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Abstract There is a growing consensus that outer hair
cell (OHC) electromotility underlies the mammalian co-
chlear amplifier. This voltage-dependent motility is mir-
rored by a gating current, which along with motility can
be altered by tension applied to the cell’s plasma mem-
brane. We used localized tension application along the
length of the OHC to induce gating currents from mem-
brane microdomains; with this information we mapped
the distribution of the OHC's sensitivity to membrane
stress before and after disrupting the cytoskeleton with
intracellular Pronase. Mechanically induced gating cur-
rents, which were susceptible to salicylate, lanthanides
and turgor pressure, evidenced a bell-shaped distribution
that was restricted to the lateral membrane where the
electromotile response resides. After Pronase treatment,
gating currents remained intact and restricted. These re-
sults confirm that the molecular motors are intrinsically
and bi-directionally susceptible to voltage and tension,
and provide evidence for limited mobility of OHC mo-
tors within the cell’s lateral membrane.

Keywords Gating charge - Membrane capacitance -
Membrane tension - Outer hair cell - Turgor pressure

Introduction

In mammals, the outer hair cell (OHC) provides mechan-
ical feedback into the basilar membrane which enhances
auditory sensitivity and frequency resolving power [7,
29]. The likely underlying cellular mechanism is a
unique voltage-dependent somatic mechanical response

J. Santos-Sacchi ([ ])

Surgery (Otolaryngology), BML 244,

Yale University School of Medicine, 333 Cedar St.,
New Haven, CT 06510, USA

Tel.: +1-203-7857566

S. Takahashi - J. Santos-Sacchi

Sections of Otolaryngology and Neurobiology,
Yale University School of Medicine,

New Haven, CT 06510, USA

that can be driven at acoustic rates [3, 5, 13, 15, 31, 32].
The mechanical response of the OHC is mirrored by an
electrical signature, a motility-related gating current,
reminiscent of the gating currents that regulate ion chan-
nel conductance [4, 30]. This gating current or charge
movement can equivalently be measured as a nonlinear,
voltage-dependent capacitance whose cellular location
maps to the lateral membrane along the central extent of
the cylindrical OHC [19]. This is precisely where the
elusive molecular motors responsible for the OHC length
change reside [8]. In fact, the lateral membrane harbors,
almost exclusively, those sensor/motors that drive somat-
ic motility; voltage-dependent ionic channels are largely
absent, and reside in the basal membrane [33]. Beneath
the motor-containing lateral membrane lies a well-devel-
oped cortical cytoskeleton that maintains the cylindrical
shape of the cell [17, 37], and may function to limit the
lateral diffusion of intramembranous motors.

One of the most notable features of the OHC is its
piezoelectric-like behavior; under voltage clamp, not only
do voltage perturbations induce mechanical responses
and associated gating currents, but mechanica perturba-
tions of the plasma membrane can induce gating currents
as well [4, 14, 21, 22, 30]. Indeed, in the intact sensory
epithelium, as a consequence of mechanical coupling
through supporting Deiters' cells, the mechanical activity
of any one OHC can induce gating currents in adjacent
OHCs [41]. The susceptibility of OHC mechanical and
electrical activity to membrane stress has been surmised
to arise from an action on lateral membrane sensor/mo-
tors. Here we utilize this phenomenon to assess the ex-
tent of motor activity along the longitudinal axis of the
OHC. Our data show that the susceptibility to membrane
stress is restricted to the same cellular region that har-
bors the high density of sensor/motors, confirming the
hypothesis that rapid changes in OHC membrane tension
induce conformational changes in the molecular sensor/
motor elements that are measurable as gating charge
movements. Furthermore, the nonuniform distribution
that we find provides evidence for limited mobility of
OHC motors within the cell’s lateral membrane.



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-pyl 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, 537 mM; CaCl,,
1.25 mM; MgCl,, 1.48 mM; HEPES, 10 mM; dextrose, 5 mM; ad-
justed to pH 7.2 with NaOH, and adjusted to 300 mosmol/I with
dextrose) was used as the standard perfusion solution.

