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Experimental Approaches to Inner Ear Cell Therapy Using Laboratory Animals

Kazusaku Kamiya and Katsuhisa Ikeda

(Juntendo University School of Medicine)

Recently, a number of clinical studies on cell therapy have been reported and used in clinical practice
for several intractable diseases. Inner ear cell therapy for sensorineural hearing loss also has been studied
using some laboratory animals, although to date reports on successful hearing recovery have been few.

Previously, we developed a novel rat model of acute sensorineural hearing loss due to fibrocyte dys-
function induced by a mitochondrial toxin and performed cell therapy with bone marrow mesenchymal
stem cells (MSCs). In this study, we injected MSCs into the lateral semicircular canal; a number of these
stem cells were then detected in the injured area in the lateral wall. Rats with transplanted MSCs in the
lateral wall demonstrated a significantly higher hearing recovery ratio than the untreated controls. These
results suggested that mesenchymal stem cell transplantation into the inner ear may be a promising ther-
apy for patients with sensorineural hearing loss due to degeneration of cochlear fibrocytes.

In this article, we review studies on inner ear cell therapy using some laboratory animals including
rodents such as mice and rats, and primates such as cynomologus monkeys (Macaca fascicularis).
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Vestibular function of patients with profound deafness related
to GJB2 mutation

MISATO KASAI!, CHIERI HAYASHI!, TAKASHI [IZUKA!, AYAKO INOSHITA!,
KAZUSAKU KAMIYA!, HIROKO OKADA!, YUKINORI NAKAJIMA'!, KIMITAKA KAGA? &
KATSUHISA IKEDA'

! Department of Otorhinolaryngology, Funtendo University School of Medicine, Tokyo and *National Institute of Sensory
Organs, National Tokyo Medical Center, Tokyo, Fapan

Abstract

Conclusion: GJB2 mutations are responsible not only for deafness but also for the occurrence of vestibular dysfunction.
However, vestibular dysfunction tends to be unilateral and less severe in comparison with that of bilateral deafness. Objectives:
The correlation between the cochlear and vestibular end-organs suggests that some children with congenital deafness may have
vestibular impairments. On the other hand, G¥B2 gene mutations are the most common cause of nonsyndromic deafness. The
vestibular function of patients with congenital deafness (CD), which is related to G¥B2 gene mutation, remains to be
elucidated. The purpose of this study was to analyze the relationship between G¥B2 gene mutation and vestibular dysfunction
in adults with CD. Methods: A total of 31 subjects, including 10 healthy volunteers and 21 patients with CD, were enrolled in
the study. A hearing test and genetic analysis were performed. The vestibular evoked myogenic potentials (VEMPs) were
measured and a caloric test was performed to assess the vestibular function. The percentage of vestibular dysfunction was then
statistically analyzed. Results: The hearing level of all CD patients demonstrated a severe to profound impairment. In seven CD
patients, their hearing impairment was related to G¥B2 mutation. Five of the seven patients with CD related to G¥B2 mutation
demonstrated abnormalities in one or both of the two tests. The percentage of vestibular dysfunction of the patients with CD
related to G¥B2 mutation was statistically higher than in patients with CD unrelated to G¥B2 mutation and in healthy controls.

Keywords: Vestibular evoked myogenic potentials, caloric test

Introduction

Since a correlation between the peripheral auditory
and vestibular systems has been identified both
anatomically and phylogenetically, a subgroup of
children with congenital deafness (CD) may be asso-
ciated with vestibular and balance impairments [1-3].
Interestingly, the vestibular disturbance in these chil-
dren gradually disappears as they grow up, probably
because of a compensatory mechanism of the central
nervous system. However, there have been only a few
reports that conducted a detailed analysis of the
vestibular function in adults with CD.

CD has been reported in approximately one child
per 1000 births [1]. In more than half of these cases,

the disease is caused by gene mutation. In partic-
ular, mutation in the G¥B2 gene, which encodes
Cx26 in the gap junction, is known to be a most
common cause (up to 50% of such cases) [2,3].
Gap junction channels enable the neighboring cells
to exchange small signaling molecules. Immuno-
histochemical studies have revealed that Cx26 exists
not only in the cochlea but also in the vestibular
organs [4]. K* cycling involving gap junction pro-
tein Cx26 in the vestibular labyrinth, which is sim-
ilar to that in the cochlea, is thought to play a
fundamental role in the endolymph homeostasis
and sensory transduction [5]. These findings suggest
that mutations in the G¥B2 gene may thus cause
vestibular dysfunction.
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In this study, the relationship between G¥B2 gene
mutation and vestibular dysfunction in adults with
CD was investigated to confirm whether or not there
are any abnormalities associated with the vestibular
function.

Material and methods
Subjects

The subjects in this prospective study included 21
patients with CD and 10 healthy volunteers. The
patients were excluded from the study if they were
being treated with ototoxic drugs or if they had a
cytomegalovirus infection, bacterial meningitis, exter-
nal and middle ear pathological findings, or other risk
factors for inner ear damage. No participants had
syndromic deafness due to pigmentary retinopathy,
nephropathy, goiter, or any other diseases. Patients
with vestibular dysfunction due to head trauma, brain
tumor, Meniere’s disease, or other conditions were
also excluded from the study. All subjects underwent
an otoscopic examination and were found to have a
normal tympanic membrane. Audiometric testing was
performed in a double-walled, sound-treated booth.
All patients gave their informed consent in writing and
the study was approved by the Ethics Committee of
Juntendo University School of Medicine.

Genetic analysis

DNA was extracted from peripheral blood leukocytes
of the subjects. The coding region of GYB2 was
amplified by PCR using the primers G¥B2-2F 5'-
GTGTGCATTCGTCTTTTCCAG-3" and GJB2-
2R 5-GCGACTGAGCCTTGACA-3’. The PCR
products were sequenced using the PCR primers
and sequence primers G¥B2-A 5-CCACGC-
CAGCGCTCCTAGTG-3 and G¥B2-B 5-GAA-
GATGCTGCTGCTTGTGTAGG-3". These were
visualized using an ABI Prism 310 Analyzer (PE
Applied Biosystems, Tokyo, Japan).

