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STAPES SURGERY AND COCHLEAR IMPLANT SURGERY FOR
SEVERE ORTOSCLEROSIS

Katsumi Doi,' Mitsuo Sato,' Mie Miyashita,’ Kazuya Saito,' Michioc Isono,' Kyoichi Terao,'
Tzumi Koizuka,? Yumi Ohta®

!Department of Otolaryngology, Kinki University Graduate School of Medicine, Higashiosaka, Osaka, Jupan;
*Department of Otolaryngology, St. Marianna University School of Medicine, Sugao, Kawasaki, Kanagawa,
Japan; *Department of Otolaryngology, Osaka University Graduate School of Medicine, Osaka, Japan

Introduction

Profound deafness has received increasing attention, because of the availability of cochlear implants (CI).
Consequently, it is especially important to remember that a ‘blank’ audiogram does not necessarily mean
absence of hearing. Severe otosclerosis (far-advanced otosclerosis; FAO) generally involves air conduction
(AC) levels worse than 85 dB, and bone conduction (BC) levels beyond the limits of the andiometer.'* If AC
levels exceed 85 dB but BC levels are measurable at some frequencies but worse than 30 dB, the condition
is called advanced otosclerosis (AO). Failure to recognize FAO or AO may result in unnecessary CI surgery.

Materials and methods

A retrospective analysis was conducted of the clinical charts of all patients who received stapes surgery (n =
306) and CI surgery (n = 536) at Osaka and Kinki University Hospitals from 1992 to 2012. Stapes surgery
involved 210 ears in females and 96 ears in males. Otosclerosis accounted for 80% of the the stapes surgery.
Objective improvement was noted in pure-tone audiogram (PTA), and subjective patients” satisfaction with
amplification was the real measure of success because the stapes surgery was performed to restore a service-
able hearing with Hearing aid (HA) for these FAO and AO patients.

Results

Among 306 stapes surgery cases, one patient (NS, 45 years old, male) with FAO received stapedotonyy on the
right car, and another patient (MS, 56 years old, male) with AO received bilateral stapedotomy. Both patients
had a positive family history of progressive hearing loss. MS’s daughter (KM, 28 years old) received partial
stapedectomy on the left ear, and the result was excellent. AC levels were worse than 85 dB bilaterally in
both patient, and BC levels were not measurable at most (not all) frequencies. The past audiograms and the
family history help us to diagnose FAO and AO. Pre-operatively, both patients (NS and MA} were not suc-
cessful hearing aid (HA) users, although both continued to use a HA anyway. Post-operatively, MS does not
need HA any longer, while NS is still wearing HA unsuccessfully and considering CI surgery the left ear.
Ameong 536 CI surgery cases, just one patient (UH, 52 years old, male) had been found to have the history
of otosclerosis preoperatively, and has been a good CI user postoperatively (Fig. 1A). HRCT demonstrated a
massive sclerotic lesion bilaterally, indicating the presence of cochlear otosclerosis (Fig. 2A). Past audiograms
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clearly suggest the presence of an air-bone gap and a progressive nature of HL (Fig. 2B). After cochleostomy
onto the promontory, the scala tympani was found to be filled with soft connective tissues. A full insertion
of CI2Z4RCS electrodes into the scala vestibuli was successfully completed. Among 2558 CI surgery cases,
bilateral otosclerosis accounted for just 1% of the causes of deafness in Japan (Fig. 1B), according fo a survey
by the Cochlear Corporation in 2006.

A V B 7
Otosclerosis Unknown
1% =, 37%

OMC
6%
Meningitis
6% Drugs , g
6% D Inknovfm
R-CI (CI24RCS, 03.07.2007) 7%, (progressive)

15%

Fig. 1. Profound hearing loss caused by otosclerosis. A: a case of the CI surgery with FAQ; B: the causes of deafiess in Japanese
CI cases (2006).
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Fig. 2. HRCT and PTA of a patient with FAO who received CI surgery. A: massive sclerotic lesions within bilateral cochlea; B: past
andiograms suggesting a progressive hearing loss.

Discussion

A convincing histological explanation for increased bone-conduction threshold in FAO remains an issue for

continued investigation. There are two types of otoscleresis described: a conductive disturbance limited to
specific areas of the oval and round windows, and a more aggressive form called ‘cochlear otosclerosis® with
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multiple foci developed relatively early in life. No correlation between BC thresholds and size of the lesion,
activity of the lesion, involvement of endosteum or presence of a round window lesion in otosclerosis was
found, while moderate ditfuse loss of hair cells and cochlear neurons in the basal turn, and strial atrophy near
the foci of otosclerosis were reported in FAO patients.

Sheehy? published specific diagnostic clues for FAOQ: 1) positive family history for otosclerosis; 2) pro-
gressive hearing loss beginning in early adult life; 3) paracusis during the early stage of the disease; 4) past
use of bone-conduction hearing aid; 5) previous audiograms showing an air-bone gap. In addition, the fol-
lowing criteria can be obtained from the physical examination: 1) normal voice; 2) positive Schwarze’s sign;
3) evidence of otosclerosis on HRCT; 4) a Weber test lateralizing to the poor ear or a negative Rinne test by
a 512-Hz tuning fork; 5) no other apparent cause for hearing impairment. The diagnosis is just presumptive
and can be confirmed only at surgery. All of our cases showed a positive family history of hearing loss, a-
progressive hearing loss on the past audiograms, and sclerotic findings of cochlea on HRCT.

Patients with FAO may appear to be suffering from profound sensorineural hearing loss and are frequently
directed to CI programs. Specific clues shown above can lead the clinician to suspect FAQ, and some FAO
patients who had been unable to use a hearing aid (HA) preoperatively obtained serviceable hearing with a
HA after the surgery.'™

The most gratifying aspect of the stapes surgery for severe otosclerosis (FAO and AO) should be convert-
ing the patients’ hearing from non-serviceable to serviceable with HA. The patients must be aware not only
of the risks of the procedure, but also of the relatively limited goals. On the basis of the conventional criteria
for stapedectomy surgery, objective results would be sometimes disappointing in FAQ. However, some FAO
patients clearly do benefit from the surgery and show marked improvement in HA performance. The success
rate was reported to range within 70-100%." If a successtul outcome is not achieved, the patient might be
suitable for the CT surgery.
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Micellization of cisplatin (NC-6004) reduces its ototoxicity in guinea pigs
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ABSTRACT

