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Abstract

Outer hair cell (OHC) nonlinear membrane capacitance (NLC) represents voltage-dependent
sensor charge movements within prestin (SLC26a5) that drive OHC electromotility. Dielectric loss, a shift
in charge movement phase from purely “capacitive” to “resistive”, is likely indicative of prestin’s
interaction with the viscous lipid bilayer and has been suggested to correspond to prestin power output.
The frequency response of NLC in OHC membrane patches has been measured with phase tracking and
complex capacitance methodologies. While the latter approach can directly determine the presence of
dielectric loss by assessing charge movement both in and out of phase with driving voltage, the former
has been suggested to fail in this regard. Here we show that standard phase tracking in the presence of
dielectric loss does indeed register this loss. Such estimates of NLC correspond to the absolute magnitude
of complex NLC, indicating that total charge movement regardless of phase is assessed, thereby validating
past and present measures of NLC frequency response that limits its effectiveness at high frequencies.
This observation has important implications for understanding prestin’s role in cochlear amplification.
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Introduction

Outer hair cell (OHC) membrane capacitance (Cn) is composed of linear and voltage-dependent,
nonlinear (NLC) parts (Ashmore, 1990; Santos-Sacchi, 1990, 1991). Both phase tracking methodology
(Gale and Ashmore, 1997) and complex admittance assessment (Santos-Sacchi and Tan, 2020; Santos-
Sacchi et al., 2021) have been used to estimate OHC NLC frequency response in membrane patches under
voltage clamp. OHC NLC is a complex quantity (cNLC), separable into real and imaginary components that
represent SLC26a5 (prestin) voltage-sensor charge movements differing in phase by 90 degrees with
respect to driving membrane voltage (Santos-Sacchi and Tan, 2020; Santos-Sacchi et al., 2021). This
separation results from dielectric loss, a frequency-dependent accumulation of charge that moves
through a “resistive” path, typically generating heat. The imaginary component of NLC can inform on this
behavior across frequency. Dielectric loss may have its basis in the interaction of prestin with the viscous
plasma membrane where it resides. Recent cryo-EM studies, including our own, on prestin have found
evidence of significant interactions of membrane lipid around and within protein helices (Bavi et al., 2021;
Butan et al., 2021; Ge et al., 2021) that confirms expectations from earlier physiological studies that
identified effects of membrane lipid modification (Santos-Sacchi and Wu, 2004; Sfondouris et al., 2008;
Fang et al., 2010; Zhai et al., 2020).

Recently, Rabbitt (Rabbitt, 2020) claimed that all past measures of OHC NLC, and indeed all phase
tracking Cn, estimates in general, report only on the real component of complex capacitance. This is an
important issue to clarify since it suggests that past measures of NLC have misjudged the OHC’s influence
on cochlear amplification by neglecting an important component (dielectric loss) of prestin charge
movement that may correspond to power output of electromotility. Indeed, it was questioned whether
identified low-pass prestin kinetics is a limiting factor for OHC performance in vivo (Gale and Ashmore,
1997; Santos-Sacchiand Tan, 2018; Santos-Sacchi, 2019; Santos-Sacchi et al., 2019; Santos-Sacchi and Tan,
2019, 2020).

Here, we report that, in the presence of dielectric loss, measures of NLC employing phase tracking
methods, provide the absolute (\/Re(cNLC)2 + Im(cNLC)?), not real, value of complex capacitance. This
indicates that total prestin charge movement, both in and out of phase with voltage, has been
appropriately assessed in past studies. We demonstrate this with a standard electrical model with
dielectric loss, with a 2-state kinetic model, and with macro-patch data from the OHC lateral membrane.
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Methods and Results

The most thorough method to measure membrane capacitance whether or not dielectric loss is
present is that outlined by Fernandez et al. (Fernandez et al., 1982). In the absence of dielectric loss, only
a real “capacitive” component of complex capacitance is present, whereas in its presence, both real and
imaginary “resistive” components are present. Complex capacitance (cCr) is derived from the membrane
admittance, Yy, (w), following removal of the influence of R and Rm from the input admittance, Y;,, (w) of
the simple model in Fig 1. Thus, complex capacitance is defined as

cCp(w) =

(@) _ Bn(@) _ Gn(®) W
- ,

W w
where s=iw, w = 2nf and i = v—1.

The complex components are a consequence of capacitive charge moving both in and out of phase
with AC voltage, and Im(cC.,) does not represent an actual membrane conductance.

