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Compartmentalization of the Outer Hair Cell Demonstrated by Slow
Diffusion in the Extracisternal Space

Olga Gliko,† Peter Saggau,‡§ and William E. Brownell†‡§*
†Department of Otorhinolaryngology-Head and Neck Surgery, and ‡Department of Neuroscience, Baylor College of Medicine, Houston, Texas;
and §Department of Bioengineering, Rice University, Houston, Texas

ABSTRACT In the outer hair cell (OHC), the extracisternal space (ECiS) is a conduit and reservoir of the molecular and
ionic substrates of the lateral wall, including those necessary for electromotility. To determine the mechanisms through which
molecules are transported in the ECiS of the OHC, we selectively imaged the time-dependent spatial distribution of fluorescent
molecules in a<100 nm layer near the cell/glass interface of the recording chamber after their photolytic activation in a diffraction-
limited volume. The effective diffusion coefficient was calculated using the analytical solution of the diffusion equation. It was
found that diffusion in the ECiS is isotropic and not affected by depolarizing the OHC. Compared with free solution, the diffusion
of 10 kDa dextran was slowed down in both the ECiS and the axial core by a factor of 4.6 and 1.6, respectively.
INTRODUCTION

Outer hair cells (OHCs) play an important role in cochlea

amplification (1–3). The OHC lateral wall is ~100 nm thick

and consists of two axially concentric cylindrical layers—the

plasma membrane (PM) and subsurface cisterna (SSC)—

separated by the extracisternal space (ECiS) (Fig. 1). The

ECiS is 20–40 nm thick and filled with fluid, and contains

a cytoskeletal network called the cortical lattice (CL). The

CL consists of circumferentially oriented actin filaments

that are spaced by ~40 nm and interconnected by longitudi-

nally oriented spectrin. Radially oriented pillars of unknown

composition connect the parallel actin filaments to the PM.

The tensile properties of the CL together with cytoplasmic

turgor pressure allow the OHC to maintain its cylindrical

shape and to generate electromechanical forces required for

hearing (4). The ECiS serves as a reservoir and a conduit

for ions, water, and other molecular species, including anions

necessary for electromotility. Its transport properties for

species other than water remain unknown. Estimations of

the water permeability of the ECiS have shown that the resis-

tance to water transport is limited by the hydraulic resistance

of the PM, i.e., the hydraulic permeability of the PM is much

smaller than that of the ECiS (5). To the best of our knowl-

edge, no experimental data on molecular transport in the

ECiS have been provided. Because of the size and structure

of the ECiS, novel experimental methods are needed to probe

its transport properties and investigate diffusive and convec-

tive transport of neutral and charged fluorescently labeled

molecules. In vivo and in vitro studies of simultaneous diffu-
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sion and convection using fluorescently labeled markers

have been conducted in the past using fluorescence recovery

after photobleaching (FRAP) (6,7), but not at the scale of the

ECiS. The disadvantages of FRAP that make it unsuitable for

our study are its relative slowness, as well as a low signal/

noise ratio as a result of measuring a low-intensity signal in

the presence of a high-intensity background. Another draw-

back of FRAP is that it results in reversible photobleaching,

a phenomenon that is not well understood but is attributed

to a spontaneous and radical-induced recovery from the triplet

state (8).

The combination of two techniques has rendered possible

a novel experimental approach for studying transport

phenomena in nanostructures. These techniques are micro-

photolysis of caged fluorescent compounds and total internal

reflection fluorescence microscopy (TIRFM). Microphotoly-

sis has become a powerful tool to rapidly ‘‘deliver’’

substances to small volumes, since inert molecules can readily

be put in place and activated with a flash of light within milli-

seconds (9,10). With TIRFM, the fluorophore excitation

volume can be limited to a thin layer of tens to hundreds of

nanometers (11,12).

In this work, we combined these two techniques to instan-

taneously and selectively deliver tagged fluorescent mole-

cules to a small volume inside the cell and to image their

fate in nanostructures such as the ECiS with a selective

wide-field imaging scheme. We used the diffusion equation

to analyze the experimental data and obtain quantitative

transport characteristics of the ECiS.

