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The lateral membrane of the cochlear outer hair cell (OHC) is
the site of a membrane-based motor that powers OHC electro-
motility, enabling amplification and fine-tuning of auditory sig-
nals. TheOHCmembrane protein prestin plays a central role in
this process. We have previously shown that membrane choles-
terolmodulates the peak voltage of prestin-associatednonlinear
capacitance in vivo and in vitro. The present study explores the
effects ofmembrane cholesterol and docosahexaenoic acid con-
tent on the peak and magnitude of prestin-associated charge
movement in a human embryonic kidney (HEK 293) cell model.
Increasing membrane cholesterol results in a hyperpolarizing
shift in the peak voltage of the nonlinear capacitance (Vpkc) and
a decrease in the total chargemovement. Bothmeasures depend
linearly on membrane cholesterol concentration. Incubation of
cholesterol-loaded cells in cholesterol-free media partially
restores theVpkc toward normal values but does not have a com-
pensatory effect on the total charge movement. Decreasing
membrane cholesterol results in a depolarizing shift inVpkc that
is restored toward normal values upon incubation in cholester-
ol-freemedia. However, cholesterol depletion does not alter the
magnitude of charge movement. In contrast, increasing mem-
brane docosahexaenoic acid results in a hyperpolarizing shift in
Vpkc that is accompanied by an increase in total charge move-
ment.Our results quantify the relation betweenmembrane cho-
lesterol concentration and prestin-associated chargemovement
and enhance our understanding of howmembrane composition
modulates prestin function.

The mammalian cochlea is a fluid-filled organ in which vis-
cous damping could diminish hearing. This obstacle is over-
come by a membrane-based motor in the lateral membrane of
the cochlear outer hair cell (OHC)4 (1–6). Here, energy stored

in the transmembrane electric field is converted to mechanical
energy in the form of length changes in the OHC at frequencies
approaching 100 kHz (7). The OHC transfers this mechanical
energy into the basilarmembrane, augmenting the vibrations of
the cochlear partition and counteracting the effects of viscous
damping.
Prestin (SLC26A5) is a polytopic integral membrane protein

located in the OHC lateral wall (8–10) and to a lesser extent in
the basal plasma membranes (10–12). Its distinct role in OHC
electromotility is characterized by its propensity to greatly
increase charge movement into and out of the lateral wall
plasma membrane (8, 9, 13). Consistent with the prestin mem-
bership in the SLC26A family of anion transporters (8), chloride
and bicarbonate have been identified as charge carriers in this
process (13). The effect of prestin on charge movement results
in a voltage-dependent nonlinear capacitance (NLC),which has
been demonstrated in several mammalian cell lines (9, 13–16).
Multiple studies have investigated OHC mechanosensitive

properties (17–27). Depolarizing shifts in the peak voltage of
the NLC (Vpkc) have been demonstrated in OHCs with
increased turgor pressure due to positive pipette pressure or
hypo-osmotic extracellular solutions (17, 19, 20) as well as in
OHCs subjected to longitudinal mechanical stretching (18).
Reducing cell turgor using negative pipette pressure or
hyperosmotic extracellular solutions induced hyperpolariz-
ing shifts in Vpkc (19, 20, 24). After the identification of the
role of prestin in OHC electromotility (8), Santos-Sacchi
et al. (28) demonstrated similar Vpkc shifts in prestin-trans-
fected human embryonic kidney (HEK) cells with increased
turgor pressure. Depolarizing shifts in Vpkc have also been
shown in OHCs upon exposure to exogenous fructose (23),
chlorpromazine (25), and furosemide (26), and hyperpolar-
izing shifts have been demonstrated upon exposure to the
lipophilic anion, tetraphenylborate (TPB�) (22) and chloro-
form (27). Finally, temperature changes were shown to
induce shifts in Vpkc in both OHCs (21) and HEK cells (29),
with higher temperatures causing depolarizing shifts. Each
of these manipulations alters the material properties of the
plasma membrane, suggesting that membrane composition
itself may be an important factor in prestin function.
Cholesterol comprises a significant portion of the plasma

membrane of most eukaryotic cells, where the number of cho-
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lesterolmolecules is nearly the same as the totalnumberofphos-
pholipid molecules (30, 31). The OHC lateral wall plasma mem-
branecontains significantly less cholesterol than thebasalor apical
membranes of the OHC (14, 32–36). Although prestin is present
in both the lateralwall and the basalmembranes (8, 11, 12, 37), the
motor only functions in the lateral wall membrane (1, 3, 38). Our
recent findings indicate thatmembranecholesterol contentaffects
prestin-associated chargemovement in bothOHCs (14) andHEK
293 cells expressing prestin (14, 16). Cholesterol was shown to
influence prestin distribution, self-association, and the voltage
dependenceofprestin-associatedchargemovement.Additionally,
membrane cholesterol content was found to decrease during
OHCmaturation, concurrentwith the onset and increase inOHC
electromotility (14).
The effect of cholesterol on prestin function parallels its effect

