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Saline and NFx-B decoy were administered intrarectally at the volume of 0.75 mL/rat.
Prednisolone was administered orally at the volume of 5 mL/kg for 6 days.

Each value represents the median (maximum and minimum).

*. P<0.05; Significance difference between control group by Steel test

##: P<0.01; Significance difference between control group by Mann-whitney test
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ABSTRACT

Hearing impairment, which is the most prevalent sensory deficit of human beings, needs a
breakthrough in therapeutic technologies. One technology is the usage of a vector system to reach
the inner ear, and another is by a therapeutic molecule. Here we developed a novel gene therapy
strategy by combining hepatocyte growth factor (HGF) with hemagglutinating virus of Japan
envelope (HVJ-E) vector. When HVJ-E containing human HGF gene was injected intrathecally
into the cerebrospinal fluid via cisterna magna of rats, the vector reached the inner ear region, and
human HGF gene expression was detected in the spiral ganglion cells (SGCs) of the inner ear.
Expression of endogenous rat HGF and its receptor, ¢-Met, was also induced in SGCs by human
HGF. Kanamycin treatment results in hearing impairment by inducing degeneration of hair cells
(HCs) and apoptosis of SGCs in rats. By HGF gene transfer before kanamycin treatment, both loss
of HCs and apoptosis of SGCs were prevented. Furthermore, hearing function, evaluated by
auditory brainstem response, was maintained at a normal level. When HGF gene transfer was
performed 2 wk after kanamycin treatment, hearing impairment was significantly recovered.
These results indicate a novel and effective therapeutic strategy against sensorineural hearing
impairment.

Key words: hair cell « spiral ganglion « cochlear implants « gene therapy

than 1 in 10 individuals. Hearing impairment can be caused by a variety of factors:

infection, noise, aging, and ototoxic substances such as aminoglycosides and cisplatin (1).
These substances exhibit deleterious effects on the hair cell (HC) in the organ of Corti and the
spiral ganglion cell (SGC; refs 2, 3). HCs are the mechanosensory epithelial cells that convert
auditory stimuli to electric signals, and SGCs are the primary afferent auditory neurons located in
the Rosenthal’s canal within the modiolus of the cochleas. HCs and SGCs play a direct role in
mediating auditory stimuli to the central auditory neurons. The loss of HC prevents the
transduction of acoustic signals, leading to a retrograde neuronal degeneration of SGC, in which a
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loss of SGC exacerbates hearing dysfunction (3). In general, HC and SGC in mammals are
believed not to have the capacity for postembryonic cellular mitosis to generate new HC and SGC.
Therefore, the loss of either HC or SGC results in intractable hearing impairment.

For the treatment of the severely deaf, cochlear implants have been implanted in the cochleas of
many patients with severe/profound deafhess and have been shown to provide effective results.
The electrode of the cochlear implant is inserted into the fluid space of the inner ear, bypassing
damaged or absent HCs, thus delivering an electrical stimulus directly to SGCs. This device
provides significant improvement of the quality of sound perception. However, the effectiveness
of cochlear prosthesis depends on the quality and amount of the remaining auditory nerve, and the
state of their degeneration severely diminishes the hearing benefits obtained from the prosthesis.
Previous studies have shown a clear relationship between the total number of viable auditory
neurons available for stimulation and the performance of subjects receiving cochlear implants (4).
These data have indicated that stable and satisfactory results of the implant depend on the
development of a therapeutic strategy for preserving or regenerating the auditory neurons, mainly
SGCs. Recent studies have revealed that some neurotrophic factors, such as neurotrophin-3 (NT-3),
glial cell line-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF),
improve the survival of inner ear auditory neurons, including SGCs (5-11).

