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Voltage-dependent capacitance of human embryonic kidney cells
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We determine membrane capacitance, C as a function of dc voltage for the human embryonic kidney (HEK)
cell. C was calculated from the admittance, Y, obtained during a voltage ramp when the HEK cell was held in
whole-cell patch-clamp configuration. Y was determined at frequencies of 390.625 and 781.25 Hz from the
measured current, i obtained with a dual-sinusoidal stimulus. We find that the fractional increase in the
capacitance, C is small (<1%) and grows with the square of the voltage, ¥. C can be described by: C
=C(0)(1+ (¥ +1,)%) [where C(0): Capacitance at 0 volts, i Difference in surface potential between cyto-
plasmic and extracellular leaflets and a: Proportionality constant]. We find that o and ¢, are 0.120 (+0.01) V=2
and —0.073 (+0.017) V in solutions that contain ion channel blockers and 0.108 (+0.29) V=2 and —0.023
(x0.009) V when 10 mM sodium salicylate was added to the extracellular solution. This suggests that salicy-
late does not affect the rate at which C grows with W, but reduces the charge asymmetry of the membrane. We
also observe an additional linear differential capacitance of about (—46 fEV~!) in about 60% of the cells, this
additional component acts simultaneously with the quadratic component and was not observed when salicylate
was added to the solution. We suggest that the voltage dependent capacitance originates from electromechani-
cal coupling either by electrostriction and/or Maxwell stress effects and estimate that a small electromechanical
force (=1 pN) acts at physiological potentials. These results are relevant to understand the electromechanical
coupling in outer hair cells (OHCs) of the mammalian cochlea, where an asymmetric bell-shaped C versus W
relationship is observed upon application of a similar field. Prestin, a membrane protein expressed in OHCs is
required to observe this function. When we compare the total charge contributions from HEK cell membrane
(7 X 10* electrons, 10 pF cell) with that determined for prestin transfected cells (up to 5% 10° electrons) we
conclude that the charge contributions from the collective motion of membrane proteins and lipids in the field
is dwarfed relative to that when prestin is present. We suggest that the capacitance-voltage relationships should

be similar to that observed for HEK cells for OHCs that do not express prestin in their membranes.
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I. INTRODUCTION

Outer hair cell (OHC) electromotility is responsible for
amplification of high frequency vibrations in the inner ear
[1-3]. A significant force (=nN) is produced during OHC
electromotility by electro-mechanical coupling [2,4—6]. Pres-
tin, a membrane protein found in the membranes of OHCs
[7], is essential for OHC electromechanical coupling [3]. To
examine the functional expression of prestin it is common to
transfect human embryonic kidney (HEK) cells or Chinese
hamster ovary, CHO cells [8] with prestin to determine the
response of the transfected cells to a varying electric field, E.
Because the electrical response of the wildtype HEK cell to a
varying E field is not fully characterized, we examined the
response by measuring the capacitance, C as a function of
the dc voltage in the presence of ionic channel blockers and
when sodium channel gating currents were inactivated. We
show that the fractional increase in C is small (<1%) and
grows with the square of the field (C e E?). This is similar to
that observed for lipid bilayers [9]. In many cells, (60%) we
also observe an additional small linear decrease in the ca-
pacitance as the potential moves from negative to positive
values, this additional component acts simultaneously with
the quadratic component. This linear component was not ob-
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served in studies with lipid bilayers [9]. We suggest that both
components arise from electromechanical coupling ]produc-
ing a small force (=pN) at physiological potentials.

II. METHODS
A. Cells

Cells were grown in medium based on Dulbecco’s modi-
fication of Eagle’s medium (DMEM) (Mediatech, Herndon,
VA). It contained in 1 L: 100 mL of fetal bovine serum (In-
vitrogen, Life Technology, Carlsbad, CA); 17.8 mM
NaHCO; and 15.8 mM HEPES dissolved in DMEM.
The HEK 293 cell line was purchased from American Type
Cell Culture (Manassa, VA). Frozen cells (1 mL at
10% cells mL~!) were suspended in 9 mL of DMEM and cen-
triftuged slowly for 5 min. The cell pellet was resuspended in
10 mL of fresh media and plated in a 100 cm® culture flask
(Beckton Dickinson, Franklin Lakes, NJ). The flasks were
placed in a water-jacketed CO, incubator (Nuaire, Plymouth,
MN) and maintained at 37 °C in 5% CO,. HEK cells adsorb
to the polystyrene surface and are about 90% confluent
within one week. The cells were passed weekly where cells

'A preliminary version of this work was presented at Biophysical
Society meetings in San Antonio, TX February 2003 and Baltimore,
MD February 2004.
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used in the experiments were passed 15-25 times. Briefly,
the excess media was decanted from the flask and 2 mL of
trypsin at 10 mg of trypsin mL~' of EDTA (Invitrogen Life
Technology, Carlsbad, CA) was added and cells were incu-
bated at 37 °C for 5 min. 8 mL of DMEM was then added to
terminate the trypsin hydrolysis and the cell suspension was
mechanically agitated. The concentration of cells was deter-
mined with a hemacytometer (Fisher Scientific, Hampton,
NH) from an aliquot of the suspension. To pass the cells, an
aliquot of this cell suspension was added to a fresh flask
containing 10 mL of DMEM and placed in the incubator at a
concentration of 5 X 10° cells mL~'. For each experiment an
aliquot of the dissociated cells (concentration of 2
X 10* cells mL™") was plated onto 10 mm glass bottom cul-
ture dishes coated with Poly-d-lysine (MatTek Corp. Ashland
MA) and placed in the incubator at 37 °C for 2—18 h.

B. Whole cell patch clamping

All chemicals were purchased from Sigma-Aldrich (St
Louis, M0) except sodium salicylate which was from Fluka
(distributed by Sigma-Aldrich) and all were used without
further purification. The solution within the pipette contained
(in mM) 140 CsCl, 2 MgCl,, 10 EGTA, and 10 HEPES and
the extracellular solution contained (in mM) 100 NaCl, 20
CsCl, 20 N-(CH,CH3), Cl, 10 HEPES, 2 CoCl,, 1.47
MgCl,, 2 CaCl,. The pH and osmolality were adjusted to 7.2
(+0.02) and 300 (+2) mOsm Kg~' with the addition of
CsOH and glucose, respectively. The concentration of NaCl
was reduced to maintain the osmolality at 300 mOsm Kg~!
when 10 mM sodium salicylate was added to the external
medium. In some experiments, 1 mM BaCl, was added to
the external medium as an additional block of potassium
channels and once again the concentration of NaCl
was reduced to maintain the osmolality at 300 mOsm Kg~'.
In  other experiments 130 uM  DIDS  (4.,4'-
Diisothiocyanatostilbene-2" ,2-disulfonic acid disodium salt)
was added to the external medium to block chloride chan-
nels. DIDS was first dissolved in water and then dissolved in
the extracellular solution. Most pipettes were made from
fused quartz (Sutter Instrument Company, Novato, CA), a
few were made from borosilicate glass (WPI, Sarasota, FL)
and formed with a CO, laser-based micropipette puller (Sut-
ter Instrument Company, Novato, CA). The pipettes were
coated with Sylgard (Dow Corning, Midland, MI) and had a
resistance between 2 and 3 Mohm.

The culture dish containing cells was placed on an in-
verted microscope (Carl Zeiss, Gottingen, Germany) and the
growth medium was exchanged for the external solution by
use of a peristaltic pump (RP-1 4 channel pump, Rainin,
Oakland, CA). The flow rate was constant at about
4 mLmin™! and the solution was continuously perfused
throughout the course of an experiment with the depth of the
solution maintained at 1.0-1.5 mm. A single isolated cell
was chosen for an experiment. Cell membrane admittance
was measured with the patch-clamp technique in the whole-
cell mode [Fig. 1(a)]. An electrical seal (>10 Gohm) was
formed between the pipette and cell membrane then the pi-
pette capacitance was corrected with the compensation cir-
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FIG. 1. (a) Schematic showing equivalent electrical circuit of
cell under whole-cell voltage clamp. Where R;: Series resistance;
R,,: Membrane resistance, C: Membrane capacitance. (b) Definition
of potentials, W: Transmembrane potential, ¢,: Potential difference
across the membrane; i;(—z): Potential at cytoplasmic compart-
ment; i,(z): Potential at extracellular compartment; ;,(—z): Dipole
potential at cytoplasmic side; i,,(—z): Dipole potential at extracel-
lular side.

