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INTRODUCTION

Tinnitus is the perception of sound within the
,ear m the absence of corresponding external
ige, but rather a symptom
orlying causes. It can be a
: ; because it can lead to
severe depressmn with negatlve effects on the activities
of daily life. Tinnitus is encountered by otolaryngologists
worldwide; however, at present, only limited treatment
options are available. Many different drugs have been
used for the treatment of tinnitus, but with little suc-
cess. One of the major obstacles to developing efficient
treatments for tinnitus is the fact that tinnitus has vari-
ous forms and underlying mechanisms. Theories sbout
tinnitus pathophysiology emphasize abnormal peripheral
or central neural activity in the auditory system.?

Several studies have reported on the efficacy of the
local or systemic administration of lidocaine,>™* which is
the most commonly used local anesthetic and is also
employed as an antiarrhythmic agent. Various reports
have suggested the cochlea, auditory nerve, and central
auditory pathway as sites of lidocaine action on tinni-
us.” Several studies have shown that the systemic
application of lidocaine can alleviate tinnitus; however,
this effect has only limited duration, and the treatment
carries a risk of serious side effects, including cardiac
arrhythmia and central nervous system excitation or
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depression.? The local application of lidocaine into the
intratympanic space can avoid such systemic toxicity,
but causes vertigo or dizziness.? Tinnitus suppression by
local lidocaine application also has limited duration.?
Rapid recent technological progression has made
possible the sustained and/or targeted delivery of drugs.
We have developed a local system for the sustained
delivery of growth factors for the treatment of inner ear
disorders.® Local application can eliminate systemic side
effects and deliver drugs to targeted organs at high con-
centrations. The use of drug-delivery systems in local
treatment prolongs the therapeutic effects, and is some-
times necessary to achieve biological effects. We
proposed that the use of drug-delivery systems for local
lidocaine application could help to prolong the suppres-
sion of tinnitus caused by cochlear dysfunction. The
current study thus aimed to develop a system for the
sustained delivery of lidocaine to the cochlea, and to
examine the possible adverse effects, Poly lactic/glycolic
acid (PLGA), which is a material used for absorbable
sutures, was investigated as a biomaterial for the sus-
tained delivery of lidocaine. PLGA microparticles
encapsulating lidocaine were produced, and their release

profiles were examined both in vitro and is vive. The

effects on hearing, vestibular function, and histology of
the middle ear mucosa were determined to evaluate the
risk of adverse effects.

MATERIALS AND METHODS

Animals
Hartley guinea pigs (female; weight, 300-500 g; N = 74)
were purchased from Japan SLC Inc. (Shizuoka, Japan). The

Animal Research Committee of the Graduate School of Medi-
cine, Kyoto University, Kyoto, Japan, approved all experimental -

protocols. Animal care was supervised by the Institute of Labo-
ratory Animals of the Graduate School of Mechcme, Kyoto
University. All experimental pi
cordance with the National If
the Care and Use of Laboraty

Preparation of Lidocaine-Loaded
PLGA Microparticles

PLGA with a lacti¢/glyeolic acid ratio of 70:30 (molecular
weight, 10,000 Daltons) was obtained from Polysciences Inc.
(Warrington, PA), Polyvinyl alecchol (PVA), UP180 (degree of po-
lymerization, 1,800), and UMRI10H (degree of polymerization,
250) were purchased from Japan Vam & Plval Co., Ltd, (Osaka,
Japan). Lidocaine powder and phosphate buffered saline (PBS)
were purchased from Nakarai Tesque (Kyoto, Japan). Acetoni-
trile and Tween-80 were purchased from Tokye Chemical
Industry Co., Ltd. (Tokyo, Japan). Dichloromethane (DCM) was
purchased fromi Fisher Scientific (Tokyo, Japan). All solvents
were high-performance liquid chromatography (HPLC) grade,

Microparticles were prepared using emulsification by the
homogenization-solvent evaporation method. Briefly, an organic
phase was prepared consisting of the polymer (PLGA) and the
drug (lidocaine), dissolved in an organic solvent (DCM). The or-
ganic phase was added to an aqueous phase containing a
swfactant (PVA) fo form an emulsion. This was broken down
into microdroplets by applying external energy, and the droplets
formed microparticles on solvent evaporation.
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The effect of lidocaine loading on the release profile was
examined in two kinds of PLGA microparticles. The micropar-
ticles were produced using 2 g PLGA or 2 g lidocaine dissolved in
5.5 mL DCM, or 500 mg PLGA or 500 mg lidocaine dissolved in
5 mL DCM, respectively. The organic phase was then mixed with
50 mL of 1% (wt/wt) PVA solution, and 50 mL of 1% (wt/wt) PVA
solution was added as the aqueous phase. This was followed by
stirring at 5,000 rpm for 5 minutes, and evaporation of the solvent
for 3 days. The microparticles were collected by centrifugation at
5,000 rpm and 4°C, and then freeze dried. The lidocaine-free
microparticles were prepared using a similar method, but in the
absence of lidocaine. The surface morphology and average particle
diameters of the microparticles were examined by scanning elec-
tron microscopy (SEM). The average size was estimated from the
diameter of 100 randomly selected microparticles, Finally, lido-
caine-loaded large (Lido-L) microparticles and lidocaine-loaded
small (Lido-S) microparticles were prepared.