Electrical recordings

Cells were whole-cell voltage clamped with an Axopatch 200B
amplifier (Axon Instruments, Calif., USA). Gigohm seals were ob-
tained at the supra-nuclear region of the OHC membrane prior to
whole-cell recording. Patch electrodes had initial resistances of
3-5MQ, corresponding to tip sizes of approximately 1-2 um. The
series resistance typically ranged from 8 to 15 MQ. No series
resistance compensation was performed, as this interferes with ad-
mittance-based capacitance measures (see below). Pipette solu-
tions 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/l with dextrose). In order to evaluate non-
linear 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 (TEA), 20 mM; CsCl, 20 mM;
CoCl,, 2 mM; MgCl,, 148 mM; HEPES, 10 mM; dextrose,
5 mM; adjusted to pH 7.2 with NaOH, and adjusted to 300 mos-
mol/l with dextrose; [19, 30]}. In some cases, the extracellular so-
lution contained 10 mM sodium salicylate (replacing NaCl). Addi-
tionally, in some cases intracellular Pronase (500 pg/ml), a wide
spectrum proteolytic enzyme, was added to the pipette solution to
destroy the cortical cytoskeleton [20, 22, 24, 35]. All chemicals
were purchased from Sigma (USA). OHCs were held at 0 mV.
Currents were recorded as averages of ten responses. Data collec-
tion and analysis were performed with a Window’s based whole-
cell voltage-clamp program, jClamp (http://www.med.yale.edu/
surgery/otolar/santog/jclamp.html), utilizing a Digidata 1200 board
(Axon Instruments, Calif., USA). Patch pipette pressure was
modified with a syringe connected to the Teflon tubing attached to
the patch pipette holder and monitored via a T-connector to a pres-
sure monitor (WPI, Florida, USA). All experiments were video
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Membrane capacitance and mechanically evoked gating currents

Voltage-dependent OHC capacitance was measured with a contin-
uous high-resolution two-sine voltage stimulus protocol (10 mV
peak at both 390.6 and 781.2 Hz) [35]. Sinusoids were superim-
posed on voltage ramps.

Restricted regions of the OHC lateral membrane were stressed
using a micropipette aspiration technique. This technique has been
used extensively to study the mechanical properties of membrane,
notably by Evans and associates [10]. In fact, Brownell and col-
leagues [25] have used it to study the mechanical properties of the
OHC lateral membrane through aspiration-evoked deformation.

Aspiration was delivered through a solution-filled glass pipette
fitted to a computer-controlled piezoelectric device (PZL,
Burleigh Instruments, N.Y., USA) within an in-house-designed
pipette holder. The pipette tip was heat polished to a final inner
diameter of 2.5 um. The pipette contained bath solution that inter-
faced with mineral oil in the fluid-tight, rigid plastic pipette hold-
er. Piezoelectrically driven piston movements within the mineral
oil were delivered to the pipette solution. To maintain a tight seal
between the pipette tip and the cell membrane, the tip was placed
on the cell surface at right angles and slight negative pressure was
applied. Tip placement by the micromanipulator was visually ob-
served, and recorded on videotape for later measurement. Mem-
brane deformation was induced by movements of the driver’s pis-
ton stepped in the negative direction (producing suction) in the
range of 200 to 800 nm, controlled by the voltage magnitude de-
livered to the piezoelectric. For the mapping studies, one fixed
voltage was used along the cell length. The spatial pattern of stress
delivery along the length of the cell was random; that is, there was
no particular path along the cell length that was followed. Addi-
tionally, since we found that cell collapse altered the magnitude of
mechanically evoked gating currents, we maintained the cylindri-
cal shape of the OHC with small pipette pressures for those cells

Fig. 1A-D On the left is a schematic and digitally captured image
of isolated outer hair cell illustrating the patch pipette at the supra
nuclear region and stimulating pipette. A Whole-cell current in-
duced by discrete mechanical stimulation of the lateral plasma
membrane. The Solid line depicts raw current and the dotted line
shows the transient current artifact with the stimulating pipette off
the cell. B Mechanically induced current obtained by subtracting
current artifact from the raw current response. C Asin B, except
the driving piston in the stimulating pipette was absent, and conse-
quently mechanical stimulation of the membrane was lacking.
Under this condition, however, the piezoelectric driver was till
activated and transient current artifacts were still generated. D Ab-
sence of response following the stimulation of the supporting
Deiters cell membrane. Black bar indicates the duration of me-
chanical stimulus (see text)
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used for mapping experiments (see [22] for details). In some cells,
repeat measures were made following mapping, and responses
were within 10% of initial ones, indicating that delivery of the
stimulus was uniform and repeatabl e along the length of the cell.