Nanocarriers potentially reduce or prevent chemotherapy-induced side effects, facilitating the translation of
nanocarrier formulation into the clinic. To date, organ-specific toxicity by nanocarriers remains to be clarified.
Here, we studied the potential of polymeric micelle nanocarriers to prevent the ototoxicity, which is a
common side effect of high-dose cisplatin (CDDP) therapy. In this study, we evaluated the ototoxicity of
CDDP-incorporating polymeric micelles (NC-6004) in guinea pigs in comparison with that of cisplatin. Their
auditory brainstem responses {ABRs} to 2, 6, 12, 20, and 30 kHz sound stimulation were measured before and
5 days after the drug administration. Groups treated with NC-6004 showed no apparent ABR threshold shifts,
whereas groups treated with CDDP showed dose-dependent threshold shifts particularly at the higher
frequencies. Consistent with the ABR results, groups treated with NC-6004 showed excellent hair-cell
preservation, whereas groups treated with CDDP éxhibited significant hair-cell loss (P<0.05). Synchrotron
radiation-induced X-ray fluorescence spectrometry imaging demonstrated that the platinum distribution and
concentration in the organ of Corti were significantly reduced (P<0.01) in guinea pigs treated with NC-6004
compared with guinea pigs treated with CDDP. These findings indicate that micellization of CDDF reduces its

ototoxicity by circumventing the vulnerable cells in the inner ear.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

" Recently, nanocarrier-mediated drug delivery has received great
attention in cancer therapy since nanocarriers carrying chemother-
apeutic agents have shown to enhance antitumor activity with
reduced side effects [1-4]. The antitumor activity is enhanced because
the tumor accumulation is augmented in the nanocarriers via the
enhanced permeability and retention (EPR) effect [5], which is based
on the following pathophysiological characteristics of solid tumors:
hypervascularity, incomplete vascular architecture, secretion of
vascular permeability factors stimulating extravasation within the
cancer tissue, and the absence of effective lymphatic drainage.
However, the reduction or prevention of chemotherapy-induced
side effects, especially organ-specific toxicity, by nanocarriers remains
. to be completely clarified. The mechanisms of nanocarrier-mediated
reduction of chemotherapy-induced organ-specific toxicity must be
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shown to facilitate the translation of nanocarrier formulation into the
clinic.

Polymeric micelles, which are self-assemblies of block copolymers,
have gained increasing popularity as nanocarriers for chemothera-
peutic agents since their critical features, including size and
drug loading and release, can be modulated by engineering block
copolymers. Polymeric micelles carrying chemotherapeutic agents
can selectively and effectively accumulate in the solid tumors, thereby
leading to enhanced antitumor activity. Currently, our micelle
formulations of paclitaxel (PTX), SN-38 (a biologically active
metabolite of CPT-11), cisplatin (ciS—dichIerodianimineplatinum(I}},
CDDP), and 1,2-diaminocyclohexane (DACHPt) are being tested in
clinical trials. Regarding chemotherapy-induced side effects, polymeric
micelles have been revealed to restrain the neurotoxicity of PTX and
CDDP [6,7], intestinal toxicity of CPT-11 [8], and the nephrotoxicity of
CDDP [7]. '

CDDP is a commen chemotherapeutic agent used to treat many
different types of cancer, including lung, gastrointestinal, bladder, and
head and neck cancer. The major dose-limiting factors in CDDP therapy
is the nephrotoxicity, which can be reversed to some extent by
increasing the saline hydration and by using diuretic agents. As
aforementioned, micellization of CDDP can prevent the nephrotoxicity,
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thereby allowing hydration-free CDDP treatment for the improvement
of the patients’ QOL.

CDDP-induced hearing loss is usually bilateral, fireversible, and
cumulative. Audiological studies have indicated that up to 90% of the
patients receiving CDDP experience significant hearing loss, especially
at high frequencies [9]. The CDDP-induced hearing loss is particularly
serious in pediatric populations because loss of hearing at this
developmental stage hampers speech and cognitive and social
development. Therefore, there is an imperative need for developing
treatments that will ameliorate CDDP-induced ototoxicity. However,
to date, no such cures or preventive treatments are available. In the
present study, we evaluated the ototoxicity of polymeric micelles
incorporating CDDP (NC-6004) in comparison with that of CDDP. NC-

6004 has been evaluated in a phase I clinical trial in the United

Kingdom [10], and the phase I/l trial is now underway in East Asia.
2. Materials and Methods
2.1. Materials

CDDP was purchased from WC Heraeus GmbH & Co., KG (Hanau,
Germany). NC-6004 was prepared according to the slightly modified
procedure that was previously reported [11] and supplied by
NanoCarrier Co, Ltd, (Chiba, Japan). In brief, NC-6004 is a polymer—
metal complex micelle comprising CDDP and sodium salt of poly
(ethylene glycol)-poly(glutamic acid) block copolymer [PEG-P(Glu)]
[11].

' 2.2, Animals

We used 20 healthy male Hartley-strain albino guinea pigs
(weighing 243-314 g; Saitama Experimental Animals Supply Co.
Ltd., Japan) with normal Preyer’s reflex. The animals were housed, 5
together, in animal cages and given free access to food and water. A
12-hour dark-light cycle was maintained. They were anesthetized
with a mixture of ketamine hydrochloride (40 mg/kg; Daiichi Sankyo
Prophama Co. Ltd., Japan) and xylazine hydrochloride (10 mg/kg:
Bayer Healthcare, Germany) during all measurements and intrave-
nous injection procedures. All animal experiments conformed fo the
guidelines of the University Committee for the Use and Care of
Animals, University of Tokyo, and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.3, Drug administration

The animals were divided into five groups according to the drug
administered. Groups Cis(8) (n=4) and Cis(12) (n==6) received a
bolus intravenous injection of 8 and 12 mg/kg CDDP, respectively, as
well as 20 ml normal saline subcutaneously immediately after the
injection to decrease the renal damage. Groups Cis-m(8) (n=3) and
Cis-n(12) (n1=4) received a bolus intravenous injection of NC-6004
comprising 8 and 12 mg/kg CDDP, respectively, but no subcutaneous
hydration. The conirol group (n=3) received normal saline
intravenously. :

2.4. Auditory brainstem response measurement

Auditory brainstem responses (ABRs) were measured before and
5 days after the drug administration. The tympanic membranes were
examined before the recording to ensure normal middle ear
appearance. Needle electrodes were placed subcutaneously at the
vertex (active electrode), beneath the pinna of the left ear (reference
electrode), and beneath the right ear (ground electrode). The sound
stimulus consisted of a 7 ms tone burst with a rise-fall time of 1 ms at
2, 6, 12, 20, and 30 kHz. The ABRs to 500 sweeps were averaged at
each intensity level (5 dB steps) to assess the threshold, which was

defined as the lowest intensity level at which a clear reproducible
waveform is visible in the trace. When an ABR waveform could not be

~ evoked, the threshold was assumed to be 5 dB greater than the maximum
intensity produced by the system (105dB sound pressure level).

Threshold shifts were calculated by subtracting the pre-administration
thresholds from the post-administration thresholds.

