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ABSTRACT The organization of the plasmamembrane of cells in lipid domains affects the way themembrane interacts with the
underlying protein skeleton, which in turn affects the lateral mobility of lipid and protein molecules in the membrane. Membrane
fluidity properties can be monitored by various approaches, the most versatile of which is fluorescence recovery after
photobleaching (FRAP). We extended previous FRAP experiments on isolated cochlear outer hair cells (OHCs) by analyzing the
two-dimensional pattern of lipid diffusion in the lateral membrane of these cells. We found that membrane lipid mobility in freshly
isolated OHCs is orthotropic, diffusion being faster in the axial direction of the cell and slower in the circumferential direction.
Increasing the cell’s turgor pressure by osmotic challenge reduced the axial diffusion constant, but had only a slight effect on
circumferential diffusion. Our results suggest that lipid mobility in the OHC plasma membrane is affected by the presence of the
cell’s orthotropic membrane skeleton. This effect could reflect interaction with spectrin filaments or with other membrane skeletal
proteins.We also performed a number of FRAPmeasurements in temporal bone preparations preserving the structural integrity of
the hearing organ. The diffusion rates measured for OHCs in this preparation were in good agreement with those obtained in
isolatedOHCs, and comparable to themobility ratesmeasuredon the sensory inner hair cells. Theseobservations support the idea
that the plasma membranes of both types of hair cells share similar highly fluid phases in the intact organ. Lipid mobility was
significantly slower in the membranes of supporting cells of the organ of Corti, which could reflect differences in lipid phase or
stronger hindrance by the cytoskeleton in these membranes.

INTRODUCTION

The plasma membrane of cells is not a homogeneous two-

dimensional assembly of molecules, but is organized in

many distinct microdomains with different lipid and protein

compositions that appear to be associated with specific

functional properties (1,2). Two main mechanisms have been

proposed to explain such a compartmentalization. The lipid

raft model poses that a lipid bilayer membrane containing

enough sphingolipids and sterols partitions naturally in small

domains having different lipid phases (3,4). The membrane

skeleton fence model assumes that portions of the cytoskel-

eton closely associated with the plasma membrane affect the

mobility of membrane molecules, leading to a domain orga-

nization by confinement and corralling (5). These two models

are not incompatible, and considerable experimental evidence

suggests that both views are relevant to biological membranes.

Skeleton fencing effects in living cells have been convincingly

demonstrated by use of single particle tracking and imaging

techniques (6). Lipid rafts can be directly observed in model

membranes using various imaging techniques (7–9). Al-

though their existence in living cells remains debated (10),

they are thought to be involved in a wide range of phys-

iological mechanisms and diseases (4,11) while providing a

useful paradigm to investigate cell membrane processes (12).

The organization of the plasma membrane in lipid

domains affects its mechanical properties and the way it

interacts with the underlying membrane skeleton (13). This

interaction is believed to be critically important in the co-

chlear outer hair cell (OHC), one of the two types of sensory

cells of the mammalian hearing organ. In vitro, OHCs

display very fast length changes in response to changes in

membrane potential. This property, termed electromotility

(14), is believed to be at the origin of the active processes

responsible for the extreme sensitivity and frequency se-

lectivity of the mammalian ear (15,16). Isolated OHCs can

produce forces in phase with electrical stimuli at frequencies

as large as 80 kHz (17). The axial stiffness of OHCs is also

voltage dependent (18). In addition, lateral membrane mobil-

ity in OHCs was found to change with transmembrane

voltage (19). To summarize, hyperpolarization of the OHC

results in its elongation, increase of axial stiffness, and

increase of lateral membrane diffusion rate, whereas depo-

larization has the reverse effects. All these changes appear to

be closely correlated, showing similar patterns of voltage de-

pendency, which suggests a common mechanism that in-

volves coupling between voltage and membrane tension in

the OHC (19).

The cylindrical body of the OHC is circumscribed by a

specialized trilaminate lateral wall, composed of the outer

plasma membrane, the cortical lattice, and a complex of

inner membranes forming the subsurface cisternae (20). The

cortical lattice is a protein skeleton located between the

plasma membrane and the subsurface cisternae, and tightly

bound to them. This skeleton is organized in microdomains

of actin filaments oriented on average circumferentially, and
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cross-linked by longitudinal filaments of spectrin (21–23).

As a result of this organization the OHC lateral wall displays

the mechanical features of a thin orthotropic elastic shell

(24–28). The microdomain composition of the cortical lattice

is also thought to affect its mechanical properties and defor-

mation in response to stress (29). Under electron micros-

copy, the OHC plasma membrane displays axial undulations

on a length scale of a few tens of nanometers (30,31), and

appears to be tethered to an array of pillar proteins attached

to the actin filaments of the cortical lattice (32). These micro-

pillars maintain a 25 nm-wide separation between the plasma

membrane and the cytoskeleton all along the lateral wall. In

addition, the plasma membrane is populated by a large

number of particles arranged in a dense array that closely

follows the domain organization of the cortical lattice (33–

36). Aspiration pipette and tether-pulling experiments dem-

onstrate the presence of a significant excess in the plasma

membrane of living OHCs, as well as a strong attachment to

the cortical lattice (37,38).

In previous studies of lateral membrane mobility in the

OHC by Oghalai et al. (19,37,39), fluorescence recovery

after photobleaching (FRAP) (40,41) was used to demon-

strate and quantify the voltage dependency of membrane

diffusion rates in isolated OHCs. An issue that was not

addressed in these studies was the effect of the orthotropy of

the cortical lattice on the pattern of lipid mobility in the

OHC membrane. Our main motivation in this study was to

investigate the possibility of such an effect. Using FRAP

experiments to analyze the two-dimensional process of lipid

diffusion in the membranes of freshly isolated OHCs, we

found that this process is orthotropic, with the rate of axial

diffusion being twice or more faster than that of circumfer-

ential diffusion. We also studied the effect on this diffusion

pattern of an increase of the cell’s internal pressure induced

by osmotic challenge. Our results suggest that the lipid or-

ganization of the OHC plasma membrane is affected by the

presence of the cell’s orthotropic membrane skeleton, which

could reflect interaction with spectrin filaments or with other

membrane skeletal proteins.

To compare membrane mobility measurements in isolated

OHCwithmeasurements performed in the undisrupted hearing

organ, we also performed a series of FRAP experiments di-

rectly within excised temporal bone preparations in the guinea

pig. The diffusion rates measured for OHCs in this preparation

were in good agreement with those obtained in isolated OHCs,

and were comparable to the mobility rates measured on the

sensory inner hair cells (IHCs). By contrast, lipid mobility was

found to be significantly slower in some of the supporting

structures of the organ of Corti (pillar cells and Hensen cells).

METHODS

Isolation and staining of outer hair cells

OHCs were isolated from the hearing organs of pigmented guinea pigs (250–

400 g, n ¼ 13). All animal procedures in this study were carried out in

accordance with local regulations for care and use of animals (approvals

Nos. 7c/98 and 10/01). After decapitation, the temporal bones were rapidly

excised and stored on ice until they were transferred to tissue culture medium

(minimum essential medium with Hanks’ salts; Gibco, Gaithersburg, MD)

where the middle ear cavity was opened to expose the cochlea. The bony

shell of the cochlea and most of the stria vascularis were removed, and the

entire modiolus with all the cochlear turns was immersed in tissue culture

medium containing the dye solution. After incubation with the dye, the

tissue was rinsed and transferred to petri dish where the coils of the hearing

organ were gently scraped off the basilar membrane using a fine-tipped

scalpel. After brief enzymatic digestion (collagenase type I, 0.5 mg/ml, 3–4

min; Sigma Chemical, St. Louis, MO) and repeated rinsing, the cells were

dispersed using gentle mechanical treatment and transferred to uncoated

glass slides for observation using confocal microscopy. In most experiments,

the lipid dye di-8-ANEPPS (D-3167, Molecular Probes, Eugene, OR;

molecular weight 592.88) was applied. (Final concentration;402 mM, with

0.1% bovine serum albumin added. Incubation time 15–50 min.) In a few

experiments, the styryl dye RH-795 (R-649, Molecular Probes; molecular

weight 585.42) was used instead. (Final concentration ;13.3 mg/ml; in-

cubation time 15–20 min.) In isolated OHC preparations, di-8-ANEPPS

molecules stain specifically the plasma membrane and do not internalize

significantly (37). RH-795 is a potentiometric dye that is very effective in

staining the membranes of sensory hair cells and nerve fibers in situ (42).

Isolated cells were selected for study on the basis of standard morphological

criteria and used within 3–4 h of animal death. Under the microscope,

healthy cells displayed a characteristic cylindrical shape without regional

swelling, a basally located nucleus, and with no Brownian motion of sub-

cellular cytoplasmic particles (43).

