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a b s t r a c t

Nanoparticle-mediated drug delivery represents the future in terms of treating inner ear diseases. Lipid
core nanocapsules (LNCs), 50 nm in size, were shown to pass though the round window membrane
(RWM) and reached the spiral ganglion cells and nerve fibers, among other cell types in the inner ear.
The present study aimed to evaluate the toxicity of the LNCs in vitro and in vivo, utilizing intact round
eywords:
ochlea
olecular pathology
anoparticles

window membrane delivery in rats. The primary cochlear cells and mouse fibroblast cells treated with
LNCs displayed dosage dependant toxicity. In vivo study showed that administration of LNCs did not cause
hearing loss, nanoparticle application-related cell death, or morphological changes in the inner ear, at
up to 28 days of observation. The cochlear neural elements, such as synaptophysin, ribbon synapses,
and S-100, were not affected by the administration of LNCs. However, expression of neurofilament-200

cochl
stiga
at
oxicity

decreased in SGCs and in
that requires further inve

. Introduction

Hearing loss is a major public health problem and traditional
reatment strategies for sensorineural hearing loss (SNHL) are
nsatisfactory. Cochlear implant restores the auditory pathway in
he context of severe or profound hearing loss. However, hearing
erformance after implantation is variance (El-Hakim et al., 2002;
antz et al., 1993; Geers et al., 2002; Osberger et al., 2002). There-

ore, an ideal treatment for severe or profound SNHL may depend
n novel techniques, such as gene or drug delivery using multifunc-
ional nanoparticles, in addition to cochlear implantation (Pyykko,
009).

Viral vectors were successful delivered gene to cochlea

Bedrosian et al., 2006; Luebke et al., 2001). Whereas non-viral
ector has facilities to targeting by fluorescent tags, surface modi-
cation by peptides, and it is economic and easier to produce. Gene
xpression in inner ear mediated by polyethyleneimine (PEI) was

Abbreviations: ABR, auditory brainstem response; DAPI, 4,6-diamidino-2-
henylindole; FITC, isothiocyanate; HE, staining: hematoxylin and eosin staining;

HC, inner hair cells; LNCs, lipid core nanocapsulses; NF-200, Neurofilament-200;
HC, outer hair cells; PBS, phosphate buffered saline; RWM, round window mem-
rane; SGCs, spiral ganglion cells; SGSCs, spiral ganglion Schwann cells; SNHL,
ensorineural hearing loss; TRITC, tetramethylrhodamine isothiocyanate.
∗ Corresponding author. Tel.: +358 331164127; fax: +358 35517710.

E-mail address: Jing.Zou@uta.fi (J. Zou).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.11.006
ear nerve in osseous spiral lamina canal after LNC delivery, a phenomenon
tion. LNCs are potential vectors for the delivery of drugs to the inner ear.

© 2010 Elsevier B.V. All rights reserved.

reported (Tan et al., 2008), and sustained drug release in inner
ear using poly lactic/glycolic acid (PLGA) nanoparticles was also
detected recently (Horie et al., 2010). However, polyethyleneimine
were toxic to cells (Florea et al., 2002) and the safety of PLGA
nanoparticles need to be investigated. As a controllable drug
release system, lipid nanocapsules (LNCs) were shown to dis-
tribute in the inner ear after round window membrane application
(Zou et al., 2008). Lipid nanocapsules (LNCs) with sizes below
100 nm are biodegradable. They have a lipoprotein-like struc-
ture comprising an oily core surrounded by a tensioactive rigid
membrane. By varying the core component concentrations, it is
possible to control the kinetics of drug release (Jager et al., 2009).
LNCs can be stable for six months to one year in suspension
(Hureaux et al., 2009; Huynh et al., 2009). These characteristics
highlight the potential of lipid nanocapsules for use as nanocar-
riers.

The biocompatibility of nanoparticles is a major concern in
biomedical applications. Toxicological evaluation after systemic
administration of LNCs by i.v. injection at a dose of 12 mg/kg/day
for 5 consecutive days did not reveal any histological or biochemi-
cal abnormalities in mice (Hureaux et al., 2010). After intracochlear

application, Scheper et al. (2009) showed that the LNCs were visu-
alized in the rat cochlear cells, although the presence of LNCs did
not alter hearing threshold or induce the loss of hair cells. In the
present study, we applied LNCs to the round window membrane,
which is applauded in the clinic as a minimally invasive approach.

dx.doi.org/10.1016/j.ijpharm.2010.11.006
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Jing.Zou@uta.fi
dx.doi.org/10.1016/j.ijpharm.2010.11.006
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e then evaluated the impact on neural structural elements includ-
ng neurofilament and S-100, as well as neural functional elements
ncluding ribbon synapses and synaptophysin in the cochlea. Gen-
ral cellular viability studies were performed as well.

