position between LBs and GCls have not yet be clarified,
at present we have no reasonable explanation for these
empirical differences. One possibility is that a difference
in the o-synuclein molecule itself, or its modification,
leads to a conformational state specific to LBs or GCls,
thereby exhibiting distinct argyrophilic property, affinity
to TR and ultrastructure. As we reported previously, the
argyrophilic properties of tau-positive deposits are linked
to its isoform; tau-positive deposits containing mainly
4R tau, as seen in CBD/PSP [21] and AGs [22], are la-
beled with GB but not with CS, whereas those containing
mainly 3R tau, as seen in Pick bodies, exhibit argyro-
philia with CS but not with GB [23]. Because deposits
containing 3R and 4R tau exhibit argyrophilia with both
CS and GB, it is likely that those containing 3R tau are
linked to argyrophilia with CS and those containing 4R
tau deposits are linked to GB. Thus, it is possible that
molecules associated with a-synuclein may differ and
yield different staining properties.

Although silver staining methods are useful tools in
the diagnosis of neurodegenerative diseases [20], little is
known regarding the mechanism of argyrophilia [8, 10].
It is interesting that the lack of argyrophilia with GB, as
seen in LBs, is shared with Pick bodies [23]. Moreover,
colocalization of a-synuclein and tau epitopes is fre-
quent in various degenerative processes [1], and these
two proteins may interact during the formation of
aggregates [9)]. It is then possible that tau and synuclein
undergo similar conformational changes to be detected
with CS but not with GB, as seen in Pick bodies and
LBs. Even though, the empirical distinction based on
these argyrophilic profiles is of help in the histological
diagnosis of synucleinopathies, the mechanism respon-
sible for these changes in vivo still need to be deter-
mined. Another advantage of these silver stainings is
that they will give, at lower cost, more consistent results
than immunohistochemistry, especially when dealing
with old archival sections [15]. Furthermore, identities of
LBs and GCIs are frequently confounded in experi-
mental paradigms by grouping them as synuclein-posi-
tive aggregates without discriminating them. Although
the molecular identities of LBs and of GCls remain to be
clarified, defining these inclusions based on various
methods, such as with silver staining, is of great
advantage because other biochemical or immunohisto-
chemical features fail to discriminate these two distinct
a-synuclein-positive inclusions. It is obvious that further
studies are needed to identify possible differences in the
molecular composition of LBs and GCIs. At present,
silver staining profiles, possibly distinctive and repre-
sentative of each type of inclusions, provide a unique
method of classifying not only tau-related but also
a-synuclein-related deposits, which may be helpful in
diagnosing and understanding synucleinopathies and
tauopathies.
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. Gene Therapy for Laryngeal Paralysis

Akihiro Shiotani, MD, PhD; Koichiro Saito, MD, PhD; Koji Araki, MD;
Kazuhisa Moro, MD; Kazuhiko Watabe, MD, PhD

Objectives: The surgical options for laryngeal paralysis only achieve static changes of vocal fold position. Laryngeal
reinnervation procedures have had little impact on the return of dynamic laryngeal function. The development of a new
treatment for laryngeal paralysis, aimed at the return of dynamic function and neurologic restoration and regeneration,
is necessary.

Methods: To assess the possibility of gene therapy for laryngeal paralysis aiming for the return of dynamic laryngeal
function, we investigated the therapeutic effects of gene therapy using rat laryngeal paralysis models.

Results: In a rat vagal nerve avulsion model, we transferred glial cell line—derived neurotrophic factor (GDNF) gene into
the nucleus ambiguus using an adenovirus vector. Two and 4 weeks after the GDNF gene transfer, a significantly larger
number of surviving motoneurons was observed. These neuroprotective effects of GDNF gene transfer were enhanced
by simultaneous brain-derived neurotrophic factor gene transfer. In a rat recurrent laryngeal nerve crush model, we trans-
ferred GDNF gene into recurrent laryngeal nerve fibers after crush injury. Two and 4 weeks after GDNF gene transfer,
we observed significantly faster nerve conduction velocity and better vocal fold motion recovery.

