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ABSTRACT An optical tweezers system was used to characterize the effects of chlorpromazine (CPZ) on the mechanical
properties of the mammalian outer hair cell (OHC) through the formation of plasma membrane tethers. Such tethers exhibited
force relaxation when held at a constant length for several minutes. We used a second-order generalized Kelvin body to model
tether-force behavior from which several mechanical parameters were then calculated including stiffness, viscosity-associated
measures, and force relaxation time constants. The results of the analysis portray a two-part relaxation process characterized
by significantly different rates of force decay, which we propose is due to the local reorganization of lipids within the tether and
the flow of external lipid into the tether. We found that CPZ’s effect was limited to the latter phenomenon since only the second
phase of relaxation was significantly affected by the drug. This finding coupled with an observed large reduction in overall tether
forces implies a common basis for the drug’s effects, the plasma membrane-cytoskeleton interaction. The CPZ-induced
changes in tether viscoelastic behavior suggest that alterations in the mechanical properties of the OHC lateral wall could play

a role in the modulation of OHC electromotility by CPZ.

INTRODUCTION

Outer hair cell (OHC) electromotility (1) is required for the
exquisite sensitivity and frequency resolving ability of mam-
malian hearing (2) and results from direct conversion of
changes in transmembrane potential into mechanical force
that is manifested as rapid electrically evoked cell length
changes (3). It is thought that the OHC receptor potential is
converted in vivo into mechanical energy that further narrows
the band-pass filtering occurring along the length of the co-
chlear partition (4,5).

Cochlear OHCs are cylindrical in shape, having relatively
uniform diameters (8—9 um), while their lengths become pro-
gressively shorter (90-15 uwm) toward the basal region of the
organ of Corti. Electromechanical transduction occurs within
the OHC lateral wall plasma membrane (PM). The lateral
wall is trilaminate, consisting of two membranous structures,
the outermost PM and innermost subsurface cisterna, with
a cytoskeletal cortical lattice (CL) spanning the narrow (<50
nm) extracisternal space between them. The CL is composed
of three protein-based structures: 1), actin and 2), spectrin,
both of which are adjacent to the subsurface cisterna; and 3),
pillars of unknown composition. The pillars are thought to
anchor the PM to the actin filaments and direct the transfer of
mechanical energy from the PM to the ends of the cell. We
have previously proposed mechanical models of the trilayer
OHC wall (6-8). In this study, we sought to examine the
mechanical effects of the cationic amphipath chlorpromazine
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(CPZ) on the OHC PM. At concentrations 100-1000 times
those required for its antipsychotic benefits, CPZ induces
a 30-mV shift of the electromotile voltage-displacement
function in the depolarizing direction without affecting the
magnitude of the response (9). In vivo studies demonstrate
a reversible inhibition of cochlear function in guinea pigs
upon perfusion with similar concentrations of CPZ (10). The
amphipath may act by preferentially partitioning into the
inner leaflet of the phospholipid bilayer, a hypothesis
supported by the observed CPZ-induced inward bending of
red blood cell membranes (11) and extensive formation of PM
caveolae in endothelial cells (12). Additionally, the lateral
organization of membranes is substantially altered by CPZ
(13), suggesting that chlorpromazine’s effects are significant
and localized to the PM. Therefore, studying the mechanical
effects of CPZ on OHCs may help elucidate the mechanism of
altered cochlear function by 1), identifying CPZ’s target in the
OHC; and 2), describing that structure’s role in force
generation and its disruption by CPZ.

Membrane tethers are thin strands of PM formed by grasping
and retracting a small section of membrane away from the cell’s
cytoskeleton. Tethers formed by micropipette aspiration have
been used to study membrane mechanical properties (14—16).
Optical tweezers provide an alternative method of forming
membrane tethers and permit noninvasive manipulation of cells
with improved force resolution (17-19). We used temporal
tethering-force profiles to obtain parameters such as steady-
state and equilibrium-tethering forces, and a viscoelastic model
to calculate force relaxation times, stiffness values, and co-
efficients of friction.

doi: 10.1529/biophys;.105.069872
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METHODOLOGY
Experimental setup and trapping force calibration