The lidocaine loading contents of the Lido-I, and Lide-S
microparticles were analyzed by the method reported previ-
ously.” The concentration of lidocaine in the supernatant was
measured by an ultraviolet (UV) detector (wavelength, 263 nm),
and the total amount of lidocaine in the particles was
determined. The lidocaine contents (%) were calculated as
follows: (weight of lidocaine in microparticles)/(total weight of
microparticles)x100. Three independent measurements were
performed for each condition.

In Vitro-Release Profile
* The lidocaine-release profiles of the Lido-L-and Lide-S

microparticles were determined in vitro. A 2.5-mg sample of the

microparticles was incubated in a tube containing 1.5 mL PBS
(pH 7.4) with;0.2% (wt/wt) Tween-80 buffer. The samples were
then placed in a shaken water bath regulated at 30 rpm and

' 87°C. Sampling of 1 mL of the buffer was performed at 1, 2, 4,

8, and 12 hours, and 4, 7, 14, 21, 28, and 32 days after incuba-
tion, followed by: replacement with-1 mi of fresh buffer. The
coneentration of Hdocaine in the samples was determined using
a UV detector (wavelength, 263 nm). The cumiilative amount of
hdocame released was caleulated for each time point: The lido-

ocaine released)/(total lido-
I released lidocaine per hour
were:also ca‘{culat?ed for t’heﬁlloxgling time points: 0 to 1 hour, 1
to 2 hours, 2 to 4 hours, 4 to 6 hours, 6 to 12 hours, 12 hours to
4 days, 4 to 7 days, 7 to 14 days, and 14 to 21 days. Three inde-
pendent measurements were performed for each condition.

In Vivo-Release Profile

The lidocaine concentration in the perilymph was meas-
ured on days 1, 3; 7, and 14 after the application of 2.5 mg
Lido-L microparticles to the round-window membrane (RWM) of
the guninea pigs (n = 16). The animals were anesthetized with
an intramuscular injection of midazolam (6 mg/kg; Astellas Co.,
Tokyo, Japan), medefomidine (18.5 ug/kg; Zenoac, Fukushima,
Japan), and butorphanol tartrate (0.26 mg/kg; Bristol-Myers,
K.K, Tokyo, Japan). A small hole was made in the bulla to ex-
pose the cochlea, and Lido-L: microparticles were placed on the
RWM. To measure the lidoeaine concentrations in the peril-
yraph, the cochleae were excised from the temporal bones under
general anesthesiaonday 1(n =7),day3(n =4),day 7(n =
6), and day 14 (n = 4), Each cochlea was punctured at the api-
cal portion, and 3 uL perilymph was aspirated using a 30-gange
needle (BD and Company, Fukuoka, Japan). The perilymph
samples collected from the animals on day 1 after the sham-
operation (n = 4) were used as a negative control.
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AQS Fig. 1. Histopathology of the middle ear mucosa 7 days after local application: of Lido-L microparticles {Lido-L) or shami-operation (sham-
op). (a) The dotted line indicates the evaluated area of the middle ear miicosa. The arrow shows the RWM: (b} The middle ear mucosa
treated with Lido-L microparticles showed a few lymphocytes (arrowheads) and a nettrophif (an arrow). (o)’ A few lymphocytes (arrowheads)

AQ2

were found in a sham-operated specimen.

The concentration of lidecaine in the perilymph was meas-
ured by reverse-phase (RP)-HPLC using the Shiseido
Nanospace SI-2 system (Shiseido, Tokyo, Japan), The ldocaine
was separated on a Cosmosil C;5-AR-II reverse-phase column
(6 um, 4.6 mm LD. x 150 mm; Nacalai Tesque, Kyoto, Japan)
at 85°C. The mobile phase consisted of water (0.1 M NaH,PO,/
NapHPO,, pH adjusted to 4.5) and methanol at a volume ratio
of 40:60. The flow rate was 0.3 mL/minute. The detector poten-
tial was maintained at +1.0 V. V

Effects on Auditory Function . y

To assess the effects of the local application of Lido-L
microparticles on the auditory function, the auditory brainstem
response (ABR) was recorded. Lido-L microparticles (2.5 mg)
were placed on the left RWM of guinea pigs (n = 4) under gen-
eral anesthesia, Lidocaine-free PLGA particles were applied to
the controls (n = 4). ABR measurements were performed preop-

.eratively (day 0), and on days 1, 8, 7, and 14 after application,

according to previous studies.®

Effects on Vestibular Fu

Vestibular dysfunction w:
nystagmus after the local ap
ticles (n = 16) or a piece of gélatin’Spongé immersed with 2
of 0.5%, 1%, 2%, or 4% lidocaine hydrochloride (Astra Zeneca
KX, Osaka, Japan; n = 2 for each concentration of lidocaine).
The Lido-L microparticles (2.5 mg) or pieces of gelatin sponge
immersed with lidocaine hydrochloride were placed on the
RWM of the right ear under general anesthesia with sevoflur-
ane (Abbott Japan Co., Lid., Tokyo, Japan). The direction and
the duration of nystagmus were recorded using an infrared
video system in a dark room for 2 hours, In addition, for the
Lido-L microparticle-treated animals, the occurrence of nystag-
mus was evaluated on days 1, 3, and 7 afier application. The
concentrations of lidocaine in the perilymph were also measured
5 minutes after the local application of 1% or 2% lidocaine
hydrochloride (n = 4 for each concentration of lidocaine). The
concentration of lidocaine was analyzed using the method
described for the in vivo-release profile,

tion

Inflammatory Responses

The inflammatory responses in the middle ear following
the local application of Lido-L microparticles were estimated
histologically. On day 7 after the local application of Lide-L
microparticles (2.5 mg) to the RWM of guinea pigs, the temporal
bones were collected and fixed with 4% paraformaldehyde in