A common method to measure membrane capacitance is the phase detection/tracking method
(Neher and Marty, 1982; Fidler and Fernandez, 1989) which tracks changes in membrane current that
correspond to changes in membrane capacitance. It is not clear how these measures relate to those
obtained by complex capacitance estimation. Below we investigate the relationship.

Phase detection/tracking method without dielectric loss

Interpretation of phase tracking Fig 1 Phase  detection

membrane capacitance (Cn) estimates is ey m— implementation under voltage
model dependent (Fig. 1). In the classical RC:é R, clamp. Capacitance compensation
phase tracking method, we require to i 2 'ﬁ (Rc and Cc) circuitry is added to the
determine the proper phase angletomeasure - | 7'c L R = standard electrical model and the

. ol meT M proper admittance phase angle
current that corresponds to changes in Cn : . and is determined to estimate
(Neher and Marty, 1982; Fidler and iy ' membrane capacitance, Cm. Rs,
Fernandez, 1989), i.e., the angle (B.) of the = electrode series resistance; Rm,

partial derivative 8Y/8Cn. The change in membrane resistance.

current is then factored by a gain (Hc) of
1/abs(8Y/6Cn) to determine the actual capacitance change (see (Gillis, 1995)). B, can be determined
exactly from the admittance at any two frequencies for the simple model of Fig. 1 (Santos-Sacchi, 2004).
However, for the single sine lock-in approach, the angle is estimated empirically. For example, following
full capacitance compensation, where the admittance of the compensation circuitry (Rc and Cc) exactly
matches and is subtracted from the model admittance, a calibrated change in Cc can be used to estimate
dY/dCnm and its angle. Alternatively, the angle of 3Y/6Rs + pi/2 approximates that of 8Y/8Cn and can be
empirically determined by dithering in a small change (AR;) in series resistance (Fig. 1). This angle can also
be calculated from the input admittance of the model circuit, assuming the recording system is properly
calibrated to account for extraneous phase and magnitude deviations (Zierler, 1992). At B, the real
component of dither current is unresponsive to small changes in Cr, and the imaginary output is then
proportional to changes in Cy, which is scaled by Hc.

Analogously, we can work on the admittance of the model circuit. The input admittance at any
frequency in the absence of capacitance compensation is

ChnRns+1

Yo, (@) = 2
(@) = e G R Ros 2)
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where s=iw, w = 2nf and i = vV—1.

Nulling Yin with the two-component compensation circuitry requires that both Rc and Cc be
adjusted to attain an input admittance (Yc) equal to that of the three-component model, Yi,.

Yo(w) = Yin (@) = Re(Y(0)) + i Im(Yc(w)) = Re(Yip(w)) + i Im(Yiy, (@) (3)
An equivalent increment in membrane capacitance, ACn, is obtained by slightly unbalancing Cc.

ACp(w) = AIm(Y, (w)) /o (4)
The resultant difference admittance, Yacm - Yin, provides an estimate of 8Y/8Cn, its angle, B, and
the gain factor, Hc. Instead, Hc can be estimated from Yi, — see eq. 43 in (Gillis, 1995), and more exactly,

Bo can be determined from real (Ao, A1) and imaginary (Bo, B1) components of Yi, at any two frequencies
(fo, f1) (Santos-Sacchi, 2004).

1A% — 24,40 + Ay — By* + B2
= atan |= 5
P = atan |3 BoCAr — Ag) ®)

Using any of these approaches to determine proper inspection angle and gain provides essentially
the same outcome that follows.

Yin (w) is then monitored at its angle shifted by B to give Y;;,(w), whose imaginary component
factored by Hc provides any subsequent changes in Cp..

d(w) = L(Yin((u)) = atan <%) (6)
V(@) = Yip(w) - eCHO@Ful@) )

with the imaginary component corresponding to changes in Cp,.
Cn(w) = Im(Yp(w)) - He (8)

Cm estimated in this way is independent of stimulus frequency, as expected.