Our optical tweezers setup and trapping force calibration
technique has been described in detail in our previous stud-
ies (18,20). Briefly, the setup consists of a Zeiss Axiovert
S100TV inverted microscope (Oberkochen, Germany) con-
taining an objective with high numerical aperture (~1.3)
through which a trapping laser with a wavelength of 830 nm is
passed. We use the Hamamatsu S4349 position-sensing quad-
rant photodetector (QPD) (Hamamatsu City, Japan) to measure
the displacement of a trapped 4.5-um diameter polysty-
rene microsphere (Polysciences, Warrington, PA) from the
trapping center in response to the force exerted by the tether.
Before every experiment, the transverse trapping force is
calibrated against the QPD output signal by inducing an
external viscous drag force on the trapped microsphere in
a moving fluid-filled sample chamber mounted on a pie-
zoelectric translation stage (Physik Instrumente 527.3CL,
Karlsruhe, Germany). The transverse trapping force is cal-
ibrated in the range from 10 to 60 pN. The microspheres are
used to form membrane tethers (see below).

Preparing OHCs

Albino guinea pigs of either sex weighing 200-250 g were
decapitated. Both cochlea were dissected from temporal
bones, and placed into the normal extracellular solution
(NES) containing 142 mM NaCl, 5.37 mM KCl, 1.47 mM
MgCl,, 2 mM CaCl,-2H,0, and 10 mM HEPES. The pH of
the NES was adjusted to 7.2—7.4 using 1 M NaOH. The NES
osmolarity was adjusted with D-glucose to 300 = 5 mOsm.
Each cochlea was carefully opened and the organ of Corti
was transferred into the NES containing 0.5 mg/ml trypsin.
After 5 min of incubation, OHCs were harvested using
a microsyringe and placed in poly-D-lysine-coated sample
chamber with 1.5 ml of pure NES, NES + 0.1 mM CPZ, or
NES + 0.05 mM CPZ. Prior electrophysiological experi-
ments (9,10,21) demonstrated saturating effects on electro-
motility at these concentrations of CPZ. After the OHCs
were allowed to adhere to the bottom of a sample chamber
for 10 min, microspheres were added. An OHC was selected
for measurements if it exhibited uniformly cylindrical shape,
a basally located nucleus, and limited osmotic swelling or
cytoplasmic Brownian motion. All OHCs were used within
4 h of animal sacrifice.

Tether formation and force measurements

An OHC firmly attached to the coverslip was identified and
moved toward an optically trapped microsphere until they
were separated by ~5 um. We then triggered a function
generator (Stanford Research Systems DS345, Sunnyvale,
CA) which controlled the piezoelectric translation-stage
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movement throughout the entire experiment. The cell and
microsphere were brought into contact for a period of 15 s
and then separated at 1 wm/s, resulting in tether formation
and elongation. After the tether length reached 25 um, stage
movement was halted and the tether was maintained at this
length for several minutes. The microsphere displacement
was continuously monitored with the QPD and converted to
force using the previously measured calibration coefficient.

Physical model and data analysis

Membrane tethers exhibit the characteristic force relaxation
shown in Fig. 1 a in which tether force steadily decreases to
a non-zero constant value. Exponential relaxation under iso-
metric conditions is consistent with a generalized Kelvin
model (22). These models contain a combination of springs
arranged in parallel with Maxwell elements (consisting of
a spring in series with a dashpot), which collectively portray
the elastic and viscous properties of a material. Our analysis
indicates that a second-order model (Fig. 1 b) containing two
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FIGURE 1 (a) Temporal tethering-force profile showing force relaxation

from an initial value, the steady-state tethering force (F), to a constant
value, the equilibrium tethering force (Feq). (b) Second-order generalized
Kelvin body used to model tethering-force data, providing time-related
measures (71, 7,), dashpot friction coefficients (1, 1,), and spring stiffnesses
(Mos 1, M2)-
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Maxwell elements and a single linear spring is sufficient to
describe the observed force profiles. Each spring has a stiff-
ness p (pN/wm) and each dashpot a coefficient of friction i
(pN-s/um). In response to external forces, each spring and
dashpot of the model undergoes some deformation u, with
i and #i denoting differentiation with respect to time. Expand-
ing Fung’s first-order analysis (22), the governing generalized
differential equation for our model (see Appendix for der-
ivation) is written as

