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S1. Ideal voltage-clamp model

Figure S1 shows an idealised voltage-clamp experiment, a schematic set-up (left) and its
equivalent circuit (right), where the cell is connected directly to an ammeter which records the
current of interest, Ij,,, while clamping at the command voltage, V4. That is, it assumes

(membrane voltage) Vin = Vg (command voltage),
(measured /observable current) Iout = Ijon (current of interest).

Most patch-clamp and modelling studies use these idealised assumptions when analysing
voltage-clamp experiments or recordings.
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Figure S1. An ideal voltage-clamp experiment schematic set-up (left) and its equivalent circuit (right). The membrane
voltage, Vi, is assumed to be exactly the same as the clamped command voltage, Vcmg, and the measured current,
Iout, is purely the current conducted by the ion channel, Ii,n. Despite being unrealistic, this is one of the most common
assumptions that modelling studies makes when analysing voltage-clamp experiments or recordings (i.e. assuming that
patch clamp compensations give rise to the above situation).
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S2. A detailed derivation of the voltage clamp experiment model

A description of all of the symbols and parameters used in this derivation can be found in Table 1
in the main text.

Vout (: lout Rf)

Vc]amp RDr4

VRs

Figure S2. A realistic voltage-clamp experiment equivalent circuit. This includes undesired factors such as voltage offset,
series resistance between the electrode and the cell, cell capacitance, pipette capacitance, and leakage current, which
can introduce artefacts to the recordings. The circuit also includes the components within a typical amplifier that are
designed to compensate the artefacts. The blue (A) and orange (B) components are two idealised multiplying digital-to-
analogue converters (MDACs) or equivalent circuits that control the amount of compensation, which we assume work
exactly as intended, so that only their overall effects need to be modelled.

First of all, at the electrode-membrane junction in Figure S2, by applying Kirchhoff’s current
law, we have

Im = Iil’l - IP - Ileak - Iiorn (SZ~1)
where
dVp
— =1 2.2
Cp dt P (S )
and
dVi
cmd—;“ = Im. (S2.3)
Therefore
dV; dV;
CmT? = [in — CthP — Deak = Tion; (52.4)
dV; dV;
Iin = Iion + Ileak + CmT? + CPT: (525)

This shows that I;, is ‘contaminated” by a leak current, a C-Slow (Cm) term, and a C-Fast (Cp)
term. Here, Ii, is observed via Vout using the transimpedance amplifier within the Headstage
(green box in Fig. 52), a feedback system that converts an input current to a voltage output, which
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is low-pass filtered by the transconductor time constant 7, = R¢Ct. We then have

dVout

Vout + 72 dt = Iin Ry, (52-6)
and since Vout = Iout R, we have
Tout + 72 dfic;ut = Iin~ (52‘7)

Therefore, our final observed current Ioyt is given by
dIout — [in - [out

> - (S2.8)

Furthermore, most of the current measured using voltage-clamp depends on Vim which we try
to control through the command voltage, V4. By analysing the voltage drop across the series
resistance, Rs, we have

(Vp + Voff) — Vm=Rs (Iin - Ip) , (52.9)
and together with Eq. (52.4), we get
dVm VP + Voff — Vm

me — RS - IiOI'l - Ileak. (8210)
This is more usually written as
dVi 1 1
Tén = T7a (Vp + Voff - Vm) - a ([ion - [leak) ) (52'11)

where 7, = RsCm, and Vg is the voltage offset. From Eq. (S2.11) we can see that as Rs — 0,
Vim — Vp (with an offset V) instantly; whilst, as Rs — co, Vim behaves independently of V}
and is determined by the membrane ion channels as if an isolated cell. The pipette voltage Vp
is controlled by the command voltage Vg, which are delayed by the electrical components,

dvp 1
& Tomp (Vclamp - Vp) ; (52.12)
and
Vclamp = Vemd- (52.13)

Finally, we model a linear-in-voltage leak current of the form

Tieak = Gleak (Vin — Eleak) - (S2.14)