cuitry of an amplifier (Axon 200B, Molecular Devices,
Union City, CA). Typically the fast capacitance transients
disappeared into the baseline noise after compensation,
where root mean square noise was about +0.5 pA. Once the
cell was in the whole-cell mode at 0 mV the cell admittance
was monitored during a dc voltage ramp. During a ramp the
voltage increased at 0.3 Vs~ from —0.16 to 0.16 V. Some-
times the polarity of the stimulus was reversed or the dc
voltage was greater at +0.17 V. The holding potential was
0 V before and after the ramp. Voltages were measured rela-
tive to a Ag/AgCl reference electrode. The admittance was
probed with dual-frequency stimulus [10,11]. A dual-
frequency stimulus was used because it permits the calcula-
tion of the membrane capacitance, C, membrane resistance,
R,, and series resistance, R, from the measured admittance
during a dc voltage ramp. This method is not suitable when
imaginary part of the admittance, [Im(Y)] changes rapidly
with voltage, which is the case for mammalian outer hair
cells. For these cells the membrane resistance cannot be de-
termined from the admittance but must be determined inde-
pendently at dc [12]. The stimulus was the sum of two
10 mV peak to peak sine waves at frequency, f of
390.625 Hz and 2f, 781.25 Hz. The current, i was measured
every 10 us and a Fast Fourier Transform conducted every
512 or 1024 records to determine the real Re(i) and imagi-
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nary, Im(i) parts of the current, (i) every 5.12 or 10.24 ms at
each frequency. This current was first corrected for the inher-
ent phase shifts of the amplifier and then the Re(Y) and
Im(Y) parts of the admittance, Y were calculated by dividing
the complex current by the complex voltage. Before an ex-
periment the software was calibrated for amplifier shifts by
use of a 10 Mohm resistor as described [11]. A computer
program written in LABVIEW (v6.1) for Windows in conjunc-
tion with a digital to analog converter card (AT-MIO-16XE-
10, National Instruments Austin, TX) controlled the calibra-
tion, stimulus, and acquisition of the admittance. In some
experiments the conductance was also determined experi-
mentally with a dc protocol, where the voltage was ramped
from —0.16 to 0.16 V. Briefly, a square wave pulse with an
amplitude of 0.01 V was applied to the cell via the pipette.
The current was sampled every 10 or 100 us for a 1000
times (400 points before pulse, 500 points during the pulse,
and 100 points after the pulse) at each voltage. The longer
sampling times were used to determine the conductance of
cells with high resistance (>4 Gohm), where the conduc-
tance was then calculated from the change in the steady-state
part of the measured current relative to the change in the
voltage. In some experiments the current versus voltage plot
was determined. The voltage was ramped from -0.13 to
+0.13 V in 0.01 V steps, and current was sampled every
100 us a 1000 times at each voltage. The reversal potential
was determined from the plot, it is the voltage when the ionic
flux across the membrane is zero.

C. Definition of potentials

Our objective is to determine the membrane capacitance,
C as a function of voltage, it is therefore pertinent to clarify
the potentials in the system. The transmembrane potential, WV
is

W = (= ) — (%) = if(— ) (2.1

where ;(—») and #,(0) =0 are the potentials in the bulk at
the cytoplasmic and extracellular compartments of the cell,
respectively (Fig. 1). This arises because each ion permeates
the membrane at a different rate and each ion is present at
different concentrations in each compartment. The voltage
applied to the cytoplasmic solution from the amplifier via the
pipette is W [Fig. 1(a)]. For our analysis we assume the
applied potential to be equivalent to W. This is a reasonable
assumption because the magnitude of the drop across the
pipette is very small (<0.02%). In Fig. 1(b) we also show
the surface potentials at the cytoplasmic, i;(—d)— (=) and
extracellular, #,(0) interfaces for a membrane of thickness, d
where the difference between them is

o= th(=d) =V = ,(0).

The surface potentials arise from the intrinsic surface charge
at each leaflet of the membrane. Cell membranes are asym-
metric with respect to charge and chemical composition with
the inner leaflet more negatively charged than the outer leaf-
let [13]. The dipole potentials at the cytoplasmic
Pis(=z)— (=) and extracellular parts of the membrane
,4(—z) are also shown in Fig. 1(b). They arise from the

(2.2)
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structural organization of polar molecules at the membrane-
water interfaces. Finally, the potential difference across the
membrane, i, is defined as:

= (= d) = ¢,(0). (23)

D. Cell parameters

We use two algorithms to calculate the capacitance C,
membrane resistance, R,, and series resistance, R, as a func-
tion of voltage, W [Fig. 1(a)]. The first method is similar to
that described [10] and similar to that first outlined by others
[14]. Briefly, provided the dc cell conductance, b(V)
=1/[R,(¥)+R,(¥)] at f=0, is known the cell parameters
can be calculated at W and at frequency, f from the admit-
tance Y(f,W)=Re(Y,¥)+; Im(Y,¥) with:

(A-b(W))
(A2+ B> - Ab(W))’

R(V) =

(A -b(¥))*+ B?
b(V) (A% + B2 — Ab(P))

R, (V)=

1 (A’+B?>-Ab)?

C(\Ir) = 27fB ((A _ b(\P))z + BZ) (24)
where
_ _ R +R,+Quf)’CRIR,
A=Re(Y,¥V)= (R, + Rm)2 + (wa)zczsznRi) >
i ) J2mfCR,,
B=Im(Y,¥) = (R.+R,)* + (er)ZCQRiR?) (2.5)
and j=(-1).

b(V¥) was determined by re-writing the first term of (2.4)
in terms of bH(WV), equating the equations at each frequency
and substituting the measured Re(Y, W) and Im(Y, V) parts
at each frequency into the expression. In this case we note
that b(W) calculated in this way is not exactly the same as
b(V) determined at dc, and the estimate worsens as f in-
creases, because from (2.5) when R, >R, and f—0 then
Re(Y)—1/R,, and for f—oo, then Re(Y)— 1/R,. Once
b(\WP) is estimated R (W), R,,(V), and C(W) are then readily
estimated. Where we note that two values of C(¥), are cal-
culated, one at f, CAW) and one at 2f, C,(W). We coin this
algorithm one to distinguish it from the method outlined in
[10] that calculates the average of the two capacitances. In
some experiments b(W) was determined experimentally with
a dc protocol. C(W) was the same (within a few fF) for both
HEK cells and model circuits when it was calculated with
b(V) determined experimentally with a dc protocol or with
b(W) calculated directly from the equations by use of the
admittance measurements.

A more sophisticated algorithm for calculating the cell
parameters with dual-frequency sinusoidal stimulus was de-
scribed [11]. It uses a nonlinear weighted least-squares ap-
proach to estimate the transfer coefficients and weights the
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TABLE 1. Electrical parameters of model circuits calculated from the measured admittance (second to
sixth columns) or at dc (last two columns). Parameters calculated from the admittance were determined with
algorithm one and Barnett’s algorithm. R, determined from dc algorithm was obtained by sampling the
current every 10 us (column 7) and 100 us (column 8) at each voltage. The nominal Ry was 4(x1 %) MQ
and nominal R, was 10(x5%) (a) and 1(x1%) (b) G{). The nominal C is accurate to about +5% for each
capacitor, except for the 2 and 8 pF capacitors, which are accurate to about +25 and 6.25%, respectively. The
values obtained from admittance and for R ;, determined at dc are average of 214 and 109 points, respectively.
Coefficient of variation (standard deviation/mean X 100) is in brackets.
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Nominal

Capacitance C, Cyr R, R, R’ Rupe Rpe

() (pF) (mQ)

2 3.372 (0.218)  3.354 (0.140) 4.74 (2.85) 5846 (15) 5717 (15) 9153 (29) 9216 (10)

8 8.851 (0.088) 8.820 (0.070) 4.53 (0.45) 2766 (7) 2639 (7) 5209 (15) 9390 (16)

15 15.817 (0.069) 15.796 (0.028) 4.27 (0.26) 6979 (29) 6081 (24) 12833 (50) 9873 (21)

18 18.991 (0.054) 18.960 (0.057) 4.25 (0.20) 4449 (20) 3852 (18) 28015 (362) 9688 (20)

22 22.736 (0.059) 22.708 (0.059) 4.21 (0.15) 5123 (28) 4276 (23) 63679 (734) 9613 (22)

30 30.296 (0.055) 30.248 (0.055) 4.15 (0.13) 6699 (48) 4278 (33) 9823 (18)

(b)

2 2.412 (0.296)  2.396 (0.177) 7.70 (3.39) 879 (2.1) 876 (2.1) 993 (3) 1002 (1)

8 8.990 (0.090) 8.983 (0.066) 4.31 (0.54) 980 (2.8) 976 (2.7) 1007 (4) 999 (2)

15 16.204 (0.072) 16.158 (0.060) 4.26 (0.25) 860 (3.1) 829 (3.1) 1033 (4) 1006 (2)

18 19.185 (0.064) 19.178 (0.053) 4.25 (0.20) 904 (3.9) 898 (4.0) 1023 (4) 996 (2)

22 22.343 (0.061) 22.340 (0.055) 4.24 (0.18) 972 (4.4) 980 (4.7) 1109 (4) 999 (2)

30 30.158 (0.053) 30.185 (0.057) 4.20 (0.12) 1053 (5.4) 981 (4.8) 1369 (6) 997 (2)