MATERIALS AND METHODS

OHC isolation

Albino guinea pigs of either sex weighing 200–300 g were anesthetized and

decapitated according to the Baylor College of Medicine’s guidelines for the

use of laboratory animals. The temporal bones were removed, and the organ
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of Corti was isolated from the cochlea and incubated in trypsin (1 mg/mL;

Sigma, St. Louis, MO) for ~5 min. Gentle pipetting was performed to disso-

ciate the OHCs before transferring them to a glass-bottom petri dish that was

polylysine-coated by the manufacturer (MatTek, Ashland, MA) to enhance

cell attachment. Dissection and experiments were performed in an extracel-

lular solution containing (in mM) 100 NaCl, 20 CsCl, 20 N-(CH2CH3)4Cl,

10 HEPES, 2 CoCl2, 1.47 MgCl2, 2 CaCl2. The internal solution of the

whole-cell pipette contained (in mM) 140 CsCl, 2 MgCl2, 10 EGTA, and

10 HEPES. The pH was 7.2 5 0.02 and the osmolarity was 300 5 2

mOsm/kg. We used the OHCs with lengths of 60–90 mm. All OHCs were

used within 4 h after the animal was killed, and had a uniformly cylindrical

shape without swelling, no Brownian motion in the cytoplasm, and a basally

located nucleus.

Whole-cell voltage clamping

Patch pipettes with a typical resistance of 3–4 MU were pulled from quartz

capillary tubes (Sutter Instrument, Novato, CA) with a CO2 laser-based

micropipette puller (Sutter Instrument). An Axopatch 200B amplifier

(Axon Instruments, Foster City, CA) was used for recordings. Electrical

seals (>1 GU) were formed between the pipette and cell membrane at the

basal end of the OHC to ensure the integrity of the lateral wall structure.

After the pipette capacitance was compensated, gentle suction was applied

to establish a whole-cell configuration, and the holding potential was set

to�60 mV. The holding potential was changed to 0 andþ60 mV for several

seconds during some of the experiments. Custom computer software written

in LabVIEW (National Instruments, Austin, TX) controlled the experiment

and data acquisition.

Optical setup

To determine the mechanisms of molecular transport in the ECiS, we imaged

the fate of intracellularly delivered molecules conjugated with caged,

initially nonfluorescent molecules, which upon ultraviolet (UV) irradiation

were photolyzed and became fluorescent. The diffusion indicator, DMNB-

caged fluorescein dextran (10 kDa, anionic; Invitrogen, Carlsbad, CA),

was added to the internal solution (100 mM final concentration) and loaded

into the OHC by patch pipette. In OHCs, imaging of fluorescent molecules is

complicated by the small radial dimension of the ECiS (~20–40 nm thick-

ness) and the fact that the axial core (AX), which is in close proximity

(~100 nm distance), is also filled with the caged compound. Therefore,

FIGURE 1 OHC lateral wall is ~100 nm thick and consists of the plasma

membrane (PM), the cortical lattice (CL), and the subsurface cisterna (SSC).

The CL is composed of microdomains of parallel actin filaments cross-

linked by spectrin. Pillars link actin filaments to the PM. The axial core

(Ax) is the center of the OHC, and the extracisternal space (ECiS) is the

fluid-filled space between the PM and the SSC, wherein lies the CL. The

stereocilia are rooted in the cuticular plate (Cp) (3).
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measures have to be taken to limit the photolysis or to restrict the fluores-

cence imaging to the ECiS.