Temporal bone preparations

The preparation of the guinea pig temporal bone has been described

previously (42,44). Young pigmented guinea pigs (n ¼ 16) weighing 250–

400 g were used (approvals Nos. 7c/98 and 10/01). The animals were

decapitated, the temporal bones were rapidly excised and rigidly clamped in

a plastic holder mounted in a Plexiglas chamber containing tissue culture

medium (minimum essential medium, with Hanks’ salts, 25 mM HEPES

buffer, without L-glutamine; Gibco). The middle ear cavity was opened to

expose the cochlea. A small window was made into scala vestibuli at the

apical tip to provide optical access to the hearing organ (organ of Corti) in

the low-frequency region of the cochlea. Another hole was made into scala

tympani at the most basal turn, and a plastic tube attached to a fluid-filled

reservoir was inserted. The reservoir contained oxygenated medium, which

flowed through the tube by gravity feed into the scala tympani at the base of

the cochlea and out via the apical opening. Using the perfusion system,

fluorescent dyes were applied to the preparation. The preparation was then

transferred to the stage of an upright confocal microscope (see below) where

the hearing organ was visualized through the intact Reissner’s membrane

(i.e., scala media was left intact). Although the endocochlear potential, blood

supply, and innervations are not preserved in this preparation, the organ of

Corti is structurally intact and the sensory cells retain a normal appearance

with measurable physiological responses up to 2–3 h after isolation of the

cochlea. Different fluorescent dyes were applied to the preparation to

selectively stain cellular structures. In about half of the experiments, the dye

RH795 was used. RH795 dye was dissolved in methanol (1 mg/ml) and

applied at a final concentration of ;13.3 mg/ml for 15–20 min. Several

experiments were performed using di-8-ANEPPS. For these experiments,

the dye was dissolved in dimethyl sulfoxide (2.5 mg/ml) and the final

concentration was 105–341 mM (incubation time 15–50 min). In a limited

set of experiments, the membrane marker FM1-43 (T-3163 Molecular

Probes; molecular weight 611.55) was used (stock solution 1 mg/ml

methanol; final concentration;20 mg/ml, incubation time 15–30 min). Both

RH-795 and FM 1-43 are styryl dyes known to internalize well into hair cells

when the integrity of mechanical transduction channels is preserved.

Contrary to di-8-ANEPPs, they do not localize specifically to the plasma

membrane but usually stain significantly the interior membranes of the cells.
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Confocal microscopy

The preparations (temporal bone and isolated OHCs) were examined with a

Zeiss LSM 510 confocal microscope (Carl Zeiss, Jena, Germany), using a

water-immersion objective lens (Zeiss 403, numerical aperture 0.8). Differ-

ent wavelengths and emission filters were used depending on the dyes applied

to the preparation. In experiments with the dyes di-ANNEPPS or FM1-43,we

used an excitation light at 488 nm, and fluorescence was detected with a low-

pass (505 nm or 560 nm) filter. For the dye RH795, excitation was applied at

543 nm, and we used a low-pass (560 nm) detection filter. For each experi-

ment, the laser intensity and the pinhole radius were adjusted to optimize

image contrast visually. The pinhole radius was set at the beginning of the

session and kept unchanged except for a few acquisitions. Laser intensity had

to be optimized more often, to compensate for the nonuniform staining of the

cells.

FRAP experiments

FRAP was applied as previously described (40), by bleaching a small region

of a membrane of interest in the preparations (either isolated OHCs or

temporal bone), and by monitoring the fluorescence recovery process in the

focal plane of the acquisition. The FRAP data were collected in the form of a

few (2 or 3) prebleached images, followed by a series of post-bleach images

(between 25 and 40 in number, depending on the experiment) acquired at

regular time intervals to cover the main portion of the recovery.

For FRAP experiments in temporal bone preparations, optical access to

various structures of the cochlea was provided by a small opening made with

a fine needle in the apical turn of the cochlea. The laser was focused on dif-

ferent structures of interest, including the sensory inner and outer hair cells,

the inner and outer pillar cells, the Hensen cells, and the Reissner’s membrane.

In a number of experiments, we also performed measurements on afferent

nerve fibers below the inner sulcus region, and on interdental cells of the

spiral limbus.

The bleach during normal scanning was usually barely perceptible over

the timescale of the experiments (30 s–1 min), and represented typically a

few percents of intensity values. In experiments on isolated cells, we quan-

tified the total florescence Icell of a given cell by summing intensities over the

portion of the cell body seen in the image. The ratio

RcellðtÞ ¼
IcellðtiÞ � IcellðtÞ

IcellðtiÞ
(1)

was taken as a measure of the total fraction of bleached fluorophore at time t.
The time origin t ¼ 0 s refers here to the time of acquisition of the first

postbleach image, which coincided (within 0.01–0.02 s) with the end of

the applied bleaching pulse, and ti corresponds to the time of acquisition of

the last prebleach image (i.e., the last image acquired before the bleach),

which ranged between ti ¼ �0.6 s and ti ¼ �1.9 s. Note that Rcell(t) is an

overestimate of the actual fraction of fluorophore bleached in the cell

membrane, as only a portion of this membrane can be comprised in the

image frame. However, since the total cell intensity is little affected by

diffusion in and out of the image frame, and is not affected by diffusion

within the image frame, this ratio was a reliable parameter for monitoring the

amount of bleach at a given time. For the cells used in our analysis (n ¼ 30),

the initial bleached ratio Rcell(0) was in the range 2–8%. After the initial

bleach, Rcell(t) usually displayed a slow and near-linear increase with time

(and Icell(t) decreased concomitantly), with total variations after 30 s in the

range 0–20%. In some cases, the value of Rcell remained stable (n ¼ 5) or

even slightly decreased (n ¼ 4) during the experiment. Such decrease

(attributed to noise or to small readjustments of a portion of the cell

membrane) never exceeded 4%, and did not affect the recovery in the

bleached region. As a rule, we retained in our analysis only experiments for

which the variation of Icell was,5% over the time interval used in the fitting

procedure (typically the first 15 s).

Surface and profile bleach configurations

Most isolated OHCs stained with di-8-ANEPPS showed a bright fluores-

cence localized to the lateral wall, intracellular organelles remaining almost

invisible. Two kinds of bleaching experiments were performed on these

cells. In one configuration (used by Oghalai et al. (19,37,39)), the focal plane

was adjusted vertically at approximately half the diameter of the cell,

resulting in a profile view of the OHC membrane as shown in Fig. 1, A and

G. The membrane was then bleached on one side of the lateral wall (Fig. 1,

H–K). Although this configuration allows good image contrast in the focal

plane, the lateral membrane mobility is monitored only in the longitudinal

(or axial) direction, and the circular mobility cannot be estimated. In the

second configuration, which we refer to as surface bleach, the focal plane

was positioned close to the upper surface of the cell membrane (Fig. 1 B).

In this configuration, membrane diffusion is monitored in two dimensions

(Fig. 1, C–F) and both axial and circular diffusion rates can be measured. To

achieve a surface view, the z-position of the microscope’s stage was adjusted

so that the intensity seen in the center of the cell body would be significant.

Due to variability in the experiments, the cell surface settled sometimes

slightly above the focal plane (making the lateral boundaries of the cell body

to appear brighter due to the curvature of the membrane), and sometimes

slightly below (making boundaries less apparent). However, in all exper-

iments, the upper cell surface was well included within the thickness of the

optical section (1–2 mm with the objective lens used). This was clear from

the fact that the fluorescence in the center of the cell was strongly reduced

when the stage was lowered or raised by a few microns. If the surface had

been out of focus by more than the thickness of the optical section, almost no

fluorescence would have been seen within the bleach spot. It is therefore

reasonable to assume that the observed mobility pattern reflected lipid

diffusion in the OHC lateral wall, and was little affected by cytoplasmic

diffusion or diffusion through the extracellular spaces.

Bleach and recovery time issues

When FRAP data are analyzed based on some analytic model of the

postbleach fluorescence profile (40,45–48), it is usually assumed that the

bleach times are small compared to the time course of recovery, so that one

may neglect the effects of diffusion in the membrane during the bleach. As a

rule, a bleach period 15 times shorter than the characteristic diffusion time

tD ¼ s2
b=D (sb being the spatial standard deviation of the bleach intensity

spot, and D the diffusion coefficient) is considered short enough for a

reliable fit of the recovery curve (40,41). The bleach times in our exper-

iments were variable, ranging from ,0.05 s to maximum times of the order

of 1 s, whereas half-recovery times ranged between 10 s and 1 min, de-

pending on the cell type, the dye used, and on the bleaching conditions (size,

intensity, and duration of the bleach). The half-recovery time t1/2 is of the

same order, but typically smaller than the characteristic diffusion time

(40,41). Our bleach times were thus considered small enough to allow the

analysis of fluorescence recovery curves by a theoretical model as described

below.

The above bleach time issue does not concern the simulation method

described in the next paragraph. In this approach, one simulates the diffusion

process starting from the intensity profile observed in the image plane just

after the bleach. In contrast with the analytic method of Axelrod et al.

(40,41), no assumption is made about the way the bleach was applied (in

particular, the fluorescence decay need not be linear), and the shape of the

bleach spot can be in principle arbitrary. Therefore, with this method we do

not have to care about possible diffusion during the bleach. On the other

hand, we must care about the diffusion occurring during scanning after the

bleach, since the postbleach images are assumed to represent instantaneous

views of the fluorescence profile, at least to a good approximation. The pixel

times for the postbleach scanning in our experiments were of 1.44 ms or

2.24 ms depending on the experiment, and the image format was 3003 400.

The corresponding scanning time for one image was ;0.17 s or 0.27 s

(additional line-to-line delays add to much smaller times and may be

neglected). The longest image time used was thus.35 times shorter than the
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typical half-recovery time. Although a small amount of diffusion certainly

occurred during the scanning of each image, the corresponding changes in

intensity profile were not perceptible and were judged small enough for our

purposes.