Vestibular evoked myogenic potentials

The vestibular evoked myogenic potentials (VEMPs)
were measured as described in a previous report [6].
Both sound stimuli of clicks (0.1 ms, 95 dBnHL) and
short tone burst (500 Hz; rise/fall time, 1 ms, 95
dBnHL) were presented to each side of the ear
through the headphones using a Neuropack
evoked-potential recorder (Nihon Kohden Co. Ltd,

Vestibular function of patients with G]JB2 mutation 991

Tokyo, Japan). The surface electromyographic activ-
ity was recorded with the patient in the supine posi-
tion from symmetrical sites over the upper half of each
sternocleidomastoid (SCM) muscle with a reference
electrode on the lateral end of the upper sternum.
During recording, the subjects were instructed to lift
their head up or to turn the contralateral side to
induce hypertonicity of the SCM. Thereafter, the
electromyographic signals from the stimulated side
of the SCM muscle were amplified.

Caloric test

The caloric test in the current study was performed as
described elsewhere [7]. Briefly, 2 ml of ice-water (at
4°C) was irrigated in the external auditory meatus to
induce a thermal gradient across the horizontal semi-
circular canal of one ear. The duration of horizontal
and vertical nystagmus was recorded. The results
were compared between the right and left ears.

Statistical analysis

The data are expressed as the mean + SD. Statistical
analyses were conducted using a non-repeated mea-
sures analysis of variance (ANOVA). Significant
effects were further analyzed by post hoc multiple
comparison tests using the Student-Newman-Keuls
test. A value of p <0.05 was considered to indicate
statistical significance.

Results
Hearing test

The pure-tone averages of 0.5, 1.0, and 2.0 kHz are
shown in Table I. The hearing impairments of CD
patients ranged from severe (71-95 dB) to profound
(>95 dB). The hearing levels of all controls were at
the normal level (<30 dB; data not shown).

Generic analysis

GJB2 mutations were found in nine CD patients
(Table I). All three mutations have been described
previously in association with deafness. Among these
mutations, 235delC mutaton was found in eight
patients. One nonsense mutation (Y136X) and one
frameshift mutation (176-191del) were also identi-
fied. In six patients with a homozygous G¥B2 muta-
tion and one patient with a compound heterozygous
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Table I. Results of hearing level, genetic analysis, and vestibular function of subjects with congenital deafness (CD)

Hearing level
(dB)

Case no. Left Right Sex Age (years) Mutation in G¥B2 VEMPs Caloric test

Patients with G¥B2-related CD

1 86 98 M 26 Homo 235delC Right decreased Left CP

2 106 108 M 25 Homo 235delC Right decreased Normal

3 108 106 M 28 Homo 235delC Right decreased Normal

4 108 106 M 37 Homo 235delC Normal Right CP

5 100 106 M 32 Homo 235delC Normal Right poor/left CP
6 80 91 M 25 Homo 235delC Normal Normal

7 115 108 M 25 Y136X/235delC Normal Normal
Patients without G¥B2-related CD

8 98 98 F 24 Left decreased Bilateral CP
9 98 115 M 26 Normal Bilateral CP
10 97 97 M 20 Normal Normal

11 111 108 M 31 Normal Normal

12 100 104 F 34 Normal Normal

13 98 95 M 21 Normal Normal

14 91 91 M 24 Normal Normal

15 99 101 F 26 Normal Normal

16 99 95 F 23 Normal Normal

17 80 68 M 27 Normal Normal

18 96 95 M 27 Normal Normal

19 85 73 M 23 Normal Normal
Patients with heterozygous G¥B2 mutation

20 73 100 M 25 Hetero 235delC Normal Normal

21 97 98 M 25 Hetero 176-191del16 Normal Normal

CP, canal paresis; Poor, nystagmus was obviously weak.

mutation (case nos 1-7); their profound deafness was asymmetrical responses (case no. 1). One patient with
thought to be caused by a G¥B2 mutation. No G¥B2 a homozygous G¥B2 mutation and one patient with
mutation was identified in any of the controls. compound heterozygous G¥B2 mutation showed nor-

mal responses in both VEMPs and the caloric test
(case nos 6 and 7). It is notable that five of the six

Vestibular function patients with a homozygous 235delC mutation
showed no abnormalities in either test. Two hetero-

No patients or controls had any subjective symptoms zygous patients (case nos 20 and 21) showed normal

of vertigo. Table I shows the results of the vestibular responses in both tests.

function in all CD patients. Abnormal responses of Two CD patients with no G¥B2 mutation exhibited

VEMPs and the caloric test in CD with a G¥B2- abnormal findings for the vestibular tests (case nos. 8
related mutation were observed in three patients and 9). One patient showed a unilateral reduction in
each (case nos 1-5). Three patients with a homozy- VEMPs and bilateral canal paresis (case no. 8). Bilat-
gous GfB2 mutation showed asymmetrical responses eral canal paresis was also observed in another patient
in VEMPs (case nos 1-3). Three patients with a (case no. 9).

homozygous GFB2 mutation showed asymmetrical All the controls with normal hearing showed nor-

responses in the caloric test (case nos 1, 4, and 5). mal responses in both the VEMPs and the caloric test
One of them showed both VEMPs and the caloric test (data not shown).
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Figure 1. Comparison of the incidence of abnormality in the
vestibular tests among the three groups. (A) Percentage showing
abnormality in VEMPS and/or caloric test. (B) Percentage showing
abnormality in VEMPs. (C) Percentage showing abnormality in the
caloric test. a, Controls; b, G¥B2-related CD subjects; ¢, CD
subjects without G¥B2 mutations.

Vestibular function of patients with GJB2 mutation 993

Statistical analysis of vestibular function in the three
groups

Figure 1 shows a comparison of the controls, patients
with CD related to a G¥B2 mutation, and those with
CD without a G¥B2 mutation. The CD patients with
GJB2 heterozygous mutation were excluded from this
statistical analysis, since their symptoms of hearing
impairment are not necessarily caused by the G¥B2
mutation alone. Vestibular dysfunction showing an
abnormality in VEMP and/or the caloric test signif-
icantly increased in patients with G¥B2-related CD in
comparison with those with CD without G¥B2 muta-
tion (p <0.05) and the controls (p <0.01), whereas no
difference was observed between CD without a G¥B2
mutation and the controls (Figure 1A). No differ-
ences in the incidence of abnormality in VEMPs were
observed among the three groups (Figure 1B). The
incidence of abnormalities in the caloric test in
patients with GJB2-related CD differed significantly
from that in the controls, but the other two compar-
isons were not significant (Figure 1C).