If this is a clean setup with no other leaks apart from a non-selective ion current leak through the
pipette-cell seal, the parameters of this current would be gjeax = 1/ Rgeq) and Ejeqi = 0. Note that
this is usually compensated /subtracted as part of the post-processing, and hence we denote the
parameters as gfeak and Ef; A« to reflect the fact that they are the error of the estimate (residual).
After analysing all the undesired artefacts we mathematically model how modern patch
amplifiers typically compensate for them [1-3]. Firstly, the voltage offset is usually estimated and
compensated prior to adding the cell to the system, either with an automated correction estimated
using software control or by applying manually a voltage offset such that it gives zero current when
clamped at zero voltage, so the compensation circuit is not shown in our patch clamp equivalent
circuits [4,5]. The major source of voltage offset may be the liquid junction potential, a potential
difference of ~ 2 — 12 mV which develops when the pipette-filling solution is different from the
bath solution [6]. The adjustment is usually done by adding the machine estimated voltage offset

Vois t0 Vemd. We can write the error in the estimate of voltage offset VOTH as

v

ot = Voft — Vot (S2.15)

We then simply need to replace all instances of V¢ in the equations above with Vonf to describe

the effect of imperfect voltage offset compensation, and Vonf is assumed to be O(10) mV.

"y 008 "y "suelL Jud BioBuiysigndAieoosiesos eis)



Secondly, to compensate the effect of the parasitic capacitance at the electrode, an additional
current [y is injected at the electrode to compensate for the current drawn by the parasitic
capacitance. By analysing the capacitance compensation part (orange box in Figure S2), we get
chlamp

dt
where Cjy; is the amplifier’s estimate of the parasitic capacitance Cp. Then Eq. (52.1) becomes

Iinj = Cinj (S2.16)

Im = Iin + Iinj — Ip — lieak — fions (52.17)
and Eq. (S2.5) becomes
dv; dV dVg
Iin = Lion + Deak + Cmd—;“ + (de—tp — Cinj ; ;mp> ) (S2.18)

This is usually known as ‘C-Fast’ compensation.

Thirdly, we need to consider compensation for the cell membrane capacitance Cm. Usually
the effect of Cn, is reduced by a hardware ‘C-Slow’ compensation, using a similar circuit to the
‘C-Fast’ compensation discussed above [5,7]. However, since the value of Cm can reach 100 pF
in some cell types, and capacitor sizes can be limited, the ‘C-Slow’ compensation is sometimes
performed as a post-processing step by the amplifier control software rather than using built-in
amplifier hardware [8]. In either case, the full capacitance compensation can be written as

dv; N dVy, dV; dVy,
Tin = Tion + fieak + (Cmd—;“ ~Cn Cdimp) + (Cpr — Ciny Cdimp) ! (52.19)

where Cp, is the amplifier (or user’s) estimate of the membrane capacitance Cm.

Finally, a series resistance compensation [1,5,7,9-11] is implemented to reduce the effect of 74
caused by Rs in Eq. (52.11). By analysing the series resistance compensation part (blue box in
Figure S2), we have

Clvclamp 1
dt T Tsum

( (chd + O‘R:IOut) - Vclamp)a (52.20)

where R is the machine estimation of the series resistance Rs, and « is the fraction of R; to be
compensated (proportion of series resistance compensation).

A summary of the voltage-clamp experiment model equations is shown in Egs. (2.1)-(2.7) in
the main text.
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S3. A sensitivity analysis of the voltage-clamp experiment model

We perform a simple local sensitivity analysis of the voltage-clamp experiment model to study
the behaviour of the model. We look at the sensitivity of the 4 parameters, Cp,, Rs, C;r, and Vonf,
in the output/observed current. The values that we used are Cyy, = 10 pF, R =5M{2, CI]; =0pF
and VOTff =0mV. We assume all settings (Cm, Rs, etc.) are estimated perfectly and we use a = 85%
series resistance compensation. For parameters Cyy, and Ry, they are swept with a factor from 0.3
to 3.0; for parameter CT, it is swept from —4.0 pF to 4.0 pF; and for parameter VOTff, it is swept
from —5.0mV to 5.0 mV. These values were chosen to show the extreme effects of these imperfect
compensations (e.g. we might not expect Cy, would be estimated as badly as 3-fold its true value
Chm). Although there are no direct measurements for these parameters (these parameters describe
machine estimates of true values and error in these), we based this analysis on variability in
machine estimates and observed variability in reversal potential in our previous study of the
same data [12].