Hepatocyte growth factor (HGF), which was originally identified as a potent motogen for
hepatocytes and cloned in 1989 (12, 13), has since been shown to be a pleiotropic cytokine that
exhibits mitogenic, motogenic, and morphogenic activities toward a variety of cells including
neural cells. Both HGF and c-Met, a HGF receptor with a membrane-spanning tyrosine kinase, are
expressed in various regions of the brain (14, 15) and peripheral neurons (16, 17). More
importantly, functional coupling between HGF and c-Met plays important roles in the
development and maintenance of neural system (18-20). Previous studies have revealed that HGF
gene transfer could prevent postischemic delayed neurcnal death in the hippocampus (21-24).
Altogether, these studies suggest that HGF functions as a neurotrophic factor to maintain the
physiological structure and function of the nervous system. HGF, however, has not been used for
the treatment of hearing impairment to date. The expression of HGF and c-Met was detected in the
epithelial cells, neural cells, and mesenchymal cells in the embryonic cochlea of rats by
immunohistochemical analysis using an antibody specific for each molecule (unpublished data).
Moreover, we found that the expression of ¢-Met in SGC was enhanced when rats were treated
with kanamycin (25). We therefore hypothesized that HGF may play an important role in the
regulation of the hearing function. Hence, in this study, we investigated the effect of HGF on HCs,
SGCs, and hearing function before and after aminoglycoside insult to provide a novel strategy for
prevention as well as improvement of hearing impairment. The animal model of deafness induced
by aminoglycosides is the most commonly used experimental model, whereby the damage of HCs
is followed by the loss of SGCs (26, 27). Because the loss of HC induced by aminoglycosides is
dose dependent, animal models with various extents of hearing impairment can be established (26,
27). As described above, in most cases of hearing impairment, the cause is directly or indirectly
related to the degeneration or the death of HCs and SGCs (4). Hence, kanamycin was used in this
investigation to mimic the most likely clinical circumstances of hearing impairment.

In the present study, to achieve a minimally invasive therapeutic approach for gene transfer to the
inner ear, we attempted to transfer a novel nonviral vector, hemagglutinating virus of Japan
envelope (HVJ-E) vector (28), containing marker genes (JacZ or luciferase gene), into the



cerebrospinal fluid (CSF) via the cisterna magna. The HVJ-E vector is effective for gene transfer
to neurons both in vitro and in vivo. When the HVJ-E vector containing a reporter gene was
transfected to cultured neuronal cells or delivered intrathecally to CSF, gene expression was
detected in various areas of the CNS (29).

In this study, using this new delivery system, we examined the neuroprotective effect of HGF on
the survival of SGCs in a hearing-impaired animal model and investigated the new possibility of
gene therapy for the treatment of hearing impatrment.

MATERIALS AND METHODS

Plasmid DNA

pclacZ (9.2 kb) was constructed by inserting a HindIII-BamHI fragment of pSV--galactosidase
(Promega, Madison, WI) into pcDNA3 (5.4 kb; Invitrogen, San Diego, CA) at the HindIIl and
BamHI sites. pCMV-luciferase-GL3 (pcLuc-GL3: 7.4 kb) was constructed by cloning the
luciferase gene from the pGL3-basic Vector (Promega) into pcDNA3 (Invitrogen). pVAX1-2HGF
(5.2 kb) was constructed by inserting the human HGF gene (hHGF) into pVAXI1 (3.0kb)
(Invitrogen) at the BamHI and Nofl sites. Plasmids were purified with the QIAGEN plasmid
isolation kit (Qiagen, Hilden, Germany).

HVJ-E vector

The HVJ-E vector was constructed by incorporating plasmid DNA into inactivated HVJ particles
as described previously (28). In short, ultraviolet (UV)-inactivated HVJ (Z strain), 4.5 x 10"
particles, was mixed with 300 pg of plasmid DNA and 0.3% Triton-X 100. The suspension was
then washed with balanced salt solution (BSS: 137 mM NaCl, 5.4 mM KCI, 10 mM Tris-HCI,
pH7.6) and centrifuged, and the pellet was resuspended with a final volume of 100 pl BSS for
intrathecal infusion. HVJ-E containing pclacZ, pcLuc-GL3, pVAX1-hHGEF, pcDNA3, or pVAX1
plasmid DNA was used in the present study. The incorporation rate of DNA into HVJ-E was ~15%
(28). Total amount administered was 4.5 x 10'% particles of HVJ-E containing 45 pg plasmid DNA
per rat.