Conclusions: These results indicate that gene therapy could be a future treatment strategy for laryngeal paralysis. Further
studies will be necessary to demonstrate the safety of the vector before clinical application.

Key Words: BDNF, brain-derived neurotrophic factor, functional recovery, GDNF, gene therapy, glial cell line—derived

neurotrophic factor, motoneuron loss, nerve conduction velocity.

INTRODUCTION

Current treatment of recurrent laryngeal nerve
(RLN) paralysis focuses on static repair of vocal
fold position, rather than on restoration of move-
ment of the paralyzed vocal fold. The results of sur-
gery are accordingly often less than satisfactory. In
particular, in patients with bilateral vocal fold paral-
ysis, preserving both airway and voice quality is dif-
ficult, and a choice must be made between closing
the tracheostomy and better voice quality. Surgery to
restore innervation by nerve suturing or transplanta-
tion, with the goal of improving dynamic function,
is generally ineffective in restoring vocal fold mo-
bility. Therefore, novel therapies must be developed
from the neurologic perspective of treating RLN pa-
ralysis as a motor nerve paralysis. This requires re-
search aimed at restoring vocal fold mobility.

Several neurologic problems may occur with de-
nervation (Fig 1). Injury of the RLN can cause 1)
loss of motoneurons in the nucleus ambiguus, 2) de-
generation and poor regeneration of nerve fibers and

motor end plates, and 3) laryngeal muscle atrophy.
Each of these problems needs to be addressed for
restoration of RLIN motor function. Furthermore,
nonselective regeneration can lead to (4) faulty in-
nervation after nerve regeneration, in which the
Wrong neurons may innervate other laryngeal mus-
cles (misdirected reinnervation), so that even if in-
nervation is reestablished, proper motor function is
not restored (synkinesis).

Although clinicians are aware of each of these
problems, definitive therapy has not been available.
However, recent advances in neurology have led to
the discovery of several neurotrophic factors with
potent trophic effects on myoneural function (ie, af-
fecting motoneurons, motor nerve fibers, motor end
plates,and muscle tissue), including regenerative and
protective effects.! They include nerve growth factor,
brain-derived neurotrophic factor (BDNF), glial cell
line—derived neurotrophic factor (GDNF), fibroblast
growth factor, ciliary neurotrophic factor, and:insu-
lin-like growth factor I (IGF-I). These neurotrophic
factors may be useful in treating RLN paralysis.
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(1) motoneuron loss

(3) muscle atrophy

(2) degeneration and poor regeneration
of nerve fibers and motor end plates \

Larynx

Fig 1. Neurologic problems after injury of recur-
rent laryngeal nerve (RLN). (1) — loss of moto-
neurons in nucleus ambiguus (NA); (2) — degen-
eration and poor regeneration of nerve fibers and
motor end plates; (3) — laryngeal muscle atrophy;
(4) — misdirected reinnervation (synkinesis).
These problems need to be solved for return of vo-
cal fold movement.

(4) misdirected reinnervation

For the clinical application of neurotrophic fac-
tors, the most convenient route of administration is
direct injection of neurotrophic factor proteins into
atrophied laryngeal muscle or injured RLN fibers.
However, for these neurotrophic factors to have an
effect, certain concentrations must be maintained
over time. Once they are injected, these neurotroph-
ic factor proteins are rapidly absorbed and eliminat-
ed; thus, several injections per day over a long pe-
riod are required. Systemic administration is also an
option, but carries an increased risk of adverse reac-
tions. This is where gene transfer (gene therapy) can
be useful.