F+(r + 72)F+ TTF = pou+ (uer) + m, + pom, + )it
+ (/-L()TITZ 7t 7]271)’17 (1

where the relaxation time (in seconds) for each Maxwell
element body is defined as

=" =12 )

M

During an experiment, the membrane tether is pulled and
elongated at a constant rate of 1 um/s until it reaches a
specified length, after which the tether length is held con-
stant. At this instant there exists a velocity jump as the tether
pulling rate goes to zero. However, our model requires that
the tether force remain continuous at this instant, despite
the change in velocity. Therefore, the forces acting on the
dashpots, Fp; and Fp,, cannot instantaneously change. Con-
sequently, the only remaining components that can react to
this change are the Maxwell elements’ springs. It is the force
rates of these springs, F 51 and F $2, that respond to the veloc-
ity jump. Thus, the velocity jump from V|, to zero is shared
equally between the three springs of our model, a condition
defined as

i}(0) = it5(0) = ito(0) = — V. 3)

We observe that when a tether is pulled at a constant veloc-
ity, the tether force approaches a steady-state value, F', the
initial value from which the tether force relaxes (see Fig. 1 a).
The initial conditions for the tether are now
F(0) =F,
F(O) = Fss - (/~L0 t ot I-’vz)VO- 4)

Under the conditions of our experiment, where either the
length of the tether, u, or the pulling rate, i, is constant, Eq. 1
can be considered as a second-order ODE in terms of the
pulling force, F. The solution to this equation with the initial
conditions shown in Eq. 4 is

F(t)=Ae /" +Be '™ + F,, 5)

where the coefficients A and B represent

T .
A= <T 17_ >{Fss+72[Fss - VO(I-L() +u +M2)] _Feq}7
1 — T2

B = ( m ){ng+Tl[Fss_

T, — T

Vo(keo + py + I-Lz)] - Feq}-
(6)
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The equilibrium force value (Fy) is calculated from Eq. 5 for
t = oo, such that

Foy = F() = pott. @)

The force Fq was determined from the last 30 seconds of the
tether force data and used in combination with the tether
length value u to calculate the spring stiffness w(. Using the
relaxation function given in Eq. 5, a curve-fitting analysis
of the tethering force relaxation data was then performed,
yielding the spring constants u; and w, and the dashpot
coefficients of friction n; and 7),. The relaxation times 7, and
T, were then calculated from Eq. 2. Statistical significance
among the mean values of measured and calculated pa-
rameters was accepted if the p-value was <<0.05 using an
unpaired #-test assuming normal populations with unequal
variances.

RESULTS
Steady-state and equilibrium tethering forces

We found that the mean Fg value (*=SE) decreased by
~30% (p < 0.001) after the application of 0.1 mM CPZ to
the OHCs (Fig. 2 a), from 114 = 6.0 pN (n = 18) for NES
conditions to 78.5 = 5.1 pN (n = 16). There was a ~20%
decrease with 0.05 mM CPZ (n = 4), down to 90.0 = 3.6 pN
(p < 0.005).

Similar to the results with F, we observed a significant
decrease in the mean Fq value (£SE) in OHCs treated with
CPZ (Fig. 2 b). For 0.1-mM CPZ treated OHCs, F decreased
by ~40% (p < 0.001) to 42.2 = 2.3 pN (n = 18) from its
mean NES value of 73.4 = 5.1 pN (n = 16). Likewise, we
observed a 31% reduction to 50.3 * 6.6 pN (n = 4) in Fq for
OHC:s treated with 0.05 mM CPZ (p < 0.05).

Relaxation times, friction coefficients,
and spring constants

The time constants 7; and 7, are parameters that quantify the
rate of the tether-force relaxation behavior and describe the
temporal qualities of the local lipid addition to, and its re-
organization within, the tether. Fig. 3 shows the large dis-
parity between these two relaxation times, which may suggest
that separate processes contribute to the force relaxation,
which for NES conditions have mean values (*SE) of 3.7 *+
1.2 and 56 = 9.7 s (n = 12), respectively. In the presence of
0.1 mM CPZ, 7 is virtually unchanged at 3.1 = 0.63 s, while
T, decreases significantly by ~50% (p < 0.05)t026.8 = 5.1's
(n = 11). The contrasting drug effects on the two relaxation
times may relate to the underlying processes occurring after
tether formation.

