyo, Japan) with a
% 100 objective lens and the entire axonal area of each
nerve sampled (n=4) was evaluated using Micro
Analyzer version 1.1 software (Nihon Poladigital, Tokyo,
Japan) on the computer.
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Neurofunctional analysis

To assess neurofunctional recovery, rats at 2 or 4 wee.
after operation were subjected to measurement of
MNCV. Animals were anesthetized and the left RLN
was exposed and dissected inferior to the left lobe of
the thyroid gland, as described above. The strap muscles
were sectioned to expose the larynx, and a laryngeal
fissure was made. The left TA muscle was stabbed
through the fissure with a needle concentric electrode for
recording. To stimulate the left RLN, two bipolar hook
electrodes were placed and hooked into the left RLN.
One was placed inferior to the left lobe of the thyroid as
a distal stimulator, the other at 16 mm proximal to the
distal electrode as a proximal stimulator. The nerve was
maximally stimulated and compound muscle action
potentials in TA muscle were recorded using a Power
Lab computer-assisted electromyography machine (AD
Instruments, Colorado Springs, CO, USA). Maximal
stimulation was achieved by increasing current output
until no further change in amplitude of the compound
action potential occurred. A current impulse of 0.01-ms
duration was delivered. Maximum MNCVs were calcu-
lated based on derived latencies and distance betwee
the two stimulating points (16 mm).

At the time of laryngeal fissure creation, recovery of
vocal fold movement was also assessed. Recovery was
only considered present when equal vocal fold move-
ment on the denervated side was observed compared to
the vocal fold on the contralateral nondenervated side.
When vocal fold movement on the denervated side was
limited (not fixed), recovery was not considered present.

Statistical analysis

Data were analyzed for statistical significance using
nonparametric analysis of variance (ANOVA) for com-
parison among three groups and Mann-Whitney test for
comparison between two groups. Values were consid-
ered statistically significant at the 5% level.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive, lethal neurodegenerative disease that selectively affects motor neurons.
Reactive oxygen species (ROS) are assumed to be involved in the pathogenesis of ALS. Metallothioneins (MTs) are self-
protective, multifunctional proteins that scavenge ROS. In particular, metallothionein-III (MT-III) has a strong scavenging
effect on hydroxyl radicals. MT's have been suggested to have important roles in the pathophysiology of ALS. Therefore we
investigated single nucleotide polymorphisms (SNPs) of the MT-III and the metallothionein-IIA (MT-IIA) promoter
region in 37 Japanese SALS cases and 206 sex-matched healthy controls using polymerase chain reaction (PCR)-direct
sequencing or PCR-temporal temperature gradient gel electrophoresis (TTGE). We detected no SNPs of the MT-III gene
in SALS cases and controls, and no detectable association between SALS phenotypes and a SNP of the MT-IIA promoter
region. We conclude that gene polymorphisms of MT-IIA promoter region and MT-III gene are not associated with SALS
phenotypes in a Japanese population.

Key words: Amyotrophic lateral sclerosis, metallothionein-1I, merallothionein-II1, single nucleotide polymorphism (SNP)

Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal
neurodegenerative disease with selective loss of
motor neurons. Approximately 10% of ALS cases
are familial, and 10-25% of these familial ALS
(FALS) cases are caused by missense mutations in
the Cu/Zn superoxide dismutase (SOD1) gene (1),
while others are sporadic ALS (SALS). Reactive
oxygen species (ROS) are assumed to play important
roles in the pathogenesis of ALS.

Metallothioneins (MTs) are small (6-7 kDa)
cystein-rich, metal (Cu/Zn)-binding proteins. MTs
are self-protective, multifunctional proteins (2-6)
and comprise four members (7,8). Metallothionein-I
(MT-I) and metallothionein-II (MT-II) exist ubi~
quitously and concomitantly in all tissues and are
abbreviated as MT-I/-II. MT-ITA is the major
isoform of MT-I/-II. Metallothionein-III (MT-III)

and metallothionein-IV are localized mainly in the
central nervous system and stratified squamous
epithelia, respectively (7,8). MT-III was first named
growth inhibitory factor because of inhibition of the
survival and neurite formation of cortical neurons
(7), and it has a strong scavenging effect on hydroxyl
radicals (9).

