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our previous study [18]. In the present study, R and H were
considered to be the same as those of the previous study,
ie., 16 and 5 nm, respectively. When the observed structure
was ring-like, the distance between two peak heights based
on the cross sections was measured and was regarded as
being its diameter.

Image analysis was performed with NanoScope v7.00
(Veeco, Santa Barbara, CA, USA) and data analyses, i.c.,
statistical analysis and Gaussian fit, were performed with
IGOR Pro v6.0.3 (WaveMetrics, Lake Oswego, OR, USA).
The Gaussian fit is given by:

5

f(x)=w+4 eXp{ (x —x0)*/ (xu-fdm)“} (2)

where y, is the base line, 4 is the amplitude, x, is the
estimated peak position, and x4, is the full width at half
maximum of the fitting curve.

Observation by AFM of Qdots on mica

Freshly cleaved mica was incubated with 50 ul of 0.5% (w/v)
poly-L-lysine (MW=1,000-4,000; Sigma-Aldrich, St. Louis,
MO, USA) in PBS. After 1 min adsorption, the mica was
washed with Mill-Q water three times and dried at room
temperature. Then, Qdots were prepared in PBS at a dilution
of 1:1,000. A 100-pl solution of Qdots was deposited on the
poly-L-lysine-coated mica and allowed to adsorb for 20 min.
The supernatant was then removed and the mica was rinsed

DIC

Prestin-transfected CHO

CHO

Fig. 1 GFP fluorescence of the prestin-transfected and untransfected
CHO cells. Left panels differential interference contrast (DIC) images,
middle panels GFP fluorescence images, right panels merged images.
GFP fluorescence was detected in the prestin-transfected cells (top
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gently with 200 pl of Milli-Q water three times. After the
sample was air-dried at room temperature, it was immedi-
ately imaged by AFM. To analyze the size and number of
Qdots, first, the obtained image was converted into grayscale
AFM images, the intensity value of which ranged from 0
(black) to 255 (white), by using Adobe Photoshop 6.0
(Adobe Systems, San Jose, CA, USA). The number of Qdots
was counted by the command “Analyze particles” of Imagel
v1.32j (NIH, Bethesda, MD, USA) and their heights were
then analyzed by the use of a command “section” of
NanoScope v4.23. Every extracted structure was subjected
to height analysis to prevent experimenter bias.

Results

Prestin labeling with Qdots and low-magnification AFM
images

Evaluating the expression of prestin in the transfected CHO
cells, the fluorescence of GFP, coexpressed with prestin in
such cells, was observed since the GFP fluorescence is
positively correlated with the expression of prestin in the
prestin-transfected CHO cells [26]. Figure 1 shows the GFP
fluorescence of the prestin-transfected and untransfected
CHO cells. GFP fluorescence was detected in the prestin-
transfected cells (top middle panel), indicating the expres-

Merged

middle panel), indicating the expression of prestin in the cells. By
contrast, GFP fluorescence was not observed in the untransfected
CHO cells (bottom middle panel). Scale bar is 20 pm



Pflugers Arch - Eur J Physiol (2009) 457:885-898

889

sion of prestin in the cells. By contrast, GFP fluorescence
was not observed in the untransfected CHO cells (bottom
middle panel).

Figure 2a shows the prestin labeling with Qdots and the
corresponding low-magnification AFM images of the
isolated plasma membranes of a prestin-transfected CHO
cell and those of an untransfected CHO cell. Prestin
labeling (red), which labels the N terminus of prestin, was
observed in the isolated plasma membrane of the prestin-
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transfected CHO cell (top left panel); by contrast, it was not
observed in the isolated plasma membrane of the untrans-
fected CHO cell (top right panel). These results indicate the
presence of prestin in the isolated plasma membranes of
the prestin-transfected CHO cell even after the plasma
membranes were isolated by gentle exposure to the
hypotonic buffer and incubated with the high-salt buffer
and trypsin. Low-magnification AFM images are shown
in the bottom panels in Fig. 2a. The surface topologies of
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Fig. 2 Isolated plasma membranes of the prestin-transfected and
untransfected CHO cells. a Fluorescence images of prestin labeled
with Qdots and the corresponding low-magnification AFM images.
Prestin labeling (red), which labels the N terminus of prestin, was
observed in the isolated plasma membrane of the prestin-transfected
CHO cell, but not observed in the isolated plasma membrane of the
untransfected CHO cell. Low-magnification AFM images indicated
that the surface topologies of the cytoplasmic faces of the prestin-
transfected and untransfected CHO cells were flat at this magnifica-
tion. Scale bars are 10 pum. b The cross sections of the isolated
plasma membranes along the dotted line shown in the bottom panels of

T
7.0 *
8.0
50
404
3.0
2.0
1.0
0.0 )

Untransfected
CHO

a. Height difference between the arrows, each horizontal distance of
which was 6 pm, was measured as the thickness of the isolated plasma
membrane. ¢ Mean and standard deviation of the thickness of the
isolated plasma membranes. The average thickness of the isolated
plasma membranes of the prestin-transfected CHO cells was 6.65+
0.83 nm (n=16) and that of the untransfected CHO cells was 5.83+
0.67 nm (n=9). The thickness of the isolated plasma membranes
showed statistically significant difference between the prestin-trans-
fected and untransfected CHO cells, as indicated by the asterisk (P<
0.05, Student’s ¢ test)
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the cytoplasmic faces of both prestin-transfected and
untransfected CHO cells seem to be flat at this magnifi-
cation. Figure 2b shows the cross sections of the isolated
plasma membranes along the dotted line shown in the
bottom panels of Fig. 2a. Height difference between the
arrows shown in the figures, each horizontal distance of
which was 6 um, was measured as the thickness of the
isolated plasma membrane. The mean and standard
deviation of the thickness of the different isolated plasma
membranes of the prestin-transfected and untransfected
CHO cells are shown in Fig. 2¢c. The average thickness of
the isolated plasma membranes of the prestin-transfected
CHO cells was 6.65+£0.83 nm (7=16) and that of the
untransfected CHO cells was 5.83+£0.67 nm (n=9). The
thickness of the isolated plasma membrane showed
statistically significant difference between the prestin-
transfected and untransfected CHO cells, as indicated by
the asterisk (P<0.05, Student’s ¢ test).

Low-, middle-, and high-magnification AFM images

The cytoplasmic surfaces of the isolated plasma membranes
of the prestin-transfected CHO cells and those of the
untransfected CHO cells were observed by the tapping
mode of AFM.

Figure 3 is a fluorescence image of prestin labeled with
Qdots in the prestin-transfected CHO cell (Fig. 3a) and the
corresponding AFM images at low- (Fig. 3b) and middle-
magnifications (Fig. 3c). The inset in each image is the

digital zoom of the boxed area in each image. The middle-
magnification image (Fig. 3c) was obtained from the boxed
area in Fig. 3b. As shown in Fig. 3a, the distribution of
prestin labeling with Qdots in the plasma membrane of the
prestin-transfected CHO cell was seen as a pattern of bright
patches, as indicated by the arrowheads in its inset. The
fluorescence of Qdots in the area surrounding the patches
but not in the substrate area (asterisk, Fig. 3a) was also
observed although its intensity was weak, indicating that
prestin is nonuniformly distributed all over the plasma
membrane of CHO cells. In the low-magnification AFM
image (Fig. 3b), the smooth surface of the cytoplasmic face
of prestin-transfected CHO cells was confirmed. However,
as shown in its digital-zoomed image (inset, Fig. 3b),
bulges about 7 nm in height were observed, as shown by
the arrowheads. Comparison between the digital-zoomed
images of Fig. 3a and b reveals that the location of the
bright patches of Qdot labeling and the bulges are
colocalized. Furthermore, by comparing the digital-zoomed
image of Fig. 3b with c, the bulges seen in Fig. 3b (dotted
circles) corresponded to the small bumps seen in Fig. 3c
(dotted circles).