Gene therapy can be used as a specific type of
drug delivery system. Instead of injecting the pro-
tein drug (in this case, the neurotrophic factor), the
gene (DNA) encoding the protein can be transferred
into human cells via a gene carrier (vector), and the
proteins can then be made in the cells. Once the vec-
tor is injected, proteins will be expressed in high
concentration at the delivery site for a few weeks
up to 1 month. If an extrachromosomal vector for
gene transfer is selected, gene expression will spon-
taneously decrease, so the risk of expression for lon-
ger than required is avoided. In addition, local gene
expression carries a lower risk of adverse reactions
than systemic administration. Taking the above into
consideration, we embarked on research toward the
clinical application of gene therapy in RLN paraly-
sis.

With respect to neurologic problems to be solved
in the restoration of vocal fold mobility, as shown
in Fig 1, the therapeutic effects for muscle atrophy
have already been demonstrated with IGF-I gene. In-
sulin-like growth factor I has potent trophic effects
on both myocytes and neurons. Insulin-like growth
factor I gene transfer using a formulated plasmid
containing a skeletal muscle-specific actin promot-
er into the rat thyroarytenoid muscle after transec-
tion of the RLNZ# prevented muscle atrophy. Four

weeks after gene transfer, the gene therapy group, as
compared to a control group, exhibited a significant
increase in muscle fiber diameter and less muscle
atrophy. In addition, the gene therapy group exhibit-
ed a significant improvement in peripheral nerve re-
generation and protection of motor end plates. These
findings showed that IGF-I gene therapy in RLN pa-
ralysis was effective in preventing laryngeal muscle
atrophy and enhancing peripheral nerve regenera-
tion. Moreover, similar effects were confirmed in a
chronic model at 1 month after nerve transection.’
Myosin heavy chain subunits in laryngeal muscle
are known to undergo various changes in composi-
tion due to biological demands. IGF-I gene therapy
can prevent these denervation-related changes and
promote their normalization.6

Glial cell line—derived neurotrophic factor offers
powerful survival-promoting effects on motoneu-
rons in vitro and in vivo, and promotes nerve regen-
eration after injury.”-19 Overexpression of GDNF
produces hyperinnervation of neuromuscular junc-
tions,!! and expression of endogenous GDNF is in-
creased early after peripheral nerve injury.!2 The use
of GDNF and other neurotrophic factors may prove
beneficial for the treatment of peripheral nerve in-
juries.

Brain-derived neurotrophic factor has been shown
to promote the survival of developing motoneurons
in vitro and to rescue motoneurons from axotomy-
induced cell death in vivo, and its effects are medi-
ated via 2 classes of receptors (trkB and p75).13.14

In adult rodents, administration of BDNF and
GDNF proteins has been reported to prevent the
loss of spinal motoneurons after spinal root avul-
sion.8:15-17 And following avulsion of a spinal ven-
tral root, an adeno-associated viral vector-mediated
BDNF and GDNF gene transfer prevents the loss of
spinal motoneurons.!8

In the present article, to assess the neurologic
problems to be solved in the restoration of vocal fold
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mobility (Fig 1) and the possibility of gene therapy
for motoneuron loss and functional recovery after
vagal nerve or RLN injury, we examined the neu-
roprotective effect of adenoviral GDNF and BDNF
gene transfer using rat laryngeal paralysis models.