. Experimental procedures

.1. Animals

Two newborn rats were selected for primary cochlear cell
ulture. Eighteen male Sprague–Dawley rats with normal ABR
hreshold (auditory brainstem response, supplied by the experi-

ental animal unit, University of Tampere) were used in the study,
n accordance with guidelines provided by the local ethics commit-
ee of the University of Tampere (permission no: 985/2003). Animal
are and experimental procedures were conducted in accordance
ith European legislation.Ten rats were used for auditory brain

tem response measurement, apoptotic analysis and neural struc-
ural elements analysis. Three rats were used for neural functional
lements analysis. Five rats used as untreated control in analyzing
f neural elements.

.2. Manufacturing LNCs

.2.1. Initial steps in the manufacture of LNCs
The first step of the formulation involved an emulsion con-

isting of Labrafac® WL 1349, an oil made of capric and caprylic
cid triglycerides (average molecular weight of 512); Lipoïd® S75-
, a soybean lecithin made of 69% phosphatidylcholine and other
hospholipids; Solutol® HS 15, another surfactant; polyethylene
lycol 660 hydroxystearate (C18E15); and free polyethylene gly-
ol 660. The optimal amounts of ingredients for preparation of
0 nm of LNCs were: Labrafac® (1.028 g), Lipoïd® (0.075 g), Solutol®

0.846 g), NaCl (0.089 g) and pure water (2.962 g). This mixture was
repared under magnetic stirring at room temperature to obtain
n emulsion of oil in water. After progressive heating at a rate of
◦C/min under magnetic stirring, we observed a short interval of

ransparency at temperatures close to 70 ◦C, and the inverted phase
water droplets in oil) was obtained at 85 ◦C. Then, three cycles of
ooling and heating were applied between 85 ◦C and 60 ◦C at the
ame rate of 4 ◦C/min (near the phase inversion zone). Ultimately,
apid dilution in cold water at a temperature close to 0 ◦C produced
suspension of nanocapsules.

.2.2. Protocol post-insertion of 15,16 DSPE-PEG2000-amino
LNCs were incubated for 90 min with an aqueous micellar solu-

ion of DSPE-PEG-amino at 60 ◦C. The suspension was vortexed
very 15 min and then quenched in an ice bath for 1 min. The final
SPE-PEG concentration corresponded to 6 mol% of total surface
olecules (i.e., Solutol and Lipoïd).

.2.3. FITC and Rhodamine B labeling
After the post-insertion process, 2 mg of FITC (isothiocyanate,

.13 �mol) was added to 2.95 mL of the LNC suspension, and the
H was increased to 10 by adding a few drops of 0.1 M Na3PO4
olution. The sample was protected from light and placed in a
ater bath under magnetic stirring at 35 ◦C for 45 min. After the

ample was cooled in an ice bath for 3 min in order to stop the
eaction, size exclusion chromatography utilizing a Sephadex G-15
olumn was performed to separate free FITC from labeled LNCs.

ptical density (FITC detection) as well as turbidity at 680 nm

LNC detection) were measured for each fraction. Fractions corre-
ponding to the FITC-labeled LNCs were analyzed by dynamic light
cattering. Electrokinetic measurements were performed at a con-
tant conductivity (0.03 �s cm−1). These measurements indicated
harmaceutics 404 (2011) 211–219

a hydrodynamic diameter of 52 ± 5 nm and a zeta potential of -
35 ± 7 mV (for non-labeled LNCs, we obtained diameter of 48.9 nm,
zeta potential of 5.0 ± 0.5 mV and concentration of 123 mg/mL).
Only fractions with a polydispersity index lower than 0.2 were
pooled and used for animal testing. For Rhodamine B labeling, FITC
was replaced by 2 mg Rhodamine B.

2.3. In vitro study

2.3.1. L929 mouse fibroblasts
L929 mouse fibroblasts (ATCC number CCL 1, DSMZ, Braun-

schweig, Germany) were cultured in DMEM culture medium
(AppliChem, Darmstadt, Germany) containing 4.5 mg/mL glucose,
10 % FCS, 100 U/mL penicillin G, 100 �g/mL streptomycin (PAA
Laboratories), and NaHCO3 (3.7 g/L) at 37 ◦C, 5 % CO2, and 95 %
humidity. Cells were harvested by trypsinization (PAA Laborato-
ries) and seeded at a density of 2000 cells/well into a 96 well
microtiter plate (Greiner Bio-one, Frickenhausen, Germany). After
1 day of cell culture, medium was replaced by 200 �L of freshly
prepared nanoparticle suspension in cell culture medium (work-
ing solution). After 48 h of cell growth under the above conditions,
cell culture medium was replaced by 10% CellQuanti-Blue reagent
(BioAssay Systems, Hayward, CA, USA) in cell culture medium. Cells
were then incubated for another 2 h. Cellular reductases reduce
the CellQuanti-Blue reagent resazurin to resorufin. The extent of
reduction was quantified by fluorescence measurements (Fluostar
Optima, BMG, Offenburg, Germany; excitation wavelength 544 nm,
emission wavelength 590 nm).