2.5. Hair-cell count

The animals in groups Cis(12) and Cis-m{12) were sacrificed
under deep anesthesia after the ABR measurements and their left
temporal bone was removed. The cochleae were harvested from the
temporal bone and perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer (PFA) through a perforation in the apex and the
opened oval window. They were postfixed in 4% PFA overnight and
stored at 4 °C. PFA was removed by rinsing the samples in phosphate-
buffered saline (PBS). The lateral wall, tectorial membrane, and
Reissner's membrane were removed, and the cochlear sensory
epithelium was defached from the bony shell. The epithelial cells
were permeabilized in 0.3% Triton X-100 in PBS for 10 min, rinsed in
PBS, stained with 1% rhodamine-phalloidin (Sigma Chemical Co., St.
Louis, MO, USA) for 40 min, and once again rinsed in PBS. The organ of
Corti was separated from the modiolus and mounted on glass slides.
Surface preparation assessment was performed under confocal
microscopy (LSM 510 META, Carl Zeiss, Inc., Jena, Germany). The
total numbers of hair cells and damaged hair cells were counted from
the apex to the basal turn. For the analysis of each cochlea, the whole
length of the basilar membrane except the hook was assessed. A
cytocochleogram was prepared by plotting the mean percentage of
missing hair cells as a function of the percentage length of the organ of
Corti.

2.6. Platinum distribution and concentration measurement

Synchrotron radiation-induced X-ray fluorescence spectrometry
(uSR-XRF) imaging was performed to determine the platinum
distribution in sections of the organ of Corti from groups Cis(12)
and Cis-m(12). The left temporal bone was removed, surface
preparation of the organ of Corti was performed as mentioned in
the preceding, and the samples were fixed on polypropylene sheets.
USR-XRF was performed by using beam line 37XU at SPring-8 (Hyogo,
Japan), at 8 GeV and about 100 mA. A photon beam with energy of
14 keV, a beam-spot size of 1.3x1.3um? and intensity of 10"
photons/s was irradiated on the tissue samples. The fluorescence
X-rays were measured by using a Si-SSD (Silicon solid state detector)
in air at room temperature. The samples on the acryl board were then
mounted on an x-y translation stage. The fluorescence X-ray intensity
was normalized to the incident X-ray intensity, I, to produce a two-
dimensional elemental map. Tissue sections of 250%250 pum? were
roughly scanned before the imaging. The count of platinum atoms in
the samples was converted to the concentration of platinum by using
the calibration standards (10 and 500 uM) of CDDP. The total intensity
per tissue area was determined by using Image] 1.43u software (US
National Institutes of Health).

2.7. Statistical aﬁalysis

We used SigmaStat software (Systat Software, Inc,, Chicago, IL,
USA) for statistical analysis. The ABR threshold shifts at each
frequency were compared among the control and experimental
groups. Bartlett's test was used to test the normality of the
distribution, and one-way analysis of variance (ANOVA), Tukey-
Kramer or Kruskal-Wallis test, or Dunn's test was used according to
the distribution. The survival rates of the inner and outer hair cells in
groups Cis(12) and Cis-m(12) were compared by using a two-tailed
Student’s t-test. A value of P<0.05 was considered statistically
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Fig. 1. ABR threshold shifts from the baseline to five days after drug administration. All
vesults represent the mean == SEM. "P<0.05, **P<0.01.

significant. The data were calculated as the mean 4 standard error of
the mean (SEM).

3. Results

Two animals in group Cis{12) died within four days of the 12 mg/
kg CDDP administration (33% mortality), and were thus excluded
from the data analysis. The LDs, for a single injection of CDDP is
9.7 mg/kg in guinea pigs [12].

Cis(12)

Fig. 2. Representative rhodamine-phalleidin-stained sections of the organ of Corti in
the basal turn in groups Cis(12} (left) and Cis-m{12) (right). Three rows of the outer
hair cells {(OHCs) and a single row of the inner hair cells (IHCs) are well preserved in an
animal treated with Cis-m(12), whereas almost all of the OHCs and a few IHCs are
niissing in an animal treated with Cis(12).
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3.1. ABR rh.reshold shifts

The ABR threshold shifts of the experimental groups are shown in
Fig. 1. Group Cis(8) showed mild ABR threshold shifts (range==6-
23 dB) at the measured frequendies, but group Cis(12) demonstrated
larger shifts (range = 39-60 dB) that were more severely affected by the
higher frequencies. In contrast, groups Cis-m(8) and Cis-m(12) showed
virtually no ABR threshold shifts. The Cis(8) ABR thresholds tended to be
more affected than the Cis-m{8) ABR threshoids, although the
differences between the groups were not statistically significant. Groups
Cis(12) and Cis~-m({12) had significant differences at all frequencies
(P<0.05 at 2 kHz and P<0.01 at 6, 12, 20, and 30 kHz).

3.2, Hair-cell survival rates

In the normal organ of Corti, 3 rows of the outer hair cells (OHCs)
and a single row of the inner hair cells (IHCs} can be observed. Fig. 2
shows the representative rhodamine-phalloidin-stained organ of
Corti in the basal turn in groups Cis(12) and Cis-m(12). Significant
damiage of the OHCs and mild damage of the IHCs were observed in
group Cis(12), whereas only few notable damages were observed in
both the IHCs and OHCs in group Cis-m(12).

In terms of the IHC survival rates (Fig. 3A), approximately 10% of
the THCs were lost in group Cis(12) group, whereas less than 3% of
these hair cells were lost in group Cis-m(12). Between the groups,
significant differences in the IHC survival rate were noted at the
distances of 30%, 40%, 70%, and 80% from the apex (P<0.05), The
differeitce was also significant when the total IHC loss was compared
(P<0.05). ‘ aiL W ‘ ’

Fig. 3B shows the survival rates of the OHCs in groups Cis(12) and
Cis-m(12). Approximately 50% of these hair cells were lost in group
Cis(12), whereas less than 15% were lost in group Cis-m(12). In group
Cis(12), the extent of OHC loss ranged from 21% at 10% from the apex
to 68% at 80% from the apex, indicating that the basal region was more
severely affected than the apical region. Comparatively, the animals in
group Cis-m(12) showed less damage in the OHCs, but similarly, the
basal region was more severely affected than the apical region: the
extent of OHC loss was less than 20% in all the segments except 90%
from the apex (25% lgss). These groups showed significant differences
in the OHC survival rates at the distances of 20%, 40%, and 60-90%
from the apex {(P<0.05). The difference was also significant when the
total OHC loss was compared (P<0.05).

3.3. Platinum distribution and concentration

Fig. 4 shows the platinum distribution in the organ of Corti in
groups Cis(12) and Cis-m(12). Group Cis(12) had an apparently
higher platinum concentration in the organ of Corti than group Cis-m
(12). The mean intensity of platinum per tissue area of the organ of
Corti (count/mm?) was significantly greater in group Cis(12) than in
group Cis-m(12) {P<0.01; Table 1).