Discussion

In this study, vestibular tests were performed in CD
patients with or without a G¥B2 mutation by mea-
suring the VEMPs and using the caloric test. Only one
report has previously investigated the vestibular func-
tion of patients with G¥B2-related CD [8]. The
authors noted that five of the seven patients showed
no VEMP responses bilaterally and that only one case
had a unilateral pathological response in the caloric
test, which led to the conclusion that CD with a G¥B2
mutation is associated with severe saccular dysfunc-
tion. However, in the present study, there were no
patients showing the absence of both VEMP and a
caloric response. Todt et al. [8] showed the existence
of G¥B2 mutations that do not cause CD (polymorph-
isms), thus suggesting a considerable bias. Further-
more, patients with low-grade hearing loss were
included in their study. In contrast, all of the G¥B2
mutations detected in the present study are known to
cause CD in the Asian population [9]. In addition, the
present study included only patients with severe to
profound hearing loss, which would therefore clarify
the correlation between CD and GYB2 mutations.
Among the seven patients with G¥B2-related CD,
five (71.4%) showed abnormal responses in either
or both tests. The incidence was apparently and
significantly higher than that in patients with CD
without a G¥B2 mutation (2/13: 15.4%). Moreover,
the incidence in the controls significantly differed
from that in patients with CD related to a G¥B2
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mutation but not in those with CD without G¥B2
mutation. Therefore, these findings support the
hypothesis that G¥B2 mutations play a critical role
in the disturbance of the vestibular function.

G¥B2 mutations cause profound deafness and the
associated mechanism has been discussed in several
studies [10,11]. A recent study showed that G¥B2 is
indispensable in the normal development of the
organ of Corti and normal hearing on the basis of
the study in Gyb2 dominant-negative mutant mice
[12]. Despite the widespread expression of Cx26 in
both the cochlear and vestibular organs [4], the
vestibular function impairment of the patients with
a G¥B2 mutation is not as severe as the hearing
dysfunction observed in the present study. Two
hypotheses have been proposed to explain this incon-
sistency between hearing and balance function. One
hypothesis is based on the fact that two temporal
bone studies performed in patients with G¥B2-
related hearing impairment in the previous study
revealed that one patient had mild vestibular hydrops
and saccular degeneration, while another patient had
a dysplastic neuroepithelium of the saccule [13,14].
This suggests that a G¥B2 mutation can cause mor-
phological dysplasia in not an entire organ, but in
part of the vestibular organs. This is contrast to the
cochlea of these patients, which showed nearly total
dysplasia of the organ of Corti. These histopatholog-
ical studies support the results of the vestibular
dysfunction of patients with G¥B2-related CD in
the present study. The other hypothesis is based
on the presence of several connexins such as
Cx26, Cx30 (encoded by G¥B6), Cx31 (encoded
by G¥B3), and Cx32 (encoded by G¥B1I) in the inner
ear. A previous study showed all of these connexins
to be distributed in the vestibular organs [15]. Cx30
gene knockout mice had hair cell loss in the saccule,
which was restored by the over-expression of the
Cx26 gene [16]. Therefore, the specific loss of
Cx30 causes vestibular dysfunction, which can be
compensated by other types of connexins. The pres-
ent clinical study in which a complete defect of Cx26
resulted in a definitive but partial dysfunction of
vestibular end organs can be explained by the com-
pensation of other connexins normally expressed in
the vestibule. Further studies are required to clarify
the relationship between connexins and the vestibu-
lar function.

Although there was a statistically significant
difference in the objective examination of the vestib-
ular function among patients with G¥B2-related CD,
those with CD without a GYB2 mutation, and
healthy controls, none of these subjects had any
vestibular symptoms regardless of the presence or
absence of a GYB2 mutation. The peripheral

vestibular dysfunction predicted in individuals with
the G¥B2 mutation may be compensated by the
central vestibular system in young patients with deaf-
ness, as shown in the present study. However, aging
is known to affect both the peripheral and central
vestibular system [17]. In patients with a G¥B2
mutation, the vestibular symptoms may progress
with aging. Another problematic point regarding
patients with CD related to G¥B2 mutations is
cochlear implantation, which has been reported to
cause vestibular dysfunction, such as a reduction of
the caloric responses [18] and a decrease in the
VEMP responses [19]. It is thought that the mechan-
ical damage caused by the insertion of the electrode
may induce vestibular dysfunction [20]. In the pres-
ent study, four patients with G¥B2-related deafness
showed unilateral vestibular dysfunction, while only
one of them had bilateral dysfunction. Therefore, it
should be emphasized that the assessment of
the vestibular function in patients with G¥B2-related
CD is important to determine which side of the
ear should be selected to insert the cochlear implant.

Conclusions

A G¥B2 mutation is responsible not only for deafness
but also for vestibular dysfunction. However, such
vestibular dysfunction is likely to be unilateral and less
severe in patients with a G¥B2 mutation than in those
with bilateral deafness.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.
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The motor protein prestin in cochlear outer hair cells is a member of the solute carrier 26 family, but
among the proteins of that family, only prestin can confer the cells with nonlinear capacitance (NLC)
and motility. In the present study, to clarify contributions of unique amino acids of prestin, namely,
Met-122, Met-225 and Thr-428, to the characteristics of prestin, mutations were introduced into those
amino acids. As a result, NLC remained unchanged by both replacement of Met-122 by isoleucine and
that of Thr-428 by leucine, suggesting that those amino acids were not important for the generation of
NLC. Surprisingly, the replacement of Met-225 by glutamine statistically increased NLC as well as the
motility of prestin-expressing cells without an increase in the amount of prestin expression in the plasma
membrane. This indicates that Met-225 in prestin somehow adjusts NLC and the motility of prestin-

© 2009 Elsevier Inc. All rights reserved.

Introduction

Prestin is the motor protein expressed in the plasma membrane
of outer hair cells (OHCs) [1]. A voltage-dependent conformational
change of prestin in the plasma membrane is believed to induce
OHC electromotility, which is known to be a key element of cochlear
amplification [2]. OHCs as well as culture cells engineered to express
prestin show electromotility [3], supporting the idea that prestin is
the origin of such motility. Although prestin is regarded as one of
11 members of the solute carrier 26 (SLC26) family [4], prestin is
the only member of that family which can confer the cells with
motility. Nonlinear capacitance (NLC) observed in prestin-express-
ing cells, which is highly associated with their motility, is often mea-
sured for the analysis of prestin activity [5]. To date, several studies
on prestin have been performed for its characterization. Mutational
studies on prestin have indicated the importance of its N-terminal
and C-terminal cytoplasmic domain, identified its glycosylation
sites and phosphorylation sites, etc.[6-11], and electron microscopy

Abbreviations: NLC, nonlinear capacitance; OHCs, outer hair cells; SLC26, solute
carrier 26; WT, wild-type prestin; FBS, fetal bovine serum; WGA, wheat germ
agglutinin; DBcGMP, N22’-0O-dibutyrylguansine 3',5'-cyclic monophosphate sodium
salt hydrate.
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and atomic force microscopy have revealed the shape of prestin
[12,13]. Despite such studies, how prestin confers the cells with
motility and NLC has remained unknown.