on rhodopsin, a membrane protein that initiates the light cascade
in the rodouter segmentof theeye (39, 40).Conversionof rhodop-
sin to its active form in the stacked disk membranes of the rod
outer segment occurs in a gradient that corresponds to the
increase in age and decrease in cholesterol content of the disk
membranes (41). Rhodopsin functions optimally in older disks in
which membrane cholesterol content is significantly lower (39,
42). The gradient of increased rhodopsin function also correlates
with the presence of docosahexaenoic acid (DHA) (43), a polyun-
saturated, omega-3 fatty acid (44). DHA content increases with
disk age, concomitantwith the increase in rhodopsin function (45,
46). The exact role of membrane composition in rhodopsin func-
tion is a topic of active investigation. In the case of prestin, the
precise composition of the OHC plasmamembrane and its effect
on prestin function and hearing remains unknown. In the present
studywe investigate theeffectof changes inmembranecholesterol
and DHA content on the magnitude and peak of prestin-associ-
ated charge movement in prestin-expressing HEK 293 cells.

EXPERIMENTAL PROCEDURES

Prestin Construct and Transfection—Gerbil prestin was
cloned into the pIRES-hrGFP vector (Stratagene, La Jolla, CA)
as aHA-tag fusion protein (HA-prestin) as previously described
(15, 16, 47). HEK 293 cell lines were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% fetal bovine
serum and antibiotics (Mediatech, Herndon, VA). At �50–
70% confluence, cells were transfected with HA prestin at a 3:2
ratio of FuGENE 6 (Roche Applied Science) to DNA. Plates
containing transfected cells were incubated for 16–20 h then
split into coatedmicrowell Petri dishes (MatTek, Ashland,MA)
and incubated for an additional 24–34 h before treatment with
lipid-altering agents and performance of electrophysiological
measurements.
CholesterolManipulations—Cholesterol manipulations pro-

duce qualitatively similar results in OHCs and prestin-express-
ing HEK 293 cells, validating the use of HEK 293 cells to study
the effects of membrane composition on prestin function (14).
Steady-state electrophysiological measurements were per-
formed on HA prestin-transfected HEK 293 cells at 40–54 h
post-transfection directly after incubation for 30–40 min at
37 °C in DMEM containing either 4mMmethyl-�-cyclodextrin
(M�CD) (Sigma) or water-soluble cholesterol with M�CD as a
vehicle (49mg of cholesterol per gram of cholesterol�M�CD;

Sigma). The series of cholesterol concentrations used corre-
sponded to 1, 2, 3, 4, and 8 mM M�CD concentrations. Addi-
tional treatments of cells with altered cholesterol content
involved cholesterol manipulation as described above fol-
lowed by incubation in bathing media composed of choles-
terol-free, M�CD-free DMEM. Incubation took place at
37 °C for 60–75 min directly before steady-state electro-
physiological measurements.
DHA Manipulation—Steady-state electrophysiological

measurements were performed on HA prestin-transfected
HEK 293 cells at 40–54 h post-transfection directly after incu-
bation for 60–75 min at 37 °C in DMEM containing 15 �M
DHA (Sigma 6217-54-5) complexed with 5 �M human serum
albumin (HSA; Sigma 70024-90-7, St. Louis, MO) as a vehicle.
The effects of DHAwere followed kinetically by addingDHA to
the external solution after the establishment of a whole-cell
patch until a final concentration of 75 �MDHAwas reached. A
higher final concentration of DHA was used to compensate for
the lower temperature (room temperature, 23 °C) and shorter
incubation timescales of the kinetic experiment. For steady-
state treatmentwithHSA alone, cells were incubated for 60–75
min at 37 °C in DMEM containing 5 �M HSA. Kinetic readings
were taken with HSA added to the external solution to a 5 �M
final concentration after the establishment of a whole cell
patch.
Electrophysiological Measurements—Electrophysiological