To image transport in the ECiS, we photolyzed the caged fluorophore

within both the ECiS and the AX, but we imaged fluorescence from the

ECiS only by using total internal reflection (TIR) excitation (Fig. 2 a). In

TIR, a thin evanescent field decaying exponentially in the axial direction

excites fluorophores near an interface where the refractive index steps

down, e.g., a glass/water interface. Using a 1.45 NA objective lens, the

smallest penetration depth of the excitation field, achieved at the largest

angle of q ¼ 72.8�, is 67 nm (1/e criterion). Our experimental setup

combining UV microphotolysis and TIRFM using visible light is shown

in Fig. 2 b. Two lasers were used: a pulsed, diode-pumped solid-state

Q-switched UV laser (3500; DPSS Lasers, Santa Clara, CA) with 355 nm

wavelength and 50 kHz repetition rate, and a continuous-wave Ar-laser

(488 nm; Omnichrome 532-AP-A01; Melles Griot, Carlsbad, CA). The laser

beams were attenuated, expanded, and coupled through the back port of

a standard inverted microscope into an oil immersion 100� objective lens

with NA of 1.45 (Carl Zeiss, Gottingen, Germany). The inverted microscope

(Axiovert S100TV; Carl Zeiss) with its bottom port for direct fluorescence

access allowed us to perform optical measurements and patch-clamping

recordings simultaneously. A petri dish with isolated OHCs was placed

onto the translational stage of the microscope, which supported convenient

electrophysiological recording and media replacement. The pipette holder

was mounted on the translational stage, which allowed us to adjust the posi-

tion of the whole-cell patched OHC relative to the laser beams. The UV

beam was expanded to fill the back focal aperture of the objective lens,

resulting in a focus with a diameter of 1.4 mm in the center of the object

a

b

FIGURE 2 (a) UV photolysis activation of fluorescent dye in a diffraction-

limited volume inside the OHC followed by selective TIR fluorescence exci-

tation in the ECiS. (b) Experimental setup for measuring transport in the OHC.
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plane. The expanded visible beam was focused at the back focal aperture,

providing a collimated beam with a diameter of 30 mm in the object plane.

The incident angle of the visible beam was adjusted by mechanical transla-

tion of a mirror (Fig. 2 b). This allowed us to change the penetration depth of

the evanescent excitation for TIRF imaging, and switch to epifluorescence

imaging by setting the incident angle below the critical one (q ¼ 61.2�).
The fluorescence emitted by the cell was collected by the same objective

lens and passed through the dichroic mirror and the additional long-pass

filter (not shown) to block residual excitation light. The mirror assembly

(not shown) attached to the microscope bottom port directed the light

collected by the objective lens to a cooled CCD camera (CH250/A; Photo-

metrics, Tucson, AZ), which was used to capture fluorescence images.

Fluorescence measurements

For measurements of transport in the OHC, the whole-cell patch clamp was

established and the cell was filled with the caged dye. In addition to the

caged fluorescein, the internal pipette solution contained a low concentration

(<10 mM) of fluorescein (Sigma, St. Louis, MO). The OHC was illuminated

with TIR light, and the surface part of the cell adjacent to the glass coverslip

became fluorescent due to emission from the low amount of free fluorescein.

The OHC fluorescent area was brought to focus and moved laterally, such

that the UV beam would be centered in the area during the photolysis.

Photolysis was always induced well away from the OHC nucleus. Alterna-

tively, epi-illumination was used to measure transport in the AX for compar-

ison with the ECiS. The caged fluorophore was photolyzed by exposure to

the focused UV beam for 10 ms. The exposure time was computer-

controlled by utilizing the external Q-switch mode of the laser. The fluores-

cence was excited continuously with the TIR beam during the uncaging and

subsequent measurement periods. A sequence of images was taken with an

exposure time of 10–14 ms and a total time of 4–5 s. Image acquisition and

UV exposure were synchronized using custom software (LabVIEW), such

that data acquisition started before photolysis and continued until uniform

distribution of the uncaged fluorophore was reached. The images were

corrected using MATLAB software (The MathWorks, Natick, MA) by sub-

tracting a frame acquired before UV exposure to remove the background

fluorescence from uncaged dye before photolysis. The resulting images

were subsequently normalized using the same frame to remove nonunifor-

mities of fluorescence due to inhomogeneous intensity of the visible excita-

tion beam. This also eliminated the effect of a nonuniform distance between
the cell surface and coverslip. Several tests, including measurements in free

solution, were done to ensure proper data processing. For each cell, uncaging

was repeated several times, and at the end of each experiment photolyzed

dye was distributed uniformly. For measurements in free solution, a 20

mm layer of internal solution containing DMNB-caged fluorescein dextran

(10 kDa, 100 mM) was sandwiched between two glass coverslips. All exper-

iments in OHCs and free fluorescein solution were carried at a room temper-

ature of 22�C.

Determination of effective diffusivity

Sequences of corrected images were used to determine the nature of the

molecular transport and to calculate the effective diffusivity. Assuming

a linear dependence of fluorescence on excitation intensity, the fluorescence

intensity is proportional to the concentration of the uncaged dye. As a result

of photolysis, a fraction of caged dye molecules became photolyzed rapidly

in a small volume inside the OHC. The initial distribution of uncaged fluo-

rescent dye corresponded to the intensity pattern of a focused UV beam,

which can be approximated as a three-dimensional (3D) Gaussian distribu-

tion. The time evolution of the uncaged dye concentration C(x,y,z,t) is

described by the diffusion-convection equation:

vC

vt
þ uVC ¼ D

�
V2C þ FZC

RT
V2j

�
; (1)

where u is the fluid velocity, D is the effective diffusion coefficient, F is the

Faraday constant, Z is the ionic charge, R is the universal gas constant, and j

is the electric potential. By measuring the time evolution of the spatial distri-

bution of the fluorescence intensity, including the spreading of the fluores-

cence spot as a result of diffusion and the drift of the spot centroid, it is

possible to calculate both the effective diffusion coefficients and the fluid

velocity for fluorescently labeled molecules. Equation 1 can be solved

numerically to yield the concentration distribution as a function of time after

photolysis. The results of computations can be fit to the experimental data to

determine the effective diffusion coefficient and the fluid velocity.