4. Discussion

The main targets of CDDP in the cochlea are the OHCs in the organ
of Corti and the stria vascularis, the vascularized epithelium in the
cochlear lateral wall [13]. CDDP induces a caspase-dependent
apoptotic pathway in these sensitive cochlear cells [14]. The
molecular mechanisms that trigger apoptosis in the cochlea have
not been elucidated, but several mechanisms have been proposed,
such as increased generation of reactive oxygen species [13,15]
Platinum analogs, such as carboplatin [16] and oxaliplatin [17], have
been developed to overcome the CDDP-related side effects. However,
clinical trials have shown that the regimens including CDDP are still the
most useful platinum-containing antineoplastic drugs {18]. Dozens of
experimental studies have attemipted to find ideal protective agents
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Fig. 3. Survival ates of the inver and outer hair cells in groups Cis(12) and Cis-m(12}
determined five days after drug administration by using cytocochleograms. The survival rates
of the inner (A) and euter {B) hair cells were calculated as percentages of the number of
surviving hair cells in the experimental groups to that in the control group ineach field. The
results represent the mean - SEM (n=4 guiniea pigs in each group). *P«0.05, *P=001.

against CDDP ototoxicity, Previous studies have shown that antioxi-
dants, including sodiwm thiosulfate [19], D- or L-methionine [20,21],
diethyldithiocarbamate [22,23], lipoic acid [24], and N-acetylcysteine
{25}, are useful in scavenging reactive oxygen species in the inner ear.
However, systemic administration of L-methionine or sodium thiosul-
fate may inactive CDDP and reduces its antitumor activity. To prevent
{DDP ototoxicity without reducing its antitumor activity, these agents
require invasive approaches for delivery into the inner ear. Several other
agents that protect from CDDP ototoxicity and also preserve its
antitumor effect have been developed; round window application of
adenosine Al receptor agonists [26,27] and oral administration of
ebselen and allopurinol [28], sodium butyrate [29], and salicylates [30]
are partially effective in reducing CDDP ototoxicity without affecting
its antitumor activity in animals., Until now, however, no clinical
interventions have been shown to prevent CDDP ototoxicity and ensure
safe therapy without reduced antitumor activity [31]. The development
of a drug-delivery technology offering better selective accumulation of
CDDP in solid tumors while lessening its distribution in normal tissues is
therefore anticipated.

In this study, we evaluated the ototoxicity of NC-6004 and CDDP,
and found that the animals given NC-6004 intravenously showed
virtually no ABR threshold shifts, excellent inner and outer hair-cefl
preservation, and reduced platinum distribution and concentration in
the organ of Corti compared with those that received the same doses
of cisplatin. These results clearly indicate the markedly less-extensive
ototoxicity of NC-6004.

The organ of Corti is isolated from the systemic circulation by the
blood~cochlear barrier, which is similar to the blood-brain' barrier
[32]. CDDP readily penetrates this barrier and enters the perilymph of
the inner ear, where it reaches the hair cells and exerts its toxic action.
The limited cochlear uptake of oxaliplatin is considered responsible
for the lower ototoxicity of oxaliplatin than CDDP [33]. The particle
size of NC-6004 is approximately 30 nm [11] and that of the intrastrial
space is approximately 15nm [33,34]; therefore, the decreased
otetoxicity of NC-6004 is mainly attributable to its circumvention of
the THCs and OHCs by not.crossing the stria vascularis, which forms a
part of the blood~cochlear barrier.

In the current study, the differences in the platinum distribution
between animals treated with CDDP and NC-6004 were elucidated by

Fig. 4. Synchrotron radiation-induced X-ray fluorescence spectrometry images of the platimun distribution and concentration in the organ of Corti. The white lines indicate the
basilar membrane and the areas surrounded by the broken lines indicate the presence of platinum. The cochlear eplthehum in groups (A-D) Cis{12) and (E-H) Cis-m(12) at

distances of approximately 20%, 40%, 60%, and 80% from the apex are shown.
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Table 1
The mean intensity of platinum per tissue area (count/mm?) shown in Fig. 4.

Group Figure  Tissue area  Background  Tissue area-to-background
intensity intensity intensity ratio
Cis(12) A 22.06 338 6.51
Cis(12) B 6.55 0.95 6.93
Gis{12} C 2199 335 572
Cis(12) 3] 67.68 1007 872
Average 647
Gs-m{i2) E 692 429 161
Gsm{12) F 4881 3363 145
Gs-m{12} G 1027 578 177
Cis-m{12) H 8.92 5.39 1.65
Average 1.62

The data were rounded off to the second decimal place.

pSR-XRF. Until now, 2 sampling technigues have been used fo
measure the platinum concentration in the cochlea: sampling of the
perilymph in the scala tympani [33] and homogenizing the cochlear
tissue [35]. In either of the technigues, it is impossible to measure the
platinum concentration only in the organ ef Corti. In contrast, uSR-XRF
enables {semi-)quantitative measurement of platinum concentration
in the organ of Corti. The limitation of our technique is that its
resolution is not high enough to distinguish each cell in the organ of
Corti, which contains not only the hair cells but also the supporting
cells. Thus, we could not measure the platinum concentration
exclusively in the hair cells, one of the main targets of CDDP-induced
cell damage. However, a previous immunchistochemical study [36], in
which the CDDP was detected indirectly in the guinea pig cochlea by
using an antiserum containing antibodies against CDDP-DNA adducts,
showed that, while platinated DNA was present in the nuclei of most
cells in the organ of Corti after CDDP administration, the nuclei of the
OHCs exhibited prominent immunostaining, with the nuclei of all
other (supporting) cells being only weakly stained. Therefore, it is

" reasonable that the platinum concentration in the organ of Corti

measured by uSR-XRF is mainly derived from the OHCs.

Reportedly, there is a large difference in the CDDP concentration
between the perilymph and the blood, and ABR threshoeld shifts are
related to the CDDP concentration in the blood but not in the
perilymph [37]. These findings suggest that a high plasma concen-
tration of CDDP could collapse the blood~cochlear barrier at the initial
stage after CDDP administration. NC-6004 is a long-circulating carrier
with a gradual-release profile of CDDP [11]. Therefore, the reduced
ototoxicity of NC-6004 can also be explained by the possibility that
the gradual-release profile of CDDP from NC-6004 avoids an abrupt
transient increase in the plasma CDDP concentration at the initial
stage after its administration, thereby preserving the blood-cochlear
barrier. This view is consistent with the fact that NC-6004 has
negligible nephrotoxicity compared with CDDP, which shows 2
transient increase in its initial blood concentration [7]. There is also
a significant correlation between the plasma creatinine level, an
indicator of renal function, and the concentration of platinum [38].
Therefore, the reduced nephrotoxicity of NC-6004 might contribute to
its reduced ototoxicity.