METHODS AND RESULTS

Gene Therapy for Motoneuron Loss in Nucleus
Ambiguus. We evaluated the effects of GDNF gene
therapy on prevention of denervation-related mo-
toneuron loss in the nucleus ambiguus by injecting
GDNF into nucleus ambiguus motoneurons.1? First,
we created a model of induced motoneuron loss in
the rat nucleus ambiguus by resection of the vagus
nerve at the level of the jugular foramen. Then, us-
ing an adenovirus vector (AXCAhGDNF), we selec-
tively delivered the GDNF gene to nucleus ambig-
uus motoneurons through the jugular foramen. At 2
weeks and 4 weeks after gene transfer, the brain stem
tissues were excised, and serial transverse sections
were cut at 7 um. Every fifth section (28-um inter-
val) was collected and stained with toluidine blue,
and ambiguus motoneurons that had nuclei contain-
ing distinct nucleoli on both sides of the nucleus
ambiguus were counted in 20 sections. We did not
apply any correction factors for data analysis, since
the ambiguus neurons have a maximum diameter of
21.8 +4.96 um,?0 and these neurons were counted
only once in every fifth section at a 28-ium interval.
The data are expressed as the mean + SD from 4 ani-
‘mals (2 and 4 weeks after operation), and statistical
significance was assessed between the groups by the
one-factor analysis of variance and a Fisher test (n
=4). At 2 weeks and 4 weeks after gene transfer, as
compared to a control group, the GDNF gene ther-
apy group demonstrated a significantly lower loss

Control

Fig 2. Vagal motoneurons in nucleus ambiguus 4 weeks after vagal nerve avulsion (toluidine -blue stain). Photomicrographs
show nucleus ambiguus on contralateral (Normal) or ipsilateral side after avulsion and treatment with phosphate-buffered saline
solution (Control) or glial cell line—derived neurotrophic factor (GDNF) gene transfer (AXCAhGDNF). GDNF gene expression
offers strong protective effect against motoneuron loss. Bars — 50 pm.

AxCAhGDNF

of nucleus ambiguus motoneurons (motoneuron sur-
vival rate at 4 weeks, 72.0% + 8.4% in the GDNF
gene therapy group versus 56.2% + 3.7% in the con-
trol group; Fig 2). The GDNF gene therapy group
also showed inhibition of expression of nitric oxide
synthase, which is induced by nerve injury (Fig 3),
and preservation of choline acetyltransferase activ-
ity, which decreases rapidly after nerve injury (Fig
4).

With concurrent transfer of the BDNF gene and
the GDNF gene, the rate of loss of nucleus ambig-
uus motoneurons was significantly lower than the
rates in both the control group and the GDNF gene
therapy—only group (motoneuron survival rate at 4
weeks, 84.7% + 2.2% in GDNF + BDNF gene ther-
apy group; Fig 5).2!

These findings demonstrate that GDNF gene
therapy and BDNF gene therapy prevented the loss
of motoneurons in the nucleus ambiguus associated
with nerve transection and also promoted nerve re-
generation.

Gene Therapy to Restore Nerve Function. The
research results described above delineate the mor-
phological effects of gene therapy on laryngeal
muscle and the niucleus ambiguus; however, we also
need to know to what extent these effects contribute
to restoring RLN function. We therefore evaluated
the functional effects of GDNF gene therapy in an
RLN crush model.??2 Using hemostatic forceps, we
crushed the RLN in rats for 60 seconds. After la-
ryngoscopically confirming vocal fold fixation, we
injected an adenovirus vector carrying the GDNF
gene into the nerve bundle at the crush site.

To assess neurofunctional recovery, we subjected
rats at 2 or 4 weeks after operation to measurement
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Control

AxCAhGDNF

Fig 3. NADPH diaphorase histochemistry of nucleus ambiguus, 14 days after vagal nerve avulsion followed by GDNF gene
transfer (AXCAhGDNF) or no treatment (Control). Compared to normal contralateral side (Normal), strong expression of nitric.. .
oxide synthase was observed on avulsed side in control animals. However, when AxCAhGDNF was inoculated, induction of

nitric oxide synthase was suppressed.

of motor nerve conduction velocity (MNCV). The
animals were anesthetized, and the left RLN was
exposed. The strap muscles were sectioned to ex-
pose the larynx, and a laryngeal fissure was made.
The left thyroarytenoid muscle was stabbed through
the fissure with a needle concentric electrode for
recording. To stimulate the left RLN, we placed 2
bipolar hook electrodes and hooked them into the
left RLN. One was placed inferior to the left lobe
of the thyroid as a distal stimulator, and the other
was placed at 16 mm proximal to the distal electrode
as a proximal stimulator. The nerve was maximally
stimulated, and compound muscle action potentials
in the TA muscle were recorded with a Power Lab
computer-assisted electromyography machine (AD
Instruments, Colorado Springs, Colorado). Maxi-
mal stimulation was achieved by increasing current
output until no further change in amplitude of the