Data are derived from cells in the low frequency region of the
organ of Corti, 60-70 pum long. These cells were chosen over
shorter, high frequency cells so that the distribution within the lat-
eral membrane could be mapped with increased resolution over
our previous electrical amputation method [19]. A particular stim-
ulation location was binned within one of ten equally spaced
(6-7 pm) regions aong the cell length, providing relative mea-
sures of response distribution. Eight of those regions corresponded
to the lateral membrane (see Results, and schematic of Fig. 4). If
we had chosen smaller cells, the number of regions would have
been smaller (given our aspiration pipette size).

Oscillations in the current response were generated by a me-
chanical resonance in the stimulus delivery system, as has been
described previously [14]. The magnitude and frequency of the
resonance depended on the piezoelectric device and pipette/mem-
brane seal combination. Resonances around 1 kHz were observed
and could be reduced by filtering the command voltage to the
piezoelectric. These oscillatory currents are real motor-generated
currents, and are differentiated from a concurrent electrical artifact
(initial few microseconds — see Results). Such high frequency re-
sponses are not unusua since the frequency responsiveness of
OHC charge movement extends into the tens of kilohertz range
[15]. Membrane currents were quantified by either measuring the
RMS value during the extent of the mechanical stimulus, or by in-
tegrating the current response over that same period. The latter
technique was employed when under some experimental condi-
tions exponentially decaying currents possessed minimal oscilla-
tions, so that gating charge estimates could be made. Either mea-
sure produced quantitatively similar mapping patterns.

Results

Restricted tension application evokes motility-related
gating currents

Under whole-cell voltage clamp with ionic currents
blocked, discrete mechanical stimulation of the OHC lat-
eral plasma membrane evokes an initial transient fol-
lowed by small oscillatory currents (Fig. 1). The piezo-
electric-driven aspiration pipette that we use to apply
membrane stress contributes a short-lived electrical arti-
fact at the onset (dotted line, Fig. 1A) that is subtracted
from the raw response to obtain membrane currents
(Fig. 1B). In the absence of the aspiration pipette’s driv-
ing piston, no membrane currents are elicited (Fig. 1C).
Supporting cells do not generate membrane currents
when stimulated mechanically (Fig. 1D). Digestion of
the subsurface cytoskeleton with intracellular Pronase
(500 pg/ml) did not abolish mechanically evoked gating
currents, similar to results with voltage-induced charge
movement [20].

Further evidence indicating that these discretely gen-
erated currents derive from OHC sensor/motors residing
in the lateral membrane is obtained from the current’s
sensitivity to agents that block voltage-induced OHC
motility and capacitance. Figure 2A shows that salicylate
blocks the mechanically elicited membrane current.
Additionally, the currents show a bell-shaped voltage
dependence that is expected based on macroscopic meth-
ods of mechanical stimulation of the OHC [14, 41]. Pan-
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Fig. 2 A Dotted line illustrates the raw whole-cell current induced
by discrete mechanical stimulation of the lateral plasma mem-
brane. The solid line is the response after perfusing the cell with
10 mM salicylate. Beneath, the subtracted current represents that
current sensitive to salicylate. The black bar indicates the duration
of mechanical stimulus. B Mechanically induced gating current
magnitude versus holding membrane potential. Solid circles indi-
cate responses before salicylate (10 mM) treatment, open circles
during salicylate treatment, and solid triangles following salicy-
late washout. C Corresponding membrane capacitance as a func-
tion of membrane potential. Symbols are as in B. Fits to the capac-
itance data were obtained using the following formula
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where Qpq IS the maximum nonlinear charge moved, Vg is Volt-
age at peak capacitance or half-maximal nonlinear charge transfer,
V,, is membrane potential, C;, is linear capacitance, z is valence,
e Is electron charge, k is Boltzmann's constant, and T is absolute
temperature. Before salicylate — Qq,: 2.56 pC, Vyem: —63.7,
z. 0.78, Cy,: 20.4; after washout — Qpp 2.64 pC, Vo' —48.8,
z 0.72, C;,; 20.1. The data during salicylate treatment could not
be fit reliaply
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Fig. 3 Mechanically induced gating current magnitude depends
on intracellular turgor pressure. Average (n=3) relative gating cur-
rent magnitude is plotted as a function of time after establishment
of whole-cell recording (filled circles). The magnitude decreases
to less than half of the initial level within 20 min and remains sta-
ble after that time. Following stabilization, positive pressure deliv-
ered via the patch pipette (0.6 kPa) increased the average relative
magnitude to 0.81. The inset depicts mechanically induced gating
currents from a single cell during the course of recording. Scale
80 pA, 5 ms. In another five cells (open triangles), positive pipette
pressure delivered throughout the recording period blocked the de-
crease in gating current magnitude