Table 1 lists the parameter values for the structural
elements within our theoretical model for NES and 0.1-mM
CPZ conditions. For both conditions, it is clear that for the
stiffness parameters, w; > u,, and for the friction coefficients,
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FIGURE 2 (a) Steady-state tethering forces (Fy) of OHCs in NES,
0.05 mM, and 0.1 mM CPZ solution. (b) Equilibrium tethering force (Feq)
in OHCs at various CPZ concentrations. OHC tethers were elongated to
25 um. Values are mean = SE. The asterisk indicates statistically signifi-
cant (p < 0.001) difference, with NES values.

11 < mr—implying that the first stage of relaxation is more
elastic in nature than the second, highly viscous stage. Of
these five parameters, only wo and w, showed a significant
change upon 0.1-mM CPZ application to the OHCs. These
results suggest that the observed CPZ effects may be influenced
to a larger extent by alterations in the elastic qualities of the
tether rather than viscous properties.

DISCUSSION

Previous work on isolated OHCs shows that CPZ induces
a 30-mV shift in the electromotility voltage-displacement
transfer function in the depolarizing direction (9). In vivo
studies suggest that CPZ reduces the gain of the cochlear
amplifier by modulating the electromotile response (10). This
study demonstrates a CPZ-induced reduction in membrane
tether forces.

CPZ may preferentially partition into the inner leaflet of
the phospholipid bilayer, as previously suggested by the
observed CPZ-induced inward bending of red blood cell
membranes (11) and extensive formation of PM caveolae in
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FIGURE 3 Relaxation times (7) of tether force relaxation from OHCs in
NES and 0.1 mM CPZ solution. Values are mean * SE. The asterisk
indicates statistically significant (p < 0.05) difference, with NES values.

endothelial cells (12). Similar changes in membrane cur-
vature have been demonstrated to alter both membrane protein
structure and function (23,24). Consequently, the connection
of the pillar proteins to the overlying membrane may be
disrupted by similar changes in curvature. Additionally, CPZ
has been shown to cause extensive changes in the lateral
organization of cellular membranes (13). As the local lipid
environment is central to membrane protein function, the re-
arrangement of membrane constituents by CPZ could be
another mechanism for modulating membrane-protein inter-
actions such as those between the pillar and the membrane.
Altering the pillar connection or that of any integral membrane
protein involved in electromotility could result in the reduced
tethering forces observed in our study.

At the end of the tether-elongation process (i.e., the onset
of relaxation), there is an area differential between the two
leaflets of the bilayer in the tether due to the differences in
leaflet radii. The inner leaflet is partially compressed and the
outer leaflet slightly stretched, a state that drives the trans-
port of lipid molecules until thermodynamic equilibrium is
reached and relaxation is complete. One report suggests that
the stressed state may induce the formation of membrane
defect sites through which lipid molecules move and relieve
the lipid asymmetry (25). This process is in contrast to
diffusion-driven transport, which occurs on a much longer
timescale (26). It has been shown that lipid transport in
mechanically stressed membranes occurs ~100 times faster
than by diffusion alone (27). We found that there was no
significant difference in the relaxation time 7, upon CPZ
application. We propose that the Maxwell element charac-
terized by 7, describes the reorganization of lipids across the
tether leaflets. Since lipid reorganization is limited to the
tether lipids and there is no difference in 7;, we conclude that
CPZ does not alter this process.

The force relaxation also includes a contribution result-
ing from the flow of lipids from the OHC lateral wall into

Biophysical Journal 89(6) 4090-4095
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TABLE 1 Spring and friction constants for elements of the second-order generalized Kelvin body used to model tether

Condition to (PN/pm) M1 (pPN/pm) H2 (pPN/um) M1 (pN-s/m) M2 (pN-s/m)
NES 29+ 02 (n=18) 53+ 23 (n=12) 0.51 * 0.11 74+ 23 20.0 + 0.44
0.1 mM CPZ 1.7 + 0.1% (n = 16) 22+ 034 (n = 11) 0.90 + 0.12% 55+ 12 19.0 + 0.98

Values are mean = SE. The n-value is shared for each condition in the fitted parameters w, w,, and 1y, 75.