data were obtained from cells using the whole-cell voltage
clamp technique. The recording techniques have been fully
described previously (15), and a brief description follows.
Coatedmicrowell Petri dishes containing transfected cells were
extensively perfused with an extracellular solution containing
Ca2� and K� channel blockers (100 mM NaCl, 20 mM CsCl, 20
mM tetraethylammoniumchloride, 10mMHEPES, 2mMCoCl2,
1.47 mMMgCl2, and 2 mM CaCl2) before recording. The dishes
were placed on the stage of an inverted microscope (Carl Zeiss,
Gottingen, Germany) under 20� magnification, and all record-
ings were conducted at room temperature (23 � 1 °C). Quartz
glass patch pipettes with resistances in the range of 1.5–7megao-
hmswereconstructedusingaCO2 laser-basedmicropipettepuller
(P-2000, Sutter Instrument Co., Novato, CA). Patch pipettes were
filled with an intracellular solution containing channel blockers
(140 mM CsCl, 2 mM MgCl2, 10 mM EGTA, and 10 mM HEPES)
before patching. The pH and osmolality of the external and inter-
nal solutions were adjusted to 7.2 � 0.02 and 300 � 2 mosM/kg
using CsOH or HCl and glucose, respectively.
The cell membrane admittance was measured utilizing the

patch clamp technique in whole-cell mode. First, an electrical
seal�1 gigaohmwas formedbetween the pipette and cellmem-
brane by drawing the two into contact and rapidly applying�60
mm Hg negative pressure through the pipette. Next, the com-
pensation circuitry of the amplifier (Axon 200B; Molecular
Devices, UnionCity, CA) was used to correct the pipette capac-
itance, and whole-cell mode was achieved by gradually increas-
ing the negative pressure through the pipette. Then the cell
membrane admittance was measured during a direct current
(DC) voltage ramp. The holding potential was 0 mV before and
after the ramp and increased at a rate of 300 mV/s during the
ramp. The range of the voltage ramp was either �140 to 140
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mVor�180 to 140mVdepending on treatment. Voltages were
measured relative to an Ag�/AgCl reference electrode in con-
tact with the external solution. The admittance was probed
using a dual-frequency stimulus (48, 49) formed by the sum of
two 10-mV (amplitude) sine waves with frequencies of 390.625
Hz and 781.250 Hz. Cell parameters were calculated from the
admittance as described previously (50).
The conductance was also experimentally determined using

a DC protocol (15, 50). Briefly, a square wave pulse with 10-mV
amplitude was applied to the cell through the pipette. At each
voltage the current was measured every 10 or 100 �s for a total
of 1000 readings (400 points before the pulse, 500 points during
the pulse, and 100 points after the pulse), with the longer time
intervals used to determine the conductance of cells with high
resistances (�4 gigaohms). Conductance was calculated from
the change in the steady-state component of measured current
relative to the change in voltage. The relationship between cur-
rent and voltagewas also determined using a voltage ramp from
�140 to 140 mV in 10-mV steps with 1000 readings taken at
100-�s intervals for each step.

A total of 941HEK 293 cells were patched, and data from 371
cells were used for subsequent analysis. Isolated, non-mobile
cells were patched within 60 min of initial exposure to external
blocking solution. Data were included or excluded from the
final pool based on a combination of parameters; assessment of
the patch quality at the time of patching was based on the tran-
sient current plot, and the magnitude of the membrane resist-
ance was calculated from the admittancemeasurements as well
as measured directly using the DC protocol. Additional data
inclusion criteria included the noise level of the capacitance
versus voltage curve, the magnitude of the average membrane
resistance (greater than 200 megaohms), the average series
resistance (between 2 and 10 megaohms), and the reversal
potential (less than �5 mV or greater than �5 mV). The linear
capacitance of the cells ranged from 4.8 to 41.6 pF, which based
on the specific membrane capacitance for inflated cells (51),
represents a range of surface areas from �960 to 8300 �m2.
Charge density data were excluded if the corresponding Boltz-
mann fit had an R2 value less than 0.97. For kinetics data, the
reversal potential was not used to evaluate the quality of the
patch, and assessment was made on a point-by-point rather
than cell-by-cell basis, although entire cells were excluded if
sufficient data were not present beyond 6 min after patching.
For all representations the linear capacitance was subtracted

from the calculated capacitance to yield the nonlinear compo-
nent. This nonlinear component of the capacitance was then
normalized relative to the peak capacitance as indicated in the
equation below. The linear capacitance was taken as the aver-
age capacitance at 5 consecutive voltages centered around 126
mV, where the nonlinear component is negligible. The peak
capacitance varied for each cell,

Cnorm �
C�V� � Clin

C�Vpkc� � Clin
(Eq. 1)

whereC(V) is the calculated capacitance at voltageV,C(Vpkc)
is the calculated capacitance at peak voltageVpkc, andClin is the
linear capacitance. Cells in all treatment groups exhibited bell-

shaped capacitance versus voltage curves. A Boltzmann func-
tion was fit to the NLC curves as described previously (24), and
the charge density was calculated by dividing the maximum
charge transferred (calculated from the area under the Boltz-
mann curve) by the linear capacitance (15).
Quantification of Cholesterol in HEK 293 Cell Membrane