Laryngoscope 000: Month 2009

PBS at pH 7.4 for 3 hours at room temperature (n = 4). Speci-
mens obtained from sham-operated animals (n = 4), which
underwent surgical procedures without substances being
applied to the RWM, served as controls, The paraffin-embedded
tissues were processed into 3 um sections, and stained with he-
matoxylin and eosin. Two midmodiolar sections from each
cochlea were subjected to quantitative analyses. The numbers
of lymphocytes, neutrophils, and plasmacytes in the middle ear
mucosa were counted in five randomly selected fields located
within 1 mm of the edge of the RWM under a x40 objective
lens for each section (Fig. 1a). The distance from the edge of the

. RWM was meéasured using Image J software (hitp:/www.nist.-
. govflispix/imlab/prelim/dnld html). Cell counting was performed

in a blind manner. The average cell number in five fields was

-used for each animal in the analysis.

Statistical Analyses
The. differences in lidocaine concentrations among time
points aftér Lide-L microparticle application were examined by

analysis of variance (ANQVA) with the Tukey-Kramer test. The

effect of the local application of Lido-L or lidocaine-free
i i thresholds was examined by
enithéiinteractions were significant,

im key-Kramer test were per-
ons. The numbers of infiltrated
cells' in the middle ear mucosa of the Lido-L microparticle-
treated animals were compared with those in the sham-oper-
ated animals using the unpaired ¢ test. A P value <0.05 was
considered statistically significant. All data are represented as
the mean :+ standard error.

RESULTS

In Vitro-Release Profile

SEM demonstrated that the Lido-L and Lido-S
microparticles had a smooth and round surface morphol-
ogy (Fig. 2). The average outer diameter of the Lido-L
microparticles was 100.0 + 3.0 ym, and that of the Lido-
S microparticles was 5.0 £ 0.5 ym, indicating their stable
production. The loading contents of lidocaine were 41.8%
+ 1,1% for the Lido-L microparticles and 5.0% + 0.1% for
the Lido-S microparticles, In general, the drug-release
profiles of PLGA particles are partitioned into four
phases: an initial burst period (phase 1), an induction pe-
riod (phase 2), a slow-release period (phase 8), and a
final release period (phase 4). The cumulative release
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Fig. 2. Surface morphology of lidocaine-loaded microparticles.
The scale bar represents 20 ym.

profiles of lidocaine from the Lido-L and Lide-S micropar-
ticles are shown in Figure 3a. A burst period (phase 1)
was observed for both types of microparticle at 24 hours,
which was followed by phase 2. The Lido-L. micropar-
ticles released 77.3% + 2.3% of the lidocaine contents
during phases 1 and 2 (days 0-7). By the end of phase 3
(days 7-56), 82.7% =+ 3.3% of the lidocaine had been
released. A final release period was not observed during
the experimental period, The Lido-S microparticles
released 76.6% + 1.0% of the lidocaine during phases 1
and 2 (days 0-7). By the end of phase 8 (days 7-21),
94.7% + 0.9% of the lidocaine had been released, and by
the end of phase 4 (days 21-56) the amounts reached up
to 98.9% + 0.9%. The amounts of lidocaine released per

hour from the Lido-I. and Lido-S microparticles are

shown in Figure 8b. The Lido-L microparticles exhibitéd
the stable release of lidocaine: i 't'gl 12 hours.
In the first hour, lidoca g i€
microparticles at a rate o
6 hours, over 200 ugfour
whereas the rate fell to 79.7 ;zgfhour between 6 and 12
hours. Lidocaine was released at a rate of 10.5 ug/hour
between 12 hours and 4 days, and this decreased to
2.4 ug/hour between 4 and 7 days. By contrast, the Lido-
S microparticles released lidocaine at a rate below 30 ug/
hour, even between 1 and 2 hours. These findings indi-
cated that the Lido-S microparticles released the
majority of the loaded lidocaine in an initial burst, which
was not advantageous for sustained release. By contrast,
the Lido-L microparticles showed the continuous release
of comparatively large amounts of lidocaine during the
initial 12 hours, indicating that local application might
maintain high concentrations of lidocaine in the cochlear
fluid for a few days. We therefore used Lido-L micropar-
ticles in the subsequent experiments.

In Vivo-Release Profile

RP-HPLC analyses demonstrated measurable con-
centrations of lidocaine in the perilymph samples
collected from the cochleae 1 to 14 days after Lido-L
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microparticle application to the RWM (Pig. 4). The lido-
caine concentrations were 744.0 & 176.9 ng/mL on day
1, and 863.3 + 366.3 ng/mL on day 3. The values
decreased to 87.2 + 27.2 ng/mL on day 7, and were
maintained at 80.83 £ 13.6 ng/mL on day 14. The differ-
ence in lidocaine concentrations between days 3 and 7
was statistically significant (Tukey-Kramer test). These
findings demonstrated that the lidocaine released from
Lido-L: microparticles was transferred into the perilymph
through the RWM, and that high concentrations of lido-
caine in the perilymph were maintained for at least 3
days, which was consistent with the in vitro-release pro-
files of the Lido-L microparticles.