FRAP experiments during an osmotic challenge

To study the effects of varying membrane tension on lateral diffusion in the

OHC membrane, we analyzed a number of FRAP experiments performed

while making the medium bath hypotonic to the OHCs. This was achieved

by gradually adding 100 ml of distilled water to the solution over a period of

;20 min. As a result of this osmotic challenge, the cells displayed the

morphological changes associated with an increase of turgor pressure,

becoming slowly shorter while increasing in radius, and eventually losing

their cylindrical shape within a timescale of 10–20 min. The swelling of

OHCs in these experiments was a slow process. It took;15 min for the cell

shown in Fig. 7 to loose its shape. During the time of a single FRAP

experiment (;30 s) neither morphological changes nor the position of the

cell’s upper surface were perceptible. For each new experiment, the confocal

section was readjusted to ensure that the cell surface remained always well in

focus during the acquisition.

FRAP analysis by two-dimensional simulation

Diffusion model employed

To analyze our FRAP experiments, we followed the approach of Siggia et al.

(49), slightly modified to account of a possible anisotropy in the diffusion.

The evolution of intensity seen in projection to the focal plane was modeled

with the following equation:

@tf ðr; tÞ ¼ +
a;b

Dab@af feqðrÞ@bð f ðr; tÞ=feqðrÞÞg ¼ =:Jðr; tÞ

Jðr; tÞ ¼ feqðrÞD:=ðf ðr; tÞ=feqðrÞÞ; (2)

where f(r,t) is the fluorescence intensity at a position r ¼ (x,y) in the focal

plane and time t, whereas @t and @a (a ¼ x,y) denote partial derivatives with

respect to time and space, respectively. The parameter D ¼ (Dab) is a 2 3 2

symmetric matrix referred to as the diffusion matrix, which quantifies the

mobility of the fluorescent marker in the focal plane. The eigenvectors u1,u2
of D define the principal axes of the diffusion process, and the corresponding

(positive) eigenvalues D1, D2 are the diffusion rates along these axes. The

quantity feq(r) is the observed steady distribution of intensity in the focal

plane, and is included to take account of inhomogeneities (49). To briefly

explain the rationale of Eq. 2, the principal assumption made is that the dye

molecules in the membrane are in a thermodynamic equilibrium before and

after the bleach. The steady distribution is then given by a Boltzmann

distribution feq(r) ¼ exp(�V(r)) for some effective potential V(r), and Eq. 2

represents the evolution equation (namely, Fokker-Planck equation in the

viscous limit) for the distribution of Brownian particles wandering in this

potential. Homogeneous diffusion corresponds to a uniform steady state,

feq being independent of r.

Numerical implementation

The solution to Eq. 2 can be computed by the evolution operator formula

fDðr; tÞ ¼ feqðrÞexpðtPðD; rÞÞ:u0ðrÞ; (3)

where P(D,r) denotes the diffusion operator

PðD; rÞ ¼ +
a;b

Dabð@a@b 1 @aðln feqðrÞÞ@bÞ (4)

and f0(r) stands for the normalized initial density, f0(r) ¼ f(r,0)/feq(r).

Numerical implementation of Eq. 3 was performed in MATLAB (The

MathWorks, Natick, MA), using the pixel discretization of the images, while

keeping time continuous. With this discretization scheme, the operator

exp(tP(D,r)) becomes the exponential of a large sparse matrix, whose action

on f0(r) can be computed for each observation times in the series. For this

we used the Expokit package developed by Sidge (50) (available at http://

www.maths.uq.edu.au/expokit), together with custom MATLAB functions

implementing Eqs. 2 and 3. The derivative of the solution with respect to Dab

can be computed exactly with the formula

@fD
@Dab

¼ tfeqð@a@b 1 @aðln feqðrÞÞ@bÞ � ½ fD=feq�; (5)

FIGURE 1 Setup of FRAP experiments on isolated OHCs. (A and B)

Confocal sections of the same OHC in profile and surface positions,

respectively. The insets show the approximate position of the focal plane

with respect to the cell body in each case. Scale bars, 10 mm. (C–F) Detail of
the simulation region seen in B, at four times in a FRAP sequence after a

surface bleach of the cell (t ¼ 0 s, 1.13 s, 7.9 s, and 24.8 s, where t ¼ 0 s

corresponds to the first postbleach image). (G–K) Example of profile bleach

experiment, showing the cell just before the bleach (scale bar, 10 mm), and

the simulation region at four times after the bleach (t ¼ 0 s, 1.1 s, 2.2 s, and

24 s after the first postbleach image).
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which is useful for applying a gradient descent algorithm when fitting the

simulation to experiments.

Least-squares fit of the model to experiments

For a given FRAP experiment, a simulation region was defined by selecting

from the images a small rectangle containing the bleach spot, and Eq. 2 was

used to simulate the recovery process inside this rectangle, using the

numerical implementation described above.

A standard least-squares fit of the simulation to the data was then per-

formed to estimate the diffusion matrix. The fitting procedure consisted in

minimizing the following mean-squared error:

x
2 ¼ +

t;x

ðIðr; tÞ � fDðr; tÞÞ2; (6)

where I(r,t) denotes the image intensity sequence recorded in the focal plane,

and fD(r,t) is the simulated sequence computed for a particular diffusion

matrix D. In the above sum, t runs over a range of postbleach acquisition

times, and r runs over all pixels in the simulation region. The minimization

was performed with respect to the three independent components Dxx, Dyy,

Dxy of the diffusion matrix, using the Levenberg-Marquard algorithm. A

standard error region in the space of parameters Dab was estimated as the

region in which x2 differs from its minimum value by less than the pixel

noise variance s2. This variance was estimated using the formula s2� x2/N,

valid for N large enough, N being the total number of pixels in the fitted

sequence (that is the number of pixels in the simulation region multiplied by

the number of acquisition times taken into account in the fit).

A main practical advantage of the above simulation approach is that

the bleaching conditions can be arbitrary. The solution to Eq. 2 requires only

the knowledge of the equilibrium distribution feq(r) and the post-bleach

fluorescence profile, both ofwhich are obtained from the data. For each FRAP

series, we approximated feq(r) by averaging a few (3–5) of the last postbleach

images, and by smoothing the result to reduce noise artifacts. The initial state

of the simulation was taken to be the first postbleach image. The slow

variations in mean fluorescence during the postbleach observations were

compensated for by resetting the mean value of the images within the

simulation rectangle to that of the first postbleach image.Asmentioned above,

these variations were small and did not affect intensity values by more than a

few percents within the time range over which the simulation was fitted.

Numerical assessment

To check the above least-squares estimation method, we applied it to test

image sequences generated by solving Eq. 2 for a known diffusion matrix D

and a known initial image. Random Poisson noise was added to these test

sequences to mimic the noisy component of confocal images. For sequences

having about the same signal/noise ratio as in the experiments, the relative

mean-squared error on the elements of D was in the range 1–10%, with an

average error ,5%. The corresponding error made on the eigenvalues D1,

D2, relative to their mean value, was in the same range. The estimated angle

u (0 # u # 45�) determining the orientation of the diffusion axes was

accurate within 10�, the error being typically ,5�. These error ranges were
largely independent of the values of D1, D2, u, and of the initial image used

in the simulation.

Analysis of fluorescence recovery curves using
line illumination profiles

In a second approach to demonstrate the anisotropy of diffusion in the OHC

lateral wall, image intensities were averaged over two Gaussian stripes

simulating illumination lines oriented in the axial and the circumferential

directions of the cell. The resulting fluorescence recovery curves were then

fitted to the theoretical curve derived in the Appendix.

With more details, the analysis of a given experiment proceeded as

follows. First, the fractional fluorophore concentration at position r and time

t was computed as

Cnðr; tÞ ¼ 11
Iðr; tÞ � Iðr; tiÞ

Iðr; tiÞ
(7)

where I(r,t) is the image intensity at pixel position r and time t; I(r,ti) the

image intensity just before the bleach (t ¼ ti); and Iðr; tiÞ denotes the pixel
average of I(r,ti) over the image frame. The above normalization ensures that

0# Cn(r,t)# 1, subtraction of the prebleach image allowing to compensate

for inhomogeneities in membrane staining. Taking t ¼ 0 to be the time of the

first postbleach image, Cn(r,0) represents the fractional fluorophore con-

centration just after the bleach. The intensity profile of the bleach spot being

Gaussian in our experiments, the parameters of the bleach were estimated by

fitting Cn(r,0) to the function

CK;sbðrÞ ¼ exp

 
� Ke

� r
2

2s
2
b

!
; (8)

assuming a Gaussian bleach spot of spatial standard deviation sb, and a

linear decay of the fluorophore, with bleach parameter K (cf. Eqs. A2 and A3

of the Appendix.) Usually the fits were very good, allowing reliable

estimation of sb, with typical values in the range 1–2.5 mm; and of the

bleach parameter K, with typical values in the range 1.0–2.0.