Figure 4 shows the high-magnification AFM images of
the boxed area of Fig. 3c. In these images, particles about
8 nm in height were observed as shown by the arrows. No
changes in the location of these particles were observed
between the scanning from the top to the bottom (Fig. 4a)
and the subsequent scanning from the bottom to the top
(Fig. 4b).

Fig. 3 Fluorescence image of prestin labeled with Qdots and the
corresponding AFM images of the prestin-transfected CHO cell. a
Fluorescence image of prestin labeled with Qdots. The inset shows a
digital-zoomed image of the boxed area. b AFM image at low
magnification. The inser is the digital zoom of the boxed area. ¢
Middle-magnification AFM image obtained from the boxed area
shown in b. The inset shows the digital zoom of the boxed area. As
shown in a, the distribution of prestin labeling with Qdots in the
plasma membrane of the prestin-transfected CHO cell was seen as a
pattern of bright patches, as indicated by the arrowheads in its inset.
As well as from such bright patches, fluorescence of Qdots was also
detected from all over the plasma membrane while it was not observed
in the substrate area (asterisk), indicating that prestin was nonun-
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iformly distributed all over the plasma membrane of CHO cells. In the
low-magnification AFM image (b), the smooth surface of the
cytoplasmic face of prestin-transfected CHO cells was confirmed.
However, as shown in its digital-zoomed image, the bulges about
7 nm in height were observed, as shown by the arrowheads in its
inset. Comparison between the digital-zoomed images of a and b
revealed that the location of the bright patches of Qdot labeling and
the bulges were colocalized. Furthermore, by comparing the digital-
zoomed image of b with ¢, the bulges indicated by dotted circles in b
were found to correspond to the small bumps indicated by dotted
circles in c. Scale bars of a, b, and ¢ are 10, 10, and 2 pm,
respectively. Scale bars of the insets of a, b, and ¢ are 2 pm, 2 pm,
and 500 nm, respectively
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20 nm

Fig. 4 High-magnification AFM images of the boxed area of Fig. 3c.
a Image obtained by scanning from the top to the bottom of the
sample. b Image obtained by scanning from the bottom to the top of
the sample. In these images, particles about 8 nm in height were
observed, as indicated by the arrows. No changes in the location of
these particles were observed between a and b. Scale bar is 300 nm

Figure 5 indicates the AFM images of the isolated plasma
membranes of the untransfected CHO cell at different mag-
nifications. Low-, middle-, and high-magnification AFM
images are shown by Fig. 5a,b, and c, respectively. The
middle-magnification image (Fig. 5b) was obtained from
the boxed area in Fig. 5a. The high-magnification image
(Fig. 5¢) was obtained from the boxed area in Fig. 5b. In
the high-magnification image, although there are a few
accumulations more than 15 nm in height, no other obvious
structures are seen.

Observation by AFM of Qdots on mica and the plasma
membrane

In this study, Qdots were used as topographic surface
markers. To confirm the shape of Qdots, they were
adsorbed on freshly cleaved mica coated with poly-L-lysine
and immediately scanned by AFM. Figure 6a shows the
Qdots adsorbed on mica. Uniform particles about 8 nm in
height were observed. The frequency distribution of the
Qdots on mica (red, n=45) is shown in Fig. 6b, along with

b

Fig. 5 AFM images of isolated plasma membranes of an untrans-
fected CHO cell at different magnifications. a Low-magnification
image. b Middle-magnification image obtained from the boxed area
shown in a. ¢ High-magnification image obtained from the boxed area

such distribution of the Qdots observed on the plasma
membranes of the prestin-transfected CHO cells (blue, n=
78), which label prestin molecules due to an antigen—
antibody reaction. This histogram exhibited Gaussian
distributions for both data sets (red, y,=0.6+2.2, 4=9.6+
2.3, Xwian=0.7%0.2; blue, yo=-2.1£7.5, A=82£7.1,
Xwidh=2.9%2.2). The peaks of the Qdots observed on mica
and on the isolated plasma membranes were 8.2+0.1 nm
and 7.9£0.3 nm, respectively. The mean and standard
deviations of the heights of Qdots observed on mica and the
isolated plasma membranes are shown in Fig. 6c. The
average height of the Qdots on mica was 8.2+0.5 nm and
that observed on the plasma membranes of the prestin-
transfected CHO cells was 7.9£1.3 nm. These two sizes of
Qdots were statistically identical (P>0.05, Student’s ¢ test).

Figure 7a shows a high-magnification AFM height
image of the isolated plasma membrane of the prestin-
transfected CHO cell, the prestin molecules of which were
labeled with Qdots. Different sizes of particles are observed
in the height image. Figure 7b shows the phase image of a.
Figure 7c indicates the cross sections of the phase images
of particles A and B obtained between « and «', and 3 and
3" (arrowheads), respectively. As shown in these figures, a
bright phase contrast (positive phase shift) was observed at
the center of particle B while a dark phase contrast
(negative phase shift) was observed at its periphery. By
contrast, such phase shifts were not observed for particle A.

Prestin topology in the isolated plasma membranes of CHO
cells

Figure 8 shows high-magnification 3-D AFM images of a
prestin-transfected CHO cell. Qdots 8 nm in height were
clearly observed on the cytoplasmic face of the isolated
plasma membrane of the prestin-transfected CHO cell, as
indicated by black arrowheads. As shown in the magnifi-
cation in the right of Fig. 8a, a ring-like structure with four

a: 100 nm
b: 50 nm
c. 20 nm

0nm

shown in b. In the high-magnification image, although there are a few
accumulations more than 15 nm in height, no other obvious structures
are seen. Scale bars of a, b, and ¢ are 10 pm, 2 um, and 300 nm,
respectively
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Fig. 6 The Qdots adsorbed on the freshly cleaved mica coated with
poly-L-lysine. a AFM image. Uniform particles about 8 nm in height
were observed. Scale bar is 200 nm. b Frequency distribution of the
Qdots on mica and on the isolated plasma membranes of prestin-
transfected CHO cells. Red bars show the frequency distribution of
the Qdots on mica (21=45) and blue bars show such distribution of
the Qdots on the plasma membranes of the prestin-transfected CHO
cells, which label prestin molecules due to the antigen-antibody
reaction (n=78). These histograms exhibited Gaussian distributions

peaks and one valley at its center, possibly corresponding to
a prestin molecule, was observed in the vicinity of the Qdot
(A, arrow). In the vicinity of the other Qdots, similar
structures were observed at the locations indicated by
arrows (A-D), the magnifications of which are shown in
the bottom panels.

Figure 8b shows examples of 3-D images of the
structures observed in the vicinity of the Qdots. These
images were obtained from the different cells shown in
Fig. 8a. Most of the observed structures are ring-like
structures with a depression surrounded by four peaks
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for both data sets, as shown by red and blue lines (red, y,=0.6+2.2,
A=9.6+2.3, x;qn=0.7£0.2; blue, yo=-2.1+7.5, 4=8.2+7.1, xyiqn=
2.942.2). The peaks of the former and the latter were 8.2+0.1 and
7.9+0.3 nm, respectively. ¢ Mean and standard deviations of the
heights of Qdots observed on mica and the isolated plasma
membranes. The average height of the Qdots on mica was 8.2+
0.5 nm and that observed on the plasma membranes of the prestin-
transfected CHO cells was 7.9+1.3 nm. These two sizes of Qdots
were statistically identical (P>0.05, Student’s ¢ test)

(E-K). In some cases, such structures are adjacent to the
others, forming a unit with two molecules (L). Besides
those ring-like structures, a square-shaped structure with a
protrusion at its center, four corners of which are indicated
by arrowheads, was also observed (M). The side length of
the square, i.c., the length between the adjacent corners
indicated by arrowheads, was 7.7 nm and the diameter of
the protrusion was 6.2 nm, derived from Eq. 1.