Figure S3 shows the results of the sensitivity analysis. This simple analysis shows that only
parameters Rs and Vjff affect the dynamics of the current, whereas the parameters Cp, and C;r,
affect only a small portion of the recorded current (the transient current that occurs when the
voltage is stepped to a new value).
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Figure S3. A sensitivity analysis of the voltage-clamp experiment model, showing the effects of imperfect compensation

in the voltage-clamp amplifier. Dashed black lines indicate the ideal case, that is Vemg and Ik, simulated with Vemg. The

voltage traces shown in colour are Vi, that the cell sees, and current traces shown in colour are It that we observe. Only

effects from V4 and Rs are predominant while effects from C', and C;, have less effect.
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S4. Electrical model cell recordings and simulations

In Figure 4 (main text), only the last 3 s of the staircase protocol is shown. Here in Figure 54, the
whole trace recordings and simulation results of the staircase protocol are shown.
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Figure S4. Model simulations (dashed lines) using the amplifier settings compared against the simultaneous voltage
clamp-current clamp measurements of the model cells (solid lines). Measurements are shown without compensation
using (A) Type | Model Cell and (B) Type || Model Cell; and measurements with automatic amplifier compensation for Vs,
Cp, Ch, and Rs with oo = 80% using (C) Type | Model Cell and (D) Type Il Model Cell. All command voltages were set to
be the staircase voltage protocol [12] (top panel). In the top panel of each subfigure, the blue lines represent the command
voltage Vemd, and the orange/red lines represent the membrane voltage Vi,; the bottom panel shows the current readout
via the voltage-clamp, Iout.
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S5. Application to Type | Electrical Model Cell

Similar to Section 3(c) in the main text, we use only the uncompensated, raw voltage-clamp
measurements (i.e. only Iout and V,,q) to infer the underlying membrane voltage Vm and the
parameters of the Type I Model Cell. We then compare the model Vin predictions with the current-
clamp measurements. Here, we simply minimise root-mean-squared error (RMSE) using a global
optimisation algorithm (CMA-ES) to match the simulated Iyt and the recorded current.

Similar to Type II Model Cell results, Figure S5A shows the fitted model /oyt (bottom, orange
dashed line) and its prediction of the membrane voltage Vi (top, red dashed line), compared with
experimental recordings (solid lines). Figure S5B further shows that the fitted model is able to
predict current measurements under an independent, unseen voltage-clamp command protocol
— a series of action potential waveforms (blue lines in the first panel). Additionally, the agreement
between predictions and measurements of Vi (the model is only given the command voltage
Vemd) provide assurance the scheme is able to infer the applied Vin as well as predict current.
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Figure S5. Inferred model simulations and predictions (dashed lines) compared against the experimental data (solid
lines) using the Type | Model Cell. (A) Model calibration with the staircase protocol (blue lines in the first panel), where
model fitted to only the current recording (blue solid line in the second panel). The fitted model was able to predict
the membrane voltage Vi, (orange solid line), which the model cell sees, measured using the current-clamp. (B) Further
model validation using an independent voltage-clamp protocol, a series of action potential waveforms (blue lines in the first
panel). Again, predictions from the fitted model (dashed lines) closely match both the measured current and membrane
voltage.
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Rm (MQ) Cp (pF)  Cm (pF) Rs (M)  Vog (mV)

Component label 500.00 4.70 22.00 30.00 0.00
Patchmaster estimate  498.00 7.80 32.85 32.60 0.20
Fitted parameters 567.21 23.36 32.51 34.85 -0.12

Table S1. Type | Model Cell parameters, comparing the values of hardware component labels in the circuit, the values
estimated by the Patchmaster amplifier software using a simple test pulse, and our inferred values from the mathematical

model.
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S6. Application to simulated patch-clamp data with more
complex current kinetics