*Membrane resistance calculated with Barnett’s algorithm.
thermal noise introduced by the resistive cell components at a, (V) (by(P) = a,(¥)b,(P))
each frequency. It does this because the resistive elements R(¥) = by (W)’ R, (V)= b, (W)b, (V) )
[R,, and R,, Fig. 1(a)] are largely responsible for the thermal ! ° !
noise in the recordings. There are no reports of this algorithm 2
being used to estimate cell parameters during a dc voltage c(V) = (6,(¥)) (2.8)

ramp, we examined it to determine if it provided more accu-
rate estimates than algorithm one. Briefly, the Re(Y, V) and
Im(Y, V) parts of the admittance are written in terms of the
transfer function coefficients (a;(W),by(V),b,(W¥)) and at
each frequency f and 2f are

b, (V) + (2mf)’a, ()b, (V)

RC(Yf,‘I’) +j Im(Yf,\I,) = 1+ (zwf)z(al(’\lf))z
2mf(b, (V) — a,(¥)b,(¥))
(1+Q27f)*(ay(V))?)
(2.6)
2
Re(Yy W) + ) Im(¥. ) = b (W) + (47f)"a,(¥)b, (V)

1+ (47f)*(a, (V)
Aaf(b, (V) —a,(¥)b,(V¥))
(1+ (4mf)*(a,(9))?)
(2.7)

Once the transfer coefficients are found the cell param-
eters are readily calculated with

(6, (V) = a,(W)b,(¥))

This algorithm is coined Barnett’s algorithm. We tested it
with their program (NWLS) which was written in MATLAB
(Mathworks Inc, Natick MA).

E. Accuracy and precision of cell parameter estimates

To determine the accuracy of the parameter estimates we
calculated cell parameters for model circuits [Fig. 1(a)] with
electrical components similar in magnitude to those observed
for HEK cells. Namely, C between 5 and 20 pF, R,, between
2 and 10 Gohm and R, between 4 and 8 Mohm. Some of the
results are outlined in Table I. We only show the capacitance
and R, values calculated with algorithm one. We found that
the capacitance values calculated with Barnett’s algorithm
were of the same magnitude and noise level as those deter-
mined with algorithm one at the higher frequency 2f. The R,
calculated with Barnett’s algorithm also exhibited the same
noise level and trends, although the magnitude was slightly
less with Barnett’s algorithm than that observed with algo-
rithm one. In all cases the cell parameters were constant with
voltage. The estimates of C are accurate to within 5%—-10%
over the range of interest, the noise is reasonable with the
average value deviating by 0.07% from the mean value. The
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estimates of R, are also fairly accurate, values are within
5%-7% deviating by 0.4% from the mean value. In contrast,
estimates of R,, at 10 Gohm are very inaccurate and under-
estimate it by 30%—70%. The membrane resistance is also
noisy, and deviates by 10% from the mean for a 8 pF capaci-
tor to about 35% for a 22 pF capacitor. In addition, estimates
of R,, become even noisier as the R increases to 10 Mohm.
For example, the R,, deviates by 100% from the mean for a
22 pF capacitor in parallel with a 10 Gohm resistor which
are both in series with a 10 Mohm resistor. Similar trends are
observed with 1 Gohm resistor, except in this case estimates
of R, are reasonable within 2%—15% with precision better at
5%. We found that the accuracy of the resistance was rea-
sonable for circuits with R,, up to 2 Gohms, but was very
inaccurate (off by 60%) for nominal resistances >4 Gohms
with the noise tending to increase as the capacitance in-
creased. Therefore, when R,,>2 Gohms it is likely that both
algorithms underestimate the true value at the stimulus fre-
quencies of 390.625 and 781.25 Hz. When accurate esti-
mates of R, or b are required they should be measured di-
rectly with a dc protocol, where longer time pulses (100 ms
cf. 10 ms) may be required to achieve reasonable estimates
for cells or circuits that exhibit low conductances (Table I).

Y (volts)

Finally, it is apparent from Eq. (2.5) that as f—0 and R,
Im(Y)
> R, the measured capacitance, ;n—wf approaches the actual

capacitance of the circuit. This would suggest that the best
estimate for C should be at a low frequency, this is not the
case because thermal and especially flicker or pink noise
contribute to the signal at low frequency [15]. Because of
this noise the calculated capacitance (Table I) is different at
both frequencies, where the optimum frequency to estimate
the capacitance depends upon many factors including mag-
nitude of the cell parameters, the amplitude of the sinusoidal
stimulus, and the number of sinusoids used to estimate the
capacitance [11,15].

III. RESULTS

A. Comparison of cell parameters calculated with algorithm
one and Barnett’s algorithm

Typical plots showing the real and imaginary components
of the admittance for a HEK cell as a function of dc
voltage at frequencies f=390.625 Hz and 2f=781.25 Hz
are shown in Fig. 2. The plots are for a single ramp from
—0.16 t0 0.16 V (see inset of Fig. 2). The Re(Y,), Re(Y,)
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FIG. 3. The cell parameters calculated from the data in Fig. 2. Where open circles and open gray squares represent parameters calculated
with algorithm one at frequencies of 781.25 and 390.625 Hz, respectively. The solid diamonds represent parameters calculated with Barnett’s

algorithm.

exhibit a parabolic shape with a minimum centered at
0to 0.015 V. The Im(Y,)/(27f), Im(Y,/)/(47f) decrease
monotonically as the voltage extends from negative (hyper-
polarizing) to positive (depolarizing) values. The phase,
6(Y,) and 6(Y,) at f and 2f are also shown in Fig. 2 and are
parabolic with W with a maximum centered at 0-0.01 V.

Shown in Fig. 3 are the cell parameters calculated from
the admittance data outlined in Fig. 2. They were calculated
with algorithm one (open circles and open squares) and Bar-
nett’s algorithm (filled diamonds). There is very little differ-
ence (up to 1.5 fF) in the C calculated at the higher fre-
quency, 2f with algorithm one (open circles, left panel, Fig.
3) and that calculated with Barnett’s algorithm (filled dia-
monds, left panel, Fig. 3). There are significant differences
(up to 100 fF) when C is calculated at f as opposed to 2f
with algorithm one. There is also a significant difference
when C is calculated at f with algorithm one (open gray
squares, left panel, Fig. 3) and when it is determined with
Barnett’s algorithm. In addition, the C calculated at f is
noisier than that determined at 2f or with Barnett’s algo-
rithm. For both, C is parabolic with ¥ exhibiting a minimum
around 0.05-0.06 V.

The R, calculated with both algorithms exhibits a similar
trend with voltage; it increases monotonically from
—0.16 to 0 V and then decreases monotonically as the volt-
age becomes more positive (Fig. 3, middle panel). In addi-
tion, the R, at the extreme positive potentials is about
1.5 Gohms less than that observed at the extreme negative
potentials. The R,, determined with Barnett’s algorithm
(filled diamonds) is significantly less (from 0.2 to 2 Gohm)
than that determined with algorithm one (open circles,
middle panel, Fig. 3). It is also less noisier.

R, (Fig. 3, right panel) is constant with voltage. The val-
ues determined with both algorithms exhibit similar noise
with the value determined with Barnett’s algorithm (filled
diamonds) slightly less at up to 0.04 Mohm. The trends
shown in Fig. 3 were the same if the stimulus was reversed,
i.e., from 0.16 to —0.16 V and were also typical for other

HEK cells that exhibited a good seal (>10 Gohm) and high
resistance (R,,>>2 Gohm) at the extreme voltages with much
higher resistance (R,,~4-10 Gohm) at the middle of the
voltage range.

We conclude that Barnett’s algorithm provides the better
method for determining cell estimates for a varying dc volt-
age because it automatically finds the solution of lowest
noise from the experimental admittance. However, we note
for voltage dependent capacitance of HEK cells that both
methods provide the same result provided the C estimates are
taken at the better frequency, which in this case is at
781.25 Hz.

B. Membrane capacitance is a function of voltage

Outlined in Fig. 4(a) is a plot of C versus ¥ for data
obtained from the same cell shown in Figs. 2 and 3. The plot
is the average of five dc ramps which reduces the noise. C is
quadratic with W. We only show plots calculated with algo-
rithm one, and we show the results at both frequencies to
illustrate that the quadratic relationship is evident in both of
them. We do not show the results for the C with Barnett’s
algorithm because it is the same as that calculated with al-
gorithm one at the higher frequency.

