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Abstract The outer hair cell (OHC) of the mammalian
inner ear is a highly partitioned neuroepithelial cell whose
lateral membrane is devoted to electromotility, a fast
mechanical length change owing to the motor protein,
prestin. Spatially restricted measures of prestin-derived
nonlinear capacitance or gating charge, using either
electrical amputation or discrete membrane mechanical
deformation, were used to determine that functional
variation exists within the extensive lateral membrane
of the cell. This was evidenced by variation in the motor’s
operating voltage range and sensitivity among mi-
crodomains within the lateral membrane. That is, local-
ized regions of the membrane evidenced Boltzmann
distributions of motor charge whose midpoint voltage and
slope differed from those obtained for the whole cell.
These data highlight the functional independence of
microdomains and imply that measured whole cell
characteristics may differ from the microscopic charac-
teristics of elementary motors.

Keywords Motility - Gating charge - Membrane
capacitance

Introduction

The outer hair cell (OHC) underlies the mammal’s
enhanced auditory abilities [5]. It is a cell that is
functionally partitioned [10, 23], possessing regions of
its plasma membrane that are predominantly devoted to
the tasks of forward transduction (apical membrane),
reverse transduction (lateral membrane) and neurotrans-
mission (basal membrane). The lateral membrane houses
the motors of the OHC, recently identified as prestin [16,
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25, 30], which are responsible for the cell’s electromotil-
ity [4]. The mechanical response of the cell is mirrored by
a motor-associated gating charge movement (or nonlinear
capacitance) [3, 20]; the voltage dependence of the
nonlinear capacitance is the same as that of electromotil-
ity [14], allowing the former to be used to assess some
aspects of the cell’s mechanical activity.

While the OHC lateral membrane harbors an enormous
number of identical prestin molecules (approx. 7,500/um?
based on charge estimates [10]), the lateral membrane
itself is composed of structural microdomains [15, 28].
This heterogeneity may underlie similar variability in the
mechanical activity of the lateral membrane. For exam-
ple, Kalinec and Kachar [15] observed local variation in
the direction that microbeads moved along the surface of
the electrically excited OHC. We hypothesize that the
direction of forces arising from electrical stimulation of
the lateral membrane results not only from cellular
structural and mechanical constraints but also from
intrinsic motor properties as well. Utilizing techniques
to gauge motor characteristics from restricted regions
(which we refer to as microdomains) of the OHC lateral
membrane, we show that microdomains of molecular
motors possess voltage characteristics that differ substan-
tially from those obtained through whole cell measures.

Materials and methods

General preparation

Guinea pigs were overdosed with pentobarbital. The temporal
bones were removed and OHCs were isolated from cochleas by
gentle pipetting of the isolated top two turns of organ of Corti in
Ca-free medium with collagenase (0.3 mg/ml). The cell-enriched
supernatant was then transferred to a 700-pl perfusion chamber, and
the cells were permitted to settle onto the coverglass bottom. All
experiments were performed at room temperature (~23°C). A
Nikon Diaphot inverted microscope with Hoffmann optics was used
to observe the cells during electrical recording. A modified
Lebovitz medium (NaCl, 142.2 mM; KCI, 5.37 mM; CaCl,,
1.25 mM; MgCl,, 1.48 mM; HEPES, 10 mM; dextrose, 5 mM;
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adjusted to pH 7.2 with NaOH, and adjusted to 300 mosmol with
dextrose) was used as the standard perfusion solution.

Electrical recordings

Cells were whole cell voltage-clamped with a Dagan 3900 (Dagan
Corp., Minnesota) or Axopatch 200B amplifier (Axon Instruments,
California). Gigohm seals were obtained at the supranuclear region
of the OHC membrane prior to whole cell recording. Pipette
solutions were composed of 140 mM CsCl, 10 mM EGTA, 2 mM
MgCl,, and 10 mM HEPES (buffered to pH 7.2 with CsOH, and
adjusted to 300 mosmol with dextrose). In order to evaluate
nonlinear capacitive gating currents in the absence of confounding
ionic currents, the standard perfusion solution was replaced with an
ionic blocking solution following seal formation (NaCl, 100 mM;
tetraethylammonium, 20 mM; CsCl, 20 mM; CoCl,, 2 mM; MgCl,,
1.48 mM; HEPES, 10 mM; dextrose, 5 mM; adjusted to pH 7.2
with NaOH, and adjusted to 300 mosmol with dextrose [10, 20]).
Data collection and analysis were performed with a Window’s
based whole cell voltage-clamp program, jClamp (Scisoft, Con-
necticut), utilizing a Digidata 1200 board (Axon Instruments).
Series resistance effects on membrane voltage were corrected
offline. All experiments were video taped.