There have been several reports referring to the
associations of MTs with ALS (10-13). The cross-
ing of ALS model mice (G93A SOD1) with MT-I/
-IT or MT-III knockout mice was found to accelerate
the onset or progression of ALS in the progeny,
respectively (10). FALS mice reach the onset of
clinical signs and death significantly earlier owing to
a reduction in MT-I/-II expression level (11). MT-
III mRNA is decreased in SALS spinal cords (12).
Recently we have shown that the local treatment of
an adenoviral vector encoding rat MT-III cDNA
prevents the loss of facial motor neurons after facial
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nerve avulsion. This paper indicates that MT-III has
a therapeutic potential against motor neuron degen-
eration and injury (6,13).

To clarify the possible protective role of MT in
SALS, we investigated the association of polymorph-
1isms of MT genes with susceptibility to SALS, the
clinical types, age at onset and progressive rate of
SALS in a Japanese population. MT gene poly-
morphisms are currently available through the
databases of the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov),
and Japanese Single Nucleotide Polymorphisms
(JSNP, http:/snp.ims.u-tokyo.ac.jp). In addition,
Kita et al. have recently reported a novel SNP at
five bases before the transcription point, SNP (-5) in
a Japanese population (14) (Figure 1).

Materials and methods
Samples of SALS cases and controls

Following the acquisition of informed consent,
blood was taken from 37 Japanese patients who
fulfilled the revised El Escorial criteria (15) for
clinically definite and probable ALS (mean age at
onset 58.14+11.1 years; 18 females and 19 males; 10
cases were progressive bulbar type, 26 cases classical
type and 1 case was pseudopolyneuritic form). Two
hundred and six healthy workers and students (95
female, 111 male) of Gifu University and Gifu
Pharmaceutical University served as controls. This
study was approved by the Ethics Committee of the

1) _Metallothionein-I1A
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Gifu University Graduate School of Medicine.
Genomic DNA was extracted from peripheral blood
samples.

Detection of polymorphisms of the MT-III 3’
untranslated region and MT-IIA promoter region

We performed polymerase chain reaction (PCR)-
direct sequencing to detect SNPs in the MT-III 3’-
untranslated region (UTR) and MT-IIA promoter
region. The PCR mixtures contained 1U of Ex Taq
polymerase (TaKaRa), 1x Ex Taq PCR buffer
(TaKaRa), 200 uM of dNTP mixture (TaKaRa),
80 ng of genomic DNA and 10 pmol each of
forward (F) and reverse (R) primers. The PCR
cycling conditions consisted of an initial de-
naturation step at 96°C for 5 min, followed by 30
cycles of 96°C for 1 min, 55°C for 1 min, 72°C for
1 min, and a final extension step at 72°C for 10 min.
The forward and reverse primers were given
for SNPs in the MT-III 3-UTR F: 5°-
GAGAGTGGTCATCTTCCATTTTATC-3’, R:
5-CTGTGTGGCTCCCTTGGAATAGGCT-3%)
and for a SNP in the MT-IIA promoter (F: 5°-
CGCCTGGAGCCGCAAGTGAC-3% R: 5°-TGG-
GCATCCCCAGCCTCTTA-3%), respectively. The
resulting PCR products were purified using a
MinElute Gel Extraction Kit (Qiagen). Big Dye
Terminator sequencing reactions were performed
and sequencing products were analysed on an
ABI PRISM 3100 Genetic Analyser (Applied
Biosystems).
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Figure 1. SNPs of metallothionein-IIA and metallothionein-III NCBI database show three SNPs in the MT-IIA gene and eight in the MT-
III (arrows), while these 11 SNPs are not found in the JSNP database. The JSNP database shows three SNPs in the 5’ up-stream promoter
region in MT-III (arrows with asterisk). We performed PCR-direct sequencing or PCR-TTGE for all subjects. We have detected a novel
SNP at a 5 bases before the transcription point, SNP (-5) (arrowhead) as recently reported by Kita et al. This SNP has not yet been given
SNP ID in both NCBI and JSNP. No SNPs in the MT-III gene could be detected in a Japanese population in our study.
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Detection of polymorphisms of MT-III other regions