When the applied voltage is small (<1 V) C(¥) can be
described by

C(¥) = C(0)(1 + a()?)
which by use of (2.2) and (2.3) can be rewritten as

C(¥) = C(0)(1 + alip, + ¥)?) (3.1)

where C(0) is the capacitance at zero volts, and « is a pro-
portionality constant [16]. It is evident that (dC)/(dV¥)=0
when W=—-¢,, and the minimum value of C occurs when the
applied voltage is the same magnitude, but of opposite po-
larity to the difference in surface potentials. i, is calculated
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FIG. 4. Capacitance-voltage relationships de-
termined for three HEK cells. The symbols are
defined in Fig. 3. (a) The black solid lines are a fit
of the data to Eq. (3.1) where a and ¢, are
0.089 V2 and -0.051 V (upper plot) and
0.126 V=2 and —-0.0505 V (lower plot), respec-
tively. 202 data points (N) were used to make the
fit with the residual sum of squares calculated to
be 0.0143 (upper) and 0.0022 (lower). (b) Same
as (a) where a and ¢, are 0.108 V72 and
—-0.078 V. (upper plot) and 0.135 V=2 and
-0.075 V (lower plot), respectively. Residual

sum of squares are 0.056 (upper) and 0.009
(lower) (N=202). The data is the average of 2 dc
ramps. (c) Same as (a) where « and i, are

0.062 V2 and -0.087 V (upper plot) and
0.072 V™2 and —0.081 V (lower plot), respec-
tively. The residual sum of squares are 0.011 (up-
per) and 0.006 (lower) (N=208). The solid gray
line is a fit to Eq. (3.2) where «, ay, and a, are
0.066 V72, =5.87x 10* V and —0.015 V™! (upper
plot) and 0.079 V™2, 147X107V, and
-0.0163 V! (lower plot), respectively. The re-
sidual sum of squares for this fit was better at
0.0065 (upper) and 0.0016 (lower). The data is
the average of eight dc ramps. (d) Net linear com-
ponent of the data shown in (c) after subtracting
the fit to (3.1) from the experimental data, where
open circles and open squares represent data at 2f
and f, respectively.
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to be —0.051 V with (3.1) from the data in Fig. 4(a). This
implies that the surface potential of the membrane on the
cytoplasmic side is 0.051 V more negative than the surface
potential on the extracellular side [Fig. 1]. The value of «
calculated with the fit is different at each frequency at 0.126
and 0.080 V72 for the data determined at 781.25 and
390.625 Hz, respectively. Figure 4(b) shows the capacitance-
voltage relationship obtained from a second cell. The ¢ for
this cell is more negative with a value of about —0.076 V
where a similar value was determined at both frequencies.
The value of « is once again different at each frequency
being greater at 0.135 V=2 for the less noisier higher fre-
quency data compared to 0.108 V=2 for the lower frequency
data. Shown in Fig. 4(c) is the capacitance-voltage relation-
ship for a third cell. In this case the data was better fit (solid
gray line) to a parabolic function with a second term that was
linear with voltage. Namely

C(W)=C0)(1 + (¥ + a))* + ar(V)) (3.2)

0.2

¥ (volts)

where «, a;, and «, are constants. We observed this addi-
tional linearity with several cells. We tested if this additional
linearity was due to thermal drift by extending the stimulus
time before and after the ramp (Fig. 2, inset). We observed
that thermal drift if present accounted for about 1 fF. How-
ever when there was no thermal drift we still observed the
additional linearity in the capacitance-voltage function.
Clearly thermal drift cannot explain the discrepancy. A sec-
ond possibility is that the additional linearity is due to the
differential capacitance of the quartz pipette (i.e., quartz not
covered by Sylgard) which arises from the change in the
voltage dependent capacitance of the double layer at the
quartz-saline interface. We tested this by blocking the open
end of the pipette with Sylgard and placing it into the exter-
nal solution. The pipette was subjected to the same voltage
signal (Fig. 2, inset dotted line) and the admittance was ex-
amined. We found no measurable voltage dependent capaci-
tance associated with the pipette. We conclude that this ad-
ditional linearity must arise from the cell. To characterize it
further we subtract the fit to (3.1) from the experimental
data; the data obtained at 2f although noisy can be described
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by a linear function with a slope and correlation coefficient
of =32 fFV~! and —0.71 [Fig. 4(d) circles], respectively. The
data at f is very noisy and exhibits a similar slope at
-34 fFV~! with much lower correlation coefficient of —0.48
[Fig. 4(d) squares].

We show that the measured capacitance, Im(Y)/(27f) de-
creases monotonically as the voltage is ramped from nega-
tive to positive voltages [Fig. 2 (lower left)] when the con-
ductance is also voltage dependent [Fig. 2 (upper right)]. In
contrast the calculated capacitance [Figs. 3 and 4)] deter-
mined with either algorithm one or Barnett’s algorithm ex-
hibits a parabolic shape with voltage at both frequencies.
This change arises because R,, is also changing with voltage,
and R; is typically >1 Mohm. The measured capacitance is
parabolic with the field when R,, is high (>3 Gohm) and
constant with voltage at all frequencies, with the resolution
decreasing as R, increases. When R,, varies with voltage as
observed [Fig. 3 (middle panel)] the Im(Y)/(27f) is para-
bolic with voltage at f of 781.25 Hz only when R, is small,
for higher R, the measured capacitance is monotonically de-
creasing with voltage as observed [Fig. 2 (lower left)]. As the
frequency is decreased from 2f the parabolic function is ap-
parent at higher R, up to 5 Mohm, but the signal to noise
ratio significantly decreases, presumably because of pink
noise (data not shown, [15]). When R,, is voltage dependent
but much smaller (5 to 6 fold less) the signal to noise ratio
decreases significantly making it difficult to discern the func-
tion. Because of the voltage dependent conductance and the
typical R, (4—8 Mohm) obtained in the experiments only
cells with high R,, (at least 2 Gohm at the extreme voltages
and higher in the middle range) exhibited sufficient signal to
noise ratio and were analyzed further. About 10% of the total
cells patched (=150) met this criteria.

To compare the data obtained from different cells, C(WV)
was normalized to that measured at 0 V, C(0) and plotted
against V. The normalized capacitance-voltage plot is shown
in Fig. 5(a). There is reasonable agreement among cells with
the % change in capacitance ranging from about 0.5% to
0.8% at negative potentials to 0.2% at positive potentials.
The solid black line is a fit of data obtained from 5 cells
to (3.1) with a at 0.120(x0.010) V™2 and ¢, at
—0.073(x0.017) V. The same data is plot on a linear scale in
Fig. 5(b). There is a reasonable linear relationship between
the relative change in the capacitance and the square of the
voltage with the slope and correlation coefficient at
0.126 V=2 and 0.936, respectively. The model does intercept
the ordinate close to zero at —0.0001. Outlined in Fig. 5(c)
are capacitance versus voltage plots that were better fit to
(3.2) (solid gray line); fit was determined from data obtained
from ten (10) cells. To characterize this additional linearity
we subtract the fit to (3.1) obtained for each cell from the
experimental data and plot the remaining average function in
Fig. 5(d). The plot is best fit with a cubic function although
within —0.09 and 0.11 V can be described by linear function
with slope, intercept and correlation coefficient of
-46 fFV~!, 0.002 fF, and 0.98, respectively. On one occa-
sion we observed a sharp peak in the capacitance at
-0.045 V with magnitude of 12 fF [inset Fig. 5(d) open tri-
angles]. The fit to the parabolic function in this case was very
poor with deviations of up to 40 fF.
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Typical current density versus voltage curves are shown
in Fig. 5(e). Most cells exhibit a reversal potential of about
—0.029 V with a current density at —0.1 and 0.1 V of —1.3
and 4.3 pApF~!, respectively. The plot is fairly linear within
—0.08—0.08 V and exhibits a conductance of 20 pSpF~!. We
also observed a second current versus voltage curve that was
not linear over the entire voltage range and exhibited a re-
versal potential of —85 mV [Fig. 5(e), circles]. In these cells
the current density at —0.1 and 0.1 V is much less at —0.2
and 0.9 pApF~!, respectively. The conductance calculated
from the data is 12.7 pSpF~! at negative potentials
(=0.12 to —0.07 V) and decreases to 3.36 pSpF~! as the po-
tential becomes more positive (—=0.06—0.06). The current
density is 10-40 times less than the peak current density of
41 pApF~! measured at 0.1 V in solutions that do not contain
channel blockers [17]. In all cases the capacitance-voltage
relationships were the same when the reversal potential was
at —0.029 and —85 mV [Figs. 5(a) and 5(c)]. HEK cells ex-
hibit various types of voltage dependent potassium [18] and
chloride [17] channels. The increased current density at posi-
tive potentials is probably due to voltage dependent chloride
currents [ 17] which were not normally blocked in our experi-
ments.