Nanoparticle suspensions were diluted into cell culture medium
to yield suspensions of 1015 nanoparticles/mL (equivalent to
7.85 mg/mL). These suspensions were further diluted with cell
culture medium to 7.85 mg/mL, 0.785 mg/mL, 0.785E−1 mg/mL,
0.785E−2 mg/mL, 0.785E−3 mg/mL, 0.785E−4 mg/mL, 0.785E−
5 mg/mL, 0.785E−6 mg/mL, 0.785E−7 mg/mL, 0.785E−8 mg/mL
(working solution).

Uptake of nanoparticles into cells was followed by fluorescence
microscopy (Nikon Eclipse TE300) at an excitation wavelength of
510–560 nm and emission wavelength of >590 nm.

2.3.2. Mixed primary rat cochlear cell culture
Two four-day-postpartum (P4) rats were sacrificed by decap-

itation after anesthetization with medetomidine hydrochloride
(0.8 mg/kg, Domitor, Orion, Finland) and ketamine hydrochloride
(80 mg/kg, Ketalar, Pfizer, UK). Four cochleae were dissociated
with 1 mg/mL elastase (Sigma–Aldrich, USA), 1 mg/mL collage-
nase (Worthington, USA), and 0.5 mg/mL trypsin in CMF-PBS for
15 min at 37 ◦C. Cells were then plated into two 4-well Lab-
Tek® II Chamber SlidesTM (USA). Cultures were maintained in
a defined medium: DMEM-F12 (Gibco, USA) with B27 supple-
ment (Gibco, USA), 1 mM n-acetyl-l-cysteine (Sigma–Aldrich, USA),
penicillin–streptomycin (Gibco, USA), and 20 ng/mL epidermal
growth factor (Sigma–Aldrich, USA) in a 5% CO2/5% O2 humidified
incubator.

The cells were incubated for 24 h at 37 ◦C in medium contain-
ing 1.5 mg/mL, 0.15 mg/mL or 0.015 mg/mL LNCs, washed with PBS,
incubated with medium containing 5 �g/mL propidium iodide for
the analysis of cellular viability, then fixed with 4% PFA followed
by DAPI staining (10 ng/mL, Sigma–Aldrich, USA). The slides were
mounted with Fluoromount (Sigma–Aldrich, USA) after washes
with PBS-T (PBS containing 0.1% Tween-20).

The cells were observed under an Olympus microscope IX70

installed with ANDOR IQ. The excitation filters were 488 nm (blue
excitation) and 568 nm (green excitation), with an Ar–Kr laser
as the excitation source. The corresponding emission filters were
525/50 (FITC) and 607/45 (propidium iodide). DAPI was excited
with a 340–380 nm filter and detected using a 500 LP filter. Dead
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ells were identified by positive staining of propidium iodide, which
s unable to penetrate the plasmic membrane of viable cells but
asses the cellular and nuclear membranes and binds to chrosome
NA in both apoptotic and necrotic cells (Smolewski et al., 2002).
he survival rates of LNC-treated cells were normalized to those
f untreated cells [survival rate = 1 − (death rate of LNC-treated
ells − death rate of untreated cells)]. The fluorescent signal intensi-
ies of internalized LNCs in the cytoplasm were measured by Image
software. These signal intensities were normalized to the signal

ntensity of background. 28 cells for untreated control, 33 cells for
he 0.015 mg/mL LNC-treated samples, 30 cells for 0.15 mg/mL LNC-
reated samples, 23 cells for 1.5 mg/mL LNC-treated samples, were
ounted in the study.

.4. In vivo study

.4.1. Round window membrane application of LNCs
Animals were fully anesthetized by 0.8 mg/kg medetomidine

ydrochloride (Domitor, Orion, Finland) and 80 mg/kg ketamine
ydrochloride (Ketalar, Pfizer, UK). The operation was performed
nder sterile conditions. After local analgesia with lidocaine, a post-
uricular incision was used to expose the left bulla. A hole was
rilled on the bulla with a 2 mm diameter burr. After visualizing
he stapes artery, the round window membrane was identified
bove the artery. A small piece of gelatin sponge pledget satu-
ated with LNCs or 0.9% NaCl (Baxter, Finland) was placed on
he round window membrane (pledget size 8 mm3 after satura-
ion, LNC concentration: 20.5 g/L, stored at 48 ◦C for 3 months),
nd it was left on the RWM of left ear for D28 for ABR study
nd 2 h for neural elements studies. The hole on the bulla was
ealed with muscle and the wound was sutured. Saline (2 mL) was
dministered through subcutaneous injection to the neck. Antisen-
an (atipamezole hydrochloride, Orion Pharma, Finland) (2 mg/kg)
as injected i.p. after the operation to accelerate recovery from

nesthesia. RIMADYL (1.0 mg/kg, Pfizer, UK) and Baytril (10 mg/kg,
rion, Germany) were injected i.p. once a day during the first 3 days
fter the operation.