Whole cell membrane capacitance was measured with two
techniques: transient and AC. The former technique entailed the
delivery of a stair-step voltage ranging from —160 to 120 mV, in
14 mV increments. Capacitive transients were integrated to obtain
cell capacitance (C,,) measures as previously described [10]. The
latter technique utilized a continuous high-resolution (2.56 ms
sampling) two-sine voltage stimulus protocol (10 mV peak at both
390.6 and 781.2 Hz), with subsequent fast Fourier transform-based
admittance analysis [24]. These high frequency sinusoids were
superimposed on voltage ramp, step or sinusoidal stimuli. Capac-
itance data were fitted to the first derivative of a two-state
Boltzmann function [20].

ze b
Cn = Qmaxi + Ciin
KT(1— b 0
b = ex *ZE(Vm - Vpkcm
e kT

where Qnax is the maximum nonlinear charge moved, Vpiem is
voltage at peak capacitance or half-maximal nonlinear charge
transfer, Vy, is membrane potential, Cy, is linear capacitance, z is
valence, e is electron charge, k is Boltzmann’s constant, and 7 is
absolute temperature.

Two methods to measure motor characteristics
in restricted regions of the OHC

A double voltage-clamp technique, fully described elsewhere [10,
23], was used to electrically amputate portions of the OHC
membrane. Briefly, the OHC was placed in a tight-fitting glass
microchamber and simultaneously whole cell voltage-clamped (see
Fig. 1, inset). The voltages within the microchamber were either the
same as those delivered to the whole cell or set to ground. When set
to ground, the system functions as a simple whole cell voltage
clamp, where the entire cell membrane’s voltage-dependent activity
is evaluated. However, when the microchamber voltage command
is the same as that delivered to the whole cell, only that portion of
the OHC membrane outside the microchamber experiences a
voltage drop, thus permitting the inspection of a restricted region of
the OHC. Changing between configurations was performed
instantaneously by manually switching the microchamber to ground
or to the whole cell command voltage. During these experiments
C-V functions were obtained with the transient capacitance
measurement technique.

A micropipette aspiration technique was used to stress restricted
regions of the OHC lateral membrane, as fully described elsewhere
[26]. Briefly, patches of lateral membrane were deformed with a
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Fig. 1 A Membrane capacitance of outer hair cells (OHCs) before
(open circles) and after (closed circles) electrical amputation in a
microchamber. Parallel dashed lines indicate Vi for each trace.
B Comparison of Vpier for whole cell and amputated regions for 10
cells. Dashed diagonal line indicates equality. Solid line is linear fit
to data. C z values for the same 10 cells. Note variability in whole
cell z value

solution-filled glass pipette (2.5 um diameter) fitted to a computer
controlled piezoelectric driver (PZL, Burleigh Instruments, N.Y.,
USA). Membrane deformation near the middle of the cell was
induced by movements of the driver’s piston stepped in the
negative direction (producing suction) of about 800 nm, controlled
by the voltage magnitude delivered to the piezoelectric. Step
stimuli produced motor-evoked currents that were measured as an
rms response. Whole cell holding voltage was varied to obtain the
current’s voltage dependence. The data were fitted to Eq. 1 only to
determine the voltage at peak current (V). During these
experiments C-V functions were obtained with the AC capacitance
measurement technique.

Results

For the double voltage-clamp technique, the nonlinear
capacitance measured when the micro-chamber is ground-
ed to the bath derives from all motor containing regions of
the cell, since the voltage drop is impressed across the
entire membrane of the cell. The capacitance measures
are thus typical of whole cell conditions (Fig. 1A) and
have characteristics similar to those of past reports [20].
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Fig. 2 Same as Fig. 1 except for two OHCs where three successive
amputations were made (in the sequence of the arrows) following
repositioning of the cell in the microchamber. Note that even
though Viicm of the whole cell has shifted following repositioning,
the region after amputation does not shift in parallel (neither in
magnitude nor polarity), indicating its independence. The numbers
indicate the degree of amputation at each measurement

Upon switching to amputation mode, the measured
capacitance derives only from that portion of the cell
that is outside the microchamber. The magnitude of linear
as well as nonlinear capacitance is reduced (Fig. 1A), and
there is an apparent shift in the Vi to depolarized levels
relative to whole cell V. Figure 1B and C present
Vpkem data from ten cells. Vpiem, which is the midpoint of
the voltage range over which the motors work, differs
between whole cell and the amputated region. The
difference may be in the hyperpolarizing or depolarizing
direction (Fig. 1B). Additionally, z, an indicator of
voltage sensitivity, differs from whole cell estimates and
z values can be greater or less than whole cell measures,
as expected since they will sum to produce intermediate
whole cell values (Fig. 1C). Pre- and post-amputation
recordings were made within a few seconds of each other,
in order to ensure both stationary conditions and that any
experimentally induced forces, such as membrane tension
imposed by the microchamber, would remain constant
under each condition. Accordingly, the correlation be-
tween absolute AV, and degree of amputation was poor
(*=0.015).