Fractions—HEK 293 cells were cultured in 60-mm poly-D-ly-
sine-coated plates until they were at or close to 100% conflu-
ence. Cells were then treated for 30 min at 37 °C with either 10
mMM�CDor 1–10mMM�CD-cholesterol in DMEMcontain-
ing 10% fetal bovine serum and antibiotics or left untreated.
Cells were washed twice with cold phosphate-buffered saline
for 5min and then washed with cell lysis buffer (50mMHEPES,
10 mM EDTA, 200 mM NaCl, pH 8.0). Cells were harvested by
scraping in 300 �l of lysis buffer, incubated for 10 min on ice,
and lysed by syringe extrusion (20 times through a 251⁄2 gauge
needle). Lysed cells were centrifuged at 1000 � g for 10 min at
4 °C to pellet the nuclear fraction and cell debris. The superna-
tant (membrane fraction) was collected and stored.
Protein content in the membrane fraction was estimated

using the Bio-Rad protein assay based on the Bradfordmethod.
After this, the membrane fractions were subjected to the
Amplex Red Cholesterol Assay (Molecular Probes, Eugene,
OR). Briefly, this colorimetric assay is based on the reaction of
cholesterol with cholesterol oxidase to yield H2O2, which can
then be detected using the Amplex Red reagent. A standard
curve was created using the supplied cholesterol reference
standards diluted to final concentrations of 0–8�g/ml. 50�l of
each of the standards and samples (undiluted and 2� diluted)
were added to the wells of a 96-well plate in duplicate and 50 �l
of the Amplex Red Reagent working solution containing 300
�M Amplex Red reagent, 2 units/ml horseradish peroxidase, 2
units/ml cholesterol oxidase, and 0.2 units/ml cholesterol
esterase was added to each well. The plate was incubated for 30
min at 37 °C to allow product to form, and a plate reader was
used to measure the absorption at 570 nm. The cholesterol
content of each sample was quantified based on the standard
curve generated and normalized to total protein content. Final
cholesterol content was expressed in terms of pmol/�g of pro-
tein in the sample.
Statistical Analysis—Vpkc and charge density data for cells

subjected to different treatments were compared using two-
tailed Student t tests.

RESULTS

We have previously explored the qualitative relationship
between membrane cholesterol and prestin function (14, 16).
To gain a quantitative understanding of this relationship, we
measured prestin function over a series of specific membrane
cholesterol concentrations. The membrane cholesterol con-
centrationwas determined in cells depleted of cholesterol using
10 mM M�CD, left untreated, or loaded with cholesterol using
M�CD-cholesterol, whichwas varied from 1 to 10mM.M�CD-
treated, and untreated cells hadmembrane cholesterol concen-
trations of 2.8 and 7.4 pmol/�g of protein, respectively. Choles-
terol-loaded cells had membrane cholesterol concentrations
that ranged from 14.4 to 30.4 pmol/�g of protein. The relative
change in membrane cholesterol concentration that we
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observed is consistent with what has been previously reported
(52).
The Effect of Cholesterol Depletion on Vpkc Is Partially

Restored over Time—Untreated HEK 293 cells expressing pres-
tin exhibited a bell-shaped NLC curve with a mean Vpkc of
approximately�72mV, similar to previous reports (14, 38). To
explore the effect of reduced membrane cholesterol on Vpkc,
prestin-expressingHEK 293 cells were depleted to amembrane
cholesterol concentration of �3 pmol/�g of protein using
M�CD. Past studies usingM�CD to depletemembrane choles-
terol have shown a large depolarizing shift ofVpkc (14).Our data
also demonstrate a large depolarizing shift of Vpkc (p 	 1 �
10�21) to a mean of �17 mV (Fig. 1A).
We investigated the dynamics of cholesterol depletion by

incubating depleted cells in bathingmedia composed of choles-
terol-free,M�CD-freeDMEMfor 60–75min. These cells had a
mean Vpkc of �29 mV (Fig. 1B). Although the shift is still sig-
nificant relative to untreated cells (p 	 1 � 10�17), it is also
significant when compared with cholesterol depletion alone

(p 	 0.002). This recovery occurs despite the lack of an exoge-
nous source of cholesterol in the bathing media.
The Effect of Cholesterol Loading on Vpkc Is Partially