Normal
Fig 4. Choline acetyltransferase (ChAT) immunohistochemistr
lowed by GDNF gene transfer (AxCAhGDNF) or no treatment (Control). Compared to normal contralateral side (Normal), de-

crease in ChAT immunoreactivity was observed on avulsed side in control animals {Control). However, when AxCAhGDNF
was inoculated, ChAT immunoreactivity was preserved on avulsed side.

Control

compound action potential occurred. A current im-
pulse of 0.01-ms duration was delivered. Maximum
MNCVs were calculated from the derived latencies
and the distance between the 2 stimulating points
(16 mm).

At the time of laryngeal fissure creation, recov-
ery of vocal fold movement was also assessed. Re-
covery was only considered present when vocal fold
movement on the denervated side was observed to
be equal to that on the contralateral, non-denervated
side. When vocal fold movement on the denervated
side was limited (not fixed), recovery was not con-
sidered present.

Representative evoked electromyograms ob-
tained by left RLN stimulation are shown in Fig 6.
The electromyogram in an AXCAhGDNF-injected
rat showed a large action potential wave and a short-
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y of nucleus ambiguus, 7 days after vagal nerve avulsion fol-
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Fig 5. Time course of motoneuron loss in nucle- ~
us ambiguus after operation. Percentages of sur- < 80
viving motoneurons in nucleus ambiguus (treated %
side/contralateral side) are plotted. Data following 3
vagal nerve avulsion (n = 4) and treatment with —~
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derived neurotrophic factor (BDNF) gene trans- 2
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Data are mean + SD (bars). Statistical compari- 2
sons were done by Fisher test.
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er latency, as compared to that in the control rat
(AxCALacZ). At 2 weeks and 4 weeks after gene
transfer, the MNCVs of the RLN in the GDNF gene
therapy group were 31.49 + 7.03 m/s and 35.59 =
6.28 m/s, respectively. Taking into account an RLN
conduction velocity of about 40 m/s in normal rats,
we concluded that the conduction velocity had al-
most normalized. In the control group the RLN con-
duction velocity was less than 20 m/s at 2 weeks

s _AxCALacZ

4
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5.550 ms
6.750 ms
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8 AxCAhGDNF
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Fig 6. Electromyography (EMG) of thyroarytenoid mus-
cle. Representative evoked EMG traces obtained by left
recurrent laryngeal nerve stimulation in LacZ gene—
transferred (AxCALacZ) animals and GDNF gene-
transferred (AxCAhGDNF) animals. EMG in AxCAh-
GDNF-injected rat revealed large action potential wave
and shorter latency. Conversely, EMG in control rat (Ax-
CALacZ) showed small, unclear action potentials and
delayed latency.
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and at 4 weeks. The RLN conduction velocity was
thus significantly faster in the GDNF gene therapy
group (Fig 7). Concerning vocal fold mobility (see
Table), in the control group the degree of restora-
tion of vocal fold mobility at 2 weeks and 4 weeks
after gene transfer was 12.5% and 37.5%, respec-
tively. In the GDNF gene therapy group there was
100% restoration at both 2 weeks and 4 weeks. This
demonstrated that treatment had a significant effect
on restoring vocal fold mobility. Furthermore, the
diameters of axons were measured from left RLN
sections. Representative cross sections of RLN sam-
ples stained with Epon—toluidine blue are shown in
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Fig 7. Motor nerve conduction velocity (MNCV) at 2 and
4 weeks after injury (n = 4). Significant differences are
apparent between GDNF gene (AXxCAhGDNF)-trans-
ferred and LacZ gene (AxCALacZ)-transferred animals,
and between GDNF gene-transferred and RLN crush an-
imals at 2 and 4 weeks after injury. MNCV in GDNF
gene—transferred animals recovered favorably and was
comparable to that of normal rat. GDNF gene expression
offers strong protective and regenerative effects against
motor nerve injury.
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RECOVERY OF VOCAL FOLD MOVEMENT IN