Figure 8c indicates the frequency distribution of the
diameter of the ring-like structures (n=120). In the present
study, we observed the cytoplasmic faces of the plasma
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Fig. 7 Height and phase AFM images of the isolated plasma
membrane of the prestin-transfected CHO cell incubated with
antiprestin antibody and Qdot-conjugated secondary antibody. a
High-magnification height image. Different sizes of particles are
observed (4 and B, arrows). b Phase image of a. ¢ Cross sections of
phase images of the particles 4 and B (between (v and ' and 3 and 3/,
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arrowheads). Regarding particle B, a bright phase contrast (positive
phase shift) was observed at the center of the particle while a dark
phase contrast (negative phase shift) was observed at its periphery. By
contrast, such phase shifts were not observed for particle 4. Scale bars
are 300 nm



Pflugers Arch - Eur J Physiol (2009) 457:885-898

893

membranes isolated from 23 prestin-transfected CHO cells
and found 109 Qdots on such membranes. Since, in some
cases, a few ring-like structures were found around one
Qdot, 120 such structures were found in total. This
histogram exhibited two main Gaussian distributions shown
by red and blue lines (red, y;=0.9+£1.0, 4=6.2£2.1, xyiqn=
0.5+0.2; blue, yy=1.6+0.7, 4=4.6%£1.2, xyiq,=1.4%0.5).
The peaks of those distributions were 9.6+0.1 nm (red) and
13.0+£0.2 nm (blue), respectively.

Discussion
Sample preparation

In our previous study, the cytoplasmic surfaces of the
isolated plasma membranes of CHO cells were found to be
covered with protruding globular structures approximately
100 nm in diameter [18]. These protruding globular
structures were colocalized with the immunofluorescence
of prestin, indicating that prestin was not uniformly
distributed in the plasma membrane of the prestin-trans-
fected CHO cells. As these large structures hinder efforts to
obtain AFM images at high-magnification, the images were
obtained in the membrane areas without such structures in
that study. In the present study, to observe the membrane
topology of prestin at the nanoscale level, a flatter surface
of the isolated plasma membrane was required. To obtain
such flat plasma membrane sheets, therefore, the sample
preparation method was modified. That is, the CHO cells
were cultured in the culture medium overnight, rather
than 5 min incubation in the external solution just before
sonication as in the previous method. Due to this, the cell
shape became flatter and more spindly, as shown in
Fig. 1, compared with the cells grown by the previous
method. As shown in the bottom panels of Fig. 2a, this
procedure significantly reduced the number of the protrud-
ing globular structures 100 nm in diameter on the
cytoplasmic faces of the isolated plasma membranes of
the CHO cell.

The existence of prestin in the plasma membrane isolated
from such spindle-shaped CHO cells after incubation with
high-salt buffer and trypsin was confirmed by immunostain-
ing (top panels, Fig. 2). Fluorescence labeling of the prestin-
transfected CHO cells but not of the untransfected CHO
cells was confirmed, suggesting that prestin existed in
the isolated plasma membranes of the spindle-shaped
CHO cells even after treatment with high-salt buffer and
trypsin, and thus these isolated plasma membranes were
applicable as samples for AFM observation.

As shown in Fig. 2c, the average thickness of the
isolated plasma membranes of the prestin-transfected CHO
cells was larger than that of the untransfected CHO cells by

0.82 nm with statistical significance, as shown by the asterisk
(P<0.05, Student’s 7 test). Mitra et al. [27] demonstrated that
the thickness of the biological membranes was reduced up to
5 A by depletion of the membrane proteins. Based on this
report, it is likely that the increase in the thickness of the
isolated plasma membrane of the prestin-transfected CHO
cells in the present study was possibly due to the expression
of prestin molecules.

As shown in the inset of Fig. 3a, the distribution of
prestin in the plasma membrane of the CHO cells was not
uniform; rather, a large amount of prestin was distributed in
many spots and residual prestin was distributed in the area
surrounding those spots. This distribution pattern of prestin
is consistent with that observed in our previous study [18].
In that study, a considerable amount of prestin was formed
to be aggregated in protruding globular structures 100 nm
in diameter, which were rich in phospholipids, indicating
the possible occurrence of assembly and/or disassembly of
the vesicle. However, as mentioned above, in the present
study, there were no such 100 nm protruding globular
structures. Instead, as shown in the digital-zoomed image in
Fig. 3b, the bulges about 7 nm in height were observed. By
comparing the digital-zoomed image of Fig. 3b with that of
Fig. 3a, such bulges and the bright patches of Qdot labeling
were found to be colocalized (arrowheads shown in the
insets of Fig. 3a and b). Also, as shown in Fig. 3c,
magnification of the boxed area in Fig. 3b showed the
existence of small bumps at the corresponding locations of
the bulges observed in Fig. 3b, as indicated by dotted
circles. Although the exact mechanism of the aggregation
of prestin in the plasma membrane of CHO cell is still
unclear, these findings support the idea that prestin may be
aggregated at focal adhesion sites at an early stage or even a
late stage of cell adhesion. Thus, it is likely that prestin
remains at the same location, possibly in an integrin-
dependent manner. However, morphological and histologi-
cal studies of prestin, other proteins related to the formation
of focal adhesion and the plasma membrane of the CHO cells
over time using AFM, electron microscopy, confocal laser
scanning microscopy, and so on are needed to obtain more
detailed information concerning this mechanism.

Prestin labeling with Qdot

To label prestin molecules in the plasma membranes of a
prestin-transfected CHO cells with Qdots, in the present
study, the plasma membranes were isolated and incubated
with antiprestin antibody and Qdot-conjugated secondary
antibody. Figure 4 shows high-magnification images of
such membrane. Particles 8 nm in height, corresponding to
Qdots, were clearly observed. Even after scanning the
sample from the top to the bottom and subsequent scanning
from the bottom to the top, the location of these particles
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were unchanged, indicating that they were firmly attached
to the isolated plasma membrane of the CHO cell. As a
negative control, the plasma membrane was isolated from
an untransfected CHO cell and subjected to the same
sample preparation procedure. As shown in Fig. 5c,
although there were a few accumulations more than
15 nm in height, probably the cytoskeletal materials and/
or the peripheral proteins remained even after incubation
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with high-salt buffer and trypsin, no other obvious
structures were seen, indicating that the Qdots did not exit.

To confirm whether the 8-nm particles observed on the
isolated plasma membrane of the prestin-transfected CHO
cell were Qdots, first, the size and shape of the Qdots used
in the present study were measured on a mica substrate.
Then, the size and shape of Qdots observed on the isolated
plasma membranes were analyzed and compared with those
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Fig. 8 Membrane topology of prestin on the cytoplasmic face of the
plasma membrane of the prestin-transfected CHO cells. a High-
magnification 3-D AFM images of the plasma membrane of the
prestin-transfected CHO cell. Qdots 8 nm in height were clearly
observed, as indicated by black arrowheads. As shown in the
magnification at the right, a ring-like structure with four peaks and
one valley at its center, possibly corresponding to a prestin molecule,
was observed in the vicinity of the Qdot (4, arrow). Similar structures
were observed at the location indicated by arrows (4-D), the
magnifications of which are shown in the bottom panels. b Examples
of 3-D images of the structures observed in the vicinity of the Qdots on
the cytoplasmic faces of the isolated plasma membranes of the prestin-
transfected CHO cells. These images were obtained from the different
cells shown in a. Most of the observed structures are ring-like
structures, each with a depression surrounded by four peaks (E-K).
Such structures are sometimes adjacent to others, forming a unit with
two molecules (L). Besides those ring-like structures, a square-shaped
structure with a protrusion at its center, four corners of which are
indicated by arrowheads, was also observed (M). The side length of the
square, i.e., the length between the adjacent comers indicated by
arrowheads, was 7.7 nm. The diameter of the protrusion was 6.2 nm. ¢
Frequency distribution of the diameter of the ring-like structures (n=
120) found around the Qdots (n=109) on the isolated plasma
membranes of the prestin-transfected CHO cells (n=23). This histogram
exhibited two main Gaussian distributions shown by red and blue lines
(red, y9=0.9£1.0, 4=6.242.1, x;qn=0.5£0.2; blue, y,=1.6£0.7, A=
4.6+1.2, xyiq,=1.4£0.5). The peaks of those distributions were 9.6+
0.1 nm (red) and 13.0+0.2 nm (blue), respectively. Scale bars of the
magnifications at the right and the bottom of a are 20 and 10 nm,
respectively, and that of b is 10 nm