We performed PCR-temporal temperature gradient
gel electrophoresis (TTGE) to detect SNPs in other
MT-III regions. The PCR mixtures contained 1U of
LA Taq polymerase (TaKaRa), 1x La Tag with GC
buffer II (TaKaRa), 200 puM of dANTP mixture
(TaKaRa), 200 ng of genomic DNA and 10 pmol
each of forward and reverse primers with a GC
clump. The PCR cycling conditions were the
same as above. We performed TTGE using 7 M
urea/6% acrylamide/bis gel and a D-Code
Electrophoresis Reagent Kit for TTGE (BIO-
RAD). The TTGE conditions were 200V or
100 V and a gradient temperature from 62°C
to 70°C or 65°C to 69°C for 5.3h or 4h,
respectively. The forward and reverse primers were
given for SNPs of the MT-III promoter to exon 1
(F: 5-GCCCGCCCCCGCCGCCCTGCCCGC
GCCCCGCGCCGCCCGCTGGGCTGGCAGT-
CGCGGGATAGCG-3, R: 5-GCGCAGTGC-
GCAGGATGCGAGCGGGG-3%) and for SNPs of
the MT-III introns 1 to 2 (F: 5-TTCACCG-
CCTCCAGCTGCTGCTGT-3, R: 5-GCG-
GGCGGCGCGGGGCGCGGGCAGGCGGCG-
GCGGGGGCGGGCGGTCTCCACATCCTGC-
GTGGTGAGAC-3%), respectively.

Statistical analyses

Data were statistically analysed using the Welch ¢
test or y? distribution.

Results

We detected no SNP in the MT-III gene in SALS
and controls in our study. In the MT-IIA promoter
region, we detected a novel SNP which is the SNP
(-5) (Figure 1). The statistical analyses of allele and
genotype frequencies showed no significant differ-
ences between the SALS and controls (p=0.389 and
p=0.293, respectively) (Table I).

Clinically, ALS is divided into three clinical types:
classical, progressive bulbar and other forms such as

Table I. Association analysis of SNP (-5) in the MT-1IA.

the pseudopolyneuritic form. In addition, consider-
ing the studies using knock-out mice of MT-VII or
MT-III, we divided ALS into two types of progres-
sion: the rapid type was the patients within three
years before needing a respirator or received
percutaneous endoscopic gastrostomy (PEG), and
the slow type (more than three years or later).

No association was found between SNP (-5) and
SALS phenotypes including clinical type (p=0.488)
(Table II), progression rate (p=0.905) (Table III)
and age at onset (»=0.297) (Table 1V). We com-
pared SNP (-5) with age at onset for each clinical or
progression type of SALS. No association was found
between SNP (-5) and age at onset in the classical
type (p=0.681), bulbar type (p=0.084), or slow type
(p=0.797) (Table IV). With regard to the rapid
type, we were unable to obtain adequate numbers of
large samples sufficient for the ztest.

Discussion

MT is one of the candidate genes associated with
the pathophysiological mechanism of SALS (12).
Recently Morahan et al. have reported that MT-III
gene polymorphisms are unlikely to be responsible
for susceptibility to SALS in an Australian popu-
lation (16). We investigated polymorphisms of
MT-III and MT-IIA promoter region in SALS
cases and healthy controls in a Japanese population.
We detected no SNP in the MT-III gene and
detected a novel SNP in the MT-IIA promoter
region as reported by Kita et al. (14). The NCBI

Table II. Clinical types and genotypes in SNP (-5) in the MT-
A,

Clinical

type Number A/A A/IG G/G  pvalue
Bulbar type 10 7 3 0 0.488
Classical type 26 21 5 0

Statistical analysis was performed by ¥* distribution.