Phase tracking with Dielectric loss
Dielectric loss is most simply modelled by

—
inserting a resister (Rpi) in series with a capacitance R, = Fig. 2 Dielectric loss is
(Con) (Fernandez et al., 1982). Roi, the equivalent . % Y modeled by adding a
series resistance (ESR), is hidden from physical %’ °L 4 %CDlL lossy ca.Ft)Ec';o_r) (CD‘L””:
inspection and cannot be removed, as it is intrinsic C”‘T R T } Ry, :snes t\::; [;;:eiir;ni
to Cpi. Fig. 2 illustrates the circuit used to model the " capacitance, Cp.
addition of such loss to linear membrane —

capacitance, Cn. The resistance results in a

dissipation of power into the resistor, generating heat, and can be monitored with the imaginary
component of complex capacitance, Im(cCn). What does standard phase tracking measure in the presence
of dielectric loss? To mimic the addition of voltage-dependent OHC NLC, 3, and Hc were first determined
in the absence of dielectric loss. This would be equivalent to recording from OHCs at very positive
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membrane potentials (e.g., +160 mV) where NLC is lacking. Membrane capacitance is then tracked before
and after the addition of a lossy capacitor in parallel with C... When followed, the lock-in approach detailed
above shows that the imaginary component of input admittance tracked at ., corresponds to Abs(cCn),
thus providing an estimate of C, across frequency that includes capacitor charge movement both in and
out of phase with AC voltage. A Matlab script in the s-domain (Fig. 3A, B) confirms that phase tracking at
most frequencies closely follows Abs(cCn). Note that at low frequencies Re(cCrm) tracks Abs(cCr), but at

high frequencies Im(cCr) tracks Abs(cCn). The cut-off frequency of Abs(cCn) depends inversely on the
magnitude of Rpi. or dielectric loss.

Phase tracking with a 2-state voltage-dependent kinetic model

Fernandez et al. (Fernandez et al., 1982) pointed out that Eyring rate models exhibit dielectric loss
characteristics. Consequently, real and imaginary components of voltage-dependent capacitance are
generated in a simple 2-state kinetic model of prestin (Santos-Sacchi et al., 2021), where expanded (X)
and compact (C) state populations redistribute during changes in membrane voltage.

X = C
F(V, =V,

a = g exp <%> (9)
F(V,, =V,

B = poexp (i) (10)

Both forward and backward rates (a, 3, respectively) are governed solely by membrane voltage
(Vm) about a characteristic potential, Vi, where charge is distributed equally on either side of the
membrane field. z denotes the unitary particle charge (e X distance travelled perpendicular to the
membrane field). F, R and T have their usual meanings. Vj is set to zero mV.

500 T 500 T
A s-domain Cp, : 200 fF, 108 MQ B s-domain C 200 fF, 36 MQ

DiL

Fig. 3 C., estimates returned by complex and
phase-tracking methods as a function of
dielectric loss analyzed in the s-domain in Matlab
(A, B) or as a function of 2-state kinetic transition
rates analyzed in the time domain in Matlab
Simulink (C, D) across frequency. Phase tracking
provides estimates of Abs(cC,) across frequency
and depends on the degree of dielectric loss or
transition rates, thus including influences of
charge movement in and out of phase with
voltage. For the kinetic model, forward and

500 500 .
C tate Kinetic model D R um—— backward rate constants are the same and linear
Low F C(v) at Vh 200 fF Low F C(v) at Vh 200 fF . . . .
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As above, measures are made relative to a holding voltage where voltage-dependent capacitance
is absent, i.e., +200 mV. Here, again (Fig. 3C, D), phase tracking estimates at the voltage (Vi) of peak Cn(v)
correspond to measures of Abs(cCm(v)) across frequency, with cut-off frequencies of Abs(cCm(v))
increasing with the particular transition rate constants (26000/s or 75000/s), with a, = Bo. The frequency
cut-off at Vi is given by 1/ (2m 1), with =1/ (0o + o).

Voltage-dependent nonlinear capacitance in OHC membrane patches

Voltage-dependent nonlinear capacitance (NLC) arises from restricted sensor charge movement
(displacement currents) within membrane bound, voltage-dependent proteins (Fernandez et al., 1982;
Santos-Sacchi, 1991; Kilic and Lindau, 2001). We find that in OHCs, complex NLC (cNLC) presents significant
dielectric loss, i.e., an Im(cNLC) component, in measures of prestin (SLC26a5) generated capacitance
(Santos-Sacchi et al., 2021). We model/fit NLC as a molecular capacitor obeying Boltzmann statistics
(Santos-Sacchi, 1991).

ze
Cm = NLC +Csq + Gy, = Qmaka_T(l_I_—b)z + Csq + Ciin (11)
_ . Vm—Vn _  ACsq
where b = exp ( ze — ), Csq = D)

Qmax is the maximum nonlinear charge moved, Vi is voltage at peak capacitance or equivalently,
at half-maximum charge transfer, Vi, is membrane potential, z is valence, Cin is linear membrane
capacitance, e is electron charge, ks is Boltzmann’s constant, and T is absolute temperature. Cs, is a
component of capacitance that characterizes sigmoidal changes in specific membrane capacitance, with
ACs, referring to the maximal change at very negative voltages (Santos-Sacchi and Navarrete, 2002;