Restored over Time—To determine the effects of increased
membrane cholesterol on Vpkc, cells were loaded with water-
soluble cholesterol to a membrane cholesterol concentra-
tion of �24 pmol/�g of protein. The treatment resulted in a
bell-shaped NLC curve with a mean Vpkc of �139 mV (Fig.
1C). This large and significant hyperpolarizing shift (p 	 1 �
10�13) closely corresponds to our previous cholesterol-load-
ing NLC data (14).
We next determined if recovery from cholesterol loading

would occur by incubating loaded cells in bathing media.
These cells exhibited a mean Vpkc of �99 mV (Fig. 1D),
which is a significant hyperpolarizing shift relative to the
control Vpkc (p 	 1 � 10�11) but represents a significantly
smaller shift than that observed for cholesterol loading alone
(p 	 1 � 10�8). The compensatory shifts of Vpkc seen upon
recovery from cholesterol depletion or loading indicate the

FIGURE 1. Steady-state cholesterol depletion- and loading-induced shifts in Vpkc return toward control values upon incubation in bathing media.
A, the mean Vpkc in untreated cells (f, n 
 39), which had a membrane cholesterol concentration of 7.4 pmol/�g protein, was approximately �72 mV. Cells
treated with M�CD (�, n 
 25) to a membrane cholesterol concentration of 2.8 pmol/�g of protein exhibited a large and significant depolarizing shift to a
mean Vpkc of �17 mV (*, p 	 1 � 10�21). Cells treated with M�CD and incubated in bathing media (�, n 
 24) had a mean Vpkc of �29 mV. Although this is a
significant depolarizing shift relative to the control Vpkc (p 	 1 � 10�17), it is also a significant reduction in the shift seen for M�CD treatment alone (**, p 	
0.002). The traces shown here and in subsequent NLC plots are representative of cells within a treatment group, and each capacitance trace was normalized
with respect to peak and base-line capacitance values. B, the box plots represent the distribution of steady-state Vpkc values for each treatment. C, cholesterol-
loaded cells with a membrane cholesterol concentration of 23.5 pmol/�g of protein (�, n 
 19) exhibited a large and significant hyperpolarizing shift to a mean
Vpkc of �139 mV (*, p 	 1 � 10�13). Cells exposed to the same cholesterol treatment followed by incubation in bathing media (�, n 
 14) had a mean Vpkc of
�99 mV. Although this is a significant hyperpolarizing shift relative to the control Vpkc (p 	 1 � 10�11), it is also a significant reduction in the shift seen for
cholesterol treatment alone (**, p 	 1 � 10�8). D, the box plots represent the distribution of steady-state Vpkc values for each treatment. Ticks in these and
subsequent box plots mark the maximum and minimum values, boxes contain values falling between the first and third quartiles, and bars mark the median
value for each group.
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presence of a cholesterol homeostasis mechanism operating
in the cell.
Cholesterol Loading Alters Charge Density—We then deter-

mined the effect of cholesterolmanipulations on themagnitude
of prestin-associated charge movement (Fig. 2). The mean
charge density for untreated cells was 16.1 fC/pF. Cholesterol
depletion did not significantly alter charge density relative to
untreated cells, having a mean of 17.3 fC/pF (p � 0.65; Fig. 2A).
However, cholesterol-loaded cells exhibited a significantly
lower mean charge density at 6.8 fC/pF (p 	 1 � 10�6; Fig. 2B),

indicating that cholesterol loading results in a decrease in the
magnitude of prestin-associated charge movement.
We investigated the reversibility of cholesterol-induced

charge density changes by incubating loaded cells in bathing
media. Unlike Vpkc values, the charge density did not move
toward control values, nor was it significantly different from
that of cholesterol loading alone (p � 0.92; Fig. 2B). Likewise,
incubation of cholesterol-depleted cells in bathing media did
not significantly alter the charge density relative to cholesterol-
depleted or untreated cells (Fig. 2A).
Cholesterol Loading Alters Vpkc and Charge Density in a

Concentration-dependentManner—Weevaluated the relation-
ship betweenmembrane cholesterol concentration andVpkc by
determining Vpkc values at different membrane cholesterol
concentrations. Untreated cells with a membrane cholesterol
concentration of �7 pmol/�g of protein had a mean Vpkc of
�72 mV. Cholesterol-loaded cells, with a range of membrane
cholesterol concentrations from 14 to 30 pmol/�g protein,
exhibitedVpkc values ranging from�103 to�143mV (Fig. 3A).
Increasing concentrations exhibited a linear relationship with
hyperpolarization (R2 
 0.923), indicating a direct correlation
between membrane cholesterol concentration and Vpkc.