EACH GROUP
2 Weeks 4 Weeks
AxCAhGDNF 4/4 4/4
AxCALacZ 14 ]]* 1/4 ]]*
Crush 0/4 2/4

Numerators show numbers of animals with vocal fold movement re-
covery. Denominators show numbers of animals observed. Glial cell
line—derived neurotrophic factor (GDNF) gene-transferred (Ax-
CAhGDNF) animals showed significantly better recovery of vocal
fold movement than did control animals (AxCALacZ-injected and
recurrent laryngeal nerve crush) at 2 and 4 weeks after injury, indi-
cating strong functional recovery following GDNF gene transfer.
*p < .05.

Fig 8. The mean axon diameter was 6.28 = 0.43 um
in normal rats, 4.76 = 0.62 pm in the GDNF gene
therapy group, and 2.67 + 0.10 um in the control
group. The mean axon diameter in the GDNF gene
therapy group had recovered to an almost normal
level — significantly larger than that in the control
group (p < .09).

DISCUSSION

Treatment with GDNF gene transfer significant-
ly prevented the loss of vagal motoneurons in com-
parison to the control in our study. In BDNF gene-
transferred animals, a significantly larger number
of surviving motoneurons were observed in the
nucleus ambiguus as compared to phosphate-buff-
ered saline solution—treated controls and GDNF
gene-transferred animals 2 to 4 weeks after inocu-
lation. In addition, the survival of motoneurons was
further improved by treatment with a combination
of BDNF and GDNF gene transfer, as compared to
treatment with either BDNF gene transfer or GDNF
gene transfer.

Control

Neuronal depopulation results in the innervation
of a relatively large number of muscle units by the
residual neurons and thus is considered to contrib-
ute to the development of laryngeal synkinesis af-
ter RLN injury.232¢ Adenoviral BDNF and GDNF
gene therapy may be useful not only for preventing
motoneuron loss in the nucleus ambiguus, but also
for decreasing the risk of laryngeal synkinesis after
vagal nerve injury or RLN injury by inoculation of
the vector at the injured site of the nerve during head
and neck surgery.

Our study also assessed neurofunctional recovery
2 and 4 weeks after injury, demonstrating enhance-
ment of motor nerve recovery according to neuro-
functional and laryngeal functional data. The timing
of assessment was appropriate for the regenerative
process of peripheral nerves, and our results dem-""
onstrate that early neurofunctional recovery might
preserve good laryngeal function.

Measurement of the MNCV of the injured nerve
is a commonly used physiological measure to evalu-
ate peripheral nerve function in the rat nerve injury
model. 2527 In this study, control animals injected
with or without AxXCALacZ 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 had not improved even 4 weeks after injury.

We also demonstrated that GDNF gene—trans-
ferred animals showed significant improvements in
recovery of vocal fold movement and axonal diam-
eter and myelination compared to control animals.
Thickening of axon diameters and enhancement of
myelination are considered to contribute to increases
in MNCV. These regenerative effects on the nerve

AxCAhGDNF

Fig 8. Photomicrographs of sectioned recurrent laryngeal nerve stained with Epon—toluidine blue at 5 mm distal from crush
site at 2 weeks after injury. Control animal with crush injury (Control) displays atrophied and demyelinated axons. However,
in GDNF gene—transferred (AxCAhGDNF) animal, better myelination and thick axons are observed, comparable to those in

normal rat.