As conferring cells with motility and NLC is the specific function
of prestin in the SLC26 family, unique amino acids in prestin are con-
sidered to realize such function. In the present study, to clarify the
contributions of such unique amino acids to the characteristics of
prestin, point mutations were introduced into those amino acids
which were selected by the comparison of the amino acid sequences
among the SLC26 proteins. The characteristics of the prestin mutants
were then compared with those of wild-type prestin (WT).

Materials and methods

Multiple alignment of the amino acid sequence of the SLC26 family
proteins. To select amino acids which are unique in prestin among
the SLC26 family, multiple alignment using genes of 11 members
of that family was performed by use of the ClustalX Multiple
Sequence Alignment Program [14]. In the result of the alignment,
the transmembrane domains of prestin in its predicted membrane
topology [11] were focused on, as N- and C-terminal cytoplasmic
domains have already been well investigated [6-8]. In those
domains, the amino acids of prestin were compared with those at
corresponding positions of the other SLC26 proteins. By such
comparison, we attempted to identify the positions of amino acids
where the majority of the SLC26 proteins have the same amino acids
but prestin has different amino acids. Such amino acids in prestin
were considered to be unique.
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Construction of prestin mutant genes. Three genes of prestin
mutants, namely, genes of M122I, M225Q and T428L, were
constructed by overlap PCR. Constructed prestin mutant genes
were ligated into mammalian expression vector pIRES-hrGFP-1a
(Stratagene, La Jolla, CA). In addition, to detect prestin by antibod-
ies in immunofluorescence staining and Western blotting, genes
expressing the prestin mutants, the C-terminus of which was fused
to FLAG-tag, were generated. Such genes were also ligated into the
expression vector. The sequences of the constructed genes were
confirmed by an automated DNA sequencer (Applied Biosystems,
Foster City, CA).

Cell culture and transfection. HEK293 cells were cultured in
RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO) supplemented
with culture medium consisting of 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C with 5%
CO5. One hour before transfection, the culture medium was chan-
ged to RPMI-1640 medium supplemented only with 10% FBS. The
expression vectors were transfected into HEK293 cells using Fu-
gene HD Transfection Reagent (Roche, Indianapolis, IN) according
to the manufacturer’s instructions.

Measurement of nonlinear capacitance. NLC in prestin-transfec-
ted HEK293 cells, which is commonly used for the evaluation of
the function of prestin, was measured by the whole-cell patch-
clamp method 36-48 h after transfection, as described previously
[15]. The membrane capacitance recorded from the transfected
cells was fitted with the first derivative of the Boltzmann function
[5],

Cn(V) = Ciin + %. (1)
oce—z’—(l +eT)

where Gj;, is the linear capacitance, which is proportional to the
membrane area of the cells, Qmay is the maximum charge transfer,
V is the membrane potential and V; 12 Is the voltage at half-maximal
charge transfer. In Eq. (1), o is the slope factor of the voltage-depen-
dent charge transfer and is given by

o = kT /ze, (2)

where k is Boltzmann constant, T is absolute temperature, z is
valence and e is electron charge. When the NLC curves of the prestin
mutants were compared with that of WT, the normalized NLC
Chontinfiin Was defined as

Cnonlin/lin(v) = Cg)nhn = (Cm(‘? Clm) . (3)

lin lin

where Cioniin is the nonlinear component of the measured mem-
brane capacitance. In addition, Cronlinfiin(V) was divided by the max-
imum  Cponiinpiin(V) of WT and termed relative Coontinfin(V). To
evaluate the maximum charge transfer of prestin in the unit plasma
membrane, Qmax, Which is the maximum charge transfer of prestin
in whole plasma membrane, was normalized by G, and designated
as charge density.

Motility measurement. Electromotility of the prestin mutant-
expressing cells was compared with that of WT-expressing cells
using a microchamber configuration 36-48 h after transfection.
The motility measurement in such configuration was performed
as described previously [16]. In the present study, the electrical
stimulus was a 100-Hz sinusoidal voltage burst of 100 ms duration.
Voltage commands of +400 mV were used. Since approximately
50% of the cells were inserted into the microchamber, the resultant
voltage drops on the extruded segment were estimated to be 50%
of the voltage applied, or 200 mV [17].

Western blotting. The amount of WT and that of its mutant in
transfected cells were evaluated by Western blotting. Forty-eight
hours after transfection, 5 x 10* cells were dissolved in SDS sample
buffer and used for SDS-PAGE and Western blotting. A prestin

band was detected by anti-FLAG mouse monoclonal antibody (Sig-
ma-Aldrich) and HRP-conjugated anti-mouse IgG antibody (Cell
Signaling Technology, Beverly, MA). In addition, a B-actin band
was detected by anti-p-actin antibody (Sigma-Aldrich) and HRP-
conjugated anti-mouse IgG antibody. Those bands were visualized
by enhanced chemiluminescence using an ECL Western blotting
detection kit (GE Healthcare Bio-Science AB). Western blotting
images were obtained with a luminescent image analyzer (Chem-
iDoc XRS, Bio-Rad Laboratories, Hercules, CA) and the band inten-
sity was then analyzed. To eliminate the effects of the difference in
the concentration of proteins between samples on the comparison
of the band intensity, the intensity of the bands in WT and M225Q
was normalized by that of p-actin, which is generally used as a
control protein. Afterwards, relative intensity was obtained by
dividing the normalized intensity of the WT band and that of the
M225Q band by the average of the normalized intensity of the
WT band.