The charge movement as a function of voltage was deter-
mined for cholesterol-loaded cells at several membrane choles-
terol concentrations (Fig. 3B). The voltage at which the charge
increase is most rapid (the point of inflection) marks the mean
Vpkc, whereas the maximum charge value indicates the mean
total charge moved at each respective membrane cholesterol
concentration. The total charge movement decreased with
increasing membrane cholesterol concentration.
Charge density was also analyzed (Fig. 3C). Themean charge

density decreased linearly with increasing membrane choles-
terol concentration (R2 
 0.952), from 16.1 fC/pF in untreated
cells to 5.2 fC/pF in the maximally loaded cells. The charge
density, therefore, exhibits a strong inverse correlation to the
membrane cholesterol concentration.
Alterations in DHA Content Modulate Vpkc—We investi-

gated the effect of DHA manipulation on Vpkc by loading cells
with DHA using HSA as a vehicle. To account for the potential
influence of HSA, cells were also treated with HSA alone. This
produced a bell-shaped NLC curve with a mean Vpkc of �74
mV that was not significantly different from the controlVpkc of
�72 mV (p � 0.46). By contrast, DHA loading shifted the Vpkc
to approximately �85 mV (Fig. 4, A and B). This hyperpolariz-
ing shift was statistically significant compared with both
untreated (p 	 1 � 10�6) and HSA-treated cells (p 	 0.0002).

Kinetic studies of DHA loading revealed a similar hyperpo-
larizing shift ofVpkcwhich occurredwithinminutes of the addi-
tion of DHA (Fig. 4C). Both the steady-state and kinetic data
demonstrate a direct and dynamic correlation between DHA
content and Vpkc.
Alterations in DHA Content Modulate Charge Density—We

also investigated the effect ofDHAon themagnitude of prestin-
associated charge movement (Fig. 5). The mean charge density
of 16.9 fC/pF observed for HSA-treated cells was not signifi-
cantly different from the control value of 16.1 fC/pF (p � 0.75).
However, the mean charge density for DHA-loaded cells was
significantly higher than both untreated (p 	 0.007) and HSA-

FIGURE 2. Cholesterol depletion does not significantly alter charge den-
sity, whereas cholesterol loading causes a decrease in charge density
that does not return toward control values upon incubation in bathing
media. A, the mean charge density in untreated cells (striped, membrane
cholesterol 7.4 pmol/�g of protein; n 
 39) was 16.1 fC/pF. Cells treated with
M�CD (white, membrane cholesterol 2.8 pmol/�g of protein; n 
 25) had a
mean charge density of 17.3 fC/pF which was not significantly altered relative
to untreated cells (p � 0.65). Cells treated with M�CD and incubated in bath-
ing media (light gray, n 
 24) had a mean charge density of 19.6 fC/pF which
was not significantly altered relative to untreated (p � 0.21) or M�CD-treated
cells (p � 0.48). B, the histogram represents the mean charge density for
untreated cells (striped), cells loaded to a membrane cholesterol concentra-
tion of 23.5 pmol/�g protein (black, n 
 19), and cells loaded to a membrane
cholesterol concentration of 23.5 pmol/�g protein and incubated in bathing
media (dark gray, n 
 14). The mean charge density was significantly reduced
in both cholesterol-loaded cells (6.8 fC/pF, p 	 1 � 10�6) and cholesterol-
loaded cells incubated in bathing media (6.8 fC/pF; *, p 	 1 � 10�6), with no
significant difference between the two (p � 0.92). Error bars in both graphs
represent 2 S.E. in either direction relative to the mean.
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treated cells (p 	 0.05) at 23.0 fC/pF. DHA loading, thus,
induced a marked increase in the magnitude of prestin-associ-
ated charge movement.

DISCUSSION

Membrane properties are known to modulate prestin func-
tion and electromotility in OHCs (19, 25, 27, 28, 53–55); how-
ever, the concentration dependence and specific physical
and biological effects of membrane components have not
been addressed. Cholesterol exhibits a concentration-
dependent effect on Vpkc and the total charge movement.
Both Vpkc and charge density display a strong linear correla-
tion to increasing membrane cholesterol concentration. An
interpretation based on the physical properties of mem-
branes is that increasing membrane cholesterol increases
membrane rigidity (56), thereby decreasing the conforma-
tional flexibility of prestin. This would result in decreased
prestin-associated charge movement. Increased prestin
rigidity with elevated membrane cholesterol is also consist-
ent with the hyperpolarizing shift in Vpkc observed for cho-
lesterol loading. A stronger electric field might be needed to
induce conformational changes in an increasingly rigid pres-
tin protein. The extent of conformational change might also
be reduced, which could contribute to the decrease in total
charge movement observed. On the other hand, cholesterol
depletion would be expected to increase prestin-associated
charge movement by increasing membrane fluidity and the
conformational flexibility of prestin. The reason this is not
observed might be due to biological effects.
The effect of cholesterol on Vpkc was previously shown to