In the absence of convection and electric field, the molecular transport is

determined by diffusion:

vC

vt
¼ Dx

v2C

vx2
þ Dy

v2C

vy2
þ Dz

v2C

vz2
; (2)
FIGURE 3 Epifluorescence images of the spatiotemporal

distribution of uncaged fluorescein-dextran in free solution.

Image size was 23 � 23 mm2. The images are labeled in

milliseconds as measured from the uncaging event.
Biophysical Journal 97(4) 1215–1224
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where Dx, Dy, Dz are the effective diffusion coefficients in the x, y, and z

directions, respectively. Here, Eq. 2 is generalized to the case of anisotropic

diffusion. Since the initial distribution of uncaged dye is a 3D Gaussian,

a simple analytical solution can be used to determine the effective diffusion

coefficients:

Cðx; y; z; tÞ ¼ 1

ð4pÞ3=2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt þ aÞðt þ bÞðt þ cÞ

p
� exp

"
�
�
x � x

0�2

4Dxðt þ aÞ �
�
y� y

0�2

4Dyðt þ bÞ �
�
z� z

0�2

4Dzðt þ cÞ

#
:

(3)

The parameters a, b, and c in Eq. 3 are chosen depending on the actual

dimensions of the photolyzing focused UV beam. The analytical solution

(Eq. 3) is valid for the 3D Gaussian source spreading in an infinite medium.
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It is a good approximation in the case of diffusion in free solution, as well as

in the AX of the OHC. In this case, diffusion in each dimension is intrinsi-

cally independent of the two other dimensions. Since the experimentally

measured data were two-dimensional (2D), the data analysis was simplified

to 2D diffusion. The x- and y- intensity profiles through the maximum of the

fluorescence image at each time were fitted to a Gaussian, and the square of

the width at 1/e of the maximum was plotted as a function of time: (Dx)2 ¼
16Dxt, (Dy)2 ¼ 16Dyt. The slope of the plot provided the diffusivity values,

Dx or Dy. The slope was calculated by the least-square method, and Student’s

t-test was used to compare averages. The geometry of the UV laser uncaging

spot was such that the axial size was ~3 times larger than the lateral, and thus

larger by a factor of ~100 than the thickness of the ECiS. Therefore, the

uncaging beam diameter was assumed to be uniform through the entire

thickness of the ECiS. With such beam geometry, the axial concentration

gradient of uncaged fluorescein across the ECiS is negligible. As a result,

the contribution of the diffusion in the z direction was ignored, and a 2D

analysis was performed.
a b

c d

fe

g h

i j

FIGURE 4 Determination of the effective diffusivity of

uncaged fluorescein-dextran in free solution. (a and b)

x- and y-Intensity profiles through the center of the images

shown in Fig. 3. (c and d) Normalized profiles of a and b. (e

and f) Corrected profiles of a and b (dots) were fit by

Gaussian distributions (solid lines). (g and h) Normalized

profiles of e and f. (i and j) Squared widths of Gaussian

profiles were plotted as a function of time. The slope of

the line calculated by the least-square method is the effec-

tive diffusivity.
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RESULTS

Diffusion in free solution

For these experiments, uncaged fluorophores were allowed

to diffuse freely in a 20 mm thick layer of internal solution

in the absence of convection or electric field. When low-

molecular-weight caged fluorescein was uncaged in free

solution (and in the OHC as well), the diffusional spread

of the initial dye distribution occurred too rapidly for useful

quantitative information to be obtained from the acquired

images. Therefore, a significantly larger molecule, DMNB-

caged fluorescein dextran (10 kDa, 100 mM), was used.

Fig. 3 shows an acquired sequence of images of the spatio-

temporal distribution of fluorescein dextran after uncaging.