Samples Number A/A AIG G/G p value (genotype) MAF p value (allele)
Total
SALS 37 28 9 0.293 0.122 0.389
Controls 206 170 35 1 0.090
Female
SALS 18 13 5 0 0.582 0.139 0.487
Controls 95 77 17 1 0.100
Male
SALS 19 15 4 0 0.603 0.105 0.621
Controls 111 93 18 0 0.081

MATF: Minor allele frequency; SALS: sporadic amyotrophic lateral sclerosis. Statistical analysis was performed by x? distribution.
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Progression Number A/A AIG G/IG p value
Rapid type 5 4 1 0 0.905
Slow type 17 14 0

Statistical analysis was performed by x? distribution.

Table IV. Age at onset and genotypes in SNP (-5) in the MT-IIA.

Clinical type A/A A/G p value
SALS total (n=37) (y) 59.34412.34 55.894+6.77 0.297
Bulbar type (n=10) (y) 71.00+10.40 59.004+7.21 0.084
Classical type (n=26) (v) 55.86410.71 56.40 +4.77 0.681

Slow type (n=17) (y) 53.43+10.49 52.00+7.55 0.797
Rapid type* (n=5) (y) 68.50+9.95 56.00%* *x*

Age at onset (mean age + SD (years)), n: number. y: years *,**: In the rapid type, we were unable to obtain large samples sufficiently for the

t-test. Statistical analysis was performed by Welch t-test.

SNP database shows that human MT-III gene has
eight SNPs and MT-IIA has three SNPs (Figure 1),
while these SNPs are not found in the JSNP
database. The difference between the SNP databases
is assumed to be due to the difference in races. In
our study we were unable to identify a significant
association between SNP in the MT-IIA promoter
region, and SALS phenotypes including suscept-
ibility to SALS, clinical types, age at onset and
progressive rate of SALS. These results will be
required to replicate in large sample sets from
various ethnic groups.

Conclusion

No clear association was found between SNP in the
MT-IIA promoter region and SALS phenotypes,
and we detected no SNP in all MT-III gene in
Japanese SALS and controls.

Appendix

The JSNP database has very recently shown three
SNDPs in the 5° far up-stream promoter region in
MTH-III in Japanese population on web site.
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Abstract We have established spontaneously immortal-
ized Schwann cell lines from dorsal root ganglia and
peripheral nerves of Sandhoff mice. One of the cell lines
exhibited genetically and biochemically distinct features
of Sandhoff Schwann cells. The enzyme activities toward
4-methylumbelliferyl ~ N-acetyl-B-p-glucosamine  (j-
hexosaminidases A, B, and S) and 4-methylumbelliferyl
N-acetyl-B-p-glucosamine-6-sulfate (B-hexosaminidases
A and S) were decreased, and GM2 ganglioside accu-
mulated in lysosomes of the cells. Incorporation of re-
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combinant human f-hexosaminidase isozymes expressed
in Chinese hamster ovary cells into the cultured Sand-
hoff Schwann cells via cation-independent mannose 6-
phosphate receptors was found, and the incorporated B-
hexosaminidase A degraded the accumulated GM?2
ganglioside. The established Sandhoff Schwann cell line
is useful for investigation and development of therapies
for Sandhoff disease.

Keywords Sandhoff disease - B-Hexosaminidase -
GM2 ganglioside - Schwann cell -
Lysosomal disease - Enzyme replacement therapy