Two masks, I1illðrÞ and I2illðrÞ, simulating illumination lines passing

through the center of the bleach spot, were defined for measuring the

diffusion coefficient along the cell’s axial and circumferential directions,

respectively. I1illðrÞ was taken constant along the circumferential direction

while displaying a Gaussian profile of prescribed standard deviation si along

the axial direction (cf. Eq. A4 of the Appendix). As a rule, si was chosen

comparable to sb. The mask I2illðrÞ was obtained by a 90� rotation of I1illðrÞ
around the center of the bleach spot. These masks and the bleaching profiles

are illustrated in Fig. 4, B and E.

Assuming full recovery, the quantity Cn(r,t) � 1 corresponds to the

fractional depletion of fluorophore at position r and time t, and should be

compared to the solution of the diffusion equation satisfying the boundary

condition C(N,t) ¼ 0 (cf. the Appendix). The normalized recovery curves

under the illumination lines I1ill and I2ill were calculated as

F1ðtÞ ¼ 11
I
1

illðrÞðCnðr; tÞ � 1Þ
2psisb

;

F2ðtÞ ¼ 11
I
2

illðrÞðCnðr; tÞ � 1Þ
2psisb

; (9)

where as before the bars denote pixel averaging and the standard deviations

sb,si are measured in pixel units. F1 and F2 are normalized in this way

according to Eq. A12 of the Appendix (keeping in mind that F0 ¼ C0 3

2psbsi, where C0 ¼ 1). The experimental curves obtained from Eq. 9

displayed the expected range of values (0.05–0.7). A least-squares fit of F1

and F2 based on Eq. A12 was used to obtain estimates of the axial and

circumferential diffusion coefficients (D1 and D2, respectively), together

with the bleach parameter K. This direct fit resulted in values for K consistent

with the value obtained by a fit to Eq. 8, and values for D1, D2 consistent

with the estimates obtained using the two-dimensional simulation approach.

Since the curves defined by Eq. 9 could be sensitive to normalization

errors, we performed a second estimation based on the fractional recovery

curves (assuming again full recovery of fluorescence):

f1ðtÞ ¼
F1ðtÞ � F1ð0Þ
1� F1ð0Þ

¼ I
1

illðrÞðCnðr; tÞ � Cnð0; tÞÞ
I
1

illðrÞð1� Cnð0; tÞÞ
;

f2ðtÞ ¼
F2ðtÞ � F2ð0Þ
1� F2ð0Þ

¼ I
2

illðrÞðCnðr; tÞ � Cnð0; tÞÞ
I
2

illðrÞð1� Cnð0; tÞÞ
: (10)
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Estimates of D1 and D2 were then obtained by a least-squares fit based on

Eq. A12, using the value of the bleach parameter K obtained using Eq. 8.

(The fractional recovery curve being much less sensitive to the value of the

bleach parameter, fitting over K would not be suitable in this case.)

RESULTS

Experiments on isolated outer hair cells

Analysis of two-dimensional diffusion in the OHC
lateral membrane

Fig. 2 illustrates the results of our analysis of surface bleach

experiments. The fluorescence recovery process in the OHC

lateral membrane was found to exhibit a distinct orthotropic

pattern, with a diffusion rate higher along the cell’s axial

direction than along its circumferential direction by a factor

up to two or more. Fig. 2 A shows the same cell as in Fig. 1 A
just after the bleach, together with the principal axes of

diffusion estimated from a best fit of the two-dimensional

simulation to the data. The quality of the fit is illustrated in

Fig. 2 B where two fluorescence curves Fbleach(t) and Fref(t)
are plotted as a function of time: Fbleach(t) was obtained

by averaging intensity values within a small mask roughly

delimiting the bleach spot. For Fref(t), we used a reference

mask situated near the boundary of the simulation region.

Fig. 2, C and D relate to a similar experiment performed on

another cell.

The fraction of recovery within the bleach spot was

quantified by the ratio Rbleach(t) ¼ (Fbleach(t) � Fbleach(0))/

(Fbleach(ti) � Fbleach(0)), where ti refers to the time of the last

postbleach image and t ¼ 0 is taken to be the time of the first

postbleach image (cf. Methods). When computed at the time

of last acquisition (t � 30 s), this ratio was of 55% and 78%,

in the examples of Fig. 2, A and B, respectively. In most

experiments, the fraction of recovery was high, Rbleach being

over 60% after 30 s. In fact, the recovery was usually not

complete within the duration of the experiments (as can be

appreciated in Fig. 2 B), so that Rbleach(t ¼ 30 s) provided

FIGURE 2 Examples of two-dimensional FRAP

analysis. (A) View of the same OHC as in Fig. 1 B
just after the bleach. The simulation region is

highlightedwith the principal axes of diffusion. The

lengths of the axes are scaled by the corresponding

diffusion constants (D1¼ 0.436 0.02mm2/s, D2¼
0.186 0.01 mm2/s), with units of length otherwise

arbitrary. Scale bar, 5 mm. (B) Intensity curves

obtained by averaging the image sequence in two

small masks defined in the simulation region

(shown as insets). In both graphs, the solid and

dashed curves represent the experiment and the

fitted simulation, respectively. Note the obvious

recovery of intensity within the bleach spot (upper
curve), whereas fluorescence loss in photobleaching

is observed away from the bleach spot (lower

curve). (C) A second example on another cell. Scale

bar, 10 mm. The diffusion axes are scaled by the

corresponding diffusion constants (D1 ¼ 0.41 6

0.03 mm2/s, D2 ¼ 0.20 6 0.02 mm2/s), again with

arbitrary length units.

Diffusion Anisotropy in Outer Hair Cells 369

Biophysical Journal 91(1) 364–381



only an underestimate of the mobile fraction of fluorophore.

Our results thus indicate that the di-8-ANNEPS dye formed a

pool of highly mobile molecules in the OHC lateral wall.

For most OHCs, the estimated principal axes of diffusion

were well matched with the longitudinal and circumferential

axes of the cell. Performing an average over 30 OHCs whose

lengths ranged between 25 and 82 mm, we found the values

D1¼ 0.366 0.03 mm2/s and D2¼ 0.176 0.02 mm2/s (mean

values 6 SEs) for the longitudinal and the circumferential

diffusion rates, respectively. The corresponding ratio of lon-

gitudinal to circumferential diffusion was D1/D2 ¼ 2.12 6

0.43. A negative correlation was observed between the

circumferential diffusion rates D2 and the cell length (cor-

relation coefficient c2 � �0.7 and p-value of 0.004, derived
from Student’s distribution). Although significant, this

correlation might have reflected differences in the conserva-

tion states of long and short cells after isolation, rather than a

genuine gradation in membrane fluidity in intact cells. The

lack of data concerning variations in OHC membrane ten-

sion from the basal to the apical regions of the cochlea (or

structural variations of the cortical lattice) makes it difficult

to really assess this point. The correlation between the axial

diffusion rate and the cell length was not significant (c1 �
�0.09, p-value � 0.74). On the other hand, the spread of

both diffusion coefficients over the 30 cells was significant,

showing standard deviations of 47% and 59% for D1 and D2,

respectively, whereas the average measurement errors (es-

timated from the x2 analysis) were of 12% and 18%.

We further looked for possible variations of the diffusion

coefficients along the OHC lateral wall. As is illustrated in

Fig. 3 A, we observed no clear correlation between D1 and

D2 and the position of the bleach spot between the cell’s apex

and base. Our data rather support the idea of a relative

uniformity of the lipid mobility along the main portion of the

OHC lateral wall. We stress that this uniformity is to be

understood in average, not precluding the presence of local

variations in the fluidity of the membrane. Such variations

are expected in view of the domain organization of the cor-

tical lattice, and could explain part of the variability seen in

our results.

We also analyzed the distribution in orientation of the

principal diffusion axes in the OHC membrane. We define

the axial diffusion angle aOHC as the angle between the axis

of fastest diffusion and the longitudinal axis of the OHC

(both axes being oriented toward the cell’s apex; see Fig.

3 B). The axial diffusion angle, measured for 25 cells, was

not significantly different from zero on average (1.34� 6

2.8�, mean 6 SE), but its distribution displayed a significant

spread, with a standard deviation of 13.9�. (Single measure-

ment errors were estimated to 6.1�, corresponding to a

p-value , 0.01 for reaching the observed standard deviation

of 13.9� over 25 samples, according to a x2 test.)

Evidence of diffusion anisotropy from fluorescence
recovery curves

The analysis of fluorescence recovery curves averaged over

Gaussian illumination lines is illustrated in Fig. 4 for the

same two experiments used in Fig. 2. Panels A and D show a

portion of the OHC body in each case, with shadows of the

two masks I1illðrÞ and I2illðrÞ superimposed. The centerlines of

the masks (thin solid lines) coincide with the diffusion axes

deduced from the two-dimensional simulation, nearly match-

ing the cell’s circumferential and axial directions (I1ill and I2ill
are directed along the slow and the fast axes, respectively).

Dashed lines delimit the regions corresponding to a distance

of ,1 standard deviation si from the centerlines. The in-

tensity profiles of I1ill and I2ill are reproduced in panels B and

E, together with the normalized fluorescence profiles just

before and after the bleach, and the corresponding fit to Eq.