The image size was 23 � 23 mm2, image acquisition rate

was 18 frames/s, and total imaging time was 4 s. The first

image (�55 ms; Fig. 3) was taken just before the photolysis

event. The second image (0 ms; Fig. 3) represents the initial

distribution of uncaged dye taken at the time of UV photol-

ysis. Subsequent images (only a few are shown in Fig. 3)

represent the evolution of the initially uncaged dye. Orthog-

onal intensity profiles were determined through the center of

the fluorescence distribution for each image (Fig. 4, a and b,

respectively). The maximum intensity decreases and the

profile width increases with time. The widening is more

clearly seen when intensity distributions are normalized to

their maximum value (Fig. 4, c and b). The absence of any

displacement of the centroid indicates pure diffusion in the

absence of convection. Thus, the analytical solution (Eq. 3)

of the diffusion equation (Eq. 2) was applied to determine

the effective diffusion coefficient. As described in Materials

and Methods, the images were corrected to eliminate any

nonuniformity of excitation intensity. The corrected profiles

corresponding to Fig. 4, a–d are shown in Fig. 4, e–h. The

profile at each point in time was fit by a Gaussian (solid lines
in Fig. 4, e–h). Squared widths of Gaussians were plotted as

a function of time (Fig. 4, i and j). The slopes of the plots

(Fig. 4, i and j) were calculated by the least-square method,

providing the same value for x and y directions. Employing

TIR illumination instead of epi-illumination did not affect

the measured diffusivity values. The averaged value of the

measured effective diffusion coefficient in free solution,

Dfree, was 65 5 10 mm2/s (n ¼ 5), which agreed well with

a previously reported value of 68 5 11 mm2/s for a tempera-

ture of 22�C (13). The fact that the diffusion was the same in

bulk solution as it was at the surface provides further justifi-

cation for 2D analysis of diffusion in the ECiS.

Transport in the OHC

After diffusivity measurements were validated for the case of

free solution, we carried out experiments in OHCs. TIR illu-

mination of OHCs loaded with fluorescein resulted in fluo-

rescence in an area that sometimes extended from the base

to the apical end of the cell and had a width of ~4–7 mm.
The width was significantly larger than the expected value

of ~2 mm, which was estimated by taking into account the

cylindrical shape of the OHC with a diameter of ~9 mm

and the penetration depth of TIR illumination of <100 nm.

To validate the correct limitation of the excitation depth in

a

b

c

FIGURE 5 Testing contact area of the OHC with polylysine-coated glass

coverslip. The PM of the OHC was stained with Di-8-ANEPPS. (a) Bright-

field image of the OHC. (b) Epifluorescence image of the OHC. (c) TIRFM

image of the OHC shows cell-glass contact area.
Biophysical Journal 97(4) 1215–1224
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the OHC, we tested the cell/glass contact area by labeling the

OHC’s PM with Di-8-ANEPPS (Invitrogen). The dye was

added to a petri dish with isolated cells (100 mM final

concentration) and washed away after a 15-min incubation.

A comparison between epifluorescence and TIRFM images

of the cell, as well as a bright-field image, is shown in

Fig. 5. With epi-illumination, the entire PM of the cell was

fluorescent (Fig. 5 b). With TIR illumination, fluorescence

was only excited in the part of the cell PM that was in contact

with the coverslip and therefore located within a <100 nm

distance from it. The width of the contact area shown in

Fig. 5 c was ~6 mm. This was typical for most of the

OHCs when polylysine-coated glass was used. The increased

contact area indicates flattening of the cell lateral wall where

it was in contact with the coverslip.
Biophysical Journal 97(4) 1215–1224
During the experiments, we minimized the penetration

depth of the TIR illumination by using the largest incident

angle achievable with the employed objective lens, which

was assumed to be <100 nm (the theoretical minimum is

67 nm for NA 1.45). Though the thickness of the ECiS is

unknown, estimations based on electron microscopy

imaging give values of 20–40 nm. Together with the PM

and SSC, the total thickness of the lateral wall is ~100 nm.

Taking into account an exponential decrease of excitation

intensity with distance from the coverslip in TIRF, it is fair

to assume that the uncaged molecules in the AX are not

excited efficiently, and measured fluorescence is dominated

by uncaged molecules located in the ECiS.