Introduction

B-Hexosaminidase (Hex; EC 3. 2. 1. 52) is a lysosomal
glycosyl hydrolase that catalyzes the hydrolysis of B-1,4-
linked N-acetyl hexosamine residues at the nonreducing
ends of glycoconjugates. The human HEXA and HEXB
genes code for the a-subunit and B-subunit of Hex,
which dimerize to produce two major isozymes—
B-hexosaminidase A (Hex A, off heterodimer) and
B-hexosaminidase B (Hex B, PP homodimer)—and a
minor, unstable isozyme, B-hexosaminidase S (Hex S, aot
homodimer). All of the Hex isozymes basically degrade
terminal N-acetylgalactosamine (GalNAc) and N-acet-
ylglucosamine (GIcNAc) residues while Hex A and Hex
S cleave off terminal N-acetylglucosamine-6-sulfate res-
idues, and only Hex A among the three isozymes can
degrade GM2 ganglioside by acting on a complex of
GM2 ganglioside and the GM2 activator encoded by
GM24 (Gravel et al. 2001). The 4-methylumbelliferyl N-
acetyl-B-p-glucosamine (MUG) and 4-methylumbellife-
ryl N-acetyl-B-p-glucosamine-6-sulfate (MUGS) are
usually used as artificial substrates for enzyme assaying
of the total Hex isozymes and for that of Hex A and Hex
S, respectively. The defect of the HEXB gene causes



Sandhoff disease with simultaneous deficiencies of both
Hex A and Hex B, which result in storage of GM2
ganglioside in the nervous system and accumulation of
oligosaccharides and glycoproteins with GIcNAc resi-
dues at the nonreducing ends of the sugar chains in the
extraneuronal tissues. Sandhoff disease involves pro-
gressive neurological disorders and exhibits a wide
clinical spectrum from the severe infantile form (classical
Sandhoff disease), which is of early onset and fatal be-
fore the age of 4 years, to the late onset and less severe
form, which allows survival into childhood or adulthood
(subacute and chronic forms and atypical Sandhoff
disease). Patients with the severe infantile form of
Sandhoff disease develop progressive psychomotor de-
lay, muscular weakness, hypotonia, visual disturbance,
cherry-red spots, seizures, macrocephaly, and hepato-
splenomegaly. Patients with the milder, late-onset form
of Sandhoff disease develop dystonia, ataxia, incoordi-
nation, muscle wasting, and weakness. However, the
common pathological and biochemical changes in the
various clinical forms of Sandhoff disease are ultra-
structurally identified membranous cytoplasmic inclu-
sion bodies and accumulation of GM2 ganglioside,
respectively, in the central and peripheral nervous sys-
tems (Gravel et al. 2001).

Recently, a mouse model of Sandhoff disease was
created through the targeted disruption of the Hexb
gene, which encodes mouse Hex B-subunit (Sango et al.
1995; Phaneuf et al. 1996). Sandhoff mice exhibit pro-
gressive neurological disorders consistent with the cor-
responding human disease, and morphological changes
specific for this disease are found in neurons of the
cerebrum, cerebellum, spinal cord, dorsal root ganglia
(DRG) and visceral organs, satellite cells, and Schwann
cells (Sango et al. 1995, 2002), suggesting storage of
GM2 ganglioside in these neuronal cells.

Enzyme replacement therapy (ERT) has been intro-
duced for lysosomal diseases, including Gaucher disease
(Barton et al. 1991), Fabry disease (Schiffmann et al.
2000; Enget al. 2001), and mucopolysaccharidosis (MPS)
I (Wraith et al. 2004); clinical trials for Pompe disease
(Van den Hout et al. 2004; Klinge et al. 2005), MPS 11
(Muenzer et al. 2002), and MPS VI (Harmatz et al. 2004)
are underway. Furthermore, therapeutic experiments
have also been performed for other lysosomal diseases
associated with neurological disorders, including Sand-
hoff disease (Dobrenis et al. 1992). In these experiments,
cell lines possessing distinct phenotypes of the nervous
system are required to detect cleavage of the accumulated
substances from the neuronal cells after treatment.
However, such kinds of cell lines had not been established
yet for Sandhoff disease. They would be useful for clar-
ification of the pathogenesis of Sandhoff disease and the
development of therapies for the disease.