C. Salicylate moves the minimum of the capacitance-voltage
function towards zero volts

Salicylate, is one of the few chemicals known to signifi-
cantly reduce electromechanical coupling in outer hair cells
[19]. To establish if salicylate affects the electromechanical
coupling in HEK cells we repeated our experiments (Fig. 2,
inset) after replacing the extracellular medium with one that
contained 10 mM salicylate. We found the admittance-
voltage relationships were similar to those shown in Fig. 2.
The Im(Y,)/(27f) and Im(Y,)/(47f) decrease monotoni-
cally as the voltage extends from negative (hyperpolarizing)
to positive (depolarizing) values. Re(Y,) and Re(Y,,) still
exhibit a parabolic shape with minimum centered at zero.
The cell parameters calculated from the admittance data are
shown in Fig. 6. The data obtained from both algorithms are
presented. We show them to illustrate that the same trends
discussed above in Secs. III A and III B are also found in this
data. In the presence of salicylate, C changes less with volt-
age from 8.46 pF at extreme negative potentials to 8.43 pF at
0 V and back up to 8.46 pF at the extreme positive poten-
tials. The R,, exhibits a similar pattern to that observed in the
control solution, it is less at the extreme potentials (up to
2 Gohm) and peaks left of the center (4 Gohm), at about
—0.020 V (Fig. 6, center panel). As expected, R, is constant
with voltage at 6.7+0.04 Mohms for this ramp. When the
results of several ramps are averaged we find that the capaci-
tance is parabolic with voltage with a minimum close to zero
[Fig. 7 (left panel)]. Fitting the data to (3.1) we calculate an
a and i, of 0.077 V=2 and —0.013 V, respectively. When this
same cell was in control solution the o was about the same at
0.069 V=2 but the , was much more negative at —0.073 V.
Salicylate decreased ¢, by 60 mV, which caused the mini-
mum of the capacitance-voltage parabola to move towards
the center of the voltage axis.
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FIG. 5. Membrane capacitance is a function of voltage. (a) Normalized capacitance-voltage plot. The different symbols represent results
from 4 different cells. The solid black line is a fit of all data (five cells) to (3.1) where a and i, are 0.120 V=2 and —0.073 V. The residual
sum of squares is 0.00048. (b) The same data shown in (a) plotted on a linear scale where the solid gray line is a linear fit to all data. (c)
Normalized capacitance-voltage plot for four additional cells. The cells (n=10) were better fit to (3.2) where @, «;, and a, were found to be
0.0903 V=2, 0.0376 V, and —0.027 V™!, respectively. The residual sum of squares is 0.0007. (d) The nonparabolic component of the data
shown in (c) after subtracting the fit to (3.1) from the experimental data. The data (open squares) is the average from 10 cells. The bars
represent the standard error of the mean. The inset shows AC observed for 1 cell where there is a peak in the capacitance function at
—0.045 mV (open triangles). The fit to the parabolic function in this case was poor, the residual sum of squares was 0.02. The nonparabolic
component of the data is also shown (open squares). (e) Typical current density versus voltage curves. Open squares: Average current density
measured from five cells, the reversal potential is —0.029 V; and open circles: average current density measured from three (3) cells with a

reversal potential of —0.085 V. The bars represent standard deviation.

Outlined in Fig. 7(center panel) are the C versus W rela-
tionships for three cells where 10 mM sodium salicylate was
added to the extracellular solution. C(W) is normalized to
that measured at 0 V, C(0). At negative potentials the rela-
tive change in the capacitance is less in salicylate at 0.3%—
0.5% compared to that observed in normal medium at 0.5%-—
0.8%. At positive potentials the change is slightly greater in
salicylate at 0.2%—0.3% compared to 0.1%—-0.2%. The solid
black line is a fit of all data (four cells) to (3.1) where « and
W, are 0.108(x0.29) V2 and —0.023(+0.009) V, respec-
tively. The same data is plotted on a linear scale in Fig. 7
(right panel). There is a reasonable linear relationship for the
change in capacitance against the square of the voltage. The
model does traverse the central tendency of this data which is
evident by examination of the intercept which is close to
zero at 0.00009.

IV. DISCUSSION
A. Unlikely mechanisms for the voltage dependent capacitance

We found that the voltage dependent capacitance (Figs.
3-7) does not originate from the differential capacitance of
the double layer at quartz-saline interface and is not due to
thermal drift, at most only a few fF result from these pro-
cesses. Cross-talk between the Re(Y) and Im(Y) components
can induce artifacts in the C signal especially when large
conductances are observed [20]. We obtained comparable
capacitance-voltage plots when we estimated (W) from the
admittance measurements and when we determined b(W) at
dc. We also found that the R, versus voltage plot [Fig. 3(b)]
was similar when it was determined at dc and with admit-
tance. As mentioned above in Sec. II D and I E, the only
difference was in the absolute value of the estimates; R,
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FIG. 6. Cell parameters calculated from admittance obtained during a dc ramp when 10 mM sodium salicylate was added to the external
bathing medium and a HEK cell held under whole-cell voltage clamp. The symbols are defined in Fig. 3.

estimated from admittance was less than that at dc when
R, =2 Gohms (Table I). The signal-to-noise of the
capacitance-voltage plot is reduced when the conductance is
large especially with increasing R;. We only analyzed cells
that exhibited R,,=2 Gohms at extreme voltages with even
higher values in the middle voltage range. We did this to
minimize the influence of voltage dependent currents on the
C trace. We achieved low conductances by addition of chan-
nel blockers to the solutions.

HEK cells express endogenous voltage-gated (Kv) potas-
sium channels [18]. Tetraecthyl ammonium chloride and CsCl
block these K currents [18], and both were always added to
the extracellular and intracellular solutions in our experi-
ments. In some experiments 1 mM BaCl, was added to the
external solution as an additional block of K currents. We

observed the same voltage-dependent capacitance plots
(Figs. 3-5) in the presence and absence of BaCl,. Endog-
enous voltage dependent calcium channels that are sensitive
to NiCl, are present in HEK cells [21]. In experiments when
100 uM NiCl, was added to the external solution the same
capacitance-voltage relationship (Figs. 3-5) was observed.
Two voltage-gated chloride conductances are expressed in
HEK cells [17] one of them is sensitive to DIDS [17]. We did
not usually block the voltage gated chloride channels, but we
did conduct several experiments where we added DIDS
(130 uM) to the external solution, although we observed a
twofold decrease in the conductance similar to that reported
[17] we observed similar capacitance-voltage plots. Of the
known voltage activated channels we did not block the
350 pS chloride current [17]. It is unlikely that the flux
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FIG. 7. Capacitance-voltage relationship for HEK cell when 10 mM sodium salicylate was added to external bathing medium. (a) The
symbols are defined in Fig. 3. The data is the average of six dc ramps. The solid black lines are fits of the data to (3.1) where « and i are
0.094 V=2 and —0.008 V (upper plot) and 0.077 V=2 and —0.013 V (lower plot), respectively. (b) Normalized capacitance voltage plot. The
different symbols represent different cells. The solid gray line is a fit of all data (four cells) to (3.1) where a and ¢, are 0.108 V=2 and
—0.023 V. The residual sum of squares is 0.00026. (c) The same data shown in (b) plotted on a linear scale where the solid gray line is a
linear fit to the data with the slope and correlation coefficient at 0.106 V=2 and 0.834, respectively.
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through this voltage dependent channel is affecting the gross
nature of the capacitance-voltage plot. Voltage-dependent
currents influence capacitance signals when the kinetic rate
constants of the channels are similar to the angular frequency
of the sine wave [20]. If the conductance through this chan-
nel was affecting the capacitance-voltage plot the function
observed at 4900 and 2450 s~! should be different. This is
not the case (Figs. 3, 4, and 6). All this evidence suggests
that we measured voltage dependent membrane capacitance
in HEK cells and that this does not originate from the flux
through voltage dependent channels.

Exocytosis results in a change in the membrane capaci-
tance as a result of incorporation of membrane bound
vesicles to the cell membrane and endocytosis causes a de-
crease in the membrane area and hence capacitance due to
internalization or retrieval of vesicles from the cell mem-
brane. It is very unlikely that the capacitance-voltage rela-
tionships (Figs. 3-7) are due to regulated or constitutive
exocytosis/endocytosis (where regulation implies governed
by a secretory event). The reasons are: (i) Voltage dependent
calcium channels were blocked by CoCl, and sometimes also
by NiCl,; (ii) release of calcium from calcium stores would
be buffered by EGTA; (iii) capacitance-voltage signal was
the same upon repetitive ramping of the cell; the signal
should vary as all vesicles should not either fuse or be re-
trieved, simultaneously; (iv) capacitance-voltage plots are
not expected to be similar when the holding potential is
ramped in either direction (Fig. 2, inset), (v) retrieval or loss
of vesicles is not expected to be a function of the cell size
[Fig. 5(a) and 5(c)], unless the cell was always incorporating
and retrieving the same % of membrane.

Voltage dependent capacitance changes can also originate
from redistribution of charges associated with channel pro-
teins within the membrane, well documented is the gating
currents of sodium channels [22]. HEK cells express voltage
dependent sodium channels that exhibit fast activation and
inactivation kinetics and are sensitive to tetrodotoxin [23].
The dc voltage in our experiments was ramped at 0.3 Vs~!
(Fig. 2 inset) which would inactivate the channels. However,
the region of overlap between the inactivation and activation
of the channels lies between —0.05 and 0.01 V [23]. In this
region there is a small probability that sodium channel gating
currents could be detected. On one occasion we observed a
small transient (12 fF) that peaked at —0.045 V [Fig. 5(d)
inset]. We suggest that this transient arises from the gating
current of sodium channels. Given the above arguments we
thus suggest that electromechanical coupling, either by Max-
well stress or electrostriction, is responsible for the voltage-
dependent capacitance observed in HEK cells. We make this
suggestion because C(¥) grows with the square of the volt-
age (Figs. 4, 5, and 7); capacitance changes are small
(<1%) and addition of salicylate moved the minimum of the
parabola close to zero volts.