Immunofluorescence experiment. The localization of WT and that
of its mutant in transfected cells were investigated by immunoflu-
orescence staining 48 h after transfection. Plasma membranes of
the cells were stained with wheat germ agglutinin (WGA)-Alexa
Fluor 633 conjugate (Invitorogene), which has been used for a plas-
ma membrane marker as well as a Golgi body marker. After
fixation of the cells with 4% paraformaldehyde and blocking by a
buffer consisting of 50% Block Ace (Dainippon Pharmaceutical,
Osaka, Japan) and 50% fetal bovine serum, prestin was stained by
anti-FLAG antibody (Sigma-Aldrich) in PBS with 0.1% saponin
solution and TRITC-conjugated anti-mouse IgG antibody (Sigma-
Aldrich) in PBS with 0.1% saponin solution. The stained cells were

A 122 225 428
ALC26A5 (Prestin) M M T
ALC26A1 (Sat-1) I Q L
ALC26A2 (DTDST) I Q |
ALC26A3 (DRA) I Q L
ALC26A4 (Pendrin) T Q L
ALC26A6 (CFEX) I Q L
ALC26A7 I Q L
ALC26A8 (Tat1) I Q M
ALC26A9 T V L
ALC26A10 I Q L
ALC26A11 vV Q L

B Extracellular side

Met-122  Met-22

Cytoplasmic side

N-terminus C-terminus

Fig. 1. Comparison of the amino acid sequences of the SLC26 proteins and the
positions of the amino acids in prestin focused on in the present study. (A) Multiple
alignment of the amino acid sequence of SLC26 proteins. Amino acid residue
numbers refer to amino acids of prestin. Methionine was found at positions of 122
and 225 in prestin, while isoleucine and glutamine were detected at the
corresponding positions of most of the other SLC26 proteins, respectively. In
addition, prestin has threonine at position of 428, but most of the other SLC26
proteins have leucine at the corresponding positions. (B) Predicted membrane
topology of prestin [11]. The positions of Met-122, Met-225 and Thr-428 in prestin
are shown by “X" in its predicted membrane topology.
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then observed using a confocal laser scanning microscope (FV500,
Olympus, Tokyo, Japan). Detected TRITC fluorescence and Alexa
Fluor 633 fluorescence were indicated by red and green,
respectively.

In the present study, the ratio of the amount of prestin localized
in the plasma membrane to the total amount of prestin in the cell,
Rp, was investigated. The R, was calculated by the following
equation:

IP
Ry, = " (4)
where I, is the summation of the intensity of TRITC fluorescence of
the whole area of the target cell which reflects the total amount of
prestin in the cell, and I, is the summation of the intensity of TRITC
fluorescence of only pixels corresponding to the plasma membrane,
which reflects the amount of prestin there. For the calculation of I,
and I,,, the average intensity value of the background noise of TRITC
fluorescence was first subtracted from the intensity value of TRITC
fluorescence in all pixels in the obtained images. In the subtracted
images, only pixels whose intensity values of TRITC fluorescence
were 6 times greater than such background noise were used for
the calculation of I,y and I,. I,, was obtained by summing up the
intensity values of TRITC fluorescence of the whole areas of the tar-
get cells in the subtracted images. To calculate I, the pixels which
corresponded to the plasma membrane had to be defined. The plas-
ma membrane and the Golgi body of the cells were stained by
WGA-Alexa Fluor 633 conjugate in this experiment. As the plasma
membrane and the Golgi body are at different positions in the cells,
the positions of the pixels corresponding to the plasma membrane
were identifiable. I, was obtained by summing up the intensity val-
ues of TRITC fluorescence of the pixels corresponding to the plasma

membrane which had an intensity value of Alexa Fluor 633 fluores-
cence 2 times greater than its background noise.

Results and discussion

As a result of the multiple alignments of the amino acid
sequences of the SLC26 family proteins, we found that methionine
was present at positions of 122 and 225 of prestin, but that the
majority of the other SLC26 proteins had isoleucine and glutamine
at the corresponding positions, respectively (Fig. 1). In addition,
prestin has threonine at position of 428, but leucine was found at
the corresponding positions in the majority of the other SLC26 pro-
teins. The side chains of amino acids in prestin described above
have different characteristics from those of the corresponding ami-
no acids in the other SLC26 proteins. Thus, Met-122, Met-225 and
Thr-428 of prestin were considered to be unique in the SLC26 fam-
ily, therefore implying that they are responsible for the unique
functions of prestin. In the present study, to clarify roles of Met-
122, Met-225 and Thr-428 in prestin, mutations were introduced
into those amino acids, resulting in three prestin mutants, namely,
M122I, M225Q and T428L. Characteristics of those prestin mutants
were then investigated.

Fig. 2 shows recorded NLC curves and the fitting parameters
obtained in WT-expressing cells and prestin mutant-expressing
cells. In addition to WT, all mutants prepared in the present study
showed NLC (Fig. 2A). Compared with the V;, of WT, that of M122I
and M225Q and that of T428L were statistically shifted in the
hyperpolarization and depolarization direction, respectively
(p <0.05) (Fig. 2B). In addition, T428L showed a statistically smal-
ler o than that of WT (p < 0.05) (Fig. 2C). The changes in the V),
and « indicate changes in the reactivity of prestin to the membrane
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Fig. 2. Results of the whole-cell patch-clamp recording. (A) NLC curves. Not only WT but also all prestin mutants showed NLC. (B) V; 2. M1221 and M225Q and T428L showed
Vi 12 statistically shifted in the hyperpolarization and depolarization direction, respectively (p < 0.05). (C) o.. The o of T428L was statistically smaller than that of WT (p < 0.05).
(D) Charge density. Interestingly, M225Q showed statistically larger charge density than that of WT (p < 0.05). In contrast, there was no statistical difference between WT and

the other mutants.
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potential and anions. As methionine and threonine do not have
charge, the mutations of Met-122, Met-225 and Thr-428 might af-
fect the structure of prestin, but not as greatly as the abolishment
of NLC, and thus alter such reactivity. As shown in Fig. 2D, the
charge density of M122I and T428L was similar to that of WT,
suggesting that Met-122 and Thr-428 are not required for the gen-
eration of NLC. On the other hand, interestingly, the charge density
of M225Q was significantly larger than that of WT (p < 0.05). To
confirm if the motility of prestin-expressing cells was also in-
creased by the mutation in Met-225, that motility was measured
in the microchamber configuration. Results showed that the dis-
placement of M225Q-expressing cells due to the variation in the
membrane potential was statistically greater than that of WT-
expressing cells (p < 0.05) (Fig. 3), suggesting that the replacement
of Met-225 by glutamine significantly enhanced the charge density
and the motility of prestin-expressing cells. This result implies that
one reason why prestin has methionine instead of glutamine at
position 225 may be to somehow adjust the charge density and
the motility of prestin-expressing cells.