.4.2. Auditory brainstem response measurement
In total, ten rats were used for ABR measurement. The animals

ere divided according to the treatment: five LNC-treated rats and
ve negative control rats.

BioSig32 (Tucker Davis Technologies, USA) was used for ABR
hreshold recording in LNC-treated rats and 0.9% NaCl-treated rats.

click duration of 50 �s and a repetition rate of 21.1/s were used
or stimulation with alternative phase. Responses from 500 sweeps
ere averaged with a gain of 20 at each intensity level, using a filter

f 0.1–3 kHz. Thresholds were identified as 3 repeatable responses
f wave II (peak II) using visual detection criterion in 5 dB steps. ABR
hresholds were measured at six time points. The latency intervals
etween peak I and peak II (Intervalpeak I–II) at 50 dB peak-to-peak
quivalent SPL (ppeSPL) were compared among groups or differ-
nt time points. The time points were as follows: before surgery,
h post-administration, 1 week post-administration (D7), 2 weeks
ost-administration (D14), 3 weeks post-administration (D21), and
weeks post-administration (D28).

.4.3. Morphological study
After the last ABR measurement, animals were perfused with 4%

araformaldehyde (PFA, Sigma–Aldrich, USA) in 0.1 M PBS (pH 7.4)
ollowing cardiac perfusion and removal of the blood with 50 mL

hysiological saline containing 0.3 mL heparin (100 IE). The bullae
ere collected and fixed with 4% PFA overnight. The cochleae were

horoughly washed with tap water for 30 s and then opened by
reaking the bony wall under a stereo microscope. After washing
ith 0.01 M PBS, the specimens were decalcified with 10% EDTA
harmaceutics 404 (2011) 211–219 213

at room temperature for 4 weeks, embedded with paraffin, and
sectioned at 5 �m thickness. After deparaffinization, the slides were
stained with hematoxylin–eosin.

2.4.4. Apoptotic analysis
After deparaffinization, the specimens were treated with 0.1%

Triton-X100 for 10 min, incubated with 0.1% trypsin for 30 min
at 37 ◦C, irradiated with 0.1 M citrate buffer (PH 6.0) at 350 W
microwave irradiation for 5 min, and washed with PBS. As a pos-
itive control, tissue was incubated with 0.2 �g/mL proteinase K
in 50 mM Tris buffer (pH 7.5) for 10 min at 37 ◦C. TUNEL mixture
[20 �L enzyme solution in 180 �L label solution; In Situ Cell Death
Detection Kit (Roche Diagnostic GmbH, Germany)] was applied on
slides (50 �L label solution on negative control slides) for 60 min
at 37 ◦C, washed with PBS, and mounted with Aqueous Mounting
Medium (Gel MountTM, Sigma–Aldrich, USA).

2.4.5. Neural element analysis-structural elements
After deparaffinization and treatment with 0.1% trypsin as

described, the slides were incubated with 1: 20 preimmunized
goat serum at room temperature for 60 min and then with
either of the following primary antibodies at 4 ◦C overnight: rab-
bit anti-neurofilament-200 (NF-200) polyclonal antibody (1: 400
Sigma–Aldrich, USA), rabbit polyclonal antibody to S-100 (1: 400,
Abcam, UK), and mouse monoclonal antibody to synaptophysin
(1:200, Sigma–Aldrich, USA). After washing with PBS-T, the speci-
mens were incubated with Alexa Fluor-568-labeled goat anti rabbit
IgG (1:400, Invitrogen, USA) or tetramethylrhodamine isothio-
cyanate (TRITC)-labeled goat anti mouse IgG (1:400, Invitrogen,
USA) at room temperature for 60 min, followed by incubation with
4,6-diamidino-2-phenylindole (DAPI; 10 �g/mL, Sigma–Aldrich,
USA) for 10 min. The slides were mounted with Gel Mount TM
Aqueous Mounting Medium (Sigma–Aldrich, USA) after washes
with PBS.

2.4.6. Neural element analysis-functional elements
Six cochleae from 3 rats treated with LNCs for 2 h and four

cochleae from two untreated rats were employed for ribbon
synapse and synaptophysin double staining.