8. The fractional fluorescence recovery curves computed

with Eq. 10 are plotted in panels C and F (solid curves). Note
that the faster diffusion along the axial direction is clear from

these curves without any fitting, keeping in mind that the

recovery should appear faster or slower when intensity

values are averaged along the slow or the fast direction of

FIGURE 3 A illustrates the average unifo-

rmity of lipid mobility along the OHC lateral

wall. The axial and circumferential diffusion

coefficients measured on 12 OHCs (circles

and squares, respectively) were plotted as a

function of the normalized coordinate of the

center of the bleach spot along the cell,

defined as the ratio x ¼ distance from OHC

apex/OHC length. B is the distribution of the

axial diffusion angle aOHC (defined as shown

in the inset) measured for 20 OHCs. Super-

imposed (dashed line) is a distribution

obtained by Holley et al. (22) by measuring

domain orientations of the cortical lattice in

small patches of OHC membrane by electron

microscopy. The two distributions (normalized to have the same area) are surprisingly similar with comparable standard deviations (13.9� and 15.4� for aOHC

and domain angle distributions, respectively); their mean values do not differ significantly from 0� (p-value of 0.49 and 0.52, respectively).
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diffusion, respectively. The fit to Eq. A12 (dashed curves)
provided the estimates D1 ¼ 0.23 mm2/s, D2 ¼ 0.11 mm2/s

for the first cell, and D1 ¼ 0.42 mm2/s, D2 ¼ 0.19 mm2/s for

the second cell, in reasonable agreement with the values

obtained by two-dimensional simulation (D1 ¼ 0.43 mm2/s,

D2 ¼ 0.18 mm2/s for the first cell; D1 ¼ 0.41 mm2/s, D2 ¼
0.20 mm2/s for the second cell). The use of ad hoc masks

simulating illumination lines thus provided a compelling

way of demonstrating the anisotropy of lipid diffusion in the

OHC lateral wall. However, this approach does not permit a

simple and systematic estimation of the orientation of the

principal diffusion axes, which has to be guessed or deduced

by other means. (One could deduce the fast and slow direc-

tions by using a panel of masks oriented at different angles,

but this would be rather cumbersome and not very accurate.)

Therefore, the two-dimensional simulation approach re-

mained our preferred method of analysis in this study.

Analysis of profile bleach experiments

The apparent diffusion pattern observed in profile bleach

experiments with di-8-ANEPPS was highly anisotropic, the

diffusion being prominently directed along the cell membrane.

This provided confirmation that the marker was concentrated

in the OHC lateral wall and did not diffuse significantly in

the cytoplasmic or extracellular compartments. In the exam-

ple shown in Fig. 5, the estimated diffusion rate along the

membrane was D// ¼ 0.24 mm2/s. This coefficient reflected a

priori both axial and circumferential diffusion in the cell

membrane, which are not separated in the profile bleach

configuration. The estimated diffusion rate D? perpendicular

to the membrane was not significantly different from zero

(D? ¼ (0.3 6 0.4) 3 10�4 mm2/s). This estimate should be

considered as reflecting measurement errors, rather than the

actual transverse lipid mobility across the OHC membrane

(expected to be very small for the dye di-8-ANEPPS). Inter-

estingly, the quality of the fit in the region of the bleach spot

was not much affected by changing the value of D?, and

performing the same fit under the constraint of isotropic dif-

fusion led to similar lateral diffusion coefficients (0.2 mm2/s

in this case). However, the simulation assuming anisotropic

diffusion was superior in reproducing the fluorescence loss

away from the bleach spot, as can be seen in the lower panel

of Fig. 5 B.

FIGURE 4 Analysis of fluorescence recovery curves averaged over line-illumination masks. (A and C) Portion of the OHC body surrounding the bleach spot

(same cells as in Fig. 2, A and C, respectively). Shadows of the illumination masks I1illðrÞ and I2illðrÞ are superimposed (solid lines represent the center axes of the

masks, corresponding to the cell’s circumferential and axial directions, respectively; dashed lines represent the spatial standard deviation si). (B and D) The

intensity profiles of the masks I1ill and I2ill, together with the fluorescence profile just before and after the bleach, and the corresponding fit to Eq. 8. Estimated

parameters of the bleach: sb ¼ 2.1 mm, K ¼ 2.9 in case B, and sb ¼ 1.3 mm, K ¼ 1.8 in case D. (C and E) Plots of the fractional recovery curves calculated

using Eq. 10 (solid curves) and the corresponding fits to Eq. A12 of the Appendix (dashed curves). The insets show the fluorescence intensity profiles around

the bleach spot, plotted at different times during the recovery (t ¼ 0s, 2.3 s, 4.5 s, 15.8 s starting from the first postbleach image; solid lines, experimental data;

dashed lines, profiles obtained from the two-dimensional simulation).
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It was clear from our data that the values of the diffusion

constants estimated in profile and surface bleaches were

similar. In a few experiments (n ¼ 3), the two types of

bleaches were applied to the same cell, allowing for a more

careful comparison. In these experiments, we found ratios

in the range 0.85–1.4 between the profile diffusion constant

D// and the axial diffusion constant D1 determined from the

surface bleach. The ratios between D// and the circumferen-

tial surface diffusion constant D2 were found in the range

1.15–4.0. We did not attempt to determine the precise rela-

tionship between profile and surface diffusion constants.

However, the profile values in these experiments appeared to

reflect more axial than circumferential diffusion, as one would

expect considering the geometry of tangential bleaches.

FRAP experiments on the OHC stereocilia bundle

Although the diffusion rates appeared to be relatively uni-

form along the OHC lateral wall, higher rates were measured

by bleaching the hair bundle of the cell. For OHCs stained

with di-8-ANEPPS, we measured values in the range 0.7–1.1

mm2/s for the diffusion constant along stereocilia, with much

smaller values in the perpendicular direction, ranging 0.16–

0.3 mm2/s. Thus, membrane mobility in the hair bundle was

anisotropic and directed along the stereocilia, as might have

been expected (Fig. 6). A similar diffusion pattern was ob-

served on the hair bundle for cells stained with the dye RH-

795, with the same degree of anisotropy, although smaller

diffusion rates (0.47 mm2/s along the stereocilia, and 0.10

mm2/s perpendicular to them, estimated for one cell).

Effect of an osmotic challenge applied to the cells

Fig. 7 summarizes the results of a series of FRAP exper-

iments performed on the same OHC while the osmolality of

the bath solution was decreased from an initial value of 310

mOsm/Kg to a final value of 242 mOsm/Kg. Panels A, C, and
D of the figure show the behavior of the axial and cir-

cumferential diffusion coefficients as a function of time, cell

length, and cell radius, respectively. Panel B is a control plot

showing that the OHC had the expected behavior during

the challenge, its length gradually decreasing, and its radius

gradually increasing. The pattern of membrane diffusion

on the cell slowly changed with time, the axial diffusion

constant decreasing from 0.32 mm2/s to 0.18 mm2/s from the

start to the end of the experiment. The circumferential diffu-

sion appeared only slightly affected by the osmotic chal-

lenge, and remained at a value close to 0.17 mm2/s. The

decrease in axial diffusion was well correlated with the

changes in length and radius of the cell as monitored on

the focal plane. In agreement with previous observations (19),

the decrease in axial diffusion rate corresponded to a decrease

in cell length (and an increase in cell radius), suggesting a

direct functional dependency between these parameters.

Experiments with excised temporal
bone preparations

Table 1 and Fig. 8 summarize the results of a series of FRAP

experiments in several membranes of the intact hearing

organ, using three different dyes (di-8-ANEPPS, RH-795,

and FM1-43). It was generally not possible to obtain a good

match of the focal plane with the membranes’ surfaces in

situ, and in most experiments a surface configuration could

not be used. (However, we performed a limited set of surface

FRAP experiments on the membranes of Hensen cells.) As

seen above, when applied to a profile bleach, our FRAP

analysis provides reliable information on the mobility rate

along the membrane profile, but it does not allow one to

assess the anisotropy of diffusion in the plane of the mem-

brane. In particular, we could not determine the degree of

anisotropy of the membrane diffusion pattern in OHCs, nor

in most other cells of the organ. For this reason, the diffusion

constants listed in Table 1 refer to profile bleach experiments

that were analyzed assuming isotropy of the diffusion pro-

cess in the image plane. These constants were taken as

representative of the mobility rates in the membranes

FIGURE 5 (A) Confocal image showing an isolated

OHC just after a profile bleach of its membrane. The

simulation rectangle is highlighted, together with the

estimated diffusion axes. Note the strong anisotropy,

directed prominently in the direction of the membrane.

Scale bar, 5 mm. (B) Recovery curves averaged within

the bleach spot and away from the bleach spot (masks

shown in the insets). Solid curves, experiment. Dashed

curves, fitted simulation using the anisotropic diffusion

model. Dotted curves, fitted simulation assuming isotro-

pic diffusion.
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considered. Their typical values for the three dyes used were

found in the range 0.1–1 mm2/s, comparable to the values

measured on isolated OHCs by Oghalai et al (19,39) and in

our study. These values are also in the range found for other

cells and generally expected for biological membranes (51).

For the two dyes RH-795 and FM1-43, no clear differences

were observed in the diffusion values measured in different

structures of the organ of Corti; however, the results were

characterized by relatively large dispersions. It was also clear

that both RH-795 and FM1-43 stained not only the outer

plasma membrane of the cells but also intracellular organ-

elles and to some extent the cytoplasm.