B. Maxwell stress and electrostrictive effects likely origins of
the voltage dependent capacitance

Maxwell stress effect originates when there is a change in
the electric field within the membrane as the result of a
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strain; the strain compresses the membrane because of the
Coulombic attraction between mobile charges across the
membrane. The electrostrictive effect arises because of strain
induced change in the dielectric properties of the membrane.
This force can cause contraction or expansion depending
upon the sign of the electrostriction coefficient. For linear
dielectrics both effects cause stresses and strains that are
quadratic with the field, £ and both are described for ceram-
ics and polymeric materials [24-27]. Electrostrictive effects
were demonstrated in dry purple membranes of Halobacte-
rium salinarium at fields between 10° and 102 Vm™' where
the membranes thinned during application of an electric field
[28]. When the films were orientated (not centric) the mini-
mum of the parabolic function was at positive potentials,
when the films were symmetric or weakly orientated the
minimum of the parabolic function moved towards zero
volts. In this case the films also exhibit direct and converse
piezoelectric effects. In HEK cells the minimum of the
capacitance-voltage plot is at a positive voltage at about
0.073(x0.017) V implying that the difference between the
inner and outer surface potentials is —0.073(+0.017) V and
the membrane is asymmetric. Addition of salicylate to the
external medium reduces the #, to about —0.023(+0.009) V.
This suggests that salicylate adsorbs into the membrane de-
creasing the intrinsic charge asymmetry of the membrane.
This is reasonable as there is much evidence to show that
salicylate adsorbs into surfactant [29] and lipid [30-32] as-
semblies and cell membranes [33] increasing the surface
charge density of the membranes, i.e., making it more nega-
tive. Its solubility is enhanced, relative to other benzoates,
because the carbonyl and hydroxy group can form an in-
tramolecular hydrogen bond [31] which increases its hydro-
phobic character and helps to drive its penetration into the
membrane. Indeed, recent molecular dynamics simulations
of a lipid bilayer shows that salicylate penetrates more
deeply than chloride, displacing it from the water-bilayer in-
terface [32]. This reduction in the charge asymmetry of the
membrane by adsorption of salicylate was also suggested in
an atomic force microscopy (AFM) study of the HEK cell
[34].

In about 60% of our experiments we also observed an
additional linear component in the capacitance-voltage rela-
tionship, a differential capacitance of about —46 fFV~! was
observed between —0.09 and 0.1 V [Figs. 4(d), 5(c), and
5(d)]. The contribution of charge from this linear component
over this voltage region is about 5.7 X 10* electrons, which is
greater than the total charge originating from parabolic com-
ponent (2.4 X 10* electrons), assuming a 10 pF cell. For cells
(<20 pF) the charge contribution of the linear component
dominates if present. This additional linear component was
not observed when salicylate (10 mM) was added to the ex-
ternal medium (Fig. 7) suggesting that significant membrane
asymmetry may be necessary to observe it. If this is the case
it may also originate from additional electromechanical cou-
pling effect, e.g., piezoelectric effect. The reason that both
components were sometimes observed may arise from the
nature of the ac stimulus used in the experiments. The stimu-
lus was the sum of two sine waves, one at fundamental fre-
quency, f the second at 2f, because the response at 2f also
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contains the response at the second harmonic of the funda-
mental f this may contribute to detecting a mixture of both
electromechanical responses. Repeating the experiments
with a sinusoid at one frequency and examining the response
of the first and second harmonic independently would enable
the separation of the strains that grow quadratically with the
field (electrostrictive and Maxwell stress) and strains that are
linear (piezoelectric effects) with the field [35], if both are
indeed acting in the asymmetric membranes. Finally, there is
a possibility that this additional differential capacitance arose
from charge distribution in K and Ca channel proteins that
occurred during transitions between conformational states
(i.e., gating charges), these transitions may occur even
though the channels are blocked. This is the explanation sug-
gested to explain the voltage dependent capacitance observed
in rat pituitary nerve terminals in the absence of sodium
channels [36] in this case the voltage capacitance function
was similar to that shown in Fig. 5(d) where the capacitance
decreased as the holding potential became more positive de-
creasing by up to 61 fF at 0.05 V.

Cell membrane capacitance is the sum of the capacitance
of its individual components added in series, namely hydro-
phobic chains, the hydrophilic component including cytosk-
eleton and the capacitance of the double layer in the sur-
rounding cytoplasmic and extracellular compartments.
Because the capacitance of the hydrophobic core is small it
dominates the measurement, which is the same for lipid bi-
layers when the capacitance is measured in solutions at bio-
logical ionic strengths (>0.1 M [9]). This implies that the
proportionality constant « should represent a mechanical
characteristic of the hydrophobic core of the membrane and
not that of cytoskeleton. Indeed, analysis shows at least for
smectic bilayers that the magnitude of « represents the mem-
brane’s ability to compress and bend in response to a voltage
[16]. Their theoretical analysis is in reasonable agreement
with « determined experimentally for bilayer lipid mem-
brane (BLM) at 0.018(+0.002) V72 [9]. The « determined
for HEK cell membrane is about six (6) times greater at
0.12(+0.01) to 0.108(+0.29) V2 and much noisier than val-
ues determined for BLMs. The reason for the increased noise
is the residual ion channel flux, which is in agreement with
observations made with BLMs [37]. Both channel activity
and capacitance changes were observed in BLMs that con-
tained a few gramicidin channels. They found that the noise
on both @ and ¢, grew worse as they increased the number of
channels [37]. We found that the signal to noise ratio dete-
riorates with cells that exhibit high conductances; indeed our
signal to noise ratio is much worse than that measured with
BLMs because of the residual flux.

A second reason for the discrepancy in « is a difference in
membrane tension. BLMs exhibit tension of 2—10 mNm™,
cell membranes have extensive number of folds [38] and
generally exhibit low surface tensions 10~ Nm™! [39]. The-
oretical analysis suggest that « should be larger by about
40% if surface undulations are present at tensions of
2 mNm~! [16]. Because the plasma membrane exhibits ten-
sions 50-100 times less than this, cell membrane folds or
surface undulations are expected to have a greater impact
increasing the value of a. Indirect evidence to support this is
reported [38]. Specifically, when cells were inflated by appli-
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cation of a hydrostatic pressure, C was observed to increase
as the cell membrane was unfolding, increase in C was ob-
served when pressure was applied, it was not just observed
when all folds in the membrane had flattened. In this case
total C change associated with membrane unfolding and
thinning was found to be about 77 {F for a fully inflated cell
of initial capacitance 4 pF [38], this is about 2% change in
capacitance. We measure a smaller capacitance change up to
0.8% (Fig. 5) in the presence of an electric field suggesting
that we did not reach the maximum C change.

Third reason for the discrepancy in « is the difference in
composition. The plasma membrane is a multicomponent
mixture of lipids and proteins arranged asymmetrically,
while the BLM examined [9] was a bilayer composed of two
components: A monolayer of phosphatidylserine and a
monolayer of phosphatidylethanolamine. In the former many
different proteins and lipids may respond to the field, in the
latter only two different lipids respond to the field. In addi-
tion, biological membranes of cells exhibit domains. For ex-
ample, cholesterol in cell membranes is associated with
phospholipids in the bilayer, and lipid and protein stabilized
domains coined rafts and caveolae, respectively. Although,
there is no evidence that HEK cells exhibit the membrane
pits indicative of caveolae [40], it is possible that the field
could cause a redistribution of proteins or some other com-
ponent(s) among domains which in turn would alter the ca-
pacitance. To address this it is instructive to examine the
earlier results on BLMs made from solvents [41]. In this case
the voltage dependent capacitance is described by the same
function (3.1) with values for « that are at least 15 fold
greater than that observed for HEK cell membrane at
2—-10 V~2. Although, compression and bending of the BLM
was reported, the proposed mechanism for the significant
voltage dependent capacitance was the flux of solvent from
the BLM to the reservoir (i.e., the annulus of bulk lipid sus-
pension surrounding the BLM and the microlenses of solvent
within the BLM) [42]. In the plasma membrane it is likely
that the application of an electric field changes the chemical
potential of the components causing lateral fluxes among dif-
ferent domains. If this flux occurred at times <1 second and
contributed to the voltage dependent capacitance function
then this would increase a and make the membrane appear to
be softer.