To understand the contributions of Met-225 to prestin in more
detail, the mechanism of the increase in the charge density and the
motility of prestin-expressing cells by the mutation in Met-225
were investigated. First, the amount of M225Q and WT in the cells
was analyzed by comparing the band intensity of M225Q with that
of WT in Western blotting (Fig. 4A and B). No statistical difference
in the band intensity was detected between WT and M225Q,
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Fig. 3. Motile response of WT-expressing cells and M225Q-expressing cells. (A)
Results of measurement of the motility of prestin-expressing cells. Unlike empty
vector-transfected cells, WT-expressing cells and M225Q-expressing cells exhibited
motile response to changes in their membrane potential. (B) Comparison of the
displacement of WT-expressing cells and M225Q-expressing cells. The displace-
ment of M225Q-expressing cells was statistically larger than that of WT-expressing
cells (p < 0.05).

suggesting that the amount of M225Q in the cells was similar to
that of WT. In addition, the localization of M225Q in the cells
was compared with that of WT by immunofluorescence staining.
Fig. 4C and D shows representative images of stained cells and
Ry, which is the ratio of the amount of prestin in the plasma mem-
brane to the total amount of prestin in the cells. The R, of M225Q
was similar to that of WT, meaning that the localization pattern
was unchanged by the mutation in Met-225. Thus, the replacement
of Met-225 by glutamine was found not to change the amount of
prestin and its localization pattern in the cells.

In the present study, we found that the charge density and the
motility of prestin-expressing cells statistically increased by the
mutation in Met-225, but that the amount of prestin and its local-
ization pattern in the cells remained unchanged. This means that
such increase cannot be explained by the increase of the amount
of prestin in the plasma membrane. Due to uniqueness of our
results, they might be considered to be implausible. However,
the observed interesting phenomena, namely, the increase in the
charge density of prestin-expressing cells without an increase of
prestin in the plasma membrane, has been found so far in condi-
tions different from those of the present study. Oliver et al. [18]
showed that in the inside-out patch-clamp recording for OHCs,
Qmax increased by changing anions from ClI~ to I” in the solution
on the cytoplasmic surface of the membrane. The increase of Q.
in the inside-out patch-clamp recording has the same meaning as
the increase of the charge density because in such recording, Gy, is
almost constant between the samples and the charge density is
calculated by the division of Qmax by Gip. In inside-out patch-clamp
recording, it is unlikely that the amount of prestin in the plasma
membrane increases during such recording. That is, in the study
of Oliver et al., the charge density increased without an increase
in the amount of prestin in the plasma membrane. Moreover,
Deak et al. [11] showed that the charge density increased when
N?,2'-O-dibutyrylguansine 3,5'-cyclic monophosphate sodium salt
hydrate (DBcGMP), which induces the phosphorylation of prestin,
was contained in the patch pipette in the whole-cell patch-clamp
recording. Such increase was recordable from 5 s after establish-
ment of the whole-cell patch-clamp configuration, ruling out the
possibility that the increase of the charge density resulted from
the increase in the amount of prestin in the plasma membrane
caused by DBcGMP because 5 s was insufficient for the transloca-
tion of proteins caused by ¢cGMP [19]. Thus, those two studies
showed that it was possible that the charge density increased by
some manipulations without the increase in the amount of prestin
in the plasma membrane, enhancing the credibility of our interest-
ing results. To interpret our study and two studies mentioned
above, it should be considered that both functional and non-func-
tional prestin exist in the plasma membrane. If the ratio of the
amount of functional prestin to the total amount of functional
and non-functional prestin in the plasma membrane increases,
the charge density and the motility of prestin-expressing cells
can increase without an increase in the total amount of these
two types of prestin. The study of Oliver et al. may indicate that
as the amount of prestin interacting with I~ is larger than that of
prestin interacting with CI~ in the plasma membrane, changing
anions from Cl~ to I led to the increase in the amount of prestin
interacting with anions, namely, the increase of the amount of
functional prestin in the plasma membrane. The study of Deak
et al. may mean that the phosphorylation of prestin somehow in-
creased the ratio of the amount of functional prestin to the total
amount of functional and non-functional prestin in the plasma
membrane. Also in the present study, the replacement of Met-
225 by glutamine was speculated to increase such ratio, resulting
in the increase in the charge density as well as in the motility of
prestin-expressing cells, which implies that Met-225 adjusts the
charge density and the motility, probably by controlling such ratio.
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Fig. 4. Amount of prestin and its localization in the cells. (A) Western blotting using whole-cell lysate of prestin-expressing cells. The 100 kDa bands were found in both WT
and M225Q. (B) Comparison of the intensity of bands. The intensity of bands of WT and M225Q was normalized by that of B-actin bands, and then relative intensity was
obtained by dividing the normalized intensity of the WT band and that of the M225Q band by the average of the normalized intensity of the WT band. There was no statistical
difference in the relative intensity between WT and M225Q. (C) Representative images of a stained WT-expressing cell and a M225Q-expressing cell. Red fluorescence
indicates prestin and green indicates the plasma membrane and the Golgi body. In merged images, orange-yellow fluorescence shows the co-localization of prestin and the
plasma membrane and that of prestin and the Golgi body, scale bar shows 10 pum. (D) Ratio of the amount of prestin localized in the plasma membrane to the total amount of
prestin in the cell, R,,. The R, of M225Q was similar to that of WT, indicating that the localization pattern was unchanged by the mutation.