Effects on Auditory Function
The ABR thresholds after the application of Lido-L
or lidocaine-free microparticles are shown in Figure 5.
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Fig. 3. In vitro-release profiles of lidocaine from Lido-L and Lido-S
microparticles. The closed squares show the data for Lido-S
microparticles, and the closed diamonds show the data for
Lido-L microparticles. (a) Cumulative amounts of lidocaine
released from Lido-L or Lido-S microparticles at each time point.
The value (%) was calculated as follows: (cumulative amount of
lidocaine released)/{total lidocaine content)x100. (b) The amount
of lidocaine released per hour at the following time points: 0 to
1 hour, 1 to 2 hours, 2 to 4 hours, 4 to 6 hours, 6 to 12 hours,
12 hours to 4 days, 4 to 7 days, 7 to 14 days, and 14 to 21 days.
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Fig. 4. Lidocaine concentrations in the perilymph following local
application of Lido-L. microparticles. The bars represent the stand-
ard emors. *Indicates a significant difference by analysis of var-
jance with the Tukey-Kramer test.

Interestingly, the animals treated with Lido-L micropar-
ticles showed a temporal elevation of the ABR
thresholds on day 7 at each frequency, although the lido-
caine concentration in the perilymph decreased
significantly at this time point. The overall effects of
Lido-L microparticle application on the ABR thresholds
were statistically significant in comparison with those in
animals treated with lidocaine-free particles (4 kHz, P =

.0295; 8 kHz, P = .0016; and 16 kHz, P =.001). In the

Lido-L microparticle-treated animals, pair-wise compari-
sons demonstrated significant differences’ in the ABR
thresholds between day 7 and before or day lorl4 at
4 and 8 kHz, and between day 7 and before or day 1 at
16 kHz (Fig. 5). By contrast, the animals administered

lidocaine-free particles showed no significant "d;fﬁ'erences»
among the time points. The differences in the ABR -

thresholds between the Lido-L. microparticle-treatéd and
lidocaine-free particle-treate ammals were, sxgmﬁcant

Effects on Vestibular Function

Before testing the Lido-L microparticles, we meas-
ured the duration of nystagmus following the local
application of lidocaine hydrochloride at various concen-
trations, and the lidocaine concentration in the
perilymph 15 minutes after the local application of 1%
or 2% lidocaine hydrochloride, to examine the efficacy of
our system for the estimation of nystagmus. The local
application of 0.5% lidocaine hydrochloride did not cause
nystagmus. However, nystagmus was induced in the
animals treated with 1%, 2%, or 4% lidocaine hydro-
chloride. The latency time was 2 minutes with 1%, 2%,
or 4% lidocaine hydrochloride treatment, and nystagmus
with horizontal components developed toward the
treated side for approximately 10 minutes. The nystag-
mus then gradually disappeared in the animals treated
with 1% lidocaine hydrochloride, In those treated with
2% or 4% lidocaine hydrochloride, paralytic nystagmus
with horizontal components developed toward the oppo-
site side and persisted for over 2 hours. RT-HPLC
analyses showed that the lidocaine concentrations in the
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perilymph were 10,708 + 4,606 ng/mL after the applica-
tion of 1% lidecaine hydrochloride and 17,384 + 4,027
ng/mL after the application of 2% lidocaine hydrochlor-
ide. These findings confirmed that our system detected
the nystagmus induced by lidocaine delivered into the
cochlear fluid. We then examined the occurrence of nys-
tagmus following local Lido-L microparticle application
in 16 animals. Nystagmus and abnormal behaviors indi-
cating vestibular dysfunction were not observed in any
of these guinea pigs.

Inflammatory Responses

No severe inflammatory responses, including effu-
sion or swelling of the mucosa, were identified in either
Lido-L. microparticle-treated or sham-operated ears.
However, inflammatory cells were present in the middle
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Fig. 5. Auditory brainstem response (ABR) thresholds 4, 8, and 16
kHz before and after local application of Lido-L microparticles or
lidocaine-free poly lactic/glycolic acid microparticles. The closed
diamonds show the data for Lido-L microparticles {Lido-L), and
the closed squares show the data for lidocaine-free particles
{Lido-free). “Indicates significant differences according to the
Tukey-Kramer test.
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ear mucosa of both groups (Fig. 1b, 1c). The numbers of
Iymphocytes, neutrophils, and plasmacytes in the Lido-L
microparticle-treated specimens were 15.3 + 3.6, 2.8 £
1.2, and 6.8 + 1.8, and those in the sham-operated speci-
mens were 160 + 2.8, 48 &+ 1.1, and 73 + 25,
respectively. There were no significant differences in the
numbers of lymphocytes, neutrophils, or plasmacytes
between the Lido-L microparticle-treated and sham-
operated specimens.