We then test our parameter inference on the voltage-clamp experiment model with more complex
current kinetics. Here we use the Iy, model described in [12,13] (also summarised in Section 4(a)
in the main text), to show that with an information-rich protocol, even combined with the
voltage-clamp experiment model, theoretically we are able to infer all of the parameters. We first
simulated 10 traces of patch-clamp data by using one set of kinetic parameters 8 (identical kinetics
assumption, with the hierarchical Bayesian mean parameters from Lei et al. [12,13], also shown in
Table S4) together with a set of randomly generated voltage-clamp experiment model parameters.
The voltage-clamp experiment model parameters were sampled according to

Vi~ N(0,1.5) (mV), (S6.1)
Rs ~InN(12.5,2) (MQ), (S6.2)
Cm ~1In N (15,2.5) (pF), (S6.3)
Cp ~InN(4,1) (pF), (S6.4)
Gleak ~N(0.25,0.1) (nS), (S6.5)
gkr ~ I N(32.3,32.3) (nS). (S6.6)

Where Fjq Was set to be —80 mV. We also assumed that the experiments were done with 80%
series resistance compensation, and the amplifier estimations have normally distributed errors
with a standard deviation of 10%, i.e. after a realisation of Rs we sample RZ from N (Rs, 0.1 * Rs).
Then we perform parameter inference for these synthetic data. Since in actual experiments we
know the values of the machine estimations, we do not infer the machine estimates but treat them
as known and infer the rest, i.e. gky, 8, Cm, Rs, Cp, VOTff7 and gjeak-

Figure S6 shows the results of the simulated study with the voltage-clamp experiment model.
Figure S6 (Top, Middle) shows the simulated membrane voltage Vin (grey lines) traces differ from
the command voltage Vg (blue dashed line). The simulated voltage-clamp data are shown in
blue with simulated noise, plotted against the fitted model shown in orange. Figure S6 (Bottom)
shows the relative error of the inferred parameters. It shows that besides C), with the fastest
dynamics/time scale, all of the parameters can be inferred very accurately even with the
simulated noise.
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Figure S6. Synthetic Ik, data study with 10 traces with identical kinetics and different patch artefacts: membrane
capacitance, series resistance, seal resistance, pipette capacitance, and leak. The pipette capacitance is the hardest
parameter to infer, with errors of up to 15%. But overall, both kinetic parameters and voltage-clamp experiment model
parameters are practically identifiable.
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S7. Application to electrical model cell with simplified voltage-
clamp experiment model

We perform parameter inference of the simplified voltage-clamp experiment model (Egs. (4.7)-
(4.12) in the main text) to the electrical model cell experiments. We focus on the Type II Model
Cell as it exhibits nonlinear dynamics and misleads the amplifier into incorrect compensation for
Vost (see Table 2 in the main text). Since the simplified voltage-clamp experiment model is based
on compensated data, we use amplifier compensated data collected from the Type II Model Cell
(Figure 54 (D)).

The most interesting consequence is that due to the dynamical behaviour of this Type II Model
Cell, the amplifier estimated both Rm and V¢ incorrectly. As shown in see Table 2 in the main
text, with a simple test pulse the amplifier estimated Ry, ~ 90 MQ (when the component Rm =
500M(), and Vi~ —1.2mV (in the model cell, Vo =0mV). Note that because the amplifier
applied (erroneously) Vonf ~ —1.2mV, that is the target VOTff for the parameter fit to return.

Ry (MQ) Cy (pF) Rm (MQ) VI (mV)

Effective Component Values 100 1000 500 -1.20
Fitted parameters 96.02 1044.68 508.34 -1.40

Table S2. Inference of Type |l Model Cell parameters with active amplifier compensation using the simplified voltage-
clamp experiment model. We compare the components’ labelled values in the circuit setup (with V;Jfff =—1.2mV added
alongside as an effective component due to active amplifier compensation), and inferred values from the mathematical
model.