measured on mica. As shown in Fig. 6a, the Qdots were
uniform-sized particle-like structures with a diameter of
approximately 8 nm, which is in good agreement with a
previously reported size of Qdots [28]. The sizes of the
Qdots spread on mica showed a Gaussian distribution (red
line, Fig. 6b), as did those on the isolated plasma
membranes (blue line, Fig. 6b), although the distribution
of the latter was much broader than that of the former. This
difference may have been caused by the phospholipid
membrane being relatively softer than the mica surface and/
or by some materials attached to the surfaces of the Qdots
and the plasma membrane, such as cell fragments and
proteins contained in the culture medium, during the
sample preparation. However, the average sizes of Qdots
observed on the mica and the plasma membrane, i.e., 8.2+
0.5 and 7.9+1.3 nm, respectively, were statistically identi-
cal (P>0.05, Student’s ¢ test; Fig. 6¢), indicating that the
particles 8 nm in height observed on the isolated plasma
membrane of the prestin-transfected CHO cells were Qdots.

Although Qdots can be identified by checking their
spherical shape and uniform size, in the present study, the
existence of Qdots on the isolated plasma membrane of the
CHO cell was further confirmed by using the phase
imaging mode of AFM. The soft sample surface and/or
the attractive interactions imposed on a tip of the AFM
cantilever cause a negative phase shift, reflected as a dark

phase contrast, whereas the stiff sample surface and/or the
repulsive interaction between the tip and the sample cause a
positive phase shift, reflected as a bright phase contrast
[29]. Since the Qdots used in the present study were stiff
semiconductor nanocrystals covered with soft antigoat IgG
antibodies, the observed negative phase shift occurred at the
peripheral part of the Qdot and the positive phase shift took
place above the Qdot. Although several sizes of particles on
the plasma membrane were observed in the height mode (A
and B, Fig. 7a), only particle B, approximately 8 nm in
height, showed a phase shift, that is, the bright phase
contrast (positive phase shift) was observed at the center of
the particle, whereas the dark phase contrast (negative
phase shift) was observed at its periphery, suggesting that
this particle was a Qdot.

Based on the two aspects mentioned above, the particles
observed on the isolated plasma membranes of the prestin-
transfected CHO cells were confirmed to be Qdots.

Membrane topology of prestin in the plasma membranes
of CHO cells

In the present study, Qdots were used as topographic
surface markers. Assuming the primary antibody binds at
the tip of the N terminus and the secondary antibody
conjugated with Qdot connects to the primary antibody, the
maximum distance between a Qdot and a prestin molecule
is estimated to be approximately 50 nm (see the “Analysis
of AFM images” section). In the present study, all
structures observed within 66.5 nm apart from the Qdot
were subjected to the subsequent size analysis due to the
architecture of the AFM system.

As shown in Fig. 8a, Qdots 8 nm in height were clearly
observed on the cytoplasmic face of the isolated plasma
membrane of the prestin-transfected CHO cell (black
arrowheads). The magnification shown on the right
revealed that a ring-like structure about 10 nm in diameter
with four peaks and one valley at its center, possibly
corresponding to a prestin molecule, existed in the vicinity
of the Qdot. Such structures were also observed in the
vicinity of Qdots indicated by the arrow (A-D, Fig. 8a),
except for one Qdot, magnifications of which are shown in
the bottom panels of Fig. 8a. Similarly shaped structures
were also observed in the vicinity of Qdots on the
cytoplasmic faces of the plasma membranes isolated from
other prestin-transfected CHO cells (E-K, Fig. 8b). This
configuration of prestin, i.e., four peaks at its periphery,
suggests the tetrameric structure of prestin in the plasma
membranes of prestin-transfected CHO cells. Sometimes,
such structures are located adjacent to others (L, Fig. 8b),
forming a unit with two (L, n=8), three (n=4), or four
molecules (n=2). Although formation of such higher-order
architectures were not frequent (approximately 14%), this
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result implies that prestin molecules tend to be accumulated
in the plasma membrane.

Besides the ring-like structures, a square-shaped struc-
ture with a protrusion at its center, four corners of which are
indicated by arrowheads, was rarely observed (M, n=4).
The side length of the square, i.e., the length between the
adjacent corners indicated by arrowheads (M, Fig. 8b), and
the diameter of the protrusion were 7.7 and 6.2 nm,
respectively. This type of structure is quite similar to that
reported by Mio et al. [12]. According to their report on
TEM findings, prestin is a bullet-shaped particle with a
small protrusion at its center which extends into the
cytoplasm. In the present study, we isolated the inside-out
plasma membranes of the prestin-transfected CHO cells and
then imaged the cytoplasmic faces of such membranes. On
this side, we observed ring-like structures, each with a
depression at its center and four surrounding peaks, as
shown in Fig. 8. The difference may be due to the
difference in observation techniques, the main difference
being the force applied to prestin molecules. In the present
study, the sample was scanned by the cantilever, the spring
constant of which was 0.02 N/m. During the scanning, as
the distance between the tip of the cantilever and the
sample was controlled so as to reduce the amplitude of the
cantilever oscillation by approximately 2-5 nm during
scanning, the force applied to the sample could be roughly
estimated to be approximately 40-100 pN based on
Hooke’s law if the load applied to the sample is assumed
to be static. In reality, however, since the cantilever was
oscillated during scanning, this load was more likely
dynamic, suggesting that the force applied to the sample
was at least two times larger than such estimation. The
application of such force to a protein has been reported to
deform its structure [24, 30-32]. On the other hand, TEM
does not load such force on the sample. Assuming the
flexibility of the cytoplasmic protrusion of prestin, the
possibility of deformation of this protrusion into its interior
during AFM imaging cannot be ruled out.

In the present study, the topological data were continu-
ously obtained in the transversal direction of the AFM
image, i.e., left to right of the image along the x axis shown

Table 1 Size of prestin

in Fig. 8a, while those in the transversal direction of the
image, i.e., top to bottom of the image along the y axis,
were intermittent, implying that the data obtained in the
transversal direction were more reliable than those in the
longitudinal direction. Therefore, all measured sizes were
the transversal sizes of the observed structures. Analysis of
sizes of the ring-like structures revealed that the frequency
distribution of their diameter showed two main Gaussian
distributions, the peaks of which were 9.6+0.1 and 13.0+
0.2 nm (shown by red and blue lines, respectively, in
Fig. 8c). The sizes of the first and second peaks were
consistent with the previously reported size of prestin [12,
14, 15, 17, 18], as shown in Table 1. If we assume that
these two peaks correspond to the compact and extended
states of prestin, the diameter change of prestin is
approximately 3.4 nm. Based on this, the area change of
prestin is calculated to be approximately 60.3 nm®. In the
previous study, the area change of prestin was assumed to
be approximately 4 nm’ [33]. This discrepancy probably
relates to the diffusibility of prestin in the plasma
membrane. The prestin molecules are considered to be
diffusible in the lateral plasma membrane of OHCs [34—
39]. In addition, in between the intramembrane molecules,
including prestin, there are some spaces [13—18]. In such
cases, a large extent of the area change in prestin should be
dispersed in the plasma membrane, although to what degree
the diffusibility and spaces between the molecules contrib-
ute to this dispersion is unknown. In such a scenario, the
first peak is probably a smaller state of the ring-like
structure and the second peak reflects its larger state,
suggesting the existence of a compact as well as extended
state of prestin.

As shown in Fig. 8c, the second peak showing the
extended state of prestin is broader than the first peak
showing its compact state. This result implies that the
conformational change of prestin is not just a simple
expansion change in sphere shape; rather, it is a directional
change in the plane of the plasma membrane, e.g., from the
compact sphere shape to the extended oval shape.