For the data just presented, the OHCs were inserted
into the microchamber and remained unperturbed during
the collection of pre- and post-amputation data. However,
it is possible to reposition the OHC within the mi-
crochamber to obtain progressive amputations. In two
cells where three successive amputations of differing
magnitude were made, it was clear that whole cell Vjyem
changed during the repositioning (possibly due to changes
in membrane tension or intracellular chloride), but that of
the amputated portion tracked neither the amplitude nor
the polarity of those changes (Fig. 2). For example, in one
cell the initial pair of values (whole cell vs amputation)
was —57.2, -43.9 mV; after repositioning for the next
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Fig.3 A Whole cell capacitance (open circles) and microdomain
stretch-induced gating currents. Note difference in voltage at peak
response. B Comparison of voltage at peak response for 9 cells.
Dashed diagonal line indicates equality. Solid line is linear fit to
data. Note wide variability of Ve relative to Vpyem

amputation the pair was -55.2, —-64.2 mV; and after
repositioning for the final amputation, the pair was —61.9,
-57.5 mV. This is very strong evidence for the indepen-
dent nature of OHC motor domains.

Mechanical stress of the lateral plasma membrane
evokes a motor-generated displacement current (/,) whose
voltage dependence is bell-shaped like that of the cell’s
nonlinear capacitance (Fig. 3A). Vg is expected to be
shifted to the right (in the depolarizing direction) of Ve,
since membrane stress shifts the underlying charge-
voltage (Q-V) function to the right. That is, the evoked
I-V function results from the difference between the
shifted OV functions under the stressed and nonstressed
conditions [9,29]. Figure 3B shows for nine cells that this
expectation is met, as the data points fall to the right of
the plot’s dashed line of equivalence. However, the Vi,
of individually stressed microdomains varies widely
relative to their respective whole cell Viyem. If the Vigen
of the microdomains were the same as whole cell values
then the two should be strictly correlated as Vg is
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predicted to be midway between pre- and post-tension
Vpkem- Additionally, the variability is not due to differ-
ences in the degree of shift caused by the stimulus, since
the correlation between peak I, and shift magnitude was
poor (*= 0.05). This same poor correlation also indicates
that any possible variability of d.c. tension introduced by
sealing the loose pipette to the membrane was not
influential, since we have previously shown that steady-
state tension is directly related to the magnitude of I, [26].
If steady-state membrane tension were responsible for the
variability in the shift, we might have expected a good
correlation between /, and shift. The simplest explanation
is that such wide variability reflects an underlying Vixem
of the stressed microdomains that differs from that of the
whole cell.

Discussion

The data presented here indicate that the mechanically
active lateral membrane is functionally heterogeneous,
showing variability in the voltage dependence of nonlin-
ear capacitance or motor charge movement. The gain of
the OHC’s electrically evoked mechanical response
depends on the position of its sigmoidal displacement
voltage (or corresponding bell-shaped capacitance volt-
age) function along the voltage axis vis-a-vis the cell’s
resting potential [19]. Vixem, which defines the midpoint
of these functions, and therefore the OHC’s voltage of
maximum piezoelectric-like sensitivity, is susceptible to a
variety of agents including membrane tension [9, 12, 14],
resting membrane potential [24], temperature [21], phos-
phorylation [8, 11] and intracellular [18, 22] or extracel-
lular [22] chloride concentration. In many cases, it has
been demonstrated that these effects arise from direct
action on the OHC motor protein, prestin [16, 17, 18, 25].
It should be noted that efforts were made to avoid
experimentally induced changes in the parameters that
describe OHC charge movement; for example, measure-
ments of whole cell Vi, and microdomain Viyen or Vigig
were obtained without perturbation of the preparation and
within seconds of each other, thus ensuring stationary
conditions. Additionally, unequivocal evidence of mi-
crodomain independence was found when multiple am-
putations were made; that is, in the face of whole cell
Vpkem changes during repositioning cells within the
microchamber, nonparallel changes (in magnitude and
polarity) of microdomain V., were found. This could
not occur if the forces that changed whole cell measures
during repositioning, e.g., membrane tension or chloride
concentration, were acting on a uniform population of
lateral membrane motors. We conclude that while
molecular sensor/motors are restricted to the expansive
lateral plasma membrane, this membrane actually harbors
populations of sensor/motor microdomains whose char-
acteristics are set by local forces. Independent mi-
crodomain characteristics sum to contribute to whole
cell characterizations of OHC mechanical and electrical
activity.