After dissection, the specimens were treated with 0.1 M PBS
containing 0.3% Triton-X 100 for 5 min, then immunostaining was
conducted as above mentioned, Briefly, specimens were stained
with rabbit anti-synaptophysin antibody (1:400, Sigma–Aldrich,
USA) at 4 ◦C overnight, incubated with purified mouse anti-Ctbp2
monoclonal antibody (1:100, BD Transcription Laboratories, USA)
overnight at 4 ◦C, then incubated with corresponding second
antibodies [Alexa Fluor-568 labeled goat anti-rabbit IgG (1:400,
Invitrogen, USA) or FITC anti-mouse IgG produced in goat (1:400)]
for 60 min, and finally stained with DAPI. The lateral wall and modi-
olus from the basal turn, middle turn and apex were mounted with
Aqueous Mounting Medium (Gel MountTM, Sigma–Aldrich, USA)
for confocal microscopy.

The whole-mount samples and cross-sections were observed
under an Olympus microscope IX70, which had been installed
with ANDOR IQ. The excitation filters were 488 nm (blue excita-
tion) and 568 nm (green excitation), with an Ar–Kr laser as the
excitation source. The corresponding emission filters were 525/50
(FITC) and 607/45 (TRITC and Alexa 568). DAPI was excited with a
340–380 nm filter and detected using a 500 LP filter. For 3D scan-

ning, the inter-slice thickness was 0.5 �m. The ribbon synapses of
the basal turn were counted in three-dimensional images. Seven
views in four untreated cochleae and 11 views in 6 LNC-treated
cochleae were selected, and only the basal and the lower middle
turn were included in the analysis.
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Fig. 1. Cell viability of L929 mouse fibroblasts is dependent on the amount of LNCs

.5. Analysis and statistics

Statistical analyses were performed using the SPSS 11.5
oftware package. Significant differences were identified using Stu-
ent’s t-test. ABR thresholds and intervalpeak I–II were compared
etween LNCs treated group and NaCl treated group. For NF-200
taining, the signal intensities of cochlear nerve, auditory nerve, and
erve fibers projecting to spiral ganglion cells (SGCs) and inner hair
ells (IHCs) were compared between groups. For S-100 staining,
he signal intensities of SGC, SL and Deiters’ cells were compared
etween groups. The number of ribbon synapses of basal turn and
nd turn were compared. A difference was considered to be statis-
ically significant at p < 0.05.

. Results

.1. In vitro study results

.1.1. L929 cells
LNCs at concentrations up to 0.785 mg/mL were not toxic to L929

ells (Fig. 1). However, high concentrations of LNCs showed low
ytotoxicity, yielding an LC50 of 2.2 mg/mL. Identical LNCs labeled
ith Rhodamine were visualized inside cells. Toxic effects similar

o those mediated by unlabeled LNCs (Fig. 1) might be due to the
verload phenomenon (Moss, 2006).

.1.2. Cultivated mixed rat cochlear cells
The survival rates of cells treated with 1.5 mg/mL, 0.15 mg/mL

nd 0.015 mg/mL LNCs were 37.94%, 86.41%, and 80.06%, respec-
ively. LNC signal intensity in cytoplasm increased with LNC
oncentration (Fig. 2). For the cells treated with low concentra-
ions of LNCs (0.015 mg/mL), few LNCs were found in the cytoplasm
Fig. 2C). Propidium iodide-positive cells, whether among the
.15 mg/mL or the 0.015 mg/mL LNC-treated group, exhibited con-
ensed LNCs in the cytoplasm and abnormal morphology. In all
hree groups of LNC-treated cells, surviving cells had fewer LNCs in
ytoplasm.

.2. In vivo study results
.2.1. Hearing results
None of the animals experienced middle ear infection during

he treatment period.
Immediately after LNC treatment (D0), ABR threshold increases

f 11.67 ± 2.89 dB ppeSPL (mean ± SEM) and 8.75 ± 2.50 dB ppeSPL
ed. The LC50 was calculated as 2.2 mg NP/mL (dashed line). NC: untreated control.

(mean ± SEM) were detected in the NaCl control group and LNC-
treated group, respectively. After 7 days of treatment (D7), ABR
thresholds were recovered to baseline levels (Fig. 3A). But the ABR
threshold variance had no statistical difference (p > 0.05, Bonfer-
roni, ANOVA).

The ABR latency interval between peak I and peak II
(Intervalpeak I–II) at 50 dB ppeSPL was prolonged at D0 in the
NaCl group (mean ± SEM, 0.94 ± 0.01 ms) and the LNC-treated
group (mean ± SEM, 0.88 ± 0.01 ms) compared to pre-treated lev-
els (mean ± SEM; 0.73 ± 0.03 ms and 0.77 ± 0.01 ms, respectively).
However, only the NaCl-treated group was significantly dif-
ferent (p < 0.01; Bonferroni, ANOVA). No statistically significant
differences were observed in LNC-treated group at D0 (p > 0.05,
Bonferroni, ANOVA; Fig. 3B).