*Indicates a significant difference (p < 0.05) when compared to respective NES value.

the tether. We propose the second Maxwell element in our
model of OHC tether mechanics describes this process. The
flow of external membrane into tethers has been quantified in
micropipette aspiration studies (14). We believe that as the
tether is elongated, the membrane is stretched inducing
a lateral tension that draws external membrane into the
tether. One may argue that this membrane flow would
continue until the tether tension is zero, yet this does not
occur because tension within the lateral wall of the OHC
resists that flow. The cell body PM is drawn into the tether
until the oppositely oriented tensions from both regions
equalize. At this point, the net lipid flow is zero and the tether
force reaches its equilibrium value Fy. We can describe the
rate of membrane flow in terms of the second Maxwell
element characterized by relaxation time 7,, which, for NES
conditions, we found to be ~1 min, on the same order as
erythrocytes (28). However, relaxation time 7, decreased by
>50% with 0.1-mM CPZ, indicating that the flow rate into
the tether was substantially greater than before. This is
consistent with our proposal that CPZ acts by disrupting the
OHC PM-CL interaction. The lack of a strong connection
between the PM and cytoskeleton liberates additional
membrane area that can add to the tether bound lipid. A
similar conclusion was used to explain the decrease in the
force required to pull PM vesicles from the OHC lateral wall
with micropipette aspiration (29).

OHC function requires active force production in re-
sponse to physiological changes in the transmembrane po-
tential. The active force is determined by a combination of
the passive mechanical and active electromechanical prop-
erties of the cell wall (30,31). Therefore, our finding that CPZ
changes the mechanical properties of the cell might have
significant implication in terms of the OHC'’s ability to gen-
erate active forces. In general, we observed a greater varia-
tion in the calculated parameters in normal extracellular
solution (NES) compared to CPZ. One possibility is that
the small differences in cell length affected the measured
parameters to a greater extent in NES conditions, where it
has been shown that there is normally an inverse relationship
between OHC length and some mechanical properties like
stiffness (32). Upon CPZ application, the variation may have
decreased due to the uniform disruption of the PM-cyto-
skeleton interaction by the drug. Consequently, additional
effects by CPZ may have been too small to detect within this
study’s experimental data. Future experiments measuring
electromechanical force production in membrane tethers (33)
in the presence of CPZ will determine if the drug interferes
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with hearing (10) by altering membrane mechanics like those
suggested in this and other studies.

CONCLUSION

We used an optical tweezers system to pull plasma membrane
(PM) tethers from cochlear outer hair cells (OHCs) to study
mechanical properties of the cells’ lateral wall. We observed
characteristic force relaxation when the tethers were formed
and maintained at a constant length for extended periods. This
relaxation process was modeled using a second-order Kelvin
body, yielding several mechanical parameters including stift-
ness and membrane viscosity-related measurements as well as
relaxation time constants. We propose that the biphasic nature
of the observed force relaxation, characterized by significantly
different rates of force decay, is due to both local tether lipid
reorganization and the flow of external PM into the tether. Our
results using the amphipathic agent, chlorpromazine, support
prior work suggesting that CPZ may lessen the connection
between the PM and the underlying OHC cortical lattice struc-
ture. Based on this study, we propose that CPZ’s previously
demonstrated effect on the OHC voltage-displacement func-
tion may involve a change in lateral wall mechanical properties.
Collectively, these findings are important in understanding
the process of active force generation that is central to normal
hearing.

APPENDIX

According to Fung (22), a second-order generalized Kelvin body is
described by the differential equation

FXfi=uXg, (A1)
where

d
2 :f1<1 +"’2>7 (A2)

oy dt

m, d d
= 1+=—|+ — A3
82 gl( Mzdt) mfldt’ (A3)
n d n d d

=1+ g = 1+ ) + 95 A4
fi w, df 81 :LL0< I dl) nldt (A4)

By substituting Eqs. A2—A4 into Eq. A1, we obtained the general equation
(Eq. 1) for our second-order Kelvin body. This ODE was solved via the
Laplace transform with the initial conditions given in Eq. 4, producing the
expression represented in Eq. 5.
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