In this study, we established spontaneously immor-
talized Schwann cell lines from DRG and peripheral
nerves of Sandhoff mice and examined their uptake of
the recombinant Hex isozymes produced by Chinese
hamster ovary (CHO) cell lines simultaneously express-
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ing the human HEXA and HEXB genes and degradation
of the accumulated GM2 ganglioside. The effects of the
recombinant Hex isozymes on the cultured Sandhoff
Schwann cells were compared with those on cultured
fibroblasts from a patient with Sandhoff disease.

Materials and methods
Animals and cell culture

C57BL/6 Sandhoff mice homozygous for the disrupted
Hexb gene (Sango et al. 1995) were used in this experi-
ment according to the rules drawn up by the Animal
Care Committee of our institute. Primary and long-term
cultures of DRG and adjacent peripheral nerves col-
lected from 8-week-old Sandhoff mice were performed
and spontaneously immortalized Schwann cells were
obtained, as previously described (Watabe et al. 1990,
1994, 1995, 2001). Among them, an established Schwann
cell line from a Sandhoff mouse (1113C1) was cultured
in Iscove’s modified Dulbecco’s minimum essential
medium supplemented with 5% fetal calf serum (FCS),
50 units/ml penicillin, and 50 pg/ml streptomycin at
37°C under a 5% C0O,-95% air mixture. Spontaneously
immortalized Schwann cells were obtained from CD-1
(ICR) wild-type mice, and an established cell line
(IMS32) was used as a control (Watabe et al. 1995).
Cultured skin fibroblasts from a patient with Sand-
hoff disease and a normal subject were established and
maintained in our laboratory. The study involving the
cultured fibroblasts was approved by the Ethical Com-
mittee of our institution. The cells were cultured in
Ham’s F-10 medium supplemented with 10% FCS and
antibiotics at 37°C in a humidified incubator flushed
continuously with a 5% C0O,-95% air mixture.

Polymerase chain reaction

Confirmation of the genotype of the established cultured
Schwann cells was performed by means of polymerase
chain reaction (PCR), as previously described (Sango
et al. 2002). Reverse transcription followed by PCR (RT-
PCR) was performed to identify Schwann-cell-associated
molecules, i.e., S100, p75™ X, L1, peripheral myelin pro-
tein zero (P0), peripheral myelin protein-22 (PMP-22),
and growth-associated protein-43 (GAP-43), as described
elsewhere (Mirsky and Jessen 1999; Watabe et al. 2001,
2003).

Immunocytochemical analysis of
Schwann-cell-associated markers

To characterize the established cultured Schwann cells,
immunocytochemical analysis of S100, laminin, and glial
fibrillary acidic protein (GFAP) was performed, as de-
scribed previously (Watabe et al. 1995, 2003).
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Enzyme assays and protein determination

Total Hex (Hex A, Hex B, and Hex S) activity in cul-
tured cells was determined with MUG (Nacalai Tesque,
Kyoto, Japan) as a substrate (Suzuki 1987). Enzyme
activity for Hex A and Hex S was determined with
MUGS (HSC Research Development Co., Toronto,
Canada) as a substrate, according to the manufacturer’s
method. Protein determination was performed with a
Bio-Rad dye-binding assay kit (Bio-Rad, Hercules, CA,
USA) using bovine serum albumin as a standard.

Preparation of the recombinant human Hex isozymes
produced in CHO cells

A CHO cell line simultaneously expressing the human
Hex a-subunit and B-subunit were established by means
of cointroduction of the human HEXA and HEXB
c¢DNAs, as described elsewhere (Sakuraba et al. 2005).
The CHO cells stably expressing Hex isozymes, includ-
ing Hex A, Hex B, and Hex S, were cultured in serum-
free Ham’s F-10 medium. After 3 days of incubation, the
culture medium was harvested and used as the condi-
tioned medium.