Santos-Sacchi and Song, 2014).
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Fig. 4 Real and imaginary components of
macro-patch NLC with comparisons of
Abs(cNLC) and phase tracking estimates. A)
Real component of complex NLC across
frequency. Blue dots are mean, red dots are
+SE. Fits are made to eq.11 to extract the 2-
state (blue line) response at selected
frequencies. B) Imaginary component of
complex NLC. Magnitude increases with
frequency, with less than a full reciprocal
trade-off with real NLC. C) Plot of the 2-state
fits. D) Plot of the absolute magnitude of NLC,
i.e., vRe(cNLC)? + Im(cNLC)? , showing a
continuous reduction of prestin activity
across frequency. E) Plots of NLC near Vy (-40
mV). Real NLC is much lower pass than
Abs(cNLC). Notably, phase tracking estimates
of NLC (green line) correspond to those of
Abs(cNLC). Phase tracking results were
obtained from admittance analysis of
averaged raw currents. Complex NLC was

determined as previously described (Santos-
Sacchi et al., 2021).
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Fig. 4A-D shows components of complex NLC measured in lateral membrane macro-patches of
the OHC as a function of holding voltage and frequency. Data sets are combined and reanalyzed from our
recent publications (Santos-Sacchi and Tan, 2019, 2020; Santos-Sacchi et al., 2021). In Fig. 4E, fitted NLC
components measured near Vi, (from Fig. 4C, D) are plotted across frequency, as well as NLCy, estimates
determined from the phase tracking approach detailed above (eq. 3-8), relative to measures at +160 mV
holding potential. Phase tracking estimates were smoothed by running average across 35 indices at 24 Hz
resolution for frequencies above 10 kHz. As with model evaluations, it can be seen that phase tracking
estimates of NLC (green line) correspond to Abs(cNLC) (blue downward triangles).

Discussion

Phase tracking techniques that have been used to measure OHC NLC in patches evaluate to close
estimates of Abs(cNLC), representing total charge moved by prestin’s voltage sensors, both in and out of
phase with voltage. Indeed, the frequency response of Re(cNLC) and Abs(cNLC) differ, with Abs(cNLC)
being wider in bandwidth. Note that at low frequencies Re(cNLC) tracks Abs(cNLC), but at high frequencies
Im(cNLC) is predicted by modelling to track Abs(cNLC), indicating that Abs(cNLC) measures fully
characterize the low-pass behavior of Im(cNLC) at very high frequencies. Thus, past frequency response
measures of OHC NLC have not missed contributions from dielectric loss. In fact, the phase tracking data
of Gale and Ashmore (Gale and Ashmore, 1997) and the Abs(cNLC) data of Santos-Sacchi and Tan (Santos-
Sacchi and Tan, 2020) are in good agreement, each consistent with reductions in OHC NLC as a power
function of frequency. It should also be noted that measures of Abs(cNLC), which phase tracking provides,
cannot be used to predict the underlying real and imaginary components since we have found that the
frequency response of real and imaginary NLC components are individually susceptible to membrane
tension, despite stability of Abs(cNLC) across frequency (Santos-Sacchi et al., 2021).

Why does phase tracking return Abs(cNLC)? The technique strives to minimize the real component
of admittance (or current) by rotating its measurement angle, thus shifting any real component into the
imaginary component detector. Rotating the angle of any complex number in order to zero the real
component will give Im(A+B i) = Abs(A+B i). The detection of the Abs(cNLC) value is thus an unintended
quirk of the method.

To summarize, we have shown in simple models and in biophysical data that NLC assessment with
phase tracking methods provide close estimates of Abs(cNLC), i.e., \/Re(cNLC)? + Im(cNLC)? , not Re(cNLC),
as previously claimed (Rabbitt, 2020). Consequently, prestin performance has been realistically appraised

during the last few decades, and its low-pass characteristic remains a limiting factor for the protein’s
influence on cochlear amplification at very high acoustic frequencies. Finally, should dielectric loss be
present in any cell's membrane capacitance, for example as expected from channel gating charge
movements, estimates of vesicle release by Cr, phase tracking may be impacted in a manner not previously
appreciated; that is, C, estimates will be influenced not only by capacitive gating charge components
(Horrigan and Bookman, 1994) but also by resistive gating charge components.
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