The existence of functionally distinct microdomains,
whose voltage- and tension-dependent characteristics are
locally set, may have important consequences for under-
standing the mechanism of OHC motility. Such diversity
could promote differential activation of OHC motor
elements resulting in mechanical forces other than in a
predominantly axial direction. For example, at a given
resting membrane potential, adjacent microdomains may
be contracted to different extents because mechanical
gains may be different; bending or twisting movements of
the OHC might be expected. Indeed, Frolenkov et al. [7]
have observed bending of the OHC in an external field,
but provided an explanation based on differential stimulus
distributions. Whether the causes of those nonaxial
motions were due to motor or stimulus characteristics is
arguable; however, the likelihood that even in the face of
uniform lateral membrane stimulation nonaxial forces
will be evoked is strengthened by evidence from these
same authors who showed lateral membrane substructure
and function [15]. In addition to observing local variation
in the direction that microbeads moved on the surface of
the OHC, they showed by freeze etch electron microscopy
that the lateral membrane presented a mosaic of mi-
crodomains with differing orientations. The mechanism
that produces this mosaic is unknown, but it is possible
that forces derived from the variable motor characteristics
that we observed result in structural correlates. It is well
known that extrinsic, local membrane forces can initiate
substantial rearrangement of membrane and submem-
brane structure over extended time periods [27]. Alterna-
tively, the structural differences themselves could affect
motor characteristics, for example, by inducing local
membrane tensions.

Our data may also relate to theories on OHC motor
function, since until now it has been tacitly assumed that
elementary characteristics derived from whole cell mea-
sures of motility and/or gating charge apply to all motors
in the lateral membrane. Under this assumption, it has
been difficult to explain the observation that a decrease in
membrane tension under whole cell conditions causes a
negative shift in V. accompanied by an increase in
peak Cy, [9, 14]. It has been argued that changes in peak
Cy, arise from membrane tension working through an
anisotropic cytoskeleton or working on an anisotropic
motor [9, 13]; indeed, isolated patch recordings, where
tension can be applied isotropically, show only a shift in
Vokem [9, 16]. Nevertheless, even in OHCs that have
become spherical due to intracellular trypsin treatment,
and where applied tension should be isotropic, peak C, is
altered by turgor pressure [1, 14]. We noted that motor
sensitivity to membrane stress appeared greater after
cortical cytoskeleton destruction with trypsin [14]. Adachi
and Iwasa [1] quantified this sensitivity change by degree
of Vpkem shift, and found that sensitivity was about six
times greater than normal, i.e., 155 mV/kPa compared to
normal whole cell values of 25 mV/kPa [2, 14], which
may account for their observed step-like Cp,, decrease [1].
Our present data may provide an alternative explanation
for the effects of stress on the whole cell as opposed to
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Fig. 4 Model of microdomain contributions to whole cell capac-
itance. In the model, each of 10 hypothetical microdomains
experiences local tensions such that each Vi is shifted 10 mV
offset from each other, all of them to the right of =70 mV. The sum
of these individual capacitances produces the whole cell capaci-
tance trace a, and the other four traces are the result of graded
decreases in tension under whole cell conditions. When tension is
reduced, each microdomain Vpycy shifts left towards —70 mV, the
limiting Vikem [14]. As each microdomain tension is dissipated, its
Vpkem halts at =70 mV, and accumulates with other microdomain
VpkemS producing larger peak whole cell capacitances (traces b—d).
When all microdomain tensions are dissipated, all Viycms reside at
—70 mV and the peak capacitance is maximal (trace e). Qmax
(0.25 pC) and z (0.75) were fixed and the same for each
microdomain

patch nonlinear capacitance. First, we note that the
negative shift of Vji.m and increase in peak Cy, during
reduction of turgor pressure is asymptotic, each reaching
fixed values when the OHC begins to collapse, despite
continued reduction of turgor pressure [14]. The limiting
negative potential is near —70 mV, close to the OHC’s
normal resting potential [6]. Because of this brick-wall
effect, we suggest that microdomains that may have
unchanging peak capacitance but variable Vyien, will all
shift to a single common Vi, as turgor pressure is
reduced. As a result, at positive turgor pressure peak Cy,
will be depressed compared to negative pressure, but with
increasingly negative pressures peak C, will increase
asymptotically as summation of the parallel microdomain
capacitances occurs (Fig. 4). In this model we used a
constant z of 0.66 across microdomains, yet fits of these
model data to a single Boltzmann function indicate that
apparent z is less than 0.66 initially, but increases to this
level as turgor pressure is reduced. We have observed this
behavior experimentally [14]. Nevertheless, the present
observation that V. and z of microdomains are variable
about whole cell values (Fig. 1 c) emphasizes that other
forces besides tension influence the distribution of these
parameters. Consequently, tension-induced changes in the
form of the whole cell capacitance function may not
necessarily provide insight into the microscopic charac-
teristics of motor function. Spatially restricted patch
capacitance measures, on the other hand, may provide a
better sampling of microdomain characteristics.
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