3.2.2. Morphological results
Light microscopy with HE staining did not reveal any inflamma-

tion in the inner ear. The morphology of the inner ear, including the
cochlea and vestibule, were preserved after LNC treatment (Fig. 4).

3.2.3. LNC treatment did not induce apoptosis
TUNEL-positive staining was constantly observed in interden-

tal cells and stria marginal cells of the basal and second turns
of the cochlea of rats with and without LNC treatment. Positive
staining was also occasionally detected in OHCs, IHCs, and semi-
circular canal (SSC) endothelial cells of rats in both the control
and the LNC-treated groups (Fig. 5G–J). TUNEL-positive nuclei
appeared throughout the entire cochlea on the positive control
slide with much greater intensity than that in the specimens pro-
cessed with standard protocol (Fig. 5K). No TUNEL-positive staining
was detected in the negative control.

3.2.4. The inner ear neural elements were preserved
NF-200 staining in the peripheral processes of SGCs innervating

the inner hair cells and the outer hair cells, cochlea nerve in osseous
spiral lamina canal, SGCs, and the cochlear nerve in modiolus was
well preserved in both the untreated and LNC-treated rats (Fig. 5B
and C). The fluorescence signal in SGCs (p < 0.01) and in cochlear
nerve in osseous spiral lamina canal (p < 0.05) of the LNC-treated
group was significantly weaker than that of the untreated group

(Fig. 6A). However, there was no significant difference between the
untreated group and the LNC-treated group in nerve fibers inner-
vating IHCs and in cochlear nerve in modiolus (p > 0.05).

In the untreated cochlea, S-100 protein is intensively expressed
in the nuclei of the spiral limbus, spiral ganglion Schwann cells
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Fig. 2. Concentration-dependant internalization of LNCs in primary rat cochlear cells. Panel A shows intense internalization of LNCs in the cytoplasm induced cell death,
which allowed propidium iodide to permeate the nucleus when the cells were exposed to LNCs at a concentration of 1.5 mg/mL. Panel B shows healthy cells with moderate
distribution of LNCs in the cytoplasm. These cells rejected propidium iodide when the cells were incubated with LNCs at a concentration of 0.15 mg/mL. Panel C showed sparse
internalization of LNCs in the cytoplasm of fibrocytes, with cytosol permeation of propidium iodide when LNCs were added to the medium at a concentration of 0.015 mg/mL.
Panel D shows propidium iodide permeation of the cytosol in untreated cells. The neuron in Panel E displays condensed LNCs in the cytoplasm and nuclear permeation
of propidium iodide when exposed to LNCs at a concentration of 0.15 mg/mL. Concentration-dependant internalization of LNCs was demonstrated by quantification of the
fluorescent signal in the cytoplasm of primary cochlear cells (panel F). (Green: LNCs; red: propidium iodide staining; blue: contrast nuclear staining by DAPI; **p < 0.01,
*p < 0.05, ANOVA). Scale bar = 10 �m.
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ig. 3. Dynamic changes in ABR threshold in rats with RWM application of LNCs. T
nimals (*p < 0.05 of NaCl control). Thresholds returned to baseline at D7 and remai

SGSCs), spiral ligament fibrocytes, and cochlear nerve. Homoge-
eous distribution of S-100 was also demonstrated in the cytoplasm
nd nuclei of stria vascularis, inner pillar cells, outer pillar cells, and
eiters’ cells of the cochlea (Fig. 5). At D28, the distribution pat-

ern of S-100 in the cochleae of LNC-treated rats was unchanged as
ompared to that observed in the untreated cochleae. Signal inten-
ities in the LNC-treated group were slightly lower than that of the

ntreated group without statistic significance (p > 0.05, Student’s
-test) (Fig. 6B).

A typical distribution of synaptophysin was demonstrated
ithin varicosities of efferent endings on the basal pole of the

hree OHC rows and small dot-like afferent endings at the bot-
esholds were elevated immediately after LNC application at D0 in all experimental
able up until the final observation time of D28 (p > 0.05).

toms of IHCs. The pattern of synaptophysin staining was completely
preserved in both the LNC-treated group and the non-treated
group. Ribbon synapses were found at the bottoms of IHCs in the
LNC-treated and untreated rats [11.83 ± 0.62 (mean ± SEM) and
13.31 ± 1.77 (mean ± SEM) in untreated rats and LNC-treated rats,
respectively]. However, this difference was not significant (p > 0.05,
Student’s t-test; Fig. 7).
4. Discussion

Concentration-dependent toxicity occurred in the primary
cochlear cell culture, with a survival rate of 37.94% among cells
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Fig. 4. HE staining of LNC-treated and untreated specimens. The morphology of the inner ear was preserved after LNC treatment. Panels A and B show that IHCs, OHCs and
SGCs were preserved in the untreated group (A) and the LNC-treated sample (B). Panels C and D show that the vestibular structure was normal in the untreated group (C),
the LNC-treated sample (D).