els B and C of Fig. 2 illustrate the voltage-dependent
magnitude of the cell’s membrane capacitance and me-
chanically evoked membrane currents. Each is reversibly
reduced by salicylate. The shift in the voltage at peak ca-
pacitance (Vpm) evident after washout is possibly due to
areduction of OHC turgor pressure during the recording.
This shift is observable in the current-voltage (I-V)
function as well. Gating currents arise from the small
area within the orifice of the stimulating pipette; this was
confirmed by treatments with lutetium, a known blocker
of motility and nonlinear capacitance that works solely
on the extracellular aspect of the lateral plasma mem-
brane [23]. When lutetium was placed within the solu-
tion of the stimulating pipette nearly al gating current
was abolished; however, when lutetium was placed with-
in the bath solution, gating current was little affected,
since the blocking agent could not reach the mechanical-
ly activated site (data not shown).

Turgor pressure modul ates gating current magnitude

The effect of turgor pressure on the mechanically elicited
membrane current was studied in detail. It is known that
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Fig. 4A—C Mechanically induced gating currents are restricted to
the lateral membrane of the OHC. A Average (+SE; n=10) gating
currents as a function of normalized stress site. B Five of the cells
in A were subsequently treated with 10 mM salicylate, and the
salicylate-sensitive gating current obtained through subtraction is
displayed. Note minimal currents at cell extremes. C In three addi-
tional cells, where the exponentially decaying gating current dom-
inated the mechanically evoked response, gating charge was deter-
mined via integration. Membrane surface area under the stimulat-
ing pipette was calculated based on tip diameter and an assumed
hemispheric profile. Charge density is similar to that obtained via
voltage stimulation paradigms

OHC
Normalized stress site

the intracellular pressure of the OHC dissipates follow-
ing establishment of whole-cell voltage clamp [22]. Dur-
ing that time V., shifts in the negative direction and
peak capacitance increases. Figure 3A shows that after
the establishment of the whole-cell configuration,
mechanically elicited membrane currents (filled circles)
decrease in size over a time course similar to the known
effects on OHC capacitance [22]. Indeed, simultaneous-
1Y, Viyem Shifts in the negative direction (data not shown).
Applpyi ng positive pressure through the patch pipette pre-
vents the decrease in gating current magnitude (open tri-
angles). The current trace insets depict, for a single cell,
the decrease in gating current magnitude over the course
of 20 min; at that time a positive pressure of 0.66 kPa
applied to the patch pipette reestablished the initial mag-
nitude of the mechanically evoked current.
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Fig. 5A, B Mechanicaly in-
duced gating currents remain
intact and restricted following
cytoskeletal disruption. A Digi-
tally captured images of an
OHC during recording with
Pronase-containing intracellu-
lar solution. Top — after 9 min;
during this time control mea-
surements were made. Middle —
cell is beginning to form a
sphere as the cytoskeleton is
disrupted. Bottom — after

13 min the cell isfully spheri-
cal. Diameter is 24 um. The cu-
ticular plateis on the underside
of thecell. B Plot shows re-
stricted gating currents ob-
tained while the cell was still
cylindrical. The bottom sche-
matic illustrates the cell after
the cytoskel eton was destroyed.
Gating currents were measured
at the regions marked by filled
circles. Note the absence of re-
sponse over the nuclear region
which was determined from
video to correspond to the basal
membrane

Tension-induced gating currents map to the lateral
membrane in a nonuniform manner