be fully reversible with cyclodextrin-mediated depletion and
repletion of membrane cholesterol (14). We now demon-
strate that cholesterol-loaded and -depleted cells also exhibit
partial reversal of the Vpkc shift upon incubation in bathing
media. The fact that cholesterol-depleted and -loaded cells
partially recover in the absence of an exogenous source of
cholesterol or depleting agent suggests that internal traffick-
ing and homeostasis of membrane lipids plays a role in this
process.
Unlike Vpkc, the decrease in charge density with cholesterol

loading was not restored upon incubation in bathing media.
Increasingmembrane cholesterol is known to increase lipid raft
formation, a requisite step in cholesterol-dependent endocyto-
sis. Increased endocytosis of prestin could account for the
decrease in charge density with cholesterol loading and the lack
of change with cholesterol depletion. These findings are also
consistent with the immediate non-reversibility of charge den-
sity reduction upon recovery from cholesterol loading; a recov-
ery of charge density would require either endocytic recycling
to the plasma membrane or de novo synthesis to replenish the
membrane prestin population. These observations suggest that
the Vpkc is largely modulated by physical properties of the
membrane, whereas the charge density is affected by both phys-
ical and biological events.

FIGURE 3. Cholesterol loading alters both Vpkc and charge density in a
concentration-dependent manner. A, shown is a plot of the mean Vpkc (mV)
versus the membrane cholesterol concentration (pmol/�g of protein). In
untreated cells (f, membrane cholesterol 7.4 pmol/�g of protein; n 
 39), the
mean Vpkc was approximately �72 mV. In M�CD-treated cells (�, membrane
cholesterol 2.8 pmol/�g of protein; n 
 25), the mean Vpkc was �17 mV. The
series of cholesterol-treated cell groups (�, n 
 10, 7, 11, 19, and 8) had
membrane cholesterol concentrations ranging from 14.4 to 30.4 pmol/�g
protein and Vpkc values ranging from �103 to �143 mV. A significant hyper-
polarizing shift was seen in Vpkc for each group of cholesterol-loaded cells
relative to the control (p 	 0.0001), and the shifts became larger as membrane
cholesterol concentration increased. A linear regression function has been fit
to the control and cholesterol-loading data (y 
 �3.26x � 52.7, R2 
 0.923).
B, the curves represent the mean charge moved (pC) versus voltage (mV) for
cholesterol-loaded cells at membrane cholesterol concentrations of 14.4
(solid line, n 
 10), 20.7 (dashed line, n 
 7), 23.5 (dotted line, n 
 19) and 30.4
pmol/�g of protein (dash-dotted line, n 
 7). The charge at Vpkc is labeled for
each treatment (�, f, Œ, and F, respectively). The total charge movement,
represented by the height of the curve, decreased as membrane cholesterol
concentration increased. C, as the membrane cholesterol concentration was
increased, the mean charge density (fC/pF) decreased. The mean charge den-
sities for untreated cells (f, n 
 39) and M�CD-treated cells (�, n 
 25) were
16.1 and 17.3 fC/pF, respectively. The series of cholesterol-treated cell groups
(�, n 
 10, 7, 11, 19, and 7) had mean charge densities ranging from 5.2
to 12.9 fC/pF. A linear regression function has been fit to the control and

cholesterol-loading data (y 
 �0.486x � 19.8, R2 
 0.952). In A and C, hori-
zontal and vertical error bars represent 2 S.E. in either direction relative to the
mean.
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Vpkc and charge density have been shown to change inOHCs
during postnatal development (24, 37). Oliver et al. (24)
reported a depolarizing shift inVpkc of nearly 50mV from birth
to day 14 and a large increase in charge density which displayed
saturation at day 12 in rats. A later study showed that the abun-

dance of prestin transcripts increased rapidly from birth to day
9 in rats but then leveled at mature values (57). Abe et al. (37)
showed that prestin expression in mice peaked at day 10
although OHC motor activity did not reach adult levels until
day 18. This suggests that prestin expression itself is not wholly
responsible for the NLC changes seen during postnatal devel-
opment. Rajagopalan et al. (14) demonstrated that OHCmem-
brane cholesterol decreases in mice during OHC maturation,
and we have shown that both Vpkc and charge density increase
linearly as membrane cholesterol decreases. The changes seen
during OHC maturation could be explained by the decrease
in membrane cholesterol described by Rajagopalan et al.
(14). This mechanism could also explain the delay Abe et al.
(37) reported between peak prestin mRNA expression and
OHC maturation. Alteration of membrane cholesterol is the
only mechanism to cause shifts ofVpkc of the magnitude seen
during OHC maturation. Although it is possible that many
factors contribute to this change in maturing OHCs, it is
likely that cholesterol plays a key role. It might even be pos-
sible to predict membrane cholesterol composition during
OHC maturation based on the electrophysiological proper-
ties of the cell.
A dynamic correlation also exists between membrane DHA