Table S2 shows the parameter inference results using the simplified voltage-clamp experiment
model. The simplified model is able to: (i) recover Type Il Model Cell parameters Ry, Cy, Rm with
good accuracy; and (ii) ‘re-correct’ the amplifier’s incorrectly estimated (and thereby artificially
introduced) voltage offset. Note that these component estimates are better than the ones from
the experiment with no compensation, suggesting a strategy of correcting the amplifier’s active
compensations may be better than running experiments with no compensation and inferring all
these values in postprocessing.
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S8. Parameter inference algorithm for Hypothesis 2

Optimising £ (Eq. (4.14) in the main text) is a high-dimensional optimisation problem which can
be difficult. To alleviate the bottleneck arising from this problem, we use a parameter inference
scheme shown in Algorithm S1, where Lyjnetics,; is the likelihood of the kinetic parameters 6,
and Lytefacts,; 18 the likelihood of gk; ;, @; for the i™ measurement. By optimising £(6), we get
0", {9kr.i» Pi }i, where {gg, ;, ¢; }; vary across measurements which explains all the observed
variability.

Algorithm S1: Identical kinetic models parameter inference scheme

Result: Obtain 8, {gx, ;, #; }i = argmaxg (g ..}, £ (0,{9kr.i» Pi}i)
Initialise {Lkinetics,i i, {Lartefacts,i}ii

Set 0%, {giy.i» &7 }is

L0« I1; Linetics,i (90|gl(2r,i7 d)?)/

Jj<0;

while not terminate do

i+l sample 8 with an optimisation algorithm given 7
foreach i do

glj(-ri_,z17 ¢3+1 Targmaxg. . ¢, Lartetacts.i (gKr,i: ¢z‘|aj+1)
end
Lj+1 — Hz Lkinetics,i (0j+1 |ng(;r7117 ¢g+1);
J<i+ 1L

end
0*7 {gltr,i’ (»b;k}l — 0J7 {g]j(rvia (»bz}l
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S9. Remaining relative root mean square error (RRMSE)
histograms

Figure S7 shows the relative root mean square error (RRMSE, given by Eq. (4.15) in the main text)
histograms for the remaining validation protocols 1, 2, and 6 that are not included in the main
text due to the space limit. Interestingly Hypothesis 1 only shows better predictive performance
than Hypothesis 2 for the Validation 2 protocol. We believe this is due to the similarity between
Validation 2 and the Calibration protocol — they both step up and down to the same range of
voltages in the same duration steps of 500rhs — i.e. this is the validation situation closest to the
training protocol which Hypothesis 1 does better at due to having extra parameters to fit.

Data B Hypothesis 1: independent kinetics models I Hypothesis 2: identical kinetics models
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Figure S7. The relative root mean square error (RRMSE, given by Eq. (4.15) in the main text) histograms for validation
protocols 1, 2, and 6, comparing the independent kinetics models from Lei et al. [12] and the identical kinetics models with
voltage-clamp artefact. Each histogram represents the same 124 cells with a different protocol and RRMSE each time.
Red markers indicate the best (), median (}) and 90" percentile (#) RRMSE values for the independent kinetics model;
green markers are the same cell prediction from the identical kinetics models. For each protocol, the raw traces for the
identical kinetics model (green), the independent kinetics model (red), and data (blue) are shown, with the voltage-clamp
above. Note that the currents are shown on different scales, to reveal the details of the traces.

"y 008 "y "suell ‘U Bio-BuiysigndAisioosieAoseis)



S10. Results for Hypothesis 2: Identical kinetics for all cells with
cell-specific artefacts