Having confirmed that the membrane aspiration-induced
currents derive from OHC motors, we used this method
to map the distribution of stress sensitivity within the
OHC plasma membrane. Single cells were subjected to
multiple discrete mechanical stimulations aong the
length of the cell. Figure 4A shows the average RMS
gating current magnitude along the normalized length of
the OHC. The response is clearly largest in the central
region of the cell, which corresponds to that region
where OHC voltage-dependent capacitance and motility
reside [8, 19]. Figure 4B plots the extent of the gating
current that is susceptible to salicylate; negligible me-
chanical sensitivity resides at the extremes of the cell. In
three cells it was possible to determine gating charge via
integration since an exponentially decaying gating cur-
rent dominated the mechanically evoked response. In
Fig. 4C we plot the average gating charge density from
these cases and show that the average density within
the central portion of the cell membrane, about
10,000 e/um2, is similar to the charge density obtained
by voltage stimulation protocols[19].

Motor distribution is maintained following cytoskel etal
disruption

Finally, we examined the effects of destroying the
OHC's cortical cytoskeleton on the generation and distri-
bution of stress-induced gating currents. In two cells we
were able to perfuse intracellularly with 500 pg/ml Pron-
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ase via the patch pipette and map the distribution before
and after cytoskeletal disruption. Figure 5 shows an
example. Over the course of about 10-15 min, OHCs
lose their cylindrical shape and form spheres (Fig. 5A)
[20, 22, 24]. In the process, the cortical cytoskeleton is
disrupted, leaving free plasma membrane [20]. Before
disruption occurred, the cells showed typical distribu-
tions of stress-induced gating currents (Fig. 5B, top pan-
els). Following cytoskeletal disruption, gating currents
were still evoked by membrane stress, and surprisingly
remained restricted in their distribution (Fig. 5B, bottom
panels). Having videotaped the experiments, we were
able to track and conclusively identify the cell’s basal
membrane as it changed shape. Over the time course of
the experiments ((20-30 min), lateral diffusion of the
molecular motors into the basal plasma membrane did
not occur.

Discussion

The OHC is a highly partitioned cell whose sensory
activity is augmented by voltage-dependent mechanical
activity. OHCs possess a mechano-electrical transduction
mechanism within the apical membrane — the stereociliar
bundle, and synaptic machinery in the basal membrane.
This basic polarization, found in all vertebrate hair cells,
has evolved in the OHC, since, additionally, molecular
motors responsible for the cell’s electro-mechanical
transduction are restricted to the lateral membrane
[8, 19, 20, 24]. The membrane area comprising the cylin-
drical cell’s lateral membrane can range up to nearly four
times that of the combined apical and basal membrane



(e.g., given a 90-um-long OHC, apica and basal surface
area is estimated to be about 750 um?2, whereas lateral
membrane area is about 2700 um?2).

The OHC lateral plasma membrane displays an un-
usually dense population of tightly packed 8- to 10-nm
particles that probably represent protein motors embed-
ded in the lipid bilayer [12, 16, 24, 34]. Densities up to
6000/um?2 have been reported. Electrophysiological ex-
periments similarly provide motor density estimates
ranging from 2500 to 7500/um? based on voltage-
induced gating charge densities from low frequency
OHCs [4, 15, 19, 30]. Despite this good correspondence,
we have recently shown that the correlation between ul-
trastructural and electrophysiological estimates of motor
density may not hold for high frequency OHCs, where
charge density increases more so than membrane particle
density [34]. Nevertheless, all estimates clearly indicate
that the molecular motors dominate the makeup of the
lateral membrane. We now show that the density of
mechanically induced charge movement, while not uni-
form, is similar to those estimates determined through
whole-cell voltage stimulation. An average density of
10,000 e-/um2 was found, assuming a hemispherical
insertion of the membrane into the aspiration pipette.
Oghalai et a. [25] have shown that upon slight suction,
this type of membrane deformation is expected with an
aspiration pipette of our size. Thus, the co-localization of
voltage- and mechanical-sensitive charge movement to
the lateral plasma membrane that we report here strongly
suggests that we are observing intrinsic piezoelectric-
like activity of integral membrane motors. That is, volt-
age and mechanical sensitivity are features of one molec-
ular entity — the motor, and independent of cytoskeletal
reguirements, since cytoskeletal disruption with Pronase
leaves charge movement intact.