In experiments using the dye di-8-ANEPPS, intracellular

staining was less significant, although some inner cellular

organelles were apparent, as well as a diffuse staining of the

cytoplasmic compartments. In comparison, the nuclei of the

sensory hair cells were usually little or not stained, and could

often be seen as shadows. A clear difference was observed

with this dye between the diffusion rates measured in sensory

hair cells and in other structures. Lipid mobility in sensory

hair cells was found to be ;3–20 times faster than in

supporting cells (Hensen cells and the inner and outer

pillars), whereas it was 3–5 times faster than in the Reissner

membrane.

Similar remarks could be made concerning the apparent

ratios of fluorescence recovery. The percentages of recovery

after 30 s measured with the dyes RH-795 and FM-43 were

generally above 60%, without clear differences between

FIGURE 6 FRAP experiments on the OHC stereocilia bundle. (A) Isolated OHC stained with di-8- ANEPPS. (B) Isolated OHC stained with RH-795. In

each case, the first post-bleach image is shown, highlighting the simulation region, and the estimated diffusion axes. Scale bars, 3 mm. (C and D) Details of the

simulation rectangle (in each case the last prebleach image was subtracted for a better visualization of the bleach spot) at three times after the bleach. (t ¼ 0 s,

1.4 s, and 16.8 s for C; t ¼ 0 s, 1.1 s, and 13.0 s for D). (E and F) Intensity profiles along lines shown in the insets, at different times during the experiment.

(t ¼ 0 s, 1.4 s, 5.6 s, and 19.6 s for E; t ¼ 0 s, 1.1 s, and 9.8 s for F; solid lines, experimental data; dashed lines, two-dimensional simulation; the dotted lines

indicate the intensity profiles just before the bleach.)
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sensory and supporting cells. By contrast, in preparations

stained with di-8-ANEPPS, the percentages of recovery after

30 s were higher in inner and outer hair cells than in the pillar

cells, and distinctly higher than in Hensen cells.

Fig. 9 shows two examples of in situ FRAP experiments

analyzed in two dimensions. Panel A corresponds to the same

experiment as in Fig. 8 A (profile bleach on the membrane

of an IHC), whereas panel B corresponds to a surface bleach

of a Hensen cell (again stained with di-8-ANEPPS). As in

experiments made on isolated OHCs, profile bleach exper-

iments with di-8-ANEPPS resulted in an apparent anisotro-

pic diffusion directed predominantly along the membrane

profile. This anisotropy was less strong than observed in

profile bleaches of isolated OHCs, and significant diffusion

rates perpendicular to the membrane as well as larger error

bars on the estimated diffusion axes directions were usually

seen. Fig. 9 B shows one of the few surface bleach exper-

iments that we performed on Hensen cells. The pattern of

diffusion in this case was nearly isotropic (note the large

angular errors in the estimated axes shown in the inset, re-
flecting the absence of a well-defined direction of diffusion).

The directions of diffusion axes estimated with the dyes

RH-795 and FM1-43 in profile bleach experiments in situ

showed more variability than with di-8-ANEPPS, with often

no clear relation between the apparent preferred direction of

diffusion and the direction of the membrane’s profile.

DISCUSSION

Geometric contribution to the anisotropy of lipid
mobility in the OHC membrane

Because in a surface bleach configuration the cylindrical

OHC membrane is bending away from the focal plane

circumferentially, the lateral mobility monitored by FRAP

will appear to be anisotropic even if the underlying diffusion

FIGURE 7 FRAP experiments on an

isolated OHC during osmotic chal-

lenge. (A) Plots of the estimated diffu-

sion constants (squares, longitudinal;

circles, circumferential) as a function of

time during the challenge. (B) Variation
of the cell length and radius with time,

as observed in the focal plane. (C and

D) Plots of the diffusion constants as a

function of cell length and cell radius,

respectively. (E–H) Confocal views of

the OHC used in the experiments at

four times during the challenge. Each

image shows the cell just after a surface

bleach of its membrane, with the sim-

ulation rectangle and the estimated

diffusion axes, scaled 10 times. Note

the gradual change in cell morphology

and the visible decrease in axial diffu-

sion rate. Scale bar, 5 mm.
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in the surface of the membrane is isotropic (52). At a point

where the membrane makes an angle u with the focal plane,

the diffusion coefficient is reduced in the circumferential

direction by a factor of (cos u)2. This effect would contribute

to a faster apparent longitudinal diffusion at positions de-

parting from the cell’s center axis, but it cannot fully explain

the magnitude of the difference observed in our experiments.

Indeed, the bleach was always applied near the upper surface

of the OHC, and the half-angle u spanned by the bleach spot

remained relatively small. Typical values of this angle,

estimated from the ratio of the radius of the bleach spot to

that of the cell, ranged between 10� and 30�, the upper bound
being more than conservative. This corresponds to a ‘‘geo-

metric’’ ratio of longitudinal to circumferential diffusion

D1/D2 in the range 1.05–1.33, whereas the observed average

ratio was 2.11 6 0.42. Another geometric consideration is

that lipid diffusion in the OHC plasma membrane could have

been affected by the presence of nanoscale axial undulations

in this membrane (30,31), which would again result in an

orthotropic diffusion pattern (52). However, in this case the

higher curvature of the membrane in the axial direction

would induce a slower apparent mobility in this direction,

opposite to what was observed. We concluded that geometric

effects were not responsible for the anisotropy observed in

our experiments, although they presumably contributed a

small part of it.

Interaction of plasma membrane lipids and
membrane skeleton in the OHC

A more plausible assumption is that the anisotropy re-

flects interactions of membrane lipid molecules tagged by

FIGURE 8 Examples of in situ profile bleach experiments with the lipid dye di-8ANEPPS. (A) Inner hair cells. (B) Outer hair cells. (C) Hensen cells. (D) Outer

pillar cells. In each, a focal view of the structure just after the bleach is shown and the corresponding intensity recovering curves averaged within the bleach spot

are plotted (solid curves, experiment; dashed curve, simulation). The insets in the images show details of the simulation region at different times in the series

(images 1, 2, 3, and last image, starting from the bleach). Note that the recovery in sensory hair cells is faster than in the supporting cells. Scale bars, 5 mm.

TABLE 1 Effective diffusion rates measured for several cellular membranes of the organ of Corti (mean 6 SD for n measurements)

ANEPPS RH-795 FM1-43

D (mm2/s) % recovery D (mm2/s) % recovery D (mm2/s) % recovery

OHC 0.30 6 0.23 (n ¼ 9) 74 6 9 (n ¼ 9) 0.65 6 0.35 (n ¼ 27) 75 6 9 (n ¼ 27) 0.57 6 0.33 (n ¼ 8) 67 6 21 (n ¼ 8)

IHC 0.46 6 0.23 (n ¼ 8) 66 6 18 (n ¼ 8) 0.72 6 0.22 (n ¼ 5) 63 6 7 (n ¼ 5) 0.33 6 0.09 (n ¼ 5) 63 6 13 (n ¼ 5)

Pillar cells 0.09 6 0.004 (n ¼ 2) 53 6 1 (n ¼ 2) – – 0.29 6 0.003 (n ¼ 2) 81 6 7 (n ¼ 2)

Hensen cells 0.023 6 0.01 (n ¼ 5) 13 6 6 (n ¼ 5) 0.39 6 0.29 (n ¼ 4) 57 6 12 (n ¼ 4) 0.84 6 0.23 (n ¼ 4) 73 6 11 (n ¼ 4)

Reissner’s membrane 0.11 6 0.06 (n ¼ 2) 48 6 26 (n ¼ 2) 0.57 6 0.18 (n ¼ 4) 61 6 12 (n ¼ 4) – –

Nerve fibers – – 0.23 6 0.05 (n ¼ 3) 71 6 7 (n ¼ 3) 0.18 6 0.06 (n ¼ 4) 75 6 14 (n ¼ 4)

Interdental cells – – 0.25 6 0.07 (n ¼ 6) 61 6 4 (n ¼ 6) 0.19 6 0.10 (n ¼ 5) 66 6 8 (n ¼ 5)

Outer hair cells (OHC); inner hair cells (IHC); inner and outer pillar cells; Hensen cells; Reissner’s membrane; afferent cochlear fibers below the inner sulcus;

interdental cells of the spiral limbus. Empty entries correspond to measurements not performed. Estimated standard deviations represent variability between

different cells, which was typically larger than single measurement errors.
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di-8-ANNEPS with structures linked to the underlying corti-

cal lattice. The angular distribution observed for the diffusion

axes is of interest in this respect. Although obtained for a

relatively small number of cells, this distribution is surpris-

ingly similar to the distribution of domain orientations in the

cortical lattice, measured by Holley et al. on small patches of

OHC membrane by electron microscopy (22) (Fig. 3 B). A
similar angular distribution was also observed in the voltage-

induced movements of small microspheres attached to the

lateral membrane of living OHCs (53). There is no reason for

these distributions to be identical (the domain orientation

distribution studied in Holley et al. (22) refer to a single

OHC, whereas the distribution measured in Kalinec and

Kachar (53) showed a larger spread). However, these sim-

ilarities suggest that the principal axes of di-8-ANEPPS

diffusion in the OHC lateral wall are correlated with the ori-

entation of domains in the cortical lattice. As the sizes of the

microdomains in the cortical lattice are estimated in the range

200–1000 nm (22), which is just above the lateral resolution

of a confocal microscope (�500 nm with the objective lens

and under the illumination conditions we used), such a cor-

relation would be expected to have observable effects in

FRAP experiments. This substantiates the idea that lipid

mobility in the OHC reflects the organization of the cell’s

membrane skeleton.