Table S3 shows the median, 10 percentile, and 90th percentile of the RRMSE histograms shown
in main text Figure 7. Table S4 shows the inferred parameters of the identical kinetics across all
124 cells under the assumptions of Hypothesis 2 (the mean of Hypothesis 1 from Lei et al. [12] is
also shown for comparison). Figure S8 shows the predictions for voltage dependency of steady-
states, open probability and time constants using the inferred parameters in Table S4. All of them
are calculated directly from inferred parameters using Eqs. (4.3) & (4.4) in the main text. Grey
lines show the predictions from Hypothesis 1 (assuming cell-specific kinetics with no artefacts;
from Lei et al. [12]), and red lines show the predictions from the mean of Hypothesis 1. Green
lines show the predictions from Hypothesis 2 (assuming identical kinetics for all cells with cell-
specific artefacts). There is a noticeable shift of the parameters between Hypothesis 1 (mean) and
Hypothesis 2. Finally the predictions using the parameters in Table S4 for the staircase protocol
is shown in Figure S9, showing the differences in terms of current prediction. The difference is
due to the unaccounted experimental artefacts in Hypothesis 1 ‘contaminating’ the physiological
(model) parameters, therefore the model parameters from Hypothesis 2 are thought to be more
physiologically-relevant.

Cal. Val. 3 Val. 4 Val. 5 Val. 7 Val. 8

H1 H2 H1l H2 H1 H2 H1 H2 H1 H2 H1 H2

Median  0.13 0.14 0.27 0.28 1.02 0.94 0.76 0.68 0.89 0.83 0.71 0.62
10™ %ile  0.09 0.11 0.14 0.16 0.69 0.52 051 0.34 0.61 0.46 042 0.33
90" %ile  0.17 0.20 0.52 0.65 143 1.38 1.26 1.17 126 131 1.11 1.05

Table S3. The median, 10" percentile, and 90" percentile of relative root mean square error (RRMSE) histograms shown
in Figure 7 in the main text, comparing (H1) the independent kinetics models from Lei et al. [12] and (H2) the identical
kinetics models with voltage-clamp artefact.

p1 p2 p3 P4 2 Pe p7 P8

"H (vhH TH vTH TH vH ThH (v
Hypothesis 1~ 7.65e-5 9.05e-2 2.84e-5 4.74e-2 1.03e-1 2.13e-2 8.0le-3 2.96e-2
Hypothesis2 1.13e-4 7.45e-2 3.60e-5 4.49e-2 9.6le-2 236e-2 7.85e-3 3.06e-2

Table S4. Inferred parameters for the mean of Hypothesis 1 (assuming cell-specific kinetics with no artefacts; from Lei et
al. [12]) and Hypothesis 2 (assuming identical kinetics for all cells with cell-specific artefacts).
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Figure S8. Predictions for voltage dependency of steady-states, open probability and time constants of the model.
These lines are calculated directly from inferred parameters using Egs. (4.3) & (4.4) in the main text. Grey lines show
the predictions from Hypothesis 1 (assuming cell-specific kinetics with no artefacts; from Lei et al. [12]), and red/orange
lines show the predictions from the mean of Hypothesis 1. Green lines show the predictions from Hypothesis 2 (assuming
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Figure S9. Predictions for the staircase protocol [12] using the two sets of mean parameters from the two hypotheses in
Table S4. The mean of Hypothesis 1, assuming cell-specific kinetics with no artefacts (from Lei et al. [12]), is shown in
red/orange. Hypothesis 2, assuming identical kinetics for all cells with cell-specific artefacts, is shown in green.
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Figure S10. The relative root mean square error (RRMSE) histograms for 6 protocols, comparing (Hypothesis 1) the
independent kinetics models from Lei et al. [12], (Hypothesis 2) the identical kinetics models with voltage-clamp artefact,
and (Hypothesis 3) the models with cell-specific conductance, kinetics and artefacts. Each histogram represents the
same 124 cells with a different protocol and RRMSE each time. Red markers indicate the best (x), median (i) and
90" percentile (#) RRMSE values for the independent kinetics model; green markers are the same cell prediction from
the identical kinetics models. For each protocol, the raw traces for the identical kinetics model (green), the independent
kinetics model (red), and data (blue) are shown, with the voltage-clamp above. Note that the currents are shown on
different scales for each cell, to reveal the details of the traces. The fits from Hypothesis 3 improved slightly, as expected
with more parameters, but the predictions were of similar quality to Hypothesis 1 and not as good as Hypothesis 2.
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