The nonuniform distribution of stress sensitivity
along the lateral membrane may arise from a true motor
distribution pattern or regional differences in the efficacy
of mechanical stimulation due, for example, to mem-
brane stiffness gradients along the cell length. It is clear
from the turgor results that changes in the mechanical
properties of the membrane can influence the magnitude
of charge movements, yet it is not obvious from ultra-
structural studies that the lateral wall structure harbors
such longitudinal mechanical gradients [28]. However, it
is clear that abrupt mechanical changes probably arise at
the apical and basal terminal borders of the subsurface
cytoskeleton and cisternae that lie beneath the lateral
plasma membrane. Nevertheless, the changes in charge
density are clearly more gradual. Previously, we had
mapped the distribution of voltage-induced charge
movement using an electrical amputation technique [19].
In order to evaluate our data that were admittedly limited
in spatial resolution we modeled the motor density as
evenly distributed along the latera membrane, and con-
cluded that the apical and basal poles of the OHC were
devoid of sensor / motors. While our present data con-
firm the virtual absence of motors in the apical and basal
poles, it appears that a uniform distribution is unlikely.
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This is corroborated to some extent by the findings of
Zagjic and Schacht [40], who showed that in response to
K depolarization mechanical responses in the middle of
the OHC are larger than at its apical and basal regions.
We conclude that the nonuniform distribution of motors
is real and must be an expression of restricted lateral
mobility within the plane of the cell’s plasma membrane.

The OHC's cortical cytoskeleton is extensive; struc-
tural similarities have been found between it and the
peripheral cytoskeleton of other cell types, including
muscle cells and red blood cells [11, 17, 24, 37]. In the
red blood cell, band 3 membrane proteins are restricted
in their lateral movements by interactions with the sub-
surface cytoskeleton (see Edidin [9] for review). Agents
that disrupt the cytoskeleton can increase lateral mobility
by about two orders of magnitude. In the OHC, the corti-
cal cytoskeleton lies beneath that region of the mem-
brane where the dense array of membrane particles re-
sides, and it is possible that interactions with the motors
restrict their diffusion to basal and apical compartments
of the cell. We have evidence that protein motors are in-
deed able to diffuse laterally within the lateral membrane
itself [36]. Utilizing microdomain photoinactivation of
motor charge movements (i.e., voltage-dependent capac-
itance), we showed that photo exposure of dye marked
OHC lateral membrane for extended periods of timeirre-
versibly depleted whole-cell charge movement beyond
that expected for an immobile population in the exposed
area. Nevertheless, the present data indicate that diffu-
sion of motors into regions normally devoid of motors,
viz. the apical and basal regions, does not occur within
the time frame of our experiments. For a typical diffu-
sion coefficient of membrane protein untethered by cyto-
skeleton, e.g., 1 -9 cm?/s[2], we might have expected to
observe gating charge movements in the basal region
after 1020 min. For example, if we assume that the mo-
lecular motors within the Pronase-treated spherical OHC
areinitially restricted to one hemisphere then the time to
redistribute the motors equally within the sphere would
be:

T=r.22D

wherer, is the cell radius, and D is the diffusion coeffi-
cient [18]. With r,=12 pm (Fig. 5A), and D=1e-9 cm?/s,
we obtain T of about 12 min. Clearly, this redistribution
did not occur. In fact, T is an overestimate since the mo-
tors in our treated cells occupy far greater than 50% of
the membrane surface area. Furthermore, motors would
only need to diffuse afew micronsin order to occupy the
basal membrane. It is not unusual for mobilities to vary
within different membrane microdomains. For example,
voltage-gated Na channels in neuronal soma diffuse
more readily than in the axon hillock (one to two orders
of magnitude difference in diffusion coefficients) [2]. In-
deed, there is a barrier to the diffusion of Na channels
between the two regions of neuronal membrane. Tether-
ing by ankyrin probably plays a role in clustering Na
channels at the axon hillock [43], and, interestingly,
Winckler et al. [39] suggest that this type of interaction
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between membrane protein and the cytoskeleton pro-
vides a diffusion barrier for other membrane proteins in
the neuron as well. Our data, however, suggest that this
type of cytoskeletal barrier is not acting to limit the dif-
fusion of lateral membrane motors into the basal mem-
brane region. The story may be different for voltage-
gated ion channels that are restricted to the basal mem-
brane of the OHC [32]. Though it cannot be dismissed
that their clustering relies on cytoskeletal elements, as do
Na channels, the highly organized nature of the subsur-
face cytoskeleton found in the latera membrane is
absent in the basal membrane. One further means of
restricting ionic channel movements to the basal mem-
brane could arise from the high density of molecular
motors within the lateral membrane, which would effec-
tively provide a barrier to diffusion into the motor region
from the basal membrane. Indeed, the high density may
also limit lateral diffusion within the lateral membrane
itself. Recently, Oghalai et a. [26, 27] have shown that
lipid mobility in the lateral membrane is quantitatively
similar to that of other cell types but is dependent upon
membrane voltage and tension, as might be expected if
the state of the molecular motors, in addition to their
density, were influential.