Administration of the Hex isozymes to cultured mouse
Sandhoff Schwann celis and cultured human Sandhoff
fibroblasts

To examine the uptake of the Hex isozymes and cleav-
age of the accumulated GM2 ganglioside by the incor-
porated Hex A, cultured mouse Sandhoff Schwann cells
and cultured human Sandhoff fibroblasts were cultured
on 6-well plates in the conditioned medium containing
Hex isozymes in the presence or absence of 5 mM
mannose 6-phosphate (M6P). Because Hex A is heat-
labile, a half volume of the culture medium was replaced
daily by the same .volume of fresh medium containing
the same levels of MUG-degrading and MUGS-
degrading activities, and then the cultured cells were
harvested for enzyme assays or fixed with 4.5% para-
formaldehyde for an immunocytochemical analysis of
intracellular GM2 ganglioside, as described below.

Immunocytochemical analysis of intracellular GM2 -~
ganglioside

To examine the accumulation and localization of GM2
ganglioside in the cultured cells, double immunostaining
with a monoclonal anti-GM?2 ganglioside antibody (IgM
isotype; Kotani et al. 1992) and affinity-purified goat
polyclonal antibodies against lysosome-associated
membrane protein-1 (LAMP-1) (IgG isotype; Santa
Cruz Biochemistry, Santa Cruz, CA, USA) was per-
formed, as described previously (Sakuraba et al. 2002).

The stained cells were examined under a microscope
(Axiovert 100M; Carl Zeiss, Oberkochen, Germany)
equipped with a confocal laser scanning imaging system
(LSM510; Carl Zeiss).

Resuits

Characterization of the established Schwann cells
derived from a Sandhoff mouse

The Schwann cell lines established from Sandhoff mice
were spindle-shaped and not contact-inhibited. One of
the cell lines, designated as 1113Cl1, was used in this
study. To determine the genotype of the established
Schwann cells, a genomic DNA fragment of 114-bp in
the Hexb wild-type locus and a 219-bp DNA fragment
in the targeted locus were amplified by means of PCR,
according to the method described previously (Sango
et al. 1995). As shown in Fig. 1, a 219-bp DNA fragment
in the targeted locus was detected for 1113C1 while a
114-bp band in the wild-type locus was observed for
IMS32. The results confirmed that 1113Cl1 is genetically
homozygous for the disrupted Hexb gene.

IMS32

1113C1
bp '

200-

100-

Fig. 1 Genomic PCR analysis of Hexb in IMS32 and 1113Cl1 cells.
PCR amplification from IMS32 cells results in a 114-bp fragment
and that from 1113C1 cells in a 219-bp fragment

M p75NTR PO GAP43

S100 L1 PMP22
bp . 2 :

800-

200-

Fig. 2 RT-PCR analysis of 1113C1 celis. The 100-bp DNA size
markers (M) and amplified PCR fragments of S100, p75NTR, LI,
PO, PMP22, and GAP43



Fig. 3 Phase-contrast and
immunofluorescence
microscopy of 1113Cl cells.
Phase-contrast microscopy of
living cells (a), and
immunofluorescence for S100
(b), laminin (c), and GFAP (d).
Bars, 50 pm

RT-PCR demonstrated mRINA expression of S100,
p75NTR 1.1, PO, PMP22, and GAP43 (Fig. 2), and
immunocytochemical analysis also revealed protein
expression of S100, laminin, and GFAP in 1113Cl
(Fig. 3). These results indicate the distinct Schwann cell
phenotype of 1113C1.

To investigate the localization and accumulation of
GM2 ganglioside in the cultured Sandhoff Schwann
cells, double staining was performed with a monoclonal
antibody for GM2 ganglioside and polyclonal antibod-
ies for LAMP-1 as a lysosomal marker. Intense granular
immunofluorescence for GM2 ganglioside was observed
in 1113C1l while only faint fluorescence was found in
IMS32, and the localization was coincident with that of
LAMP-1 (Fig. 4a). Enhanced immunofluorescence for
LAMP-1 was also observed in 1113C1. These results
suggested increased and enlarged lysosomes containing
abundant gangliosides in Schwann cells derived from a
Sandhoff mouse. The intensity of the immunofluores-
cence for GM2 ganglioside in 1113C1 was almost the
same as that in cultured human Sandhoff fibroblasts
(Fig. 4b). The MUGS-degrading and MUG-degrading
activities in 1113C1 were 19% and 5% of the control
values, respectively (Table 1). The MUGS-degrading
and MUG-degrading activities are slightly higher than
those for cultured human Sandhoff fibroblasts (Table 1).