DISCUSSION

The analyses of the in vitro-release profiles demon-
strated that the Lido-L microparticles released lidocaine
in a typical sustained-release fashion, whereas the
Lido-S microparticles released the majority of the loaded
lidocaine during an initial burst. The lidocaine concen-
trations in the perilymph after the local application of
Lido-L microparticles to the guinea pig cochleae demon-
strated sustained delivery into the cochlear fluid. High
amounts of lidocaine in the perilymph were found a cou-
ple of days after the local application, and measurable
concentrations were still present after 14 days. These
findings demonstrated that Lido-L microparticles were
capable of sustained lidocaine delivery into the peril-
ymph after application to the guinea pig RWM.

Local lidocaine application has the advantage of the
elimination of systemic side effects compared with sys-
temic lidocaine application. However, local application
has side effects including vestibular dysfunction, We
examined the occurrence of nystagmus to evaluate the
risk of vestibular dysfunction following the local applica-
tion of Lido-L microparticles. Nystagmus was not
observed after the local application of Lido-L micropar-
ticles to guinea pigs, although the local application of
2% or 4% lidocaine hydrochloride caused severe nystag-
mus, as previously reported in rats.® deficit of

the perilymph than that necessar : ‘

on vestibular peripheral systems, We also exammed the
inflammatory responses in the middle ear mucosa of
guinea pigs following the local application of Lido-L
microparticles. No significant infiltration of inflamma-
tory cells was observed in the Lido-L microparticle-
treated specimens compared with the sham-operated
specimens. Local application using lidocaine-loaded
PLGA microparticles, therefore, appeared to be a safe
strategy for the sustained delivery of lidocaine into the
cochlear fluid,

The present study demonstrated interesting effects
of the local application of Lido-L microparticles on hear-
ing. ABR recordings showed a temporal elevation of
thresholds on day 7 after application, but no permanent
threshold shifts. Histological analyses revealed no signif-
icant damage to the middle ear mucosa on day 7 after
the local application of Lide-L microparticles, indicating
that the observed ABR threshold shifts were not conduc-
tive hearing loss. In the ABR recording experiments,
lidocaine-free PLGA. particles were applied locally to con-
trol animals, which showed no significant alterations in
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the ABR thresholds. The temporal elevation of ABR
thresholds cbserved on day 7 might have been caused by
the effects of sustained lidocaine delivery into the coch-
lear fluid on the auditory pathway. These findings
demonstrate that the local application of Lido-L miero-
particles have certain effects on the auditory system,
which can be associated with a beneficial (silencing tin-
nitus), or an adverse effect (progression of hearing
impairment). We should precisely examine the risk for
progression of hearing impairment by local application
of Lido-L microparticles before clinical application.

The therapeutic effects of lidocaine on the Purkinje
fibers in the heart are generally associated with plasma
levels of 6 to 25 1M (1.5-6 ug freebase per mL).? In gen-
eral, the suppression of tinnitus by systemic lidocaine
application has occurred at equal or lower plasma levels
of lidocaine. The present findings demonstrated that the
lidocaine concentrations in the perilymph during the
initial 3 days after application were maintained at
approximately 0.8 ug freebase per mL. We therefore pro-
pose that the concentrations of lidocaine in the
perilymph after the local application of Lido-L micropar-
ticles might be sufficient for tinnitus suppression if the
targets are located in the cochlea. Experimental studies
have mdmated that the spiral ganglion neurons might
be one origin of tinnitus in the cochlea.® Lidocaine is
known to cause the failure of depolarization in neurons
by blocking sodium channels, resulting in anesthetic
effects. The anesthetic effects of lidocaine on the spiral
ganglion neurons require local lidocaine application at a
concentration of over 40 mM (1% lidocaine hydrochlor-
ide).!* In the present study, 15 minutes after the local
application of 1% lidocaine hydrochloride, the concentra-
tion of lidocaine in the perilymph reached 10 pg/mlL,
which .was higher than the maximum concentration of

lidocaine following local L1do-L microparticle application.

caine demonstrated the
the cochlear modiolus,
ons are located, after the
systemm apphcatmn ofilidacaine,'? It is therefore possi-
ble that locally applied lidocaine accumulates in the
spiral ganglion neurons, which could explain the tempo-
ral threshold shifts observed on day 7 in the present
study. However, lidocaine also affects various types of
channel and receptor, including potassium channels and
N-methyl-D-aspartic acid (NMDA) receptors.® The block-
ing of potassium currents by lidocaine occurs in the
outer hair cells, leading to the reduction of cochlear
microphonics.’® The involvement of NMDA receptors in
the generation of peripheral tinnitus has also been indi-
cated in an animal model.** Hence, further studies are
needed fo elucidate the mechanisms of lidocaine action
in the cochlea,

, & study usmg HC.-

CONCLUSION

We produced lidocaine-loaded PLGA microparticles
that were capable of the sustained delivery of lidocaine
into the cochlea after local application to the RWM. The
local application of lidocaine-loaded PLGA microparticles
had no significant adverse effects, including vertigo and
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otitis media, although the ABR thresholds were tempo-
rally elevated. These findings suggest a potential use of
lidocaine-loaded PLGA microparticles for the attenuation
of peripheral tinnitus. The established animal models of
tinnitus*® could be used to test the efficacy of lidocaine-
loaded PLGA microparticles for the attenuation of pe-
ripheral tinnitus. In addition, it is also crucial to develop
methods for diagnosis of peripheral tinnitus before clini-
cal application.
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INTRODUCTION

Treatment options for sensorineural hearing loss are
currently limited to cochlear implants and hearing aids.
Hence, there is a requirement for alternative means of bio-
logical therapy, including cell-based therapy. Indeed,

- recent studies have indicated that cell-based therapy could

be utilized as a therapeutic option for inner ear disor-
ders.* Spiral ganglion neurons (SGNs), primary auditory
neurons, are located in the modiolus of the cochlea and
transmit sound stimulation to the central auditory system.
The loss of SGNs, therefore, compromises auditory func-
tion. In addition, SGN loss also reduces the effectiveness
of cochlear implants, which can improve impaired hearing

by stimulating SGNs. SGNs are, therefore, a primary tar-

get for cell transplantation in the auditory system.