Experimental animals and treatment groups

Sprague-Dawley male rats (6 wk of age; 190-210 g) exhibiting a normal Preyer’s reflex were
obtained from Charles River Japan (Atsugi, Japan). All procedures were conducted in accordance
with the guidelines of the Animal Committee of Osaka University. Animals of all groups were
hearing impaired bilaterally by aminoglycoside intoxication as previously reported (1-3).
Kanamycin sulfate (Meiji Seika, Tokyo, Japan) was administered daily by subcutaneous injection
(400 mg/kg/day) for 14 consecutive days. In the protection experiment, rats were injected
intrathecally with either HVJ-E containing pVAX1-hHGF (KM + HGF group}) or control plasmid
{(pVAX1) (KM + vector group) on the first day of kanamycin injection. Rats in the KM group did
not receive an intrathecal inoculation but only a kanamycin injection. In the therapeutic
experiment, all animals were first hearing impaired with kanamycin for 14 days and hearing
impairment was confirmed by auditory brainstem response (ABR), and on day 14 (14th day of



kanamycin injection), they were injected intrathecally with HVJ-E containing pVAX1I-hHGF
(KM + HGF group) or pVAX1 (KM + vector group).

In vivo gene transfer to the subarachnoid space

In this study, we employed infusion of an HVJ-E suspension into the cisterna magna of rats for in
vivo gene transfer into the CNS and the inner ear. After induction of anesthesia with ketamine
(Sankyo) and xylazine (Bayer Ltd.), the head of each animal was fixed in the prone position, and
the atlanto-occipital membrane was exposed through an occipitocerebral midline incision for
infusion into the subarachnoid space. A stainless steel cannula (27 gauge; Becton-Dickinson) was
then introduced into the cisterna magna (subarachnoid space). After withdrawal of the CSF (100
ul) for confirmation of the cannula position and to avoid increased intracerebral pressure, HVJ-E
(100 pl) containing a reporter gene (pcLuc-GL3, pclacZ), hHGF (pVAX1-hHGF), or a control
vector (pVAXI1, pcDNA3) was infused at a rate of 50 pul/min. Subsequently, the animals were
placed in a "head down" position for 30 min. AH rats showed no signs of weight loss (data not
shown) or abnormal behaviors (e.g., shivering, rotation, paralysis, or immobility) after the
administration.

lacZ expression assay

On day 7 after intrathecal injection of HVJ-E containing pclacZ, which encodes E. coli

B-galactosidase (B-gal), the rats were killed and the organs harvested from the rats were prepared
for X-gal staining as described previously (21).

Assay for luciferase activity

Rats transfected with the luciferase gene were killed under anesthesia 24 h after transfection.
Organs (brain, lung, spleen, liver, and cochlea) were harvested and placed individually in 50 ml
FALCON tubes. Luciferase activity was measured using a luciferase assay kit (Promega), as
described previously (30). Luciferase levels were normalized by determining the protein
concentrations of the tissue extracts (31). Luciferase units were expressed as relative light units
(RLU) per milligram of tissue protein.

Enzyme-linked immunosorbent assay for human HGF in CSF

CSF (100 pl) from the rats, isolated 5 and 14 days after the injection of HVJ-E containing hHGF,
was used for the experiments. The concentration of human HGF and rat HGF in the CSF was
determined by enzyme-linked immunosorbent assay (ELISA) using anti-human and anti-rat HGF
antibody, respectively, according to the instructions of the manufacturer (Institute of Immunology,
Tokyo, Japan). The antibody against human HGF 1s specific only for human HGF and not rat HGF,
whereas the antibody against rat HGF reacted only with rat HGF but not human HGF.

Histological and immunocytochemical analyses

The rats were deeply anesthetized by intraperitoneal injection of pentobarbital (250 mg/kg) and
perfused transcardially with phosphate buffered saline (PBS), pH 7.4. Then the rats were killed by
decapitation, and the cochleas were collected. For the immunostaining of SGCs, the cochlea was