The OHC is not the only cell in which anisotropy of lateral

membrane diffusion appears to be due to interaction with the

membrane skeleton. The mobility of succinyl-concanavalin

A receptors on the surface of fibroblasts was found long ago

to be anisotropic, reflecting presumably interactions of the

receptor molecules with the stress fibers of the fibroblasts

(54). However, this effect was not too surprising, since

succinyl-concanavalin A receptors are rather large proteins

that could easily be brought in contact with membrane

skeletal proteins. The anisotropy that we observed in the

OHC membrane is more surprising, as lipid molecules are

too small to span the 25 nm separating the plasma membrane

from the orthotropically organized actin and spectrin fibers in

the cortical lattice. This possibility should not be dismissed

though, for a number of reasons. First, the organization of the

OHC lateral wall seen under electron microscopy might be

distorted due to the necessary fixation of the sample. In par-

ticular, compelling evidence suggests that the cortical lattice

is normally compressed longitudinally in a living OHC (55).

Such a compressed state should result in an entropic spread

of the spectrin filaments out of the plane of the cortical

lattice, which could be sufficient for some filaments to reach

the plasma membrane. In view of the length of spectrin

filaments in the cortical lattice (up to 70–80 nm (22)), a

spread of ;40� would be required (taking into account the

fact that the filaments are constrained at both ends). This is

large, but since the actual distance to span should be reduced

in places, the possibility remains plausible. Specific exper-

iments will be required to measure the actual spread of

spectrin in the cortical lattice and test the above idea. In

addition, although a lipid molecule taken in isolation might

be unlikely to interact directly with the cortical lattice, this

does not need to be the case for a small lipid domain con-

taining thousands or more of molecules. In this view, the

observed anisotropy could reflect a larger hindrance for lipid

diffusion in the direction perpendicular to the spectrin fil-

aments. The possibility of interactions between the OHC

plasma membrane and the spectrin component of the cortical

lattice is natural, since spectrin-lipid interactions are well-

documented in red blood cells and are thought to play a role

also in non rhytroid cells (13). Such interactions would in-

fluence the lipid organization of the plasma membrane, and

could result in a compartmentalization in small domains with

different diffusion properties (6). This is in line with the

findings of Zhang and Kalinec (56), who reported evidence

for a lipid domain organization of the OHC plasma mem-

brane influenced by the cortical lattice, after staining this

membrane with the long-chain anionic carbocyanine dye

SP-DiIC18(3).

Another possible candidate as a structure affecting lipid

diffusion in the OHC membrane is provided by the dense

array of particles seen to populate the cytoplasmic side of the

OHC plasma membrane under freeze-fracture electron

microscopy (33,35,36,53). These particles follow the domain

organization of the actin filaments, suggesting that they are

linked to the cortical lattice. The presence of a molecular

array providing the infrastructure that connects the plasma

membrane to the pillars, as suggested by Kalinec and Kachar

(53), is also more than plausible. The pillar proteins them-

selves might well provide the required structures, their inser-

tions in the plasma membrane forming a regular array that

could span a nonnegligible portion of the membrane area.

Finally, we should mention the membrane protein prestin,

FIGURE 9 Examples of two-dimensional FRAP anal-

ysis in situ. (A) Profile bleach on an inner hair cell (same

experiment as in Fig. 8 A). (B) Surface bleach on the

membrane of a Hensen cell. In each case, the simulation

rectangle is highlighted and the estimated diffusion axes

are superimposed (scaled by the same factor 3). The inset

in panel B shows a magnification of the diffusion axes.

Scale bars, 5 mm.
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present in the OHC plasma membrane and required for the

expression of electromotility (57–60). It is not clear to us

whether prestin could directly affect the anisotropy of lipid

diffusion in the OHC plasma membrane, mainly because the

protein is reported to be mobile in this membrane (61). How-

ever, all the molecular structures mentioned above could

affect the membrane’s lipid organization and possibly its

phase properties (at least on the cytoplasmic side), thereby

influencing indirectly its interaction with the cortical lattice.

Effect of membrane tension on lateral membrane
mobility in the OHC

The lateral lipid mobility in our osmotic challenge experi-

ments appeared to be inversely related to membrane tension

(and directly related to cell length), in agreement with the

previous findings of Oghalai et al. (19,39). One way of in-

terpreting this behavior could be to assume an increasing

influence of the cortical lattice caused by its compression as

membrane tension increases. If this were the case, our obser-

vation that the longitudinal diffusion changed more after the

challenge than the circumferential diffusion would be sur-

prising. Indeed, if lipid mobility in the OHC plasma mem-

brane is affected by interaction with spectrin filaments, one

could expect that a compression of the cortical lattice would

increase this interaction, causing a decrease of the circum-

ferential diffusion coefficient. However, if spectrin filaments

are already compressed in the normal state of the cell, it is

conceivable that a small additional compression would not

have much effect on their interaction with the plasma mem-

brane. A more plausible explanation could be that the ob-

served behavior reflects changes in plasma membrane

curvature in response to changes in membrane tension. The

increase in axial diffusion rate after cell elongation would

then correspond to a flattening of axial membrane undula-

tions, whereas the radial membrane curvature would show

little change and circumferential diffusion would be less

affected. In support of this view, the observed relationship

between axial diffusion rate and cell length (Fig. 7 C) is in
qualitative agreement with theoretical predictions based on

the model of Saffman and Delbruck (62) for the Brownian

motion of cylindrical particles in a fluid membrane, extended

to take into account membrane curvature effects (N. S. Gov,

Weizmann Institute of Science, personal communication,

2005). Finally, the similar dependencies of the lateral dif-

fusion as a function of membrane tension and transmem-

brane voltage in the OHC (19) are probably a manifestation

of the piezoelectric properties of the cell’s lateral wall, now

thought to be strongly affected by prestin (63). The observed

behavior in an osmotic challenge could therefore involve

tension-dependent conformational changes of prestin that

would affect the organization of the OHC plasma membrane.

Progress in our understanding of the structure of prestin and its

relation with the OHC plasma membrane will be needed to

really assess this hypothesis.

Lipid mobility in OHC stereocilia

The diffusion pattern in the OHC bundles displayed a high

anisotropy directed along the stereocilia. By contrast to the

case of the lateral wall, there is a natural explanation for

this behavior that does not involve the inner structure of

stereocilia. Indeed, individual stereocilia are not resolved by

confocal microscopy, so that diffusion in the circumferential

direction of their membrane was averaged out in our exper-

iments. As a result, unless significant transport of lipid

molecules occurs between adjacent stereocilia, lipid mobility

should appear anisotropic (in effect unidimensional) in the

hair bundle, a circumstance already pointed out in the con-

text of two-photon FRAP experiments performed in micro-

villi (64,65). The diffusion anisotropy seen in OHC bundles

thus supports small or no exchange of lipid molecules among

distinct stereocilia. However, this observation has no impli-

cation concerning the interaction of plasma membrane lipids

with actin filaments or other components filling the stereo-

cilia. We certainly do not rule out such an interaction, which

appears to be required for the gating and adaptation of me-

chanical transduction channels (66).

The rather large diffusion coefficients measured in OHC

stereocilia raise the issue of how lipid transport can occur

so fast in the hair bundle without appreciable interstereocilia

exchange. The fluorescence recovery curves obtained by

averaging intensity values over the bleach spot (data not

shown) displayed features characteristic of a diffusion-driven

transport; however, a component driven by flow could not be

ruled out. Therefore, it is possible that a certain amount of

active lipid transport occurs along OHC stereocilia. It will

be interesting to investigate this issue further, in view of the

highly dynamic mechanisms involved in the regulation of

stereocilia length (67).

In situ FRAP experiments

Membrane mobility in membranes of the intact hearing organ

One motivation we had in these experiments was to test the

feasibility of FRAP in an intact hearing organ. In this respect,

the fact that RH-795 and FM1-43 showed different behaviors

than the dye di-8-ANEPPs in situ constitutes a valuable ob-

servation that could not have been guessed in advance. Our

results also highlight the versatility of the FRAP technique as

a method applicable to membranes in an undisrupted bio-

logical environment.

An important issue one must consider when doing FRAP

in situ is the contribution of bulk (cytoplasmic or extracel-

lular) fluid diffusion to the estimated diffusion coefficient,

compared to the actual contribution coming from the two-

dimensional mobility in the membrane of interest. Since bulk

diffusion is typically orders of magnitude faster than mem-

brane diffusion, even small contributions are likely to add

much variability to the results. Bulk diffusion was probably

significant for the three dyes tested in our experiments. It
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could in fact have dominated the mobility observed with the

dyes RH-795 and FM1-43. Indeed, besides the significant

internalization and higher diffusion rates observed with these

dyes in situ as well as in isolated OHCs, the estimated dif-

fusion axes in the profile configuration did generally not

correlate with the direction of the membranes. Nevertheless,

the diffusion coefficients measured with both dyes were well

in the range usually found in living cells. In particular, the

diffusion constants estimated were similar in OHCs from

the intact hearing organ and in isolated OHCs, despite the

obvious differences between the two situations.