and prestin-associated charge movement. We demonstrated a
steady-state hyperpolarizingVpkc shift inDHA-loaded cells and
a dynamic hyperpolarizingVpkc shift upon the addition of DHA
to patched cells. The magnitude of the shift is important
because it determines the relationship between theVpkc and the
resting membrane potential in OHCs. The Vpkc in normal
OHCs lies around �50 mV (14, 38), �20 mV to the depolariz-
ing side of the resting membrane potential. Previous studies
from our group showed a transient increase in prestin function
by measuring distortion product otoacoustic emissions after
injection of cholesterol into the cochlea of mice (14). This
increase is consistent with the Vpkc briefly aligning with the
resting membrane potential as the large cholesterol-induced

FIGURE 4. DHA shifts Vpkc. A, the mean Vpkc in untreated cells (f, n 
 39) was
approximately �72 mV. Cells treated with HSA alone (‚, n 
 30) exhibited no
significant change in Vpkc relative to untreated cells (p � 0.46). In cells loaded
with DHA (Œ, n 
 41), the mean Vpkc shifted in the hyperpolarizing direction
to approximately �85 mV. This shift was statistically significant with respect
to both untreated and HSA-treated cells (*, p 	 0.0002). B, the box plots rep-
resent the distribution of steady-state Vpkc values for each treatment.
C, shown is the change in Vpkc as a function of time after the establishment of
a whole-cell patch. HSA (‚, n 
 10 –13) and DHA (Œ, n 
 17–18) were added
3 min after the patch was established, as indicated by the arrow. Vpkc changes
rapidly upon the addition of DHA. Untreated (f, n 
 13–21) and HSA-treated
cells have similar kinetic values, indicating that HSA does not contribute to
the shift seen with DHA loading. The traces shown are averages from each
respective group of the change in Vpkc of individual cells relative to their initial
values.

FIGURE 5. DHA increases charge density. The mean charge density in
untreated cells (striped, n 
 39) was 16.1 fC/pF. Cells treated with HSA alone
(white, n 
 30) exhibited no significant change in charge density relative to
untreated cells (16.9 fC/pF, p � 0.75). In cells loaded with DHA (black, n 
 41),
the mean charge density increased to 23.0 fC/pF. This shift was statistically
significant with respect to untreated (p 	 0.007) and HSA-treated cells (*, p 	
0.044). Error bars represent 2 S.E. in either direction relative to the mean.
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shift occurs (14). In prestin-expressing HEK 293 cells, DHA
induced a Vpkc shift of 10–15 mV in the hyperpolarizing direc-
tion. In OHCs, a shift of this magnitude would bring the Vpkc
into closer alignment with the resting membrane potential; in
other words, DHA could effectively shiftVpkc closer to the opti-
mal operating voltage range of the cell.
DHA loading also caused an increase in total charge move-

ment. This could be attributed to increased membrane fluidity
enhancing prestin conformational flexibility because DHA is a
highly unsaturated and flexible omega-3 fatty acid (58–60) that
readily incorporates into phospholipid membranes (44). Its
multiple double bonds give it a coiled, bulky structure that hin-
ders membrane packing leading to increased membrane fluid-
ity, decreased bending rigidity (61), and altered membrane
thickness and curvature.
DHA, unlike cholesterol, contains a carboxyl group which

gives it a negative charge. The lipophilic anion tetraphenyl-
borate, TPB�, has previously been shown to have an effect
similar to that of DHA onVpkc and to cause an increase in the
peak capacitance in OHCs (22). The unbalanced charge that
DHA loading brings to the plasma membrane may also con-
tribute to the increase in total charge movement and the
hyperpolarizing shift in Vpkc. The increase in charge density
seen upon DHA loading is important because its ability to
increase total charge movement suggests that increasing
membrane DHA content could potentially enhance OHC
function and hearing.
The present study demonstrates the importance of mem-

brane lipid composition as amodulator of prestin function.Our
results provide new insight into the mechanisms by which
membrane composition modulates prestin function and quan-
tifies the relation between membrane cholesterol concentra-
tion and prestin-associated charge movement.
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