The susceptibility of mechanically induced gating
currents to salicylate is understandable since the drug is
capable of blocking the OHC's voltage-dependent charge
movement (or capacitance) within seconds of application
[23, 38]; a mechanically induced shift of the charge-
voltage (Q-V) function along the voltage axis is thought
to give rise to mechanically induced gating currents [14,
22, 41]. Indeed, for this reason, the mechanically evoked
currents possess a bell-shaped voltage dependency.
However, while some common characteristics of me-
chanically and voltage-evoked gating currents, e.g.,
block by salicylate and lanthanides, are readily explain-
able, the effect of cell turgor on mechanically evoked
gating current magnitude is not simply explained, and
deserves some discussion. OHCs normally possess a
positive intracellular pressure that helps maintain the cy-
lindrical shape of the cell [6]. Steady state decreases in
OHC turgor pressure cause negative dc shifts of the Q—-V
or capacitance function along the voltage axis until a
limiting Vi, near =70 mV, is attained [22]. At that
point, tension changes have little effect on V... This
phenomenon may play a role in reducing mechanically
generated gating currents when the cell is collapsed from
its cylindrical shape; however, from our data it appears
that mechanically evoked gating currents are reduced in
a graded fashion as intracellular pressure is decreased.
Even more confounding is the observation that Q.
derived from voltage stimulation appears to decrease as
intracellular pressure is increased [14, 22] until, under
extreme conditions, charge movement can be blocked
substantially [1]. Of course, these findings might suggest
an opposite result from what we found. It should be not-
ed, however, that the changes in turgor pressure that we
encountered amount to changes of less than 1 kPa, and,
within that range, with an intact cytoskeleton, quite

small changes in Q,,, are expected [22]. Finally, it may
simply be that the efficacy of a given stimulus delivered
to the membrane patch under the stimulating pipette de-
pends on the degree of resting membrane tension. This
might occur if membrane deformation or bending were
the effective stimulus. In this regard, we have suggested
that after cytoskeletal destruction, the membrane is more
sensitive to turgor pressure, as though the cytoskeleton
were impeding membrane deformation [22]. This is
borne out by independent studies on the stiffness of the
OHC lateral wall (combination of the plasma membrane,
cortical cytoskeleton and subsurface cisternae) [25],
where the component stiffness of the lateral membrane
was found to be less than that of the combined cytoskele-
ton and subsurface cisternae. We can also conclude from
these data of Oghalai et al. [25] that our small deforma-
tions of the intact lateral wall would not have indepen-
dently stimulated the lateral membrane, in contrast to the
case following Pronase treatment.

The co-localization of a bi-directional voltage/
mechanical sensitivity to the lateral plasma membrane
underscores an intrinsic feedback mechanism that exists
not only within single OHCs but also among OHCs re-
siding within the normally functioning organ of Corti
[41]. Just as the motor is restricted to one region of the
OHC, the cellular expression of the motor is restricted to
only one hair cell type in the mammalian sensory epithe-
lium, viz the OHC. Recently, Dallos and coworkers [42]
have identified a protein unique to the OHC which when
expressed in nonauditory cells bears the mechanical and
electrical signatures of the OHC motor. From this dis-
covery, we can expect more detailed examinations and
understanding of the mechanisms responsible for the
segregation and mobility of this unique protein within
the OHC plasma membrane.
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