Bone marrow stromal cells (BMSCs) are a heterogene-
ous population of stem/progenitor cells with pluripotent
capacity to differentiate toward a neuronal phenotype,*®
and consequently the possible use of BMSCs for the treat-

neurological diseaseg, has acquired enormous

potential as therapeutic

: solate and expand. Previ-

ously, the ‘poténtidl’ of: BMSE transplantation for the

treatment of inner ear disorders has been investigated.®®

These previous studies have demonstrated that undifferen-

tiated BMSCs are able to settle in the cochlea and have a

high capacity for migration. However, limited numbers of

transplants differentiated into neurons after transplanta-

tion into the intact or damaged cochlea,®® which indicates

that neural induction of BMSCs before transplantation is
required for SGN replacement by BMSC transplantation.

The aim of this study was fo elucidate the neural
expression profile of neurally induced BMSCs of guinea
pigs and their ability to retain neural differentiation
potential when transplanted into the intact or damaged
cochleae of guinea pigs. In addition, we examined the
capacity of neurally induced BMSCs for functional and
histological replacement of SGNs.

MATERIALS AND METHODS

Experimenital Animals
A total of 18 Hartley-strain guinea pigs were purchased
from Japan SLC Inc. (Hamamatsu, Japan). The Animal

Qgita et al.: Transplantation of BMSC-Derived Spheres
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Research Committee of the Graduate School of Medicine, Kyoto
University, Kyoto, Japan, approved all of the experimental pro-
tocols. Animal care was carried out under the supervision of the
Institute of Laboratory Animals of the Graduate School of Medi-
cine, Kyoto University. All of the experimental procedures were
performed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals,

BMSCs

Bone marrow was isolated from the femurs and tibias of 6- to
8-week-old guinea pigs (n = 4, Japan SLC Inc.). Under general an-
esthesia with midazolam (8 mg/kg, intramuscular injection) and
xylazine (8 mg/kg, intramuscular injection), the epiphyses of the
femurs and tibias were removed, and the marrow was flushed out
into a 100-mm culture dish. The isolated bone marrow, composed
of hematopoietic and stromal cells, was maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Invitrogen, Gaithershurg,
MD) supplemented with 10% fetal bovine serum (Thermo Trace
Ltd., Noble Park, Victoria, Australia) and 1% antibiotic-antimy-
cotic {Invitrogen) at 37°C with 5% CO,. The medium was changed
twice weekly until the cells were 80% confluent. Nonadherent
cells were removed during the medium-change procedwre, The
BMSCs were passaged three to five times before use. BMSCs at
this stage were defined as undifferentiated.

Neural Induction of BMSCs
For neural induetion, cultured BMSCs were- enzymatucal]y

detached from culture dishes. The BMSCs were plated into -

100-mm culture dishes at a density of 2 x 10° celly/well, and cul-
tured in serum-free DMEM/F-12 medium; (Invitrogen)
supplemented with B27 (Invitrogen), 20 ng/mL of basic fibroblast
growth factor (bFGF, Invitrogen), and 20 ng/ml, of epidermal
growth factor (EGF, Invitrogen), We added the same amounts of
bFGF and EGF every 3 days. After 7 days of culture, BMSC-

derived spheres wexe collected and fixed with 4% paraformalde-.
hyde (PFA) for 15 minutes. The characteristies' of BMSC-derived.

spheres were examined by immunohistochemistry for nestin and
Musashi-1. Anti-nestin rabbit polyclonal anhbody (1:500; BD Bio-
sciences, San Jose, CA) or i i
antibody (1:500; Chemicon, Bi
mary antibody. Alexa Fluor G

IgG (1:1000; Molecular Probes, Eigens;"OR.

665-conjugated goat anti-rabbit IgG (1:1000; Molecular Probes)

were used as the secondary antibodies. We counted the numbers
of spheres and the number of marker-positive spheres in five
randomly selected fields (3.4 mm? in area), and then calculated
the ratio of nestin or Musashi-1 expressing spheres to the total
number of spheres. Four independent cultures were performed.

In Vitro Neural Differentiation

To investigate the ability of BMSC-derived spheres to neu-
rally differentiate, BMSC-derived spheres were plated onto 8-
well chamber slides at a density of 100 spheres/well in serum-
free DMEM/F-12 medium supplemented with B27, retinoic acid
(1 mM, Sigma, St. Louis, MO), and dibutyryl cyclic adenosine
monophosphate (AMP) (1 mM, Sigma). After 7 days of culture,
the cells were fixed with 4% PFA for 15 minutes and immuno-
stained for beta-III tibulin. Anti-beta-III tubulin rabbit
polyclonal antibody (1:500; Sigma) was used as the primary
antibody, and Alexa Fluor 488-conjugated anti-mouse donkey
IgG (1:1000; Molecular Probes) was used as the secondary anti-
body. We counted the total numbers of the cells and the number
of beta-III tubulin-positive cells in five randomly selected fields
(3.4 mm? in area), and then calculated the ratio of beta-III

Laryngoscope 000: Month 2009
2

Stage:  Page: 2

tubulin expressing cells to the total number of cells. Four inde-
pendent cultures were performed.