In the present study, prestin was observed to be a ring-
like structure with a valley at its center surrounded by four

Sample

Method Size (nm) Reference

Freeze-fracture replica of the p-fracture face of the guinea pig OHC plasma membrane SEM 10
Freeze-fracture replica of the p-fracture face of the guinea pig OHC plasma membrane SEM

Cytoplasmic face of the guinea pig OHC plasma membrane

Cytoplasmic face of the gerbil prestin-transfected CHO cell plasma membrane
Purified prestin obtained from rat prestin-transfected Sf9 cell membrane fraction
Cytoplasmic face of the gerbil prestin-transfected CHO cell plasma membrane

Forge [14]
11-15 (up to 20) Kalinec et al. [15]

AFM 11-25 Grimellec et al. [17]
AFM 8-12 Murakoshi et al. [18]
TEM 7.7-9.6 Mio et al. [12]
Immune AFM 9.6/13.0 This study

SEM scanning electron microscopy
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peaks, suggesting a tetrameric structure of prestin. Analysis
of the size of this structure demonstrated two peak
distributions, implying the existence of the compact- and
extended-state prestin. Utilizing the antibodies which label
the C-terminal of prestin instead of those of prestin N-
terminal used in this study would lead the important data on
the oligomeric structure of prestin since the epitope of the
C-terminal of prestin is probably exposed compared with
that of the N-terminal [10] so that more precise information
could be obtained from the immune AFM images. In
addition, imaging with less force applied to the sample
using a softer cantilever, appropriate chemical fixation of
prestin molecules, and/or imaging the purified prestin
molecules may contribute to further analysis of the detailed
structure of prestin. Subjecting the isolated plasma mem-
brane to a change in electric potential using a patch
electrode or changing the composition of the buffer, e.g.,
increasing the concentration of CI™ ions, could possibly
yield further information about the mechanisms of the
conformational change in prestin.

Conclusions

Prestin molecules expressed in the plasma membranes of
prestin-transfected CHO cells were labeled with Qdots
about 8 nm in height, which were clearly imaged by AFM.
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.
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COCHLEAR OUTER HAIR CELLS IN A DOMINANT-NEGATIVE
CONNEXIN26 MUTANT MOUSE PRESERVE NON-LINEAR
CAPACITANCE IN SPITE OF IMPAIRED DISTORTION PRODUCT

OTOACOUSTIC EMISSION
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Abstract—Mutations in the connexin26 gene (GJB2) are the
most common genetic cause of congenital bilateral non-syn-
dromic sensorineural hearing loss. Transgenic mice were es-
tablished carrying human Cx26 with the R75W mutation that
was identified in a deaf family with autosomal dominant nega-
tive inheritance [Kudo T et al. (2003) Hum Mol Genet 12:995—
1004]. A dominant-negative Gjb2 R75W transgenic mouse
model shows incomplete development of the cochlear support-
ing cells, resulting in profound deafness from birth [Inoshita A
et al. (2008) Neuroscience 156:1039-1047]. The Cx26 defect in
the Gjb2 R75W transgenic mouse is restricted to the supporting
cells; it is unclear why the auditory response is severely dis-
turbed in spite of the presence of outer hair cells (OHCs). The
present study was designed to evaluate developmental
changes in the in vivo and in vitro function of the OHC, and the
fine structure of the OHC and adjacent supporting cells in the
R75W transgenic mouse. No detectable distortion product oto-
acoustic emissions were observed at any frequencies in R75W
transgenic mice throughout development. A characteristic phe-
notype observed in these mice was the absence of the tunnel of
Corti, Nuel’s space, and spaces surrounding the OHC; the OHC
were compressed and squeezed by the surrounding supporting
cells. On the other hand, the OHC developed normally. Struc-
tural features of the lateral wall, such as the membrane-bound
subsurface cisterna beneath the plasma membrane, were in-
tact. Prestin, the voltage-dependent motor protein, was ob-
served by immunohistochemistry in the OHC basolateral mem-
branes of both transgenic and non-transgenic mice. No signif-
icant differences in electromotility of isolated OHCs during
development was observed between transgenic and control
mice. The present study indicates that normal development of
the supporting cells is indispensable for proper cellular func-
tion of the OHC. © 2009 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: hereditary deafness, connexin26, Gjb2, outer hair
cell, prestin, electromotility.

*Corresponding author. Tel: +81-3-5802-1229; fax: +81-3-5840-7103.
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Abbreviations: C_,, membrane capacitance; C,, nonlinear capacitance;
Cx26, connexin26; DAPI, 4’,6-diamidino-2-phenylindole; DPOAE, dis-
tortion product otoacoustic emission; GJB2, connexin26 gene; OHC,
outer hair cell; P, postnatal day; PB, phosphate buffer; PBS, phos-
phate-buffered saline; PFA, paraformaldehyde.

The organ of Corti in mammals is a complex three-dimen-
sional structure containing both sensory and supporting cells
sitting on the basilar membrane. The supporting cells, includ-
ing the pillar cells and Deiter’s cells, form a rigid scaffold
adjacent to and surrounding the outer hair cell (OHC) and
confer essential mechanical properties for efficient transmis-
sion of stimulus-induced motion of the hair cells between the
reticular lamina and the basilar membrane. Although devel-
opment of pillar cells and the formation of a normal tunnel of
Corti are required for normal hearing (Colvin et al., 1996), the
physiological function of the supporting cells in postnatal
development remains unclear.

Gap junction proteins in the cochlear supporting cells are
believed to allow rapid removal of K away from the base of
hair cells, resulting in recycling back to the endolymph (Kiku-
chi et al., 1995). In addition to these effects on K", gap
junction proteins act to mediate Ca®' and anions such as
inositol 1,4,5-trisphosphate, ATP, and cAMP as cell-signal-
ing, nutrient, and energy molecules (Beltramello et al., 2005;
Zhao et al., 2005; Piazza et al., 2007; Gossman and Zhao,
2008). In the developing postnatal cochlea, Tritsch et al.
(2007) further found that within a transient structure known as
Kolliker's organ, ATP can bind to P2X receptors on the inner
hair cells, thus causing depolarization and Ca®" influx, while
also mimicking the effect of sound.

In the organ of Corti, most gap junctions are assembled
from connexin (Cx) protein subunits, predominantly connexin
26 (Cx26, Gjb2 gene) and co-localized Cx30 (Forge et al.,
2003; Zhao and Yu, 2006). Mouse models have confirmed
that Cx26 encoded by Gjb2 is essential for cochlear function
(Cohen-Salmon et al., 2002; Kudo et al., 2003). A dominant-
negative Gjb2 R75W transgenic mouse model shows incom-
plete development of the cochlear supporting cells, resulting
in profound deafness from birth (Inoshita et al., 2008). Char-
acteristic ultrastructural changes observed in the developing
supporting cells of the Gjb2 R75W transgenic mouse model
include (i) the absence of the tunnel of Corti, Nuel's space, or
spaces surrounding the OHCs; and (ii) reduced numbers of
microtubules in the pillar cells. On the other hand, the devel-
opment of the OHCs, at least from postnatal day 5 (P5) to
P12 was not affected. The Cx26 defect in the Gjb2 transgenic
mouse is restricted to the supporting cells; it is thus difficult to
explain why the auditory response is extensively disturbed
despite the presence of the OHCs.

The present study was designed to evaluate develop-
mental changes in the in vivo and in vitro function of the OHC
together with the ultrastructure of the OHC and its adjacent
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supporting cells in the R75W transgenic mouse, to provide a
better understanding of the functional properties of the sup-
porting cells, and to gain new insights into the molecular and
physiological mechanisms of Gjb2-based deafness.