Fig. 6 illustrates a typical experiment in the OHC. The cell

was held at �60 mV and photolysis was induced well away
a

b FIGURE 6 Imaging diffusion of uncaged fluorescein-

dextran in the ECiS of the OHC. (a) Bright-field image

of the OHC. The white cross and dashed square indicate

the center of the uncaging spot and imaged area. (b)

TIRFM images of the spatiotemporal distribution of unc-

aged fluorescein-dextran in the ECiS. Image size was

11.5 � 11.5 mm2. The images are labeled in milliseconds

as measured from the uncaging event.
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from the nucleus (Fig. 6 a). Fig. 6 b shows the time course of

the uncaged fluorescein dextran (10 kDa, 100 mM). The

image size was 11.5 � 11.5 mm2, image acquisition rate

was 72 frames/s, and total imaging time was 4 s. Intensity

profiles (Fig. 7, a and b) were taken along the axial and

circumferential directions of the cell, or the x and y direc-

tions, respectively. Normalized profiles (Fig. 7, c and b)

show a difference between the axial and circumferential

directions, namely, wider axial profiles. This difference is

due to nonuniform distance between the cell and the cover-

slip. Normalization with an image taken before photolysis

(�14 ms; Fig. 6) abolished the difference between axial

and circumferential profiles, as shown in Fig. 6, e–h. Both

axial and circumferential profiles lack a drift of the centroid

a b

c d

fe

hg

i j

FIGURE 7 Determination of the effective diffusivity of uncaged fluores-

cein-dextran in the ECiS of the OHC. (a and b) Intensity profiles along the

axial and circumferential directions of the cell through the center of images

shown in Fig. 6 b. (c and d) Normalized profiles of a and b. (e and f) Cor-

rected profiles of a and b (squares) were fit by Gaussians (solid lines).

(g and h) Normalized profiles of e and f. (i and j) Squared widths of Gaussian

profiles were plotted as a function of time. The slope of the line calculated by

the least-square method is the effective diffusivity.
over the time course of the experiment. Only dye spreading

due to the diffusion is present. The average value of the

effective diffusion coefficient, DECiS, calculated for measure-

ments in 13 cells was 14 5 3 mm2/s, which is significantly

smaller (by a factor of 4.6) than the value measured in free

solution (P ¼ 0.0003, Student’s t-test). A comparison

of the diffusivity values calculated from axial and circum-

ferential profiles (Fig. 7, i and j, respectively) showed no

difference within the measurement error. Applying the depo-

larizing holding potential of 0 mV and þ60 mV did not

change the measured DECiS. To determine the transport in

the AX of the OHC, the same experiments were performed

using epifluorescence imaging. A bright-field image of an

OHC and epifluorescence images taken during the experiments

are shown in Fig. 8, a and b, respectively. Fig. 9 illustrates the

determination of the effective diffusivity. The transport was

purely diffusive, and the effective diffusion coefficient Daxial

was 40 5 11 mm2/s (n ¼ 5). The diffusion in the AX was ~3

times faster than in the ECiS, but was slower compared to

that in free solution (P¼ 0.005). The difference between DECiS

and Daxial was statistically significant (P ¼ 0.006).

DISCUSSION

TIRFM images of OHCs, similar to the one shown in Fig. 5 c,

revealed a specific condition of the PM, i.e., flattening of

the part of the membrane that was in contact with the glass

coverslip. When uncoated glass was used, the contact area

between it and the OHC was very small and limited to indi-

vidual patches. Therefore, the polylysine coating facilitates

the cell/glass contact and may play a role in the membrane

flattening. This flattening of the lateral wall may affect the

thickness of the ECiS and its transport properties. Thus,

our conclusion regarding the absence of the convective trans-

port may be valid for this specific condition only. Although

this flattened state of the membrane is different from the

natural state, the experimental findings are still of interest

because they provide insight into the structure of the lateral

wall. The optical technique employed here provides informa-

tion on live cells, whereas to date, all structural information

has been obtained by electron microscopy. In addition, poly-

lysine-coated glass is commonly employed for cell immobi-

lization during electrical recordings.

The most important finding is the significant difference in

the measured values of the effective diffusion coefficient

for the ECiS and the AX (see Table 1). It proves the exis-

tence of the ECiS, a compartment that features significantly

slower motion of molecular substances compared to the rest

of the cell. The lower diffusivity (Dfree/DECiS¼ 4.6) could be

a result of several different factors, including the presence of

the CL and the interaction with both the PM and the SSC.