Transplantation Procedure

After labeling with Dil (Invitrogen, 5 pg/mL), the cell sus-
pension of BMSC-derived spheres (10° cells in 10 yL DMEM)
was injected into the cochlear modiolus of guinea pigs weighing
300 to 330 g as described previously.*® Briefly, under general
anesthesia with midazolam and xylazine, a small hole was
made on the left otic bulla to expose the round window niche
and the basal turn of the cochlea, After cochleostomy in the ba-
sal turn of the cochlea, a glass pipette, which was connected to
a microsyringe (Hamilton, Reno, NV), was inserted into the
cochlear modiolus of the basal portion of the cochlea. The glass
pipette was removed 1 minute after completion of the infusion.
Finally, the cochleostomy site was closed with a fat graft and
then covered with fibrin glue.

BMSC-Derived Sphere Transplantation
BMSC-derived spheres were transplanted into intact or
damaged cochleae of guinea pigs weighing 300 to 330 g. Four
weeks after transplantation, four intact guinea pigs were trans-
cardially perfused with phosphate buffered saline (PBS) at pH

- T.4, followed by 4% PFA, and sacrificed under general anesthe-

sia with an overdose of pentobarbital. The temporal bones were
immediately dissected out and immersed in the same fixative
for 4 hours at 4°C.

Ten guinea pigs received local application of ouabain (5 uL
at a concentration of 5 mM in saline; Sigma), which causes
SGN degeneration,” through the round window membrane
under general ‘anesthesia with midazolam and xylazine, One

‘week after application, the electrically evoked auditory brain-

stem tesponse (eABR), which has been used for functional
evaluation' of SGNs, was measured before cell transplantation
as previously described.!® Eight animals that showed no eABRs
were used in the following experiments, Immediately after the
eABR measurements, four animals received transplantation of
BMSC-derived spheres similar to infact guinea pigs, and the
other four animals received an mjecﬁon of the culture medxa

ere

i : ethylenedlammetetraacetlc acid in
PBS for 3 weeks at 4°C. Then, immunostaining for beta-I1I tubulin
was performed, followed by nuclear staining with 4',6-diamino-2-
phenylindole dihydrochloride (DAPI; 2 pug/mL PBS, Molecular
Probes). Specimens were viewed with a Leica TCS-SPE confocal
laser-scanning microscope (Leica Microsystems Inc., Wetzlar, Ger-
many), Five midmodiolar sections (each separated by 30 am) were
provided for quantitative analyses from each tissue sample. We
defined the cells that were positive for Dil with a distinct nucleus
identified by DAPI ag surviving transplants, The numbers of
transplants were counted in the internal auditory meatus and in
five cochlear compartments (the modiolus, the scala vestibuli, the
scala media, the scala tympani, and the lateral wall), We also
counted the numbers of beta-III tubulin-positive transplants, and
calculated the ratio of beta-IIT tubulin expressing transplants to
total surviving transplants. In addition, the densities of SGNs in
the Rosenthal canals were quantified in ouabain-treated speci-
mens as described previously.!! All data are presented ag the mean
+ 1 standard deviation.

Statistical Analyses
We statistically compared the total numbers of surviving
transplants and the ratios for beta-III tubulin expression
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Fig. 1. BMSC-derived spheres. (A, B} Phase contrast images. {(C}
4/,6-diamino-2-ghenylindole - dihydrochloride  (DAPI) staining. (D}
Immunostaining for nestin. (E) Immunostaining for Musashi—‘l (E)
Merged image. Scale bars = 500 gm.

between transplants in damaged cochleae and those in 1fftéct
cochleae, using unpaired ¢ tests The dxfference m{,;he locations
of surviving transplaats betv o

was examined by two-way ; ances:

models, the difference in fthe ™ density 7 Henifinine IBENS
between control and hansplanted cochleae” were compared
using unpaired ¢ tests. P values of < .05 were considered to be
statistically significant.

RESULTS

Neural Induction of BMSCs

After 2 to 3 days in vitro, BMSCs began to form
spheres. On day 7, 1.28 = 0.71 x 10* spheres were
identified in each culture dish (Fig: 1A, 1B). Immunohisto-
chemistry revealed the expression of nestin and Musashi-1
in the BMSC-derived spheres (Fig. 1C-1E). The expression
of nestin was found in 91.9 + 4.7% of total BMSC-derived
spheres, and that of Musashi-1 was found in 93.6 * 2.9%,
suggesting that neurospheres were generated from guinea
pig BMSCs.

In Vitro Neural Differentiation

We transferred the BMSC-derived spheres into
differentiation medium containing retinoic acid and
dibutyryl cyclic AMP to examine their capacity for neu-
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ral differentiation. Sphere-forming cells attached to
culture: dishes and the cells migrated from the sphere
(Fig.  2A). Then, some of the cells extended processes
(Fig. 2B), On day 7, 88.2 % 2.8% of the cells expressed
beta-III- tubulin (Fig. -2C; 2D); indicating that-- BMSC-
derived. spheres have the capacity to differentiate into
neurons.