Fig. 5. Immunostaining of neurofilament (NF-200) and S-100 in the rat cochlea at D28 post-RWM application of LNCs. Panel A shows that NF-200-positive nerve fibers
innervated IHCs and OHCs of an untreated rat (image made by two confocal stacks of the same specimen). Panels B and C show that NF-200-positive nerve fibers innervated
OHCs (B) and IHCs (C) in an LNC-treated rat. Panel D–F demonstrates S-100 staining in Deiters’ cells (arrow), Pillar cells (D), SGSCs (E), and spiral ligament fibrocytes (F)
of a rat treated with LNCs. Panels G–J demonstrated apoptotic cells showing positive TUNEL staining (red) in the strial marginal cells (arrows in G and I), interdental cells
(arrowheads in G and I), and epithelial cells of the semicircular canal (arrows in H and J) (G and H from untreated samples; I and J from LNC-treated samples). Panel K shows
universal TUNEL-positivecells in a slice treated by 0.2 �g/mL proteinase K (positive control) (blue: contrast nuclear staining with DAPI). Scale bar = 10 �m.
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ig. 6. Quantitative comparison of NF-200 and S-100 expression in LNC-treated a
ochlear nerve in osseous spiral lamina canal of LNC-treated rats was significantl
hows that the S-100 fluorescent signals in Deiter’s cells, SGCs and spiral ligament fi
ot statistic difference (p > 0.05, Student’s t-test).

reated with 1.5 mg/mL LNCs, whereas the LC50 for LNC-treated
929 cells was 2.2 mg/mL. This indicated that certain cell types in
rimary cochlear cells might be more vulnerable to LNC treatment.

ndicating apoptosis or necrosis, the propidium iodide-positive
ells in cochlear primary cell culture showed disrupted morphol-
gy, it was difficult to distinguish the cell types that were fragile.
n the cochlea primary cell culture, the propidium iodide-positive

ells always have condensed LNCs in the cytoplasm no matter what
oncentration of the LNCs in the culture medium. When the NPs
ccupy certain volume of the cell, the cell function will be impaired,
hat is called ‘nanoparticle overload phenomenon’ (Moss, 2006).

ig. 7. Immunostaining of synaptophysin and ribbon synapses in rat cochleae treated w
ynapses in Corti’s organ at 2 h post-RWM administration of LNCs (confocal stacks). Pane
ost-RWM application of LNCs. (Arrow: IHC nucleus; arrowhead: OHC nucleus; green: rib
ar = 10 �m.
treated groups. Panel A shows that the NF-200 fluorescent signal in SGCs and in
ker than that in un-treated controls (**p < 0.01, *p < 0.05 Student’s t-test). Panel B
tes of LNC-treated rats were weaker than that in un-treated controls, but there was

Toxic effects of the LNCs to L929 cells and cochlea primary cell
culture might be due to ‘nanoparticle overload phenomenon’.

TUNEL-positive staining observed in interdental cells, stria
marginal cells, OHCs, IHCs, and SSC endothelial cells in the
untreated inner ear might be caused by either artifact or highly
metabolic status. It was reported that TUNEL-positive staining
might suggest apoptosis, late necrosis, and autolysis (Gold et al.,

1994). Nishizaki and colleagues proved that TUNEL-positive stain-
ing in untreated rat inner ear in strial marginal cells, and interdental
cells, as well as the epithelial cells of SSCs, IHCs and OHCs, were due
to autolysis that occurred during fixation (Nishizaki et al., 1999).

ith LNCs. Panels A and B showed positive staining of synaptophysin and ribbon
ls C and D showed positive staining of synaptophysin below IHCs and OHCs at D28
bon synapses; red: synaptophysin; blue: contrast nuclear staining with DAPI) Scale



2 al of P

O
c
m
u
n
i
T
c
r

n
b
t
c
c
I
t
a
b
t
s
a
(
i
s
m
fi
a
t
o
c
b
a
i
2
w
i
e
a
i
s
c

p
L
I
i
t
a
2
2
a
s
c
D

c
i
m
w
g
e
c
m
a
t

18 Y. Zhang et al. / International Journ

ur previous study on guinea pig inner ear treated with mito-
hondrial toxin showed TUNEL-positive staining not only in strial
arginal cells and epithelial cells of SSCs which were detected in

ntreated inner ear too, but also in spiral ligament fibrocytes, Reiss-
er’s membrane, mesothelial cell of scala tympani and OHCs which

nduced by toxic effect of mitochondrial toxin (Zou et al., in press).
herefore we interpreted that the TUNEL-positive staining of the
ells in our present results was not caused by LNC treatment in the
at inner ear.