EXPERIMENTAL PROCEDURES
Animals and anesthesia

All mice used for this study were obtained from a breeding colony of
R75W transgenic mice (Kudo et al., 2003) and maintained at the
Institute for Animal Reproduction (Ibaraki, Japan). R75W transgenic
mice were maintained on a mixed C57BL/6 background and inter-
crossed to generate R75W transgenic animals. The animals were
genotyped using DNA obtained from tail clips and amplified with the
Tissue PCR Kit (Sigma, Saint Louis, MO, USA). The animals were
deeply anesthetized with an intraperitoneal injection of ketamine (100
mg/kg, Ohara Pharamaceutical Co., Ltd., Tokyo, Japan) and xyla-
zine (10 mg/kg) in all experiments. All experiment protocols were
approved by the Institutional Animal Care and Use Committee at
Juntendo University School of Medicine, and were conducted in
accordance with the US National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Distortion product otoacoustic emission

All electrophysiology was performed within an acoustically and
electrically insulated and grounded test room. Distortion product
otoacoustic emission (DPOAE) responses at 2f1—f2 were mea-
sured through the meatus using a measuring system (model
ER-10B, Etymotic Research Inc., Elk Grove Village, IL, USA) with
a probe developed for immature mice according to a previous
paper (Narui et al., 2009). DPOAE stimuli were administered at
two primary frequencies, f1 and f2, such that f1<f2. DPOAE
input/output functions at f2=12, 30, and 45 kHz with f2/f1=1.2
were constructed. At each frequency pair, primary levels L1 (level
of f1 tone) and L2 (level of f2 tone) were increased incrementally
by 5 dB steps from 30 to 80 dB (f2=12 kHz and 30 kHz), and 30
to 70 dB (f2=45 kHz) with L1=L2. The DPOAE threshold level
was defined as the dB level at which the 2f1—f2 distortion product
was more than 10 dB above the noise level.

Non-linear capacitance

OHCs were obtained from acutely dissected organs of Corti from
both transgenic and non-transgenic mice according to a previous
report (Abe et al., 2007). Briefly, cochleae were dissected, and the
organs of Corti were separated from the modiolus and stria vas-
cularis. The organs were then digested with trypsin (1 mg/ml) in
external solution (100 mM NaCl, 20 mM tetraethylammonium, 20
mM CsCI, 2 mM CoCl,, 1.52 mM MgCl,, 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid and 5 mM dextrose (pH
7.2), 300 mosmol/L, in order to block ionic conductance) for 10-12
min at room temperature and transferred into 35 mm plastic
dishes (Falcon, Lincoln Park, NJ, USA) with 2 ml external solution.
OHCs were isolated by gentle trituration. The dish was mounted
on an inverted microscope (IX71; Olympus, Tokyo, Japan).

The patch pipette solution contained 140 mM CsCl, 2 mM
MgCl,, 10 mM ethyleneglycoltetraacetic acid, 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (pH 7.2), 300 mosmol/L (ad-
justed with dextrose).

The cells were whole-cell voltage-clamped with an Axon (Bur-
lingame, CA, USA) 200 B amplifier using patch pipettes having
initial resistances of 3-5 M(). Series resistances, which ranged
5-20 M(}, remained uncompensated for membrane capacitance
(C.,) measurements, though corrections for series resistance volt-
age errors were made offline.

Data acquisition and analysis were performed using the Win-
dows-based patch-clamp program jClamp (SciSoft, New Haven,
CT, USA).

The C,,, functions were obtained 1 min after establishment of the
whole-cell configuration. C,, was assessed using a continuous high-
resolution (2.56 ms sampling) two-sine voltage stimulus protocol (10
mV peak at both 390.6 and 781.2 Hz) superimposed onto a voltage
ramp (200 ms duration) from —150 to +150 mV (Santos-Sacchi et
al., 1998; Santos-Sacchi, 2004). The capacitance data were fit to the
first derivative of a two-state Boltzmann function (Santos-Sacchi,
1991).

ze

b
Co= Qmaxﬁ— (1+b)? +Cin

—Ze(Vi— Ve
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where Q.. is the maximum nonlinear charge moved, Vikem is volt-
age at peak capacitance or half-maximum charge transfer, V,, is
membrane potential, z is valence, C;,, is linear membrane capaci-
tance, e is electron charge, k is Boltzmann’s constant, and T is
absolute temperature. For analyses, we quantified C,, peak, an
estimate of maximum voltage-dependent, nonlinear capacitance, as

the absolute peak capacitance minus linear capacitance.

Histology

The mice were perfused with 4.0% paraformaldehyde (PFA) and
2.0% glutalaldehyde (pH 7.4) in 0.1 M phosphate buffer (PB). The
inner ears were dissected and immersed in fixative overnight at
room temperature. Decalcification was completed by immersion in
0.12 M ethylenediaminetetraacetic acid with gentle stirring at room
temperature for a day. The cochleas were flushed again with
buffer prior to perfusion with a warm solution of 10% gelatin. They
were chilled on ice, thus allowing the gelatin to solidify, and then
cut in half under a dissecting microscope. The half cochleas were
rinsed (four times for 1 min each) with warm PB (40 °C) to remove
residual gelatin. The specimens were post-fixed 1.5 h in 2.0%
OsO, in 0.1 M PB, then dehydrated through graded ethanols and
embedded in Epon. Semithin sections (1 um) were stained with
Toluidine Blue for light microscopy. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined by
electron microscopy (HITACHI H7100, Japan).

Immunohistochemistry

The cochleae were removed after cardiac perfusion with 4% PFA
(pH 7.4), placed in the same fixative at room temperature for 1 h,
decalcified with 0.12 M ethylenediaminetetraacetic acid (pH 7.0)
at 4 °C overnight. The specimens were dehydrated through
graded concentrations of alcohol, embedded in paraffin blocks
and sectioned into 5 um thick slices. The sections were washed in
several changes of 0.01 M phosphate-buffered saline (PBS; pH
7.2), blocked with 2% bovine serum albumin in 0.01 M PBS for 30
min, and then were incubated for 1 h at room temperature with
goat polyclonal antibodies to Prestin (1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) (Kitsunai et al., 2007) diluted in
0.01 M PBS+1% bovine serum albumin. The following day, the
tissues were rinsed with 0.01 M PBS, incubated for 1 h at room
temperature with a Alexa-Fluor-594 conjugated donkey anti-goat
(1:1000; Molecular Probes, Eugene, OR, USA), rinsed with 0.01 M
PBS, and then mounted in Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Labeling was viewed using
a confocal laser scanning microscope (LSM510 META, Carl
Zeiss, Esslingen, Germany), and each image was analyzed and
saved using the ZeissLSM image Browzer (Carl Zeiss).
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Statistical analysis

Data were expressed as mean+SEM. Input/output function data of
the amplitudes were analyzed via a non-repeated measures analysis
of variance (ANOVA). The significance of DPOAE amplitudes was
analyzed further by post hoc multiple comparison tests using the
Bonferroni procedure. The statistical difference of DPOAE threshold
was determined by a two-sided Mann-Whitney'’s U-test. P<<0.05 was
accepted as the level of significance.
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RESULTS
Distortion product otoacoustic emission

DPOAE responses were examined during postnatal devel-
opment. Non-transgenic mice started to show a measur-
able response of DPOAE from P12—14 followed by gradual
increase of amplitude (Fig. 1A, B, C). Significant differ-
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Fig. 1. Input/output function of the amplitudes of non-transgenic (A, B, C) and R75W transgenic (D, E, F) mice at 8 kHz, 20 kHz and 30 kHz frequencies
(2f1—f2) from P11 to P27. DPOAE data were plotted as mean=SEM. The dotted line is the noise level. Non-Tg: non-transgenic mice, R75W+: R75W

transgenic mice.
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ences of the DPOAE amplitudes of the non-transgenic
mice in comparison to noise levels appeared at P12—14 for
the different stimuli tested. In contrast, there were no sta-
tistically significant differences between noise level and
DPOAE amplitudes at 8 kHz, 20 kHz, and 30 kHz through-
out postnatal development in the R75W transgenic mice.
Furthermore, no DPOAE was detected at any frequencies
in R75W transgenic mice throughout postnatal develop-
ment (Fig. 1D, E, F).