Transplantation Into Intact Cochleae

Dil-positive - transplants were found in all intact
cochleae following trangplantation of BMSC-derived
spheres. In each midmodiolar section, 74.1 + 44.4 trans-
plants were found. Transplants were located in multiple
regions of the cochlea, predominantly in the scala tym-
pani and the modiolus (Fig. 34, 3C). Transplants were
rarely found in the internal auditory meatus, The
expression of beta-III tubulin was observed in 18.6% =
6.4% of transplants (Fig. 3B).

Transplantation Into Damaged Cochleae
Dil-positive transplants were also identified in all
transplanted cochleae that had been damaged by oua-
bain. The number of surviving transplants in each
midmodiolar section was 72,1 * 53.1. There was no
significant difference in the number of surviving trans-

‘plants between intact and damaged cochleae, whereas

the locations:of surviving transplants in the damaged
cochleae significantly differed from those in the intact
cochleae (P = .007). In the damaged cochleae, the settle-
ment of transplants was observed in the modiolus,
similar to observations in the intact cochleae; however,
the most prominent region for settlement of transplants

Fig. 2. Neural induction of BMSC-derived spheres in vitro. (A)
Phase contrast image on day 3 In vitro. (B) Phase contrast image
on day 7 in vitro. (C, D) Immunostaining for beta-llf tubulin and nu-
clear staining with  4',6-diamino-2-phenylindole dihydrochloride
{DAPI). Scale bars = 20 ym.
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Fig. 3. Transplantation into the intact cochleae. (A) Transplants la-
beled by Dil {red) are located in the modiolus (MO} of the cochlear
basal portion (arrows). (B) Transplant labseled by Dil (arrow) is posi-
tive for beta-lll tubulin and another (arrowhead} is negative. (C)
The locations of transplants in the cochlea and in‘the internal au-
ditory meatus (IAM). SV = scala vestlbule; SG = spiral ganglion;

SM = scala media; ST = scala tympani; LW = lateral wall. Bars

represent a standard deviation.

was the internal auditory meatus (Fig. 4A, 4C). The
expression of beta-IIT tubulin was observed in 24.1 +

5.3% of transplants in the damaged cochleae (Fig. 4B).

There was no mgmﬁcant difference in the ratio of beta-
1T tubulin expressing trap
transplants between intac
findings indicated that SGI
plantation  caused the : migration “of BMSCiderived
spheres into the internal auditory meatus; and had no
effects. on the survival and neural differentiation of
BMSC-derived spheres after transplantation.

Effects of Transplantation on Cochlear Function

We used eABR recording to monitor SGN function.
All the animals receiving eABR evaluation showed no
responses before an injection of a cell suspension or a
culture medium. Four weeks postoperation, positive
eABRs were identified in two of four animals in each
group. Thresholds of eABRs in the two animals that
showed positive responses in the transplanted group
were 300 and 400 pA, and those in the sham-operated
group were 250 and 650 pA. These findings indicated
that transplantation of BMSC-derived spheres into the
cochlear modiolus induced no significantly functional re-
covery of the cochlea.

We quantified SGN densities after cell transplanta-
tion or sham operation to evaluate the effects of BMSC-
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derived spheres on enhancement of the survival of
remaining host SGNs. Local ouabain application caused
severe degeneration of SGNSs, especially in the basal
turn of cochleae. No significant differences in the SGN
density of the basal, second, or third furn of cochleae
were found between transplanted and sham-operated
specimens (Hig. b), indicating that transplantation of
BMSC-derived spheres did not promote the survival of
remaining host SGNs, which is consistent with eABR
results.

DISCUSSION

The present findings demonstrate that guinea pig
BMSCs are able to form spheres that have the capacity
to  differentiate into neurons in vitro. We aimed to
replace SGNs; which are located in the cochlear modio-
lus; with BMSC-derived neurons. We thus directly
injected  BMSC-derived spheres into the modiolus: of
intact or damaged cochleae of guinea pigs. For accurate
introduction of the cells into the cochlear modiolus, the
size of the cochlea is a critical issue. Previously, we tried
to mtroduce transplants into the cochlear modiolus of
mice,’? in which the success rate for the settlement of
the transplants was not satisfactory. In addition; func-
tional evaluation following cell transplantation  is
virtually. 1mposs1b1e On the other hand, guinea pig'®*®
or chinchilla® model systems exhibited better settlement

s sV W

0™ 1AM

MO 5T

% transplants in total fransplants

Fig. 4. Transplantation into the damaged cochleae. (A) In the inter-
nal auditory meatus (IAM), transplants labeled by Dil (red) are
observed {(arrows), An arrowhead indicates the location of the
glial-schwann junction. (B) A transplant labeled by Dil (arrow) is
positive for beta-lll tubulin and another (arrowhead) is negative.
(C) The locations of transplants in the cochlea and in the internal
auditory meatus (JAM). MO = modiolus; ST = scala tympani; SM
= scala media; SG = spiral ganglion; SV = scala vestibule; LW =
lateral wall. Bars represent a standard deviation.
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