ABR threshold shift occurred at D0 in both LNC treatment and
o treatment groups, which recovered at D7 and remained sta-
le throughout the 4-week observation period in every group. This
ransient changes in ABR threshold might be caused by the surgi-
al disturbance to the conducting system in the middle ear but not
ochlear impairment, which was further verified by quantifying the
HC of ribbon synapses of IHC and the distribution pattern of synap-
ophysin in both IHC and OHC of rat cochlea at D0 (2 h after LNC
dministration). IHC encode stimuli with graded changes in mem-
rane potential and transmit the signal through ribbon synapses
o drive action potentials in associated afferent neurons. Ribbon
ynapses contribute to a particular feature of release: the latency
nd precision of spike timing in the postsynaptic afferent neurons
Nouvian et al., 2006; Zenisek et al., 2004). CtBP2 (C-terminal bind-
ng protein 2), a synaptic ribbon marker, is supposed to mark the
ites of vesicle fusion and transmitter release in afferent nerve ter-
inals. Ribbon synapses are composed of vesicles tethered by fine

laments to each face of a synaptic ribbon, whether in the IHCs
nd vestibular hair cells or in photoreceptors and bipolar cells in
he retina (Nouvian et al., 2006; Zenisek et al., 2004). The intensity
f ribbon synapse is related to the sensitivity of the mammalian
ochlea (Meyer et al., 2009). In the present study, the quantity of rib-
on synapses was not affected by LNC treatment. Synaptophysin is
n important synaptic protein for hair cell physiology and often dis-
ntegrates before hair cell death (Maria Visitación Bartolome et al.,
009). Synaptophysin is located in medial efferent nerve endings,
hich innervate OHCs, and in lateral efferent nerve endings, which

nnervate IHCs. In this study, synaptophysin within varicosities of
fferent endings was observed under the OHCs (Fig. 7B and D), and
dot-like pattern of synaptophysin staining was observed in nerves

nnervating the IHCs (Fig. 7A and C). The pattern of synaptophysin
taining was completely preserved in OHCs and IHCs of LNC-treated
ochleae.

Neurofilament 200 (NF-200) is a structural protein that sup-
orts the architecture of peripheral and central axons (Hoffman and
asek, 1975) and plays a role in axonal transport (Miller et al., 2002).
t is a reliable marker for myelinated afferent neurons. NF-200
mmunostaining is used frequently in diagnosing neurodegenera-
ive diseases (Talja et al., 2009); many neurodegenerative diseases
re marked by the absence or degradation of NF-200 (Hwang et al.,
005; Posmantur et al., 1994; Posmantur et al., 2000). Positive NF-
00 staining was found in the periphery of SGCs projecting to IHCs
nd OHCs (Fig. 5B and C). In SGCs and cochlear nerve in osseous
piral lamina canal, NF-200 levels were lower than the untreated
ontrol (Fig. 6A), whereas, hearing of the rats was not affected at
28. These changes need to be verified in future investigations.

S-100 is a marker of spiral ganglion Schwann cells. Hurley and
olleagues observed S-100 immunolabeling in inner sulcus cells,
nner phalangeal cells, spiral ligament, spiral limbus, and inter-

ediate cells (Hurley et al., 2007). In addition to these locations,
e also detected S-100 immunolabeling in Deiters’ cells, spiral

anglion Schwann cells (SGSCs), and the cochlear nerve. S-100 is

xtensively expressed in the nucleus and moderately expressed in
ytoplasm. The S-100 distribution was not affected by LNC treat-
ent, but the immunostaining intensities in Deiter’s cells, SGSCs

nd spiral ligament fibrocytes of the LNC-treated rats were lower
han that of the untreated group. The mechanism is unknown. It
harmaceutics 404 (2011) 211–219

was reported that S-100 proteins are secreted from cells on stimu-
lation, exerting cytokine- and chemokine-like activities. Pathologic
level leads to sustained activation, cell death and disease (Claus
W Heizmann, 2005). However, the decreased secretion of S-100
proteins observed in the present study can rule out the potential
pathological response. These changes might be caused by the age
related modification on the Ca2+-homeostasis regulation system in
the cochlea, which needs to be investigated in the future.

5. Conclusion

In conclusion, cncentration-dependent toxicity occurred in the
primary cochlear cell culture and mouse fibroblasts. When applied
to the middle ear cavity, LNCs did not cause hearing impairment,
cell death, or morphological changes in the inner ear. Cochlear
neural elements, such as synaptophysin, ribbon synapses, and
neurofilament-200, were not affected by the administration of
LNCs. However, the expression of S-100 decreased in spiral liga-
ment fibrocytes and spiral ganglion cells after LNC delivery, a result
that requires further investigation. LNCs are therefore potential
vectors for drug delivery to the inner ear.
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