Our data do not indicate any binding of fluorophores to

membranes. However, even though the observed photo-

bleaching was not significant, it could prevent us from moni-

toring bound fluorophores. The smaller effective diffusivity
Biophysical Journal 97(4) 1215–1224
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a

b FIGURE 8 Imaging diffusion of uncaged fluorescein-

dextran in the AX of the OHC. (a) Bright-field image of

the OHC. The white cross and dashed square indicate the

center of the uncaging spot and imaged area. (b) Epifluor-

escence images of the spatiotemporal distribution of

uncaged fluorescein-dextran in the AX. Image size was

11.5 � 11.5 mm2. The images are labeled in milliseconds

as measured from the uncaging event.
in the AX compared with free solution (Dfree/Daxial ¼ 1.6)

indicates that the effective viscosity of the cytoplasm is

significantly higher than that of water. The diffusion was

found to be isotropic in both the ECiS and the AX. Reported

values for the effective viscosity of the cell cytoplasm vary

significantly depending on the cell type, probe size, and other

parameters. Our Dfree/Daxial value may be compared with that

reported for the diffusion of fluorescently labeled dextrans of

different sizes in neuron cytoplasm (14). The ratio of the

diffusivities in aqueous solution to neuronal cytoplasm

increased with increasing size of dextrans, and was found

to be 2.7 for the dextran with a hydrodynamic radius of 2 nm

(close to our probe radius of 2.5 nm). The smaller ratio we
Biophysical Journal 97(4) 1215–1224
observed is consistent with a lower density of solutes in

the OHC cytoplasm.

The absence of drift of the fluorophores indicates that

possible effects of the convection and electric field are small

and undetectable on the timescale of the experiments. The

sensitivity of our technique is ~1 mm/s. The possibility of

the presence of convective transport of molecules was sug-

gested based on the permeability of the PM to water, as

shown in a number of studies (15–18). The hypothesis

proposed by Halter et al. (19) regarding extracisternal longi-

tudinal potential gradients and their role in experimentally

observed nonlinear capacitance and electromotility was an

additional motivation for our study. The absence of such
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a drift may be explained by the above-mentioned membrane

flattening or by the noncontinuous structure of the SSC.

Evidence for this comes from high-resolution electron

microscopy imaging, which has revealed the existence of

variable numbers and degrees of fenestration of cisternal

layers along the length of an individual OHC (20). At the

same time, the observed fenestration could be a result of

the fixation process. The limitations on image acquisition

a b
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i j

FIGURE 9 Determination of the effective diffusivity of uncaged fluores-

cein-dextran in the AX of the OHC. (a and b) Intensity profiles along the

axial and circumferential directions of the cell through the center of images

shown in Fig. 6 b. (c and d) Normalized profiles of a and b. (e and f)

Corrected profiles of a and b (squares) were fit by Gaussians (solid lines).

(g and h) Normalized profiles of e and f. (i and j) Squared widths of Gaussian

profiles were plotted as a function of time. The slope of the line calculated by

the least-square method is the effective diffusivity.

TABLE 1 Effective diffusion coefficients in mm2/s of

fluorescein dextran (10 kDa)

Free solution 65 5 10 (n ¼ 5)

OHC, AX 40 5 11 (n ¼ 5)

OHC, ECiS 14 5 3 (n ¼ 13)
speed (%100 frames/s) prevented us from measuring the

diffusivity of a low-molecular-weight fluorophore. Higher

temporal resolution could be achieved by collecting fluores-

cence using a photomultiplier tube and measuring only within

the area where uncaging occurs. The diffusion coefficient

could be calculated based on the numerical fit of the temporal

decay of measured fluorescence (13). This approach could

provide higher detection rates, which are necessary to deter-

mine whether the structure of the ECiS impedes small anionic

solute transport.

In summary, we have developed a technique to study the

transport of molecules inside living cells. This was achieved

by performing photolytic activation of fluorescent molecules

in a small volume and tracing their spatiotemporal evolution

by selective excitation within an ~100 nm thick layer near

the cell/glass interface. Using this technique, we were able

to show that the transport of fluorescein dextran molecules

in the ECiS of the OHC is diffusive. Compared with the AX

and free solution, the effective diffusion coefficient in the

ECiS is reduced by a factor of ~2.9 and ~4.6, respectively.

The molecular drift due to convection or electric field is small

and, if present, below the sensitivity of our technique. The

diffusion in the ECiS is isotropic and does not change with

depolarization of the OHC. The effective diffusivity in the

AX is reduced compared with that in free solution.
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