5. Conclusion

The present study demonstrated that the systemic administration
of CDDP induced dose-dependent ABR threshold shifts and hair cell
damage in guinea pigs, whereas such adverse effects were virtually
absent after the systemic administration of NC-6004. The uSR-XRF
imaging showed that the platinum distribution in the organ of Corti
was significantly reduced by the micellization of CDDP. These findings
confirn that the micellization of CDDP reduces its ototoxicity without
additional administration of protective agents, and these findings
hiave not been reported in previous studies. This advantage will

improve patient compliance in cancer chemotherapy while main-
taining substantial antitumor efficacy.
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Surface modification using poly(ethylene glycol) (PEG) is a widely used strategy to improve the

biocompatibility of cationic polymer-based nonviral gene vectors {polyplexes). A novel method based on

intravital real-time confocal laser scanning microscopy (IVRTCLSM) was applied to quantify the dynamic
states ‘of polyplexes in the bloodstream, thereby demonstrating the efficacy of PEGylation to prevent their
agglomeration. Blood flow in the earlobe blood .vessels of experimental animals was monitored in a
noninvasive manner to directly observe polyplexes in the circulation. Polyplexes formed distinct aggregates
immediately after intravenous injection, followed by interaction with platelets. To quantify aggregate
formation and platelet interaction, the coefficient of variation and Pearson's correlation coefficient were
adopted. In contrast, polyplex micelles prepared through self-assembly of plasimid DNA with PEG-based block

. catiomers had dense PEG palisades, revealing no formation of aggregates without visible interaction with

platelets during circulation. This is the first report of in situ monitoring and quantification of the availability of
PEGylation to prevent polyplexes from agglomieration over time in the blood circulation. This shows the high
ufility of IVRTCLSM in drug and gene delivery research.

© 2011 Elsevier B.V. All rights reserved.

1. Concept of new methodologies

Gene therapy offers a unique potential for the treatment of genetic
and intractable diseases and for tissue engineering. Its success is
dependent upon the development of useful gene vectors as well as
application of a drug delivery system (DDS). Nonviral gene vectors are
attractive alternatives to viral gene vectors because they are much
simpler to produce, transport and store, and induce fewer immune
responses. Cationic polymers that electrostatically interact with

Abbreviations: PEG, poly(ethylene glycol); DDS, drug delivery system; pDNA, plasmid
DNA; BPEL branched polyethylenimine; Plys, poly(I-lysine); PEG-PLys, poly(ethylene
glycol)-b-poly(L-lysine); PAsp(DET), poly{N-IN-{2-aminoethyl)-2-aminoethyljasparta-
wide}; PEG-PAsp(DET), poly(ethylene glycol)-b-poly{N-{N-(2-aminoethyl}-2-aminoethyi]
aspartamide}; IVRTCLSM, intravital real-time confocal laser scanning microscopy; OV,
coefficient of variation; PCC, Pearsom's correlation coefficent.
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Tel: +81 3 5841 7138; fax: 81 3 5841 7139.

E-mail address: kataoka@bmw.t.u-tokyo.acjp (i Kataoka).

' These authers equally contributed to this work.

0168-3659/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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plasmid DNA (pDNA) have been widely studied as materials to
construct nonviral gene vectors [1-5]. The cationic polymers most
commonly used as gene vectors include branched polyethylenimine
{BPEI, linear polyethylenimine, poly(L-lysine) (PLys), chitosan, and
dendrimers [6]. These polymers form polyion complexes (polyplexes)
with pDNA to successfully transfer it into cultured cells to induce
appreciable level of gene expression. However, these polyplexes have
biocompatibility problems for systemic application. Polyplexes usu-
ally require excess polycations to generate electrostatic repulsion for
their increased solubility and colloidal stability. This eventually results
in a shift of their surface charge to a positive value. This positive
charge causes nonspecific interaction with anionic components in the
body such as plasma proteins and blood cells, which might lead to
severe adverse effects [7,8]. Attachment of hydrophilic polymers such
as poly{ethylene glycol} (PEG) is called “PEGylation” and has often
been used to shield nonviral gene vectors from undesired interaction
in the blood. PEGylation also contributes to diminished uptake by the
reticuloendothelial system or macrophages, and hence the half-life in
blood circulation can be extended. )
It is well documented that a PEG palisade prevents nenspecific
interaction with biological components, However, in situ evaluation of
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the interaction between nonviral gene vectors and biological
components has not been reported due to the absence of methodol-
ogy to quantify the interaction. We recently described a method of
direct and instantaneous observation of intravenously injected
substances using intravital real-time confocal laser scanning micros-
copy (IVRTCLSM) [9]. IVRTCLSM provides high-speed scanning and
strnultaneous capture of multicolor fluorescence. The macromolecular
agents flowing in the bloodstream in tumors, kidneys, and livers can
be monitored using IVRTCISM.

In the present study, we applied IVRTCLSM for the investigation of
the interaction between nonviral gene vectors and biological
components in situ. For the PEGylated polyplexes, we focused on
polyplex micelles made through the self~assembly of pDNA with PEG-
based cationic block copolymers [10-12]. We further developed an
analytical methodology to quantify the dynamic states of nonviral
gene vectors circulating in the bloodstream. This is the first report
visualizing and quantifying the iteraction between nonviral gene
vectors and biological components over time and in real-time in sifu.

2. Experimental methods
2.1. Sample preparation

Sterile Hepes (1 M, pH 7.3) was purchased from Amresco {Solon,
OH, USA) and used as a buffer solution after dilution with distilled
water.. pDNA encoding the soluble form of vascular endothelial
growth factor receptor-1 was labeled with Cy5 using Label IT Tracker
'Nudleic Acid Localization Kits (Mirus Bio Corporation, Madison, Wi,
USA). BPEI {molecular weight (MW) 22 kDa; Sigma-Aldrich, St. Louis,
MO, USA) was dialyzed in 0.01 M HCl and lyophilized as a
hydrochioride salt. BPEl and Plys (hydrobromide sait, MW 4-
15kDa; Sigma-Aldrich) were mixed with Cy5-labeled pDNA
(150 pg/mL) at an N/P ratio of 6 and 2, respectively, to form
polyplexes. The N/P ratio was defined as the residual molar ratio of
amino groups of cationic segment to phosphate groups of pDNA. Poly
{N-{N-(2-aminoethy})-2-aminoethyl]aspartamide} (PAsp(DET)) (po-
Iymerization degree: 95) was synthesized as described previously
[13]. PAsp(DET) was mixed with Cy5-labeled pDNA at an N/P ratio of
4. Poly(ethylene glycol)-b-poly(I-lysine) (PEG-PLys; MW of PEG:
12,000; polymerization degree of PLys segment: 45) was synthesized
as described previously [14]. Poly(ethylene glycol)-b-poly{N-[N-(2-
aminoethy!)-2-aminoethyljaspartamide} (PEG-PAsp(DET); MW of
PEG: 12,000 Da; polymerization degree of PAsp(DET) segment: 93)
was synthesized by the aminolysis of PEG-poly(B-benzyl L-aspartate)
block copolymer with diethylenetriamine according to -a previous
report {13]. PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were
prepared at an N/P ratio of 2 and 4, respectively. The final Cy5-labeled
pDNA concentration was adjusted to 100ug/mL in 10 mM Hepes
buffer {pH 7.3).