The mean DPOAE thresholds of non-transgenic mice
were abruptly reduced around P13—-P14 to reach the adult
level by P16. In contrast, the mean DOPAE thresholds of
R75W transgenic mice stayed at high level throughout
postnatal development (Fig. 2).
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Fig. 2. DPOAE thresholds at 8 kHz (A), 20 kHz (B), and 30 kHz (C)
frequencies of non-transgenic mice (open circle) and R75W transgenic
mice (filled circle) from P11 to P27. The DPOAE threshold level was
defined as the dB level at which the 2f1—f2 distortion product was more
than 10 dB above the noise level. In the case of no DPOAE, the
threshold level was defined as 90 dB. *: Significant difference between
non-transgenic and transgenic mice (P-0.05). Non-Tg: non-trans-
genic mice, R75W+: R75W transgenic mice.

Histology and immunohistochemistry

The cytoarchitecture of the organ of Corti of the R75W
transgenic mouse was remarkably different from that of the
non-transgenic mouse (Fig. 3A, B). Transverse sections of
the organ of Corti in R75W transgenic mouse revealed
compression and squeezing of the OHC by the surround-
ing supporting cells, and Nuel's space around each OHC
was occupied by Deiter’s cells (Fig. 3B). Structural changes
in the OHCs and adjacent cells are likely to restrict the elec-
trically-induced motility of the OHC. The mesothelial cells
associated with the basilar membrane in the transgenic
mouse were cuboidal and more densely packed in contrast
to a flattened layer in the control mouse. However, the
ultrastructure of the OHCs in the non-transgenic mouse
was comparable to that of the R75W transgenic mouse
(Fig. 3C, D). The OHC of both mice showed consistent
characteristic features; (i) a relatively high proportion of
cytoplasm having a basally located nucleus, (i) a smooth
plasma membrane lined by a thick layer of subsurface
cisternae, (iii) numerous mitochondria along the lateral
membrane, and (iv) no vacuole formation in the cytoplasm
and no condensation of chromatin in the nucleus.

Immunofluorescence microscopy of cross-cochlear sec-
tions was used to examine the distribution of prestin in the
apical turns of the cochlea of non-transgenic and R75W
transgenic mice at P12. Prestin labeling was clearly visible
on the whole OHC basolateral wall in both the control (Fig.
4A) and R75W+ mice (Fig. 4B) at P12. On the other hand,
the nucleus and the cuticular plate of both mice were
devoid of immunostaining.

These ultrastructural and immunohistochemical results
support the notion that the OHC are equipped with the
morphological and molecular bases to produce electromo-
tility.

Electromotility of OHCs

The signature electrical response of an adult OHC is a
bell-shaped, voltage-dependent capacitance, which repre-
sents the conformational fluctuations of the motor mole-
cule. In wild-type of C57BL/6J mice, Cv increased rapidly
during development, saturating at P18 (Abe et al., 2007).
OHCs from both R75W transgenic and non-transgenic
mice showed somatic shape change in response to the
voltage change (data not shown) and showed a typical
bell-shaped voltage dependence (Fig. 5A). Cv increased
progressively from P9 and saturated at P24. The time
course of Cv in R75W transgenic and non-transgenic mice
showed no significant difference (Fig. 5B). These results
indicate that the development of OHC motility is not af-
fected in R75W transgenic mice.

DISCUSSION

The present study demonstrated that a dominant-negative
R75W mutation of Gjb2 failed to generate a detectable
DPOAE from birth in spite of the presence of OHCs and
apparently normal electromotility. The DPOAE depends on
two factors, an intact OHC system (Long and Tubis, 1988;
Brown et al., 1989) and a positive endocochlear potential
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Fig. 3. Histology and transmission electron micrographs of non-transgenic (A, C) and R75W transgenic (B, D) mice. At P12, tunnel of Corti is detected
in non-transgenic mice (A), but not (asterisk) in R75W transgenic mice (B). Nuel's space is formed in non-transgenic mice (A, C), but not in R75W
transgenic mice (B, D). OHCs are detected in both non-transgenic (A) and R75W transgenic mice, but are squeezed by the surrounding Deiter’s in
R75W transgenic mice (B). The OHCs showed normal development, with preserved fine structure of the lateral wall, membrane-bound subsurface
cisterna beneath the plasma membrane, and enriched mitochondria in both the non-transgenic (C) and R75W transgenic mice (D). Scale bars are 10
um (A, B) and 2 um (C, D). Abbreviations used: TC, tunnel of Corti; IP, inner pillar cell; OP, outer pillar cell; BM, basilar membrane; M, mesothelial

cell.

(Brownell, 1990). The R75W transgenic mice have a nor-
mal endocochlear potential (Kudo et al., 2003). Further-
more, the OHC develops normally with apparently intact
fine structure of the lateral wall, including normal mem-
brane-bound subsurface cisterna beneath the plasma
membrane. The characteristic phenotype observed in the
R75W transgenic mice was the absence of the tunnel of
Corti, Nuel's space, and spaces surrounding the OHC,
related to abnormal development of the supporting cells.

The mammalian cochlea uses a unique mechanism for
amplification of sound signals. Cochlear amplification is
thought to originate from (1) somatic motility based on the
cochlear motor prestin and (2) hair cell bundle motor re-
lated to mechanoelectrical channel (Robles and Ruggero,
2002). Distortion and cochlear amplification are believed to
stem from a common mechanism. A recent study (Verpy et
al., 2008) postulated that the main source of cochlear
waveform distortions is a deflection-dependent hair bundle
stiffness derived from stereocilin associated with the hori-
zontal top connectors. However, the relationship between
stereocilin and prestin is still unclear.

Somatic electromotility of the OHC is a voltage-depen-
dent rapid alteration of OHC length and stiffness. The
electromotility of the OHC is thought to amplify the motion
of the basilar membrane at low sound pressure levels and
compress it at high levels (Patuzzi et al., 1989; Ruggero
and Rich, 1991; Kossl and Russell, 1992). Prestin, which
resides in the basolateral membrane of the cochlear OHC
(Yu et al., 2006), acts as a voltage-dependent motor pro-
tein responsible for OHC electromotility (Belyantseva et
al., 2000; Zheng et al., 2000; Liberman et al., 2002). The
present study demonstrated that the voltage-dependent,
nonlinear capacitance representing the conformational
fluctuations of the motor molecule progressively increased
from P10 to P18 in Gjb2 R75W transgenic mice. The
developmental changes in the OHC electromotility ob-
served in the Gjb2 R75W transgenic mice resemble those
of both the C57BL/6J mouse in a previous study (Abe et
al.,, 2007) and the littermate non-transgenic mice in the
present study.

At least three factors that could explain the discrep-
ancy between the DPOAE and the OHC electromotility
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Fig. 4. A cross-sectional immunofluorescent analysis of prestin dis-
tributed in the apical turns of the cochlea of non-transgenic (A) and
R75W transgenic mice (B) at P12. Prestin labeling (red) is clearly
visible on the whole OHC basolateral wall in both the non-transgenic
(A) and R75W transgenic mice (B) at P12. The extracellular space
around the OHC in R75W transgenic mice is narrower than that in
non-transgenic mice. On the other hand, the nucleus stained with
DAPI (blue) and the cuticular plate of both mice are devoid of immu-
nostaining. Abbreviations used: OHC, outer hair cell; IHC, inner hair
cell. Scale bars are 10 um (A, B).