In summary, we introduced point mutations into the unique
amino acids in prestin, Met-122, Met-225 and Thr-428. As a result,
the replacement of Met-225 in prestin by glutamine was found to
remarkably increase the charge density and the motility of prestin-
expressing cells without an increase of prestin in the plasma mem-
brane, implying that Met-225 in prestin somehow adjusts the
charge density and the motility. In addition, our results showed
that Met-122 and Thr-428 are not required for prestin to confer
cells with NLC.
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Abstract Prestin, a membrane protein of the outer hair
cells (OHCs), is known to be the motor which drives OHC
somatic electromotility. Electron microscopic studies
showed the lateral membrane of the OHCs to be densely
covered with 10-nm particles, they being believed to be a
motor protein. Imaging by atomic force microscopy (AFM)
of prestin-transfected Chinese hamster ovary (CHO) cells
revealed 8- to 12-nm particle-like structures to possibly be
prestin. However, since there are many kinds of intrinsic
membrane proteins other than prestin in the plasma
membranes of OHCs and CHO cells, it was impossible to
clarify which structures observed in such membranes were
prestin. In the present study, an experimental approach
combining AFM with quantum dots (Qdots), used as
topographic surface markers, was carried out to detect
individual prestin molecules. The inside-out plasma mem-
branes were isolated from the prestin-transfected and
untransfected CHO cells. Such membranes were then
incubated with antiprestin primary antibodies and Qdot-
conjugated secondary antibodies. Fluorescence labeling of
the prestin-transfected CHO cells but not of the untrans-
fected CHO cells was confirmed. The membranes were
subsequently scanned by AFM, and Qdots were clearly
seen in the prestin-transfected CHO cells. Ring-like
structures, each with four peaks and one valley at its center,
were observed in the vicinity of the Qdots, suggesting that
these structures are prestin expressed in the plasma
membranes of the prestin-transfected CHO cells.
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Introduction

The high sensitivity, sharp frequency selectivity, and wide
dynamic range of mammalian hearing are achieved by
cochlear amplification, the mechanism of which is realized
due to outer hair cell (OHC) somatic motility [1-4],
operating at up to microsecond rates [5]. This motility
was thought to be associated with a membrane protein in
the lateral wall of OHCs [6], but was later found to be
realized by the motor protein prestin [7].

Prestin consists of 744 amino acid residues with a
molecular weight of around 81.4 kDa. Hydrophobicity
analysis indicated that prestin has two large protruding
fragments, i.e., N (approximately 100 amino acids [a.a.])
and C termini (approximately 250 a.a.), extending into the
cytoplasm and a hydrophobic center core (approximately
400 a.a.) with 12 transmembrane domains [8]. Later,
however, it was clarified that two of these domains do not
penetrate the plasma membrane [9]. On the other hand, a
prestin topology with 10 transmembrane domains has also
been reported [10]. Among these termini, the STAS (after
sulfate transporter and antisigma factor antagonist) domain
(amino acids 525-713; molecular weight of 21 kDa),
located at the C terminus of prestin [5], possibly occupies
a large portion of the conformational space of the
cytoplasmic region. Homooligomerization of prestin has
been reported to be a tetramer [11, 12] and its N terminus is
possibly important for this conformation [10].

Previous morphological studies of OHCs using an
electron microscope have shown the lateral membrane of
the OHCs to be densely covered with particles about 10 nm
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in diameter, these particles being believed to be a motor
protein [13-16]. The lateral membrane has also been
observed by atomic force microscopy (AFM) and the
existence of many particles with diameters of about
10 nm has also been reported [17]. Imaging by AFM of
prestin-transfected Chinese hamster ovary (CHO) cells has
revealed that particle-like structures 8-12 nm in diameter
are possibly prestin [18]. However, since there are many
kinds of intrinsic membrane proteins other than prestin in
the plasma membranes of OHCs and CHO cells, it was
impossible to clarify which structures observed in such
membranes were prestin. More recently, prestin has been
reported to be expressed in insect cells and has been
purified from these cells. Using such purified prestin, its 3-
D structure was clarified to be a bullet-shaped particle by
transmission electron microscopy (TEM) [12]. However,
the structure of purified prestin is not necessarily identical
to that of prestin expressed in the native cell plasma
membrane. In addition, TEM-based analysis of the protein
structure requires time-consuming and cumbersome techni-
ques for sample preparation to obtain a sufficient amount of
purified protein for experimentation.

In the present study, an experimental approach combin-
ing AFM with quantum dots (Qdots), used as topographic
surface markers, was employed to detect individual prestin
molecules. The inside-out plasma membranes were isolated
from the prestin-transfected and untransfected CHO cells.
Such membranes were then incubated with antiprestin
primary antibodies and Qdot-conjugated secondary anti-
bodies. The plasma membranes of both types of CHO cells
were subsequently observed by fluorescence microscopy
and then scanned by AFM.

Materials and methods
Cells and cell culture

Prestin-transfected and untransfected CHO cells were used.
The prestin-transfected CHO cells were constructed by
transfection of gerbil prestin cDNA into CHO cells using
pIRES-hrGFP-la mammalian expression vectors (Strata-
gene, La Jolla, CA, USA). Those expression vectors
contain humanized Renilla reniformis green fluorescent
protein (hrGFP) gene and the GFP is expressed in the
cytoplasm of the cells. CHO cell lines, which stably express
prestin, were established using transfected cells by limiting
dilution cloning. The expression and activity of prestin in
the generated CHO cell lines were confirmed by immuno-
fluorescence and whole-cell patch clamp measurements
[19, 20]. CHO cells, which were not subjected to any
transfection procedure, were used as the untransfected CHO
cells.

@ Springer

The prestin-transfected and untransfected CHO cells were
cultured in RPMI-1640 medium with 10% fetal bovine
serum, 100 U penicillin/ml, and 100 pg streptomycin/ml at
37°C with 5% CO,. At the beginning of every experimental
procedure, the GFP fluorescence of the prestin-transfected
CHO cells were observed by using a confocal laser
scanning microscope (FV500, Olympus, Tokyo, Japan)
equipped with a UPlan Apo %20 (NA=0.70) objective and
an Ar laser (488 nm) to confirm the expression of prestin.

Isolation of plasma membranes

The inside-out plasma membranes, i.e., cytoplasmic face is
up, were isolated from the prestin-transfected CHO cells as
described elsewhere [21]. The culture medium was removed
and the cells were detached from a flask by incubation with
100 uM ethylenediamine tetraacetic acid (EDTA) in phos-
phate buffered saline (PBS) solution for 5 min at 37°C. The
EDTA-PBS solution containing the cells was put into a tube
and centrifuged at 250xg for 5 min. The supernatant was
then removed and the culture medium was put into the tube.
The culture medium containing the cells was agitated by
pipetting in that tube and deposited on glass-bottomed dishes
(Asahi Techno Glass, Chiba, Japan). Afier overnight culture,
most of the cells had become reattached and spindle-shaped
on the substrate. The culture medium was discarded and the
cells were washed twice with an external solution (145 mM
NaCl, 5.8 mM KCl, 1.3 mM CaCl,, 0.9 mM MgCl,, 10 mM
HEPES, 0.7 mM Na,HPO,, and 5.6 mM glucose; pH 7.3)
warmed to 37°C for removal of unwanted materials, such as
cell fragments and proteins contained in the culture medium
attached to the surfaces of the cells and substrate. The dish
was immersed for 3 min in a hypotonic buffer (10 mM
piperazine-N,N'-bis(2-ethanesulfonic acid), 10 mM MgCl,,
0.5 mM ethylene glycol bis(2-aminoethyl ether)-N,N,N',N'-
tetraacetic acid; pH 7.2), which had been cooled to 4°C. The
cells were then sheared open by gentle exposure to a stream
of the hypotonic buffer using a 1-ml pipette (Gilson, Villiers,
France) several times, resulting in the isolation of the inside-
out basal plasma membranes. After the isolated plasma
membranes had been washed with PBS three times, they
were incubated with a high-salt buffer (2 M NaCl, 2.7 mM
KCl, 1.5 mM KH,PO,, | mM Na,HPO,; pH 7.2) for 30 min
at room temperature to remove the cytoskeletal materials and
the peripheral proteins [22]. The isolated membranes were
then incubated with 0.05% trypsin for 1 min at room
temperature to remove the remaining materials.