The dye di-8-ANEPPs showed a better membrane local-

ization in situ than the two other dyes tested (although this

localization was not as specific as in isolated OHCs). The

diffusion axes estimated with this dye correlated well with

the orientation of the membranes probed. The diffusion con-

stants measured in OHCs from the intact cochlea were also

fairly consistent with the estimates obtained on isolated

OHCs. This provides us with confidence that the constants

measured with this dye reflected the lipid mobility within the

selected membranes and were not too much affected by bulk

diffusion. The clear differentiation between the sensory and

the supporting cells observed with di-8-ANEPPS also sup-

ports this conclusion; such a difference would not be ex-

pected for a mobility dominated by bulk diffusion, and was

indeed not observed with RH-795 and FM1-43.

High lipid mobility in the membranes of sensory hair cells

Our FRAP study in the intact organ of Corti allowed two

significant observations to be made. One was that the sensory

hair cells showed significantly higher lipid lateral diffusion

rates and higher percentages of recovery than did the sup-

porting cells (more precisely the pillar cells and the Hensen

cells). The second observation was that lipid diffusion coef-

ficients in IHCs and OHCs where about the same (average

values for OHCs being somewhat lower), suggesting that the

plasma membranes of both cell types have similar fluid

phases in the normal organ. This is interesting in view of

the quite different mechanical functions these cells are as-

sumed to have. In the OHC lateral wall, fast lipid mobility is

probably correlated with the low concentration of cholesterol

present in this membrane (20). As cholesterol is important in

determining the bulk phase and mechanical properties of the

plasma membrane, it might be that a low level of cholesterol

helps the function of prestin and is required for the expres-

sion of OHC electromotility (in a similar way, the function of

rhodopsin in the rod cell outer segment membranes requires

low levels of cholesterol (68)). However, the high fluidity of

the plasma membranes of hair cells could be important in

other aspects, such as ionic transport across the basolateral

membranes of the cells, for example by facilitating the

function of K1 channels. In this view, our results suggest

that the plasma membranes of IHCs might also contain low

levels of cholesterol, which would be interesting to check.

The much lower mobility rates in the membranes of sup-

porting cells (especially for Hensen cells) could be a reflec-

tion of several factors, including a difference in the lipid

phase of these membranes (caused by higher levels of choles-

terol and/or differences in membrane protein content), or a

stronger hindrance of the motion of lipid molecules by cyto-

skeletal structures. Although we cannot provide data sup-

porting one possibility or the other, our results underscore

the relevance of lateral membrane diffusion as a pertinent

functional parameter in the study of cochlear structures in

particular, and of living cells in general.

APPENDIX: SERIES SOLUTION FOR THE
THEORETICAL FLUORESCENCE RECOVERY
CURVE UNDER LINE ILLUMINATION

The quantity of interest in many theoretical approaches to the analysis of

FRAP experiments (40,45–48) is the fluorescence recovery curve, defined

as a function of time for given bleaching and post-bleach illumination

conditions by the formula (omitting factors of no relevance to the following

analysis):

FðtÞ ¼
Z

d
2
r IillðrÞCðr; tÞ; (A1)

where C(r,t) denotes the concentration of fluorescent marker at position r

and time t, and Iill(r) denotes the illumination intensity profile. The above

integral is taken over the plane where the fluorescence is monitored, in which

two-dimensional diffusion is supposed to take place. Following Axelrod

et al. (40,41), it is assumed the bleaching pulse is short compared to the

characteristic times of transport in the medium of interest, and that fluo-

rescence decay during bleaching is linear. Then the fluorophore concentra-

tion just after the bleach has the form

Cðr; 0Þ ¼ C0 expð�KIbleachðrÞÞ; (A2)

where C0 is the initial concentration of marker (assumed uniform); Ibleach(r)

is the intensity profile of the bleach spot, normalized so that Ibleach(0) ¼ 1; K

is a constant (the so-called bleach parameter) that determines the strength

of the bleach and is proportional to the duration of the pulse and the rate of

fluorescence decay in the center of the bleach spot. Under these conditions,

the fluorescence curve is a function of the bleach and illumination profiles

and of the bleach parameter, F ¼ FK(t; Ibleach, Iill). In the cases considered

in Axelrod et al. (40) and Meyvis et al. (41), the bleach and illumination

profiles are assumed to be identical, Ibleach(r) ¼ Iill(r). This choice would not

be appropriate here, as clearly no diffusion anisotropy can be detected if both

Ibleach and Iill are symmetric. In the context of laser scanning microscopy, it is

convenient to use a symmetric bleach spot with an asymmetric illumination

profile. Indeed, applying a suitable mask to the images one can readily

simulate any illumination profile.

We consider the case where the bleach spot has a two-dimensional

(symmetric) Gaussian profile with spatial standard deviation sb:

IbleachðrÞ ¼ exp � r
2

2s
2

b

� �
; (A3)

whereas the (normalized) illumination profile has the form

I
1

illðrÞ ¼ I
1

illðx1; x2Þ ¼ exp � x
2

1

2s
2

i

� �
; (A4)

(x1,x2) denoting Cartesian coordinates in the image plane. In other words, the

profile I1ill corresponds to a Gaussian stripe parallel the Ox2 axis. The width

of the stripe is determined by its transverse standard deviation si.
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To derive a theoretical formula for the curve FKðt; Ibleach; I1ill), we

need to express the fluorophore concentration C(r,t) at a time t after the

bleach under the conditions of pure anisotropic diffusion. Let us assume for

simplicity that the principal axes of diffusion are directed along Ox1 and Ox2.
The two-dimensional diffusion matrix is then diagonal,

D ¼ D1 0

0 D2

� �
(D1 and D2 being the diffusion coefficients along Ox1 and Ox2,

respectively), and C(r,t) obeys the differential equation

@Cðr; tÞ
@t

¼ D1

@
2
Cðr; tÞ
@x

2

1

1D2

@
2
Cðr; tÞ
@x

2

2

: (A5)

The solution to this equation for the initial condition given by Eq. A2 is

found by Fourier transformation (note that it differs from the isotropic

solution only by a rescaling of Ox1 and Ox2). To avoid a trivial divergence

when averaging C(r,t) over extended masks such as the one defined by

Eq. A4, we look for the solution satisfying the boundary condition

C(r,t) / 0 for r / N. This solution is given by Cðr; tÞ ¼ ð1=2pÞR
Ĉðk; tÞeik:rd2k � C0; where

Ĉðk; tÞ ¼ Ĉðk; 0Þe�ðD1k
2
11D2k

2
2Þt;

Ĉðk; 0Þ ¼ C0

2p

Z
expð�KIbleachðrÞÞe�ik:r

d
2
r: (A6)

Inserting Eq. A6 into Eq. A1, standard manipulations lead to the general

formula

FKðt; Ibleach; IillÞ ¼
Z

d2r C0ðe�KIbleachðrÞ � 1Þ

3

Z
d2k e�ðD1k

2
11D2k

2
2Þt1 ik:r ÎillðkÞ; (A7)

where ÎillðkÞ ¼ ð1=2pÞ
R

IillðrÞe�ik:rd2k denotes the Fourier transform of the

illumination profile.

For the particular profile I1ill defined by Eq. A4 we have

Î1illðkÞ ¼ sie
�s

2
i k

2
1=2dðk2Þ: (A8)

Inserting now Eqs. A3 and A8 into Eq. A7, one obtains the following:

FKðt; Ibleach; I
1

illÞ ¼
C0

ffiffiffiffiffiffiffiffiffiffiffi
2ps

2

i

q
ð2D1t 1s

2

i Þ
1=2

3

Z
ðexp �Ke

� r
2

2s
2
b

� �
� 1Þe

�1
2

x
2
1

2D1 t1s
2
i d2r: (A10)

From this last equation, it is manifest that FKðt; Ibleach; I1ill) depends on D1

but not on D2. More generally, the fluorescence recovery curve obtained for

an illumination profile spanning a given line depends only on the diffusion

coefficient in the direction perpendicular to this line. The observed recovery

is faster when the intensity is averaged along the slow direction, and is

conversely slower when averaging along the fast direction.

The series solution we are seeking is obtained from Eq. A10 by

expanding the factor expð�Ke
� r2

2s2
b Þ � 1 in series and integrating term by

term, which gives the final result:

FKðt; Ibleach; I
1

illÞ ¼ F0 +
n$1

ð�KÞn

n!

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nð11 n

n1
Þ

q ;

F0 ¼ C032psbsi; (A11)

where n1 ¼ ððs2
b=s

2
i Þ=ð112t=tD1

ÞÞ, and tD1
¼ s2

b=D1 denotes the charac-

teristic diffusion time along the Ox1 axis.

Note that with the chosen normalization FKðt; Ibleach; I1ill) is negative

and tends to 0 as t / N. For comparison with experimental data, it is

convenient to use the rescaled recovery curve

�FFKðt; Ibleach; I
1

illÞ ¼ 11
FKðt; Ibleach; I

1

illÞ
F0

¼ 11 +
n$1

ð�KÞn

n!

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nð11 n

n1
Þ

q ; (A12)

which obeys the more conventional normalization �FFKðt; Ibleach; I1illÞ/1 as

t / N, and satisfies �FFKð0; Ibleach; I1illÞ$0 under most common bleaching

conditions.
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