2.2. Animal preparation

All animal experimental procedures were executed in accordance
with the Guide for the Care and Use of Laboratory Animals as stated by
the National Institutes of Health. Balb/c nude mice (female; Charles
River Laboratories, Tokyo, Japan) were anesthetized with 3.0%-4.0%
isoflurane (Abbott Japan Co,, Ltd., Tokyo, Japan) using a Univenter 400
Anaesthesia Unit (Univentor Ltd., Zejtun, Malta). Mice were then
subjected to lateral tail vein catheterization with a 30-gauge needle
(Dentronics Co,, Ltd., Tokys, Japan) connected to a nontoxic, medical
grade polyethylene tube (Natsume Seisakusho Co., Ltd,, Tokyp, Japan).
Platelets were labeled in vivo with the intravenous injection of
DyLight 488-conjugated anti-GPIbp antibody (X488; EMFRET Analytics,
Eibelstadt, Germany) following the manufacturer's instructions. Mice
were placed onto a custom-designed temperature-controlled micro-
scope stage. The ear lobe was attached beneath the cover slip with a

single drop of immersion oil as described in our previous report [9].
Video acquisition of the dermis tissue at a speed of 30 frames per second
was performed for 10 min. Two-hundred microliters of naked pDNA,
polyplexes, and micelles (20 pg of pDNA) were administered via the tail
vein catheter 10 s after video acquisition was initiated. For the platelet
inhibition study, 300 pL of aspirin (acetylsalicylic acid; Sigma-Aldrich)
saturated agueous solution was orally administered to mice for 2
consecutive days before IVRTCLSM.

2.3. IVRTCLSM imaging and processing

All picture/movie acquisitions were performed using a Nikon A1IR
confocal laser scanming microscope system attached to an upright
ECLIPSE FN1 machine equipped with a CFl Apo 40x WI \S objective
lens (Nikon, Tokyo, Japan). All pictures/movies were acquired at a
scale of 79.55 pmx 79.55 pum with 5.11 pm of confocal slice. Acquired
data were further processed using Nikon NIS Elements software. The
region of interest (ROI) was manually defined in the vein. Image
frames were extracted every 5s from the video data for further
analyses. For quantification of aggregates, the coefficient of variation
{CV) of Cy5 flusrescence was calculated. For the platelet interaction
study, colocalization between Dylight and Cy5 was evaluated by
Pearson’s correlation coefficient (PCC) [15]. All obtained values were
plotted against time.

3. Discovery
3.1. Real-time observation of aggregates

We prepared BPEI/pDNA (N/P = 6), PLys/pDNA (N/P=2), and PAsp
{DET)/pDNA (N/P=4) polyplexes as well as PEG-PLys/pDNA (N/P =2}
and PEG-PAsp(DET)/pDNA (N/P = 4) micelles. BPEI/pDNA was used as
the representative polyplex containing excessive polycations. N/P ratios
of PLys/pDNA and PAsp(DET)/pDNA were determined as the critical
ratio to condense pDNA according to our previous report [ 16]. N/P ratios
of PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were deter-
mined at the same N/P ratios of PLys/pDNA and PAsp(DET)/pDNA
polyplexes, respectively. The size and zeta potentials of these polyplexes
and polyplex micelles were summarized in Supplementary Table 1.

Intravenously injected polyplexes and micelles were directly
observed by IVRTCLSM. These dynamic states in the bloodstream were
compared (Supplementary Videos 1-5). Extracted movie frames at
indicated time points are shown in Fig. 1. Immediately after the BPEl/
pDNA polyplex was injected, the fluorescence of Cy5 agglomerated into
clumps with a variable size in several micrometers range. This
nonuniform fluorescence distribution of the polyplex indicated forma-
tion of aggregates. PLys/pDNA and PAsp(DET)/pDNA polyplexes showed
similar aggregate formation. In contrast, the fluorescence of Cy5 showed
uniform distribution when PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA
micelles were injected, indicating the absence of aggregates.

3.2. Quantification of nggregates

Using the mean intensity of Cy5 fluorescence, the amount of Cy5-
labeled pDNA was evaluated. We acquired the imiages every 5s,
calculated the relative fluorescence intensity defined as (Cy5 mean
fluorescence intensity - Cy5 minimum fluorescence intensity)/
(Cy5 maximum fluorescence intensity — Cy5 minimum fluorescence
intensity), and plotted the relative fluorescence intensities against
time. (Supplementary Fig. 1) The relative fluorescence intensities of
naked pDNA decreased immediately, and almost disappeared within
5min after the start of acquisition. The relative fluorescence
intensities of BPEI/pDNA, PLys/pDNA, and PAsp(DET)/pDNA poly-
plexes also rapidly decreased and dropped to around 0.2 within
10 min after the start of acquisition. In contrast, PEG-PLys/pDNA, and
PEG-PAsp(DET)/pDNA polyplex micelles maintained the relative
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Osec 40 sec

PEG-PAsp(DET)pDNA PEG-PLys/pDNA PASp(DET)/pDNA PLys/pDNA BPEV pDNA

BPEVPDNA Aspirin

2min 10 min

Fig. 1. Intravital confocal micro-videography of polyplexes and polyplex micelles in the bloodstream of the mouse earlobe. Prior to observation, the anti-GPIbR antibody conjugated
with DyLight 488 was injected to label platelets (green). The polyplexes and polyplex micelles incorporating Cy5-labeled pDNA (red) were intravenously injected 10 s after start of
observation. Image frames were extracted from videos at identical time points for comparison. Image size: 79.55 umx79.55 pm. Confocal slice: 5.11 pm.

fluorescence intensities of around 8.9 and 0.7 even 10 min after the
start of acquisition, suggesting the prolonged blood circulation. These
results are consistent with the previous studies, which demonstrated
pDNA degradation within 5min and the improvement of blood
circulation by PEGylation [17,18].

However, the relative fluorescence intensities could not provide
the information about the aggregates of polyplexes and polyplex
micelles. Thus, the quantification of aggregates was performed by CV
calculation of Cy5 fluorescence in the ROL The CV is a normalized
measure of dispersion of a distribution, and is defined as the ratio of
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the standard deviation to the mean. We acquired the images every 5 s,
calculated the CV, and plotted the CV against time (Fig. 2). CV values of
the polyplexes rapidly increased upon first entry into the vein of the
earlobe immiediately afier intravenous injection. CV values of the
polyplexes subsequently fluctuated and decreased over time. In

- contrast, CV values of the micelles slightly increased upon first entry
due to the admixture of micelles and blood, and remained at a plateau
at the lower values without fluctuation.

3.3. Platelet interaction study

Platelet is known to be the primary cell components involved in
the initial event of thrombosis, and polycations initiate the process of
platelet clots formation [19-21]. Thus, in this study, we focused on
platelets interaction with cationic polyplexes. To investigate the
interaction of polyplexes with platelets, we labeled platelets with
DyLight 488-conjugated anti-GPIbB antibody, and observed the
interaction using IVRTCLSM (Fig. 1, Supplementary Videos 1-5). The
average labeling efficiency of the antibody has been reported to be
~90% [22]. BPEI/pDNA, PLys/pDNA, and PAsp(DET)/pDNA polyplexes
formed aggregates immediately after injection as described above.
Their adhesion to platelets was clearly observed approximately 2 min
after injection as judged from the colocalization of red and green
fluorescences to appear as yellow colored pixels. In contrast, PEG-
PLys/pDNA and PEG-PAsp(DET)/pDNA micelles showed no adhesion
to platelets throughout the whole experiment.