We find it useful later for Secs. IV C and IV D to have an
estimate of mechanical constants of HEK membrane from
the strain induced by the electric field, E. Because the theory
describing the effects of E on plasma membranes that exhibit
surface undulations or folds is not developed we estimate
membrane stiffness, K and Young’s modulus, Z assuming E
acts on a flat membrane (Supplementary material). We also
assume that any lateral flux of components among domains
in the membrane does not contribute to . This may be in-
valid if the cell membrane behaves like a solvent containing
BLM (see above). Specifically, for a flat membrane that ex-
hibits no undulations and where there is no flux among do-
mains the change of C can be written as

AC 6,)€mE2|: 3a, a%}
——_emr —L

C = — (4.1)

- +
2¢, 26,

where €, is the relative dielectric constant of the undeformed
membrane, €, is the relative permittivity of free space and a;,
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is the change in the relative permittivity with change in
shape at constant volume. Assuming the electrostrictive ef-
fect is negligible, a; <€, then

AC 1 C
- = E?~ -1 .
C Z606ﬂ1 Zd'?”tz

Making use of (2.2) and (2.3) then

c(V)-c() C, )

) x V) (4.2)
where C,, is the specific capacitance of the membrane. Com-
paring with (3.1) a=C,,/K. We assume C,, is 0.5 uFcm™
and estimate K at 42 (+3) mNm™! in solutions that contain K
and Ca blockers (Fig. 5) and 53 (x15) mNm™' in salicylate
(Fig. 7).

A stiffness of 40—70 mNm™' is comparable to the K ob-
tained for vesicles made from the brush-border membranes
of the eel intestine at 87 mNm™' [43] and the vesicles made
from brush border membranes of the rat at between 50 and
150 mNm™' [44]. Tt is much less than the best estimate for
membranes of red blood cells (RBCs) at 500 mNm™!
[45,46]. Tt is also 5 to 6 times less than the best estimates for
the elastic area compressibility modulus for membranes
made from fluid phase phosphatidylcholine bilayers [47].
They found that K was fairly constant with an average value
of 243 mNm™! for diacyl phosphatidylcholine bilayers with
long (C-22) and short chains (C-12) and various number (0
to 6) of carbon double bonds. Given the approximations we
use to estimate K and Z, these differences are to be expected.
Better estimates of K for HEK cell membrane could be ob-
tained by controlling membrane tension and minimizing un-
dulations by lowering temperature. This should be done in
conjunction with development of theory to analyze folded
plasma membranes. We note that some of the earlier esti-
mates of K for model bilayer systems also underestimated K
as thermal undulations were not adequately considered (see
discussion in [47]).

C. Comparison with experimental measurements obtained
with AFM

We calculate Young’s modulus, Z of about 1 X 107 Nm™2
for the HEK membrane. This value is much greater
(about 10° times) than that estimated with AFM at 5000
to 7500 Nm~2 for HEK cells [34] and for other cultured
mammalian cells at 10* and 10° Nm™2 [48,49]. Clearly both
the capacitance and AFM measurements are estimating dif-
ferent elastic parameters of the cell membrane. As mentioned
the voltage dependent capacitance measurements (Figs. 5
and 7) reveal the elasticity of the inner hydrophobic part of
the membrane whereas the softer cytoskeleton is sensed by
AFM [50]. The techniques differ in another way. For the
capacitance measurements we electrically stimulate in
whole-cell mode and measure the average change in the ca-
pacitance of all the membrane. This is a global stimulation
and response. For the force microscopy techniques [48,49]
the probe makes a local indentation and the forces are mea-
sured locally. In the AFM study of HEK cells a slightly dif-
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ferent approach was used; a cell was stimulated in whole-cell
voltage clamp and the response was measured locally from
the deflection of the cantilever that was positioned normal to
the cell surface. In this way, small displacements (Az
~107' m) and forces (AF=0.01 nN) were detected upon
changing the holding potential of a HEK cell immersed in
normal high concentrations of cytoplasmic K and normal
high concentrations of extracellular Na [34]. When the cell
was hyperpolarized (¥ <-0.06 V) the cantilever moved to-
wards the cell as the force became more attractive. The force
became more repulsive (the cantilever moved away from the
cell) when the cell was depolarized (W>-0.06 V). The
force was linear with W between the potentials —0.18 to
+0.04 V. Addition of salicylate minimized these displace-
ments to the level of the baseline noise. From their observa-
tions and model they proposed that this voltage dependent
movement originates from a change in surface tension, Ay of
the membrane which was reduced in the presence of salicy-
late. They suggested that salicylate reduced this tension by
adsorbing onto the outer leaflet increasing its negative
charge, thereby reducing the charge difference between the
leaflets. We show in agreement with their observation that
salicylate adsorbs into the HEK membrane decreasing the
charge asymmetry (Fig. 7), but we also show that this does
not work by reducing the membrane tension as they pro-
posed. We do this by deriving a new expression for the volt-
age dependent tension that is similar to one reported [51], but
different from that in [34].
Gibb’s adsorption equation for a planar membrane is

dy

qp == d_lP(T’M’P’e) (4’3)

where (w) is the chemical potential of the immobile compo-
nents (lipids and proteins), that make up the membrane, T:
Temperature, P: Hydrostatic pressure, and e: Extension ratio
within the plane of membrane (see Supplementary material).
The holding potential, W is the only measurable parameter in
(4.3) the polarization charge density, g, and membrane ten-
sion, 7y are unknown. We estimate g, with ¢,=C,,; by as-
suming the specific capacitance, C,, of the membrane is con-
stant with voltage. We derive an expression for the potential
difference across a flat membrane, ¢, with the Gouy-
Chapman-Grahame theory [52,53] (see Supplementary Ma-
terial). Where we apply the additional assumptions that there
are no free charges within the membrane, the gradient of the
potential is constant within the membrane and the ionic
strength is the same in each compartment and is dominated
by a 1:1 electrolyte of concentration, ¢ [54]. g, is then given
by:

4= C,Kkee, T ZRTa “in ((0‘? + a"e’)F) ~ 209
P kee,+2C, F 2kee,RT €€,k

(4.4)

where « is the reciprocal Debye length and defined for a 1:1
electrolyte as
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FIG. 8. Tension change as a function of ¥
calculated with expression in [34] [black lines,
(a) and (b)] and expression (4.6) [gray lines, (b)].
The dashed black and gray lines represents Ay
calculated with ¢7/=-0.018 cm™ and o=
—0.005 cm™2. The solid black and gray lines rep-
resent Ay calculated with of=0'=
-0.018 cm™. The other parameters were
C,,: 0.005 Fm™2, ¢;=c,=0.14 M, ¥,:-0.060 V,
€:80.4 and T:20 °C.

¥ (volts)

2
€,eRT

o? and of are the surface charge density of the internal and
external leaflets; € is the relative permittivity of the solution,
R and F are gas and Faraday constants. Substituting (4.4)
into (4.3) and integrating from a reference holding potential,
V¥, to ¥ we find

(4.5)

C 1
A,y:_ﬂ{_(q,z_q,%)
ee,x+2C, [ 2
2RT '+ 0)F 207
+{—asin <(0-l o) )— Ue](‘l’—q’r)}, (4.6)
2kee,RT €€,K

where Ay=y(¥)—y(V,). We also re-derive the expression in
[34] (Supplementary material). We compare the results cal-
culated from both expressions in Fig. 8.

When the surface charge density of each leaflet is differ-
ent, Ay determined with the expression of Zhang et al., is
pseudo-linear with W, at least within the biological range,
where Ay is =71 and 264 uNm~' at —0.1 and 0.1 V, respec-
tively. The voltage where the tension is maximum is at a very
positive potential of 1.3 V. When the surface charge density
is the same on each leaflet Ay is significantly less at
-2 uNm™! at both —0.1 and 0.1 V. The voltage when the
tension is maximum is now at zero volts [Fig. 8]. This con-
trasts Ay determined with (4.6) [Fig. 8(b)]. When the surface
charge density on each leaflet is different the maximum is at
0.016 V with a Ay of =18 and =7 uNm™' at =0.1 and 0.1 V,
respectively. When the surface charge density is identical on
both leaflets the maximum is once again at zero volts but
there is not a significant change in A7y, values of —15 and
—-20 uNm™! are calculated for —0.1 and 0.1 V, respectively.
Their model suggests that Ay should be almost linear with W
at voltages applicable to biology and should be reduced sig-
nificantly upon equalizing the surface charge density on each
leaflet. This calculation seemed to resemble their experimen-
tal observations; displacements were linear with voltage and
disappeared upon addition of salicylate. Their calculated sig-
nificant reduction in A+ led them to conclude that salicylate