arising from the failure of development of the supporting
cells can be proposed. First, mature OHCs are supported
by underlying Deiter's cells, flanked on the lateral edge by
a several rows of Hensen’s cells, and anchored by the
reticular lamina at their apical surface. The three-dimen-
sional structure of the OHCs enable the longitudinal
changes driven by transmembrane potential changes. In

the transgenic mouse, the OHCs were compressed by the
surrounding Deiter’s cells, thus restricting motility. Second,
vibration of the basilar membrane may be related to its
thickness, which would contribute to the sensitivity and the
production of the otoacoustic emissions (Kossl and Vater,
1985) and further to the tonotopic changes of the devel-
oping gerbil cochlea (Schweitzer et al., 1996). The thick-
ened basilar membrane observed in the transgenic mice
might suppress the DPOAE by reducing the basilar mem-
brane vibration. Structural changes in the basilar mem-
brane may also reduce the sound-induced vibration of the
cochlear partition, thus inhibiting deflection of stereocilia
on inner hair cells. This could explain why Gjb2 R75W
transgenic mice show remarkable elevation of the auditory
brainstem response threshold (Inoshita et al., 2008). Third,
morphometric analysis of the organ of Corti suggest pos-
sible changes in ionic composition of the cortilymph sur-
rounding the basolateral surface of the OHCs (Inoshita et
al., 2008). Increased K™ ions in the cortilymph would de-
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Fig. 5. Electrical responses of isolated OHC. C,, is expressed as a
function of V,, at P14 in the R75W transgenic mouse (A). Fitted
parameters are Q,,,,=0.704 pC, z=0.89. C,, peak is expressed as a
function of postnatal day (B). The number of cells in non-transgenic
(closed circle) and R75W transgenic mice (open circle) was (from P9
to P24) 1-2, 0-3, 2-3, 5-2, 3-3, and 1-1, respectively. Standard error
is plotted. Non-Tg: non-transgenic mice, R75W-: R75W transgenic
mice.
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polarize the OHCs, and decreased driving force across the
mechanosensitive channels could affect OHC electromo-
tility. The progressive degeneration of OHCs observed
in the adult R75W transgenic mice (Kudo et al., 2003)
may be brought about by disturbed homeostasis of the
cortilymph.

The secondary hair cell loss in adult R75W transgenic
mice (Kudo et al., 2003; Inoshita et al., 2008) implies that
the restoration of hearing requires the regeneration of hair
cells in addition to introduction of the Gjb2 gene. The
present study clearly showed both morphological and func-
tional maturation of OHC until late in development, sug-
gesting that a dominant-negative R75W mutation of Gjb2
does not affect the genes that determine or control the
differentiation of the OHC. Therefore, gene transfer of Gjb2
into the supporting cells before hair cell degeneration could
be used to treat deafness. Transgene expression has been
accomplished in the supporting cells of the neonatal
mouse cochlea using adeno-associated viral vectors with-
out causing additional damage to the cochlea (lizuka et al.,
2008). Therefore, the present study provides a new strat-
egy to restore hearing in Gjb2-based mutation.

CONCLUSION

OHC from the dominant-negative R75W mutation of Gjb2
showed normal development and maturation, and isolated
OHC clearly showed voltage-dependent, nonlinear capac-
itance with characteristic subcellular features. However,
the DPOAE, which serves as an index for in vivo cochlear
amplification, was remarkably suppressed in the mutant
mice. This may result from disturbed development of the
supporting cells surrounding the OHCs. The present
study confirmed that the normal development of the
supporting cells is indispensable for the cellular function
of the OHC.
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Abstract

Distortion product otoacoustic emissions (DPOAE:s)
have been used to examine the development of hearing
in the rat and gerbil. However, no reports of DPOAE
mecasurement from the onset of hearing in mice are
available. Commercially-available components were
assembled and adapted to provide a suitable probe
microphone and sound delivery system for measuring
DPOAE in developing C57BL/6J mice. Furthermore,
DPOAE data were compared with the findings of the
auditory brainstem response (ABR). DPOAEs were
obtained at 8 kHz from 11 days after birth, 20 kHz
from 12 days, and 30 kHz from 13 days. Adult-like
patterns of DPOAE were obtained 21 days at 8 and 20
kHz, and 28 days at 30 kHz. On the other hand, the ABR
thresholds at 12 to 36 kHz appeared between 11 and 12
days and were saturated at 14 days. Based on these data,
the onset of measurcable DPOAEs in the mouse were
carlier than in the rat and gerbil. The maturation of
DPOAE in the mouse begins at a lower frequency in the
high frequency range. In addition, the ABR threshold
reached maturation carlier than DPOAE.

Sumario

Las emisiones otoacusticas por productos de distorsion
de las emisiones otoacusticas (DPOAE) han sido utiliza-
dos para examinar el desarrollo de la audicion en las ratas
y los jerbos. Sin embargo, no hay mediciones disponibles
de los DPOAE del inicio de la audicion en ratones. Se
ensamblaron y adaptaron partes de componentes dis-
ponibles comercialmente para lograr una sonda con
micréfono y un sistema de sonido para la medicion de
DPOAE cn ratones C57BL/6J en desarrollo. Incluso los
datos de los DPOAE fueron comparados con los
hallazgos de los potenciales evocados de tallo cerebral
(ABR). Sc obtuvicron DPOAE a 8 kHz, 11 dias después
del nacimiento, a 20 kHz a los 12 dias y a 30 kHz a los 13
dias. Se obtuvicron patrones de DPOAE parccidos a los
de los adultos a los 21 dias cn 8 y 20 kHz y a los 28 dias a
30 kHz. Por otro lado, los umbrales de los ABR de 12 a
36 kHz aparccicron entre 11 y 12 dias y fueron saturados
a los 14 dias. Con base en estos datos la aparicion de
DPOAE medibles en estos ratones son mds tempranos
que en la rata y el jerbo. La maduracién de los DPOAE
en los ratones comienza en una frecuencia mas baja en el

Abbreviations

ABR: Auditory brainstem response

DPOE: Distortion product
otoacoustic emission

rango de frecuencias altas. Ademas los umbrales de ABR
alcanzan su madurez antes que los DPOAE.

The auditory function has been extensively studied in various
mammals using several methods. The auditory brainstem
response (ABR) has emerged as the most commonly used tool
in the assessment of auditory function during development. The
non-invasive character and simplicity of ABR recording has
made it the tool of choice in this application. Another
noninvasive tool used to assess auditory function is measure-
ment of the distortion product otoacoustic emission (DPOAE)
which is a type of cochlea-generated signal for evaluating the
status of the outer hair cells in an intact endocochlear potential
(Brownell, 1990). These acoustic signals, which can be recorded
in the external ear canal, are generated within the cochlea in
response to simultaneous stimulation of the same ear by two
different frequency tones (Probst et al, 1991). DPOAE:s are very
sensitive to aging, noise exposure, and drug toxicity (Henley &
Rybak, 1995; Parham, 1997; Mills & Rubel, 1994; Mills, 2003),
and provide noninvasive probes for evaluating the cochlear
functioning.

The DPOAE measurements have been used to examine the
development of stimulus transduction along the basilar mem-
brane in the rat and gerbil (Lenoir & Puel, 1987; Henley et al,
1990; Norton et al, 1991; Mills & Rubel, 1996). The fact that
emissions provide frequency-specific information makes them

especially attractive for such investigations. DPOAEs have been
found to be reliably measureable in neonatal gerbils (Mills &
Rubel, 1996; Mills, 2004) and rats (Lenoir & Puel, 1987; Henley
et al, 1990). Several investigators also (Li et al, 1999; Varghese
et al, 2005; Inagaki et al, 2006; Noguchi et al, 2006; Zhu et al,
2007) have focused on DPOAEs in young mice, namely at 4 to 6
weeks of age. Recently, the mouse has been used as an animal
model for various hearing disorders. It is useful to measure
auditory function throughout the life of the mouse in studies
such as those directed toward genetic disorders (for example, see
Minowa et al, 1999; Kudo et al, 2003). However, postnatal
development of DPOAEs from the onset of hearing in mice has
not been reported.

A mouse is smaller than a gerbil, so it possesses a narrower
external auditory canal than a gerbil and extremely high
frequency hearing. Namely, in the measurement of high fre-
quency sound, the wavelength is too short to avoid the resonance
of both the external auditory meatus and the inner space of the
conventional probe used for DPOAE measurements. Resonance
prevents the correct measurement of the sound pressure in front
of the tympanic membrane. This is one reason why there have
been few reports on high frequency DPOAE measurements in
neonatal rodents, other than that of Mills and Rubel (1996).
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