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Supporting material 
 
Removal of stray capacitance at Cm measuring frequencies 
 We use an Axon 200B patch clamp amplifier to measure OHC capacitance. Methodology was coded 
in jClamp and utilizes admittance measures at 2 frequencies to measure capacitance (1, 2). A linear cell 

model is depicted below, where Rs, Rm and Cm at each frequency (0, 1) are derived from the 
following equations. 
 
a0=real(Y) @ w0 
a1=real(Y) @ w1 
b0=imag(Y) @ w0 
b1=imag(Y) @ w1 

 
c0=a0^2 + b0^2; 
c1=a1^2 + b1^2; 
  
b=(-0.5) * (-c1+c0 + sqrt(c1^2 - 2*c1*c0 + c0^2 - 4*a1*a0*c1 + 4*a1^2*c0 + 4*a0^2*c1 -  4*a0*a1*c0)) / (a1-a0); 
  
Rs0=(a0-b) ./ (a0.^2 + b0.^2 - a0*b); 
Rm0=1/b * ((a0-b).^2 + b0.^2) ./ (a0.^2 + b0.^2 - a0*b); 
Cm0=((1 ./ (w0.* b0)) .* ((a0.^2 + b0.^2 - a0*b).^2) ./ ((a0-b).^2 + b0.^2)); 
  
Rs1=(a1-b) ./ (a1.^2 + b1.^2 - a1*b); 
Rm1=1/b * ((a1-b).^2 + b1.^2) ./ (a1.^2 + b1.^2 - a1*b); 
Cm1=(1 ./ (w1.* b1)) .* ((a1.^2 + b1.^2 - a1*b).^2 ./ ((a1-b).^2 + b1.^2)); 
 

 
An example of our approach to remove stray capacitance is shown below using jClamp interfaced 

to a MatLab Simulink model. First, the model is evaluated without stray capacitance, where Rs= 10 
Mohm, Rm=200 Mohm, Cm= 15 pF. 

Note that the solutions (Rs and Cm plotted) provide exact parameter estimates regardless of frequency 
of stimulation (or, in fact, regardless of component values). However, real world recording includes 
parasitic capacitances, termed stray capacitance, the inclusion of which is modeled below. 
 



 

Here, utilization of the exact solutions above provides inaccurate measures, showing both Rs and Cm 
decreasing with increasing frequency. Both Rs and Cm are linear, and as defined are neither frequency 
nor voltage dependent. It behooves us then to remove stray capacitance effects during our recordings, 
since only without stray capacitance are our equations valid. Typically, stray capacitance effects (e.g., 
due to pipette holder and pipette – we use thick wall borosilicate glass pipettes coated with M-coat to 
reduce stray capacitance) are cancelled following gigohm seal formation during patch clamp recording 
by utilizing Axon 200B amplifier capacitance compensation controls. Unfortunately, this balancing 
procedure (using voltage steps in the time domain to cancel capacitive spikes) often is imperfect and 
stray capacitance effects can remain at our measurement frequencies. We attempt to overcome this 
problem after establishing whole cell configuration by stimulating in the frequency domain with a multi-
frequency protocol that defines our interrogating frequencies. We then further fine balance with amplifier 
controls until calculated linear Cm and Rs are flat across frequency, as they should be. Any change in 
stray capacitance during the course of a recording session can be cancelled in this manner, e.g., if bath 
fluid levels changes. For our studies on synaptic activity (3-5), we can remove stray capacitance at any 
holding potential since the membranes of cells we study have no large intrinsic voltage dependent 
capacitance. However, in order to balance out stray capacitance for OHCs we hold the cell at positive 
potentials where linear capacitance dominates. Having succeeded in minimizing confounding effects of 
stray capacitance on linear membrane capacitance measurements across frequency, we then can 
investigate the frequency dependence of NLC. As detailed in the Methods section of our manuscript, 
Cm is measured at a range of holding potentials to generate a Cm-Vm plot that is fit with eq. 1, enabling 
extraction of Boltzmann characteristics, Qmax, Vh, and z. When sensor charge (Qmax) is plotted versus 
frequency of interrogation, we find that NLC is frequency dependent but linear capacitance is frequency 
independent (Fig. 2), confirming stray capacitance cancellation at our measuring frequencies. Our 
modelling indicates that the frequency dependence of NLC relates to the transition rates between 
conformational states of prestin. 
 
Rs effects on membrane voltage drop and clamp time constant are removed with our 
methodology 
 Equipment frequency response (magnitude and phase of amplifier and associated equipment in 
the recording path) is corrected for by generating a calibration table across measurement frequencies, 
which is applied post-hoc to correct data for system response characteristics. This is a standard 
approach in all areas of system identification, including patch clamp assessment of Cm (6). 



 Our dual-sine analysis fundamentally corrects for effects of Rs, since it works by finding the 
parameter solutions of the total admittance of the patch clamp-cell circuit (as modelled above), given a 
known voltage across the total admittance. Thus, Cm derivation by this method takes into account the 
voltage drop across Rs at any frequency, providing true measures of Cm across frequency. Fits to Cm-
Vm (or Q-Vm, in the case of current integrations) are made using corrected Vm values based on 
measured Rs, namely, Vm= Vcom – Irs * Rs, where the cell has been held sufficiently long to reach 
steady state voltage levels (in our case, for hundreds of ms before Cm analysis). Below, we show with 
electrical and mathematical models that Rs effects do not interfere with our Cm measures. 

 
 
 

A) An electrical model cell was used to measure Cm, following stray capacitance cancellation as 

above. Model parameters were Rs=10 or 20M, Rm = 500 M, Cm= 33 pF. The plot shows that 

the ratios of Cm@20 M/ Cm@10 M measured at a range of holding potentials and 
frequencies (primary f1 frequency of dual-sine stimulus shown) are essentially identical (ratio ~ 
1), regardless of Rs value. This indicates that Rs (with its influence on clamp time constant) does 
not affect our Cm frequency response measures in the absence of stray capacitance. Average 

Cm across voltages at 195 Hz was 33.0 pF for 10 M Rs and 33.2 pF for 20 M Rs. At 1562 

Hz values were 33.1 pF for 10 M Rs and 33.0 pF for 20 M Rs. Differences arise form variability 
in stray capacitance cancellation, as is evident from model evaluations in B) in the absence of 
stray capacitance. 

B) The meno presto model (7) was used to measure Cm-Vm functions that were fit to extract Qmax. 

Rs ranging from 5-20 M has no effect on the magnitude or frequency response of NLC (Qmax), 
which is frequency-dependent due to model transition rates. Frequency is (plotted on a linear 

scale. Chloride set to 140 mM. Rm=200 M, Clin=20 pF. 
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