0.0 0.2
¥ (volts)

reduced the intramembrane electric field which in turn re-
duced the movement. On the contrary, calculations with (4.6)
show as published earlier [51] that significant voltage depen-
dent tension can occur when the surface charge density of
both leaflets is the same [Fig. 8(b)]. The reason for this dis-
crepancy is that the boundary conditions, used to integrate
the Lippmann equation [52,53] were inappropriate and ap-
proximation i, =V [see Fig. 1] invalid (see Supplementary
Material). Specifically, we show within the assumptions of
the tension hypothesis, that if small electrically evoked dis-
placements are detected by the AFM when there is a different
charge on each leaflet, they should also be measurable when
the surface charge density on both leaflets is identical. In
addition, it suggests that the tension should be parabolic with
voltage, this was not observed although it may be that the
maximum is at a more positive potential than probed experi-
mentally. Experiments with the axon of the giant squid show
that intracellular pressure was proportional to the square of
the voltage [55] and exhibited a maximum at 0.061 V [51].
In this case membrane thinning or voltage dependent tension
changes [51] were suggested to be probable origins of pres-
sure changes. These pressure results can be explained in
terms of voltage dependent tension changes despite the gross
assumptions inherent in Gouy-Chapman-Grahame theory
[52,53]. Although, voltage dependent tension effects may be
part of the origin of the force, because they [34] did not show
that displacements were parabolic with the voltage it raises
doubt whether this hypothesis is correct, at least as derived
from (4.3) together with the assumed resultant action of the
forces on the AFM cantilever. At present, both cannot ex-
plain the results in salicylate. However, we do agree that
salicylate makes the membrane more symmetric (Fig. 7),
perhaps the salicylate effect measured with the AFM results
form this observation; a more centric or less orientated ma-
terial will have a different response to that observed from an
acentric or asymmetric membrane [28]. We found that the
additional linear component [Figs. 5(c) and 5(d)] was absent
or disappeared into the noise floor when salicylate was added
to the external solution (Fig. 7), perhaps this linear compo-
nent is the origin of the force in the AFM experiments.
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D. Estimation of the force produced in response to the
electrical field in membranes and cells

We show that the change in the capacitance of the HEK
cell membrane is up to 0.8% at field strengths up to 5
X 107 Vm™! (Figs. 5 and 7). From the measured change in C
(0.1%—0.8%) and calculated K (50 mNm™!) we estimate a
range of Ad of 0.003 to 0.025 nm (d=3 nm) and range for
AF of 0.15-1.25 pN. (Note, because we do not estimate the
force acting during the linear component this is probably an
underestimate). This is within the range measured for the
force acting on a membrane tether pulled from a HEK cell
that was also whole-cell voltage clamped; a total force of
1 to 2 pN over the physiological region is calculated [56].
The lower range of the force is also similar to that observed
when a Chinese hamster ovary cell, CHO, was placed in a
microchamber and electrically stimulated by an ac field
(10 mV peak to peak at frequencies from 0.2 to 4 KHz), a
force of 0.3 pN was measured throughout the frequency
range [8]. We have observed similar capacitance-voltage re-
lationships with CHO cells as observed with HEK cells [i.e.,
Figs. 5 and 7], this together with the magnitude of the ex-
perimental force [8] suggests that both may originate either
from compression or bending as discussed in this work
and/or by voltage-dependent tension effects [34,57]. How-
ever, if this is the case a component of the measured force
[56] should exhibit a parabolic dependence with the field
which was not reported, although it may be convoluted in the
linear relationship [56].

Estimates from in vitro experiments on single OHCs show
that the force ranges from 30 [2] to 100 pNmV~! [4], or up
to 2 nN from stiffness measurements (displacement 0.2 um
stiffness 8.5 mNm~!, [5]). Recent indirect estimates from
measurements of the intra-cochlear pressure suggest that the
active force produced by an OHC in vivo is about 660 pN
[6]. These estimates are much greater than force measure-
ments on membrane tethers pulled from OHCs that were
whole-cell voltage clamped. This force produced is about
0.3 pNmV~! with total force acting over the voltage region
of about 60 pN. The discrepancies may arise from the differ-
ent components of the cell probed and geometry of the ex-
perimental system (cylindrical membrane tether [56] versus
whole-cell axial force [5]). These force discrepancies have
still to be explained (60 versus 1000 pN) but are clearly
much greater than the estimates found for the HEK cell
membrane at 1 to 2 pN.

E. Implications of results to mammalian cells transfected with
prestin and outer hair cells

The membrane of the outer hair cell increases its capaci-
tance by up to 90% upon application of a field [58]. This
voltage-dependent capacitance function is bell-shaped and
exhibits asymmetry [59]. The capacitance-voltage signal is
the convolution of at least two interdependent functions; the
well-known symmetric gaussian (half-width =0.1 V) and
less well-documented non-gaussian function. For an OHC
the total number of charges originating from both compo-
nents is ~18X 10° electrons. When HEK cells are trans-
fected with prestin, the capacitance-voltage signal is also a
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convolution of at least two functions, but the total charge
varies from cell to cell, and is at most 30% (5% 10° elec-
trons) of that observed in OHCs. This is generally greater
than measured from gating charges of sodium channels in
neurons at about 6 X 10* electrons [36]. It is also generally
much greater than that measured for HEK cells where the
charge from the parabolic and linear components is about the
same at 5X 10* electrons (Fig. 5, assuming a 20 pF cell).
The enormity of the charge measured with OHCs and
prestin-transfected cells is only approached by addition of
hydrophobic ions to membranes which also induces a bell-
shaped function [60] and measurements made with BLMs in
wet solvents [41] in the latter case the capacitance is para-
bolic with the field and is probably dominated by solvent-
induced Maxwell-stress mechanisms [42].

We can conclude from our results with mammalian cells,
and from the reported observations with sodium channels in
neurons [22,36] that the charge contributions from the col-
lective response of membrane proteins (e.g., transporters,
channels, and pumps) and lipids in the field is minimal rela-
tive to that observed with prestin in the membrane. The enor-
mity of charge may result from chloride movement within
prestin [61]. In comparison to HEK membranes, OHC mem-
branes do not behave as linear dielectrics. Indeed, OHCs
exhibit a piezoelectric effect both the converse effect (elec-
trical stress causing polarization and strain) and direct effect
(mechanical stress producing strain and polarization) were
experimentally measured on isolated OHCs [62]. The origin
of this effect is unknown. It is possible that in OHCs the
effect could originate from electrostriction as it does for fer-
roelectrics [26] in this way the piezoelectric coefficient
would depend upon the induced polarization and could be
controlled by the field. This would provide an explanation
for the nonlinearity of the cell’s response, as it allows the cell
to optimize its sensitivity (i.e., tune itself) to the field.

V. CONCLUSIONS

1. The voltage dependent capacitance of HEK cell mem-
brane grows with the square of the potential. Fitting the data
to (3.1) revealed a minimum of 0.073(=0.017) V and a pro-
portionality constant of 0.120(x0.009) V=2 in solutions that
contain Ca and K channel blockers.

2. Addition of salicylate to the external medium did not
change the rate at which the capacitance grows with voltage,
but it did move the minimum to a more negative potential of
0.023 (£0.009) V. We suggest that salicylate adsorbs to the
external leaflet decreasing the natural charge asymmetry of
the membrane.

3. We also observed an additional linear component in
the capacitance-voltage relationship in cells submerged in
blocking solutions, but not when 10 mM salicylate was
added to the external medium. The capacitance decreased by
about —46 fF V! from —0.09 to 0.1 V. We suggest that this
component may arise either from an additional electrome-
chanical effect (e.g., a piezoelectric effect) or alternatively it
may arise from charge distribution in channel proteins as
they proceed between conformational states.

4. The effective stiffness, K of the membrane was esti-
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mated to range between 40 and 50 mNm~'. This was calcu-
lated assuming the membrane is flat and deformation is
caused only by Maxwell stress effects. From this and the
small % change in the capacitance we estimate that the elec-
tromechanical force acting is about 0.2—1.3 pN. This is an
estimate, as the electrostrictive effect was assumed negligible
and thermal undulations or membrane folds were not consid-
ered. The electrostrictive effect, if present, could be mea-
sured by stimulating the cell with a sinusoidal at one fre-
quency and examining the response at the second harmonic.
Undulations could be minimized by conducting experiments
at a higher osmotic pressure or lower temperature. In addi-
tion, better estimates of K could be made if the noise within
the capacitance traces is reduced. We found the estimates of
a were more susceptible to noise than estimates of i,. The
estimates could be improved by replacing the dual-sinusoidal
ac stimulus with a multi-frequency ac stimulus. In this way,
measurements of voltage dependent capacitance could be
used [9,16] to estimate mechanical properties of cell mem-
branes.

5. We show that the electrically evoked displacements of
HEK cells measured with the AFM [34] cannot be explained
by the tension hypothesis as derived with Gibb’s equation for
a flat membrane with the boundary conditions (4.3). Specifi-
cally we show that this hypothesis cannot explain their re-
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sults in salicylate containing solutions when the displace-
ments disappear into the noise floor.

6. The charge movement within the membrane of HEK
cells as a result of the field is approximately 2 X 10* elec-
trons (assuming a 10 pF cell) and increases to about 7
X 10* electrons if there is a linear component. This is small
relative to that produced in prestin-transfected cells (up to
5% 10% electrons). This suggests that the charge contribu-
tions from the collective response of membrane proteins and
lipids in the field is insignificant relative to that observed
when prestin is within the membrane.
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