3.4. Platelet interaction quantification

To quantify the interaction between polyplexes and platelets, we
acquired the images every 5s, and calculated the colocalization
- between Cy5 fluorescence and DyLight 488 fluorescence using PCC
[15]. PCC indicates the intensity of the correlation of two elements,
ranging from —1 to + 1. The PCC value of the BPEI/pDNA polyplex
fluctuated and increased up to approximately 0.4 (Fig. 3). PLys/pDNA

——BPE} —Plys - PEGPLys ——PAsp(DET) ----- PEG-PAsp(DET)

o
]

Coefficient of Variation

Time (min)

Fig. 2. Quantification of aggregates of polyplexes and micelles. Aggregates of polyplexes
and micelles were quantified with €V of Cy5 fluorescence intensities in the frames
extracted every 5 s from crude videos,
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Fig. 3. Quantification of colecalization between polyplexes/micelies and platelets. The
eolocalization was measured with PCC. PCC was caladated from the frames exttracted
every 5 s from crude videos.

and PAsp(DET)/pDNA polyplexes also fluctuated and increased up to .
approximately 0.25 and 0.33, respectively. In contrast, PCC values of
PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were maintained
at almost zero throughout the study.

3.5. Platelet inhibition study

To investigate whether inhibition of platelet function decreases
aggregates formation, aspirin was used as an anti-platelet agent. We
compared the CV and PCC of the BPEI/pDNA polyplex between
aspirin-administered mice and nonadministered control mice
(Figs. 1 and 4, Supplementary Video 6). The CV value of the aspirin-
administered mice was almost identical to that of control mice;
however, their PCC value remained <0.1 throughout the study.

4. Interpretation and significance of new methodologies

Pharmacokinetic studies are indispensable for developing efficient
DDSs that transport drugs specifically to the targeted tissue.
Pharmacokinetic studies using animals have primarily relied on ex
vivo techniques, such as analyzing blood or urine samples. These
ex vivo technigques hiave been well established to analyze blood
circalation, target accumulation, or other pharmacological informa~
tion of the DDS. However, this approach provides only static
information at specific time points. Therefore, investigating dynamic
and longitudinal events using this approach is difficult. Alternatively,
the intravital microscopy is an emerging technique [23], allowing to
investigate such dynamic states of DDS in animals. Recently, we
developed the intravital microscopy equipped with fast-scanning
laser confocal systems (IVRTCLSM) [9], and demonstrated here its
application as a novel tool to dynamically evaluate the interaction
between gene vectors and blood components. Our method is
characterized by neninvasive observation with high spatial and
temporal resolutions to quantitatively monitor the dynamic states
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Fig. 4. Platelets inhibition study with aspirin. (a) Aggregates of BPEI/pDNA polyplexes
of the aspirin-administered mouse was quantified with the CV of Cy5 fluorescence
intensities in the frames extracted every 5s from crude videos. (b) Colocalization
between BPEI/pDNA polyplexes and platelets of the aspirin-administered mouse was
quantified with PCC. PCCwas calculated from the frames extracted every 5 s from crude
videos. For comparison, the CV and PCC of the BPEI/pDNA polyplexes-administered
normal mouse in Figs. 2 and 3 were shown respectively again.
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of nonviral gene vectors. In the present study, the mouse earlobe was
noninvasively fixed beneath the coverslip, and the vein was imaged at
the dermis layer. Confocal imaging eliminated light from eut-of-focus
sections in the ear lobe such as the epidermis and hypodermis.
Furthermore, we kept the confocal slice thinner (5.11 pun) than the
diameter of the vein, so that the signal was detected only from inside
the vasculature. High-speed scanning was essential to obtain
unambiguous images to quantify the aggregates and colocalization

between nonviral gene vectors and platelets because conventional ©

galvano scanners are too slow to distinguish the individual aggregates
and platelets rapidly flowing in the bloedstream, providing insuffi-
cient and blurred images {Supplementary Videos 7 and 8).

We investigated the polycations BPEI and PLys. They are widely
used to construct polyplexes and PAsp(DET) hasreduced cytotoxicity
and high transfection efficiency {13]. To evaluate the improvement of
biocompatibility via PEGylation, PEG—PLys{pDNA and PEG-PAsp
{DET)/pDNA micelles were examined. A simple and effective way
to PEGylate polyplexes is, as we reported [10-12], to use PEG-based
cationic block copolymers as counterpart polycations to pDNA. The
block copolymers are characterized by tandem alignment of a
hydrophilic PEG segment and a cationic segment, leading to the
formation of stable and biocompatible micelles with a core of
polycation/pDNA comiplex surrounded by a dense PEG palisade and
size of approximately 100 nm. Indeed, the micelle composed of PEG-
PLys and pDNA achieved higher stability than that of unmodified
PLys/pDNA polyplex in a medium containing serum and showed
prolonged blood circulation {18,24]. The block copolymer possessing
a cationic polyaspartamide segment carrying an ethylenediamine
unit at the side chain, PEG-PAsp{DET), also formed the micelle with
pDNA, which prevented nonspecific interaction with biological
components such as erythrocytes and platelets under in vitro
conditions [8].

TVRTCLSM was used to directly investigate the interaction between
these gene vectors and platelets in the bloodstream. IVRTCLSM could
be used to evaluate the dynamic states of nonviral gene vectors
rapidly flowing in the bloodstream over time in situ {Fig. 1 and
Supplementary Videos 1-6). This is the first report to visualize the
formation of ageregates and the prevention by PEGlyation of
polyplexes in situ in the bloodstream.

Te quantify the aggregates, we adopted the CV, CV values reﬂected
the nonuniform fluorescence disiribution of polyplexes and uniform
fluerescence distribution of micelles {Fig. 2). It is noteworthy that our
IVRTCLSM started video acquisition 10s before administration,
altowing us to follow aggregate formation immediately after injection.
CV values of the polyplexes rapidly increased approximately 20-30's
after injection, and corresponded well with the entry of polyplexes,
indicating instantaneous formation of aggregates (Fig. 2). CV values
also fluctuated over time, depending on the amount of aggregates at
those time points. Furthermore, CV values of polyplexes decreased
with time due to their disappearance from the bloodstream. In
contrast, CV values of micelles were modevrately elevated when
micelles passed the ROI first. This moderate elevation was because of
the admixture of micelles and biood without aggregate formation.
Moreover, {V values were retained at a plateau after this moderate
elevation, suggesting persistent circulation and umform distribution
of micelles in the bloodstream.

IVRTCLSM was also useful for the investigation of the dynamic
interaction between nonviral gene vectors and platelets. Indeed, we
succeeded in visualizing the interaction between polyplexes and
platelets in situ. This dynamic information could not be revealed
witheout IVRTCLSM.