Sample preparation for prestin labeling with Qdots
and AFM imaging

The isolated plasma membranes were fixed with 4%
paraformaldehyde in PBS for 30 min at room temperature.
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After fixation, the membranes were rinsed three times with
PBS and incubated with Block Ace (Dainippon Pharmaceu-
tical, Osaka, Japan) for 30 min at 37°C. After PBS washing,
the membranes were incubated with goat antiprestin N
terminus primary antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at a dilution of 1:100 in PBS overnight at
4°C. The membranes were then washed with PBS and
incubated with Qdot® 655-conjugated rabbit antigoat 1gG
secondary antibody (Invitrogen, Carlsbad, CA, USA) at a
dilution of 1:200 in PBS for 60 min at 37°C. Finally, the
membranes were washed with Hanks’ balanced salt solution
(HBSS; 5.33 mM KCl, 0.44 mM KH,PO,, 137.93 mM NaCl,
0.34 mM Na,HPO,, 0.56 mM glucose; pH 7.3) and
immersed in this solution filtered with a 0.22-pum pore-size
syringe filter (Millipore, Billerica, MA, USA).

Fluorescence microscopy

Fluorescence images were obtained from the isolated
membranes of the prestin-transfected CHO cells and those
of the untransfected CHO cells by an inverted fluorescence
microscope equipped with a Plan Apo x100 (NA=1.40) oil
immersion objective and a cooled CCD camera (DP70,
Olympus), which comprised a part of the AFM used in this
study, the exposure time being 2 s. This system enables
simultaneous recording of fluorescence and AFM images of
the same sample. A mercury lamp was used as a light
source. Qdot fluorescence was detected with a wide-band
filter cube (U-MWIG, Olympus) composed of a 520- to
550-nm excitation filter, a 565-nm dichroic mirror, and a
580-nm emission filter.

Atomic force microscopy

An AFM (NVB100, Olympus), in which the AFM unit is
mounted on an inverted fluorescence microscope (IX70,
Olympus), was used, such mounting making it easy to
position the tip above the cells. This AFM is controlled by
NanoScope Illa (Digital Instruments, Santa Barbara, CA,
USA; software version, v4.23). A V-shaped silicon nitride
cantilever (OMCL-TR400PSA-2, Olympus) with a spring
constant of 0.02 N/m was used. The cantilever has a
pyramidal tip, the typical radius of its curvature being 16+
1 nm (personal communication with Olympus). To mini-
mize sample damage during scanning, AFM images were
obtained using the oscillation imaging mode (Tapping
mode™, Digital Instruments). The cantilever was oscillated
near its resonance frequency in liquid (3.6-4.7 kHz). Low-
(60.0%x60.0 pm), middle- (11.7x11.7 pm), and high-
magnification images (2.3x2.3 pum) were obtained at a
scan rate of 1.0 Hz, i.e., the scan speeds were 120, 23.4,
and 4.6 pm/s, respectively. By scanning the sample with
this mode, the height and phase images of the sample surface

were obtained. The phase image was constructed by moni-
toring the phase lag between the input signal to the cantilever
(i.e., driving signal used to drive the cantilever at its resonance
for tapping mode, a sinusoidal signal of 3.6-4.7 kHz in this
study) and the output signal from the cantilever detected by
the laser system of the AFM (i.e., detected signal from the
photodiode detector). For all AFM images, the samples were
scanned from left to right. Each scan line had 512 points of
data and an image consisted of 512 scan lines.

Analysis of AFM images

The original AFM images were flattened by use of a software
program (NanoScope v4.23, Digital Instruments) to eliminate
background slopes and to correct dispersions of individual
scanning lines. AFM images were generated by raster
scanning with a cantilever across a sample, i.e., left to right
and top to bottom in a zigzag pattern. During this scanning, the
topological data were continuously obtained in the transversal
direction of the AFM image, i.e., left to right of the image,
while such data in the longitudinal direction, i.e., top to down
of the image, were intermittent. Thus, the topological data in
the transversal direction of the image were more reliable than
those in the longitudinal direction. The transversal sizes of the
observed structures were, therefore, measured.

In the present study, Qdots were used as topographic
surface markers. As the prestin molecules were labeled with
primary and secondary antibodies, the distance between a
Qdot and a prestin molecule was estimated to be approxi-
mately 20 nm [23]. The primary antibody used in this study
reacts with the cytoplasmic N terminus of prestin. Since such
terminus consists of approximately 100 a.a., its length was
estimated to be approximately 31 nm [24]. Assuming that
the antibody binds to the tip of the N terminus, the estimated
maximum distance between a Qdot and the transmembrane
domain of a prestin molecule is approximately 50 nm. Due
to the architecture of the AFM system used in the present
study, a 133-nm square AFM image containing one Qdot at
its center was obtained by applying cubic spline interpolation
to a high-magnification AFM image. All structures observed
within 66.5 nm apart from the center of the Qdot were
subjected to subsequent size analysis.

The diameter of the observed structure was estimated
using a simple geometric model since such sizes are prone
to overestimation due to the radius of the curvature of the
AFM tip [25]. The relationship between the diameter of the
structure observed by the AFM (2A) and its actual diameter
(2r) is given by:

1/2

ZA:Z{(R+;')2~(R+H/2)2} (1)

where R is the radius of the curvature of the AFM tip and H
is the thickness of the plasma membrane, as described in

@ Springer