Enzyme replacement effect of recombinant human
Hex isozymes on the intracellular Hex activities and
cleavage of GM2 ganglioside in cultured mouse '
Sandhoff Schwann cells

We investigated the uptake of the recombinant human
Hex isozymes by mouse Sandhoff Schwann cells in culture
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and compared it with that in the case of cultured human
Sandhoff fibroblasts. The conditioned medium from the
CHO transformants expressing the human a-subunit and
B-subunit cDNAs was administered to mouse Sandhoff
Schwann cells and human Sandhoff fibroblasts. The
MUGS-degrading and MUG-degrading activities in the
conditioned medium were 299 and 758 nmol/h per milli-
liter, respectively. As shown in Table 1, the intracellular
MUGS-degrading and MUG-degrading activities in the
mouse Sandhoff Schwann cells were increased by 30%
and 33% compared with the normal control values after 3
days of culture in the conditioned medium while those in
the human Sandhoff fibroblasts were restored by 66% and
99%, respectively. The uptake of the recombinant Hex
1sozymes was inhibited in the presence of 5 mM M6P in
the culture medium.

We also investigated the effect of incorporated Hex A
on the degradation of GM2 ganglioside accumulated in
the mouse Sandhoff Schwann cells (Fig. 5a) and human
Sandhoff fibroblasts (Fig. 5b). The GM2 ganglioside
accumulated in the mouse Sandhoff Schwann cells was
cleaved on 3 days of culture with the conditioned med-
um containing Hex A as well as in the human Sandhoff
fibroblasts. The enhanced immunofluorescence for
LAMP-1 was also normalized by this procedure. The
effect was inhibited by the addition of M6P to the cul-
ture medium.

Discussion

In this study, we established a spontaneously immor-
talized Schwann cell line, 1113Cl, from DRG and
peripheral nerves of Sandhoff mice. The 1113C1 cells
possess the disrupted Hexb gene allele and exhibit a
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Fig. 4 Immunocytochemical analysis of intracellular GM2 gangli-
oside. Double staining of cultured mouse Schwann cells (a) and
human fibroblasts (b) was carried out using a monoclonal antibody
for GM2 ganglioside (GM2, green) and polyclonal antibodies for

distinct Schwann cell morphology and biochemical
phenotypes such as S100, p75"™%, L1, PO, PMP-22,
GAP-43, laminin, and GFAP, as shown on RT-PCR
and/or immunocytochemical analysis. Moreover,
immunocytochemical analysis revealed the accumula-
tion of GM2 ganglioside in lysosomes of 1113C1 cells as
well as in those of cultured human Sandhoff fibroblasts.
The reason the 1113Cl1 cells have residual MUGS-
degrading and MUG-degrading activities has not been
clarified yet. However, as the disruption of the mouse Hex
B-subunit gene and the accumulation of GM2 ganglioside
due to decreased Hex A activity are characterized in this
cell line, the residual activity must be mainly resulted from
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red). Overlapped images with these two
fluorescent probes are shown in yellow (Merge). Fluorescence|
Phase contrast shows overlapped Merge and phase-contrast
images. Bars, 50 pm

LAMP-1 (LAMP-1,

Hex S (oo homodimer). Culture condition and/or tissue
specificity might influence the formation of oo homodi-
mer. Considering the analytical data, the 1113C1 cell lines
are thought to be useful for clarifying the pathophysiol-
ogy of Sandhoff disease and for examining effects in the
therapeutic experiments on this disease.

We obtained the recombinant Hex isozymes from the
CHO cell line coexpressing the human Hex a-subunit and
B-subunit ¢cDNAs. The MUGS-degrading and MUG-
degrading activities increased in 1113C1 cells on culturing
them in conditioned medium containing the expressed
Hex isozymes although the degrees of the increases of the
enzyme activities were lower than that in the cultured
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