To quantify the platelet interaction, we adopted PCC between
polyplexes/micelles and platelets (Fig. 3). PCC values of polyplexes did
not increase at the time point when CV values started to increase, PCC
values began to increase after approximately 1 min after injection,
and indicated strong correlation between polyplexes and platelets

2 min after injection. This temporal gap between aggregate formation
and platelet interaction strongly indicated that aggregate formation
was not triggered by platelets. To confirm this, we conducted the
study in mice that were administered aspirin (Fig. 4). Aspirin induces
a long-lasting functional defect in platelets [25], and thus may inhibit
platelet interaction with polyplexes. The CV and PCC quantitatively
demonstrated that oral administration of aspirin successfully inhib-
ited platelet interaction with aggregates (Fig. 4b), but did not inhibit
aggregate formation itself (Fig. 4a). This result indicates that the
aggregate formation of polyplexes does not involve platelets (at least
in the initial stage). Presumably, some protein components in plasma
may have a role in aggregate formation, but further mvestlgatmn is
needed to clarify the mechanism.

Aggregate formation in the range of several micrometers
immediately after intravenous injection should crucially affect the
efficiency of systemically injected polyplexes. The aggregated
polyplexes cannet exiravasate into the targeted tissues or cells.
Moreover, they might lead to thrombosis through the interaction
with platelets to obstruct microvessels in normal tissue, including
the lungs and liver, resulting in nonspecific accumulation of
polyplexes in these tissues. This accumulation caused by aggregate
formation will lead to unfavorable effects such as pulmonary
embolism. The micelles, in contrast, did not form aggregates, and
also showed no interaction with platelets. Thus, they are expected to
prevent adverse effects caused by polyplex agglomeration, which
cannot be inhibited even by oral administration of aspirin. This result
confirms that PEGylation is a rational strategy to improve the
biocompatibility of nonviral gene vectors based on polyplex
formation [3,10-12].

In the present study, IVRTCLSM was used to visualize and quantify
the dynamic states of polyplexes flowing in the bloodstream.
Moreover, with respect to ethics, [VRTCLSM excels conventional
ex vivo methods that involve the sacrifices of numerous animals to
acquire pharmacokinetic information. IVRTCLSM provides teraporal
and spatial information at 30 time points in 1 s with a single mouse,
which is desirable for high-thr Dughput screening of newly developed
DDSs.

In conclusion, IVR[‘CISM was developed and applied to directly
investigate the dynamic state of gene vectors in the bloodstream.
Aggregate formation of the polyplexes and its prevention by
PEGylation was observed in situ for the first time under the flow in
the capillary. Thus, IVRTCLSM could provide the requisite information
that has not been obtained by conventional methods, thereby giving a
new facet in the research on systemic gene delivery.

Supplementary materials related to this article can be found-online
at doi:10.1016/j.jconrel. 2011.02.011.
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ARTICLE ABSTRACT
Article history: It has been shown that molecular hydrogen acts as a therapeutic and preventive antioxidant by selectively
Received 14 July 2010 reducing the hydroxyl radical, the most cytotoxic of the reactive oxygen species. In the present study, we
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tested the hypothesis that acoustic damage in guinea pigs can be attenuated by the consumption of molec-
ular hydrogen. Guinea pigs received normal water or hydrogen-rich water for 14 days before they were
exposed to 115 dB SPL 4-kHz octave band noise for 3 h. Animals in each group underwent measurements
for auditory brainstem respanse (ABR) or distortion-product otoacoustic emissions (DPOAEs)before the

Keywords: ) . treatment {baseline) and immediately, 1, 3, 7, and 14 days after noise exposure. The ABR thiresholds at
Temporary threshold shift e p e e ; -

Oxidative stress 2 and 4 kHz were significantly better on post-noise days 1, 3, and 14 in hydrogen-treated animals when
Cochlea compared to the normal water-treated controls. Compared to the controls, the hydrogen-treated anirnals
Hair cell showed greater amplitude of DPOAE input/output growth functions during the recovery process, with

statistical significance detected on post-noise days 3 and 7. These findings suggest that hydrogen can

facilitate the recovery of hair cell function and attenuate noise-induced temporary hearing loss.

© 2010 Elsevier Ireland Ltd. Al rights reserved.

Exposure to loud noise may cause sensorineural hearing loss that
can last for minutes, hours, days, or permanently, depending on the
parameters of the acoustic overstimulation and the subject’s sus-
ceptibility to noise exposure. Noise-induced temporary threshold
shift (TTS) is a reversible elevation in hearing threshold that occurs
after acoustic overstimulation. TTS can be an indicator of expo-
sures thatlead to permanent hearing loss after multiple, cumulative
exposure events. Although the mechanisms underlying this phe-
nomenon are not fully understood, it is widely accepted that direct
mechanical damage and/or indirect metabolic alterations may be
involved. Most notably, the generation of reactive oxygen species
(ROS) [12], which may serve as triggers for necrosis or apoptosis,
results in damage to the cochlear hair cells and the subsequent
degeneration of auditory neurons. Thus, suitable antioxidants are
. desired to protect against oxidative damage in the inner ear. Phar-
macological agents effective against TTS may have a potential
- clinical role in the prophylaxis of acute acoustic damage. However,
most antioxidants have difficulty reaching the cochlear hair cells
because of the blood-labyrinthine barrier. :
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Recent studies have revealed that molecular hydrogen mediates
beneficial effects in different systems as an optimal antioxi-
dant agent by selectively scavenging free hydroxyl radicals {(*OH)
[23,25]. Inhaled hydrogen gas can prevent or reduce pathological .
or biochemical changes in animal models of cerebral infarction
[23], neonatal hypoxia ischemia [4], hepatic injury [9], intesti-
nal ischemia injury [2], myocardial ischemia-reperfusion injury
{11], cisplatin-induced nephrotoxicity [19], polymicrobial sepsis
[26], and generalized inflammation {27]. Continuous consump-
tion of hydrogen water can also protect against intestinal ischemia
[29], neonatal hypoxia-ischemia [3], chronic allograft nephropathy
[5] and acute pancreatitis [6]. It has also been shown to reduce
atherosclerotic lesions in apolipoprotein E knock-out mice [24],
inactivate oxidative stress in the brain of Parkinson disease rodents
[7.81, and prevent stress-induced decline in learning and mem-
ory caused by chronic physical restraint [18]. Hydrogen-loaded eye
drops can also protect the retina from ischemia-reperfusion injury
[21]. ‘A clinical study has shown that consuming hydrogen-rich
water improves lipid and glucose metabolism in type 2 diabetes
patients [14]. Furthermore, hydrogen-saturated culture medium
can protect cochlear hair cells against antimycin A-induced oxida-
tive stress in vitro [16].

Because of permeability and few side effects of molecular
hydrogen, it is considered especially favorable as a component of
inner-ear medicine. In the present study, therefore, we tested the:



