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Series Resistance Compensation for Whole-Cell Patch-Clamp Studies
Using a Membrane State Estimator

Adam J. Sherman, Alvin Shrier, and Ellis Cooper
Department of Physiology, McGill University, Montréal, Québec, Canada

ABSTRACT Whole-cell patch-clamp techniques are widely used to measure membrane currents from isolated cells. While
suitable for a broad range of ionic currents, the series resistance (R,) of the recording pipette limits the bandwidth of the
whole-cell configuration, making it difficult to measure rapid ionic currents. To increase bandwidth, it is necessary to
compensate for R,. Most methods of R, compensation become unstable at high bandwidth, making them hard to use. We
describe a novel method of R, compensation that overcomes the stability limitations of standard designs. This method uses
a state estimator, implemented with analog computation, to compute the membrane potential, V,,, which is then used in a
feedback loop to implement a voltage clamp; we refer to this as state estimator R, compensation. To demonstrate the utility
of this approach, we built an amplifier incorporating state estimator R, compensation. In benchtop tests, our amplifier showed
significantly higher bandwidths and improved stability when compared with a commercially available amplifier. We demon-
strated that state estimator R, compensation works well in practice by recording voltage-gated Na™ currents under
voltage-clamp conditions from dissociated neonatal rat sympathetic neurons. We conclude that state estimator R, compen-
sation should make it easier to measure large rapid ionic currents with whole-cell patch-clamp techniques.

INTRODUCTION

Most electrophysiological studies designed to measure ionisation by measuring voltage-gated Naurrents from dis-
currents from single cells use whole-cell patch-clamp techsociated neonatal rat sympathetic neurons. Our results
nigues. While these techniques are suitable for a broadlearly illustrate the advantages of state estim&ocom-
range of ionic currents, the limited bandwidth of the whole-pensation for measuring rapidly activating ionic currents in
cell configuration makes it difficult to measure rapid ionic single cells.

currents, such as voltage-gated Neurrents from nerve or

muscle cells. The major factor that limits the voltage clamp-

ing bandwidth in the whole-cell configuration is the seriesTHEORY

resistance R introduced by the recording pipette (Sig-

worth, 1983). Therefore, to measure rapidly activating curVoltage clamp_ing bandwidth and standard

rents reliably, it is necessary to increase the voltage clamg®s compensation

ing bandwidth by compensating f&. The main difficulty  The time constant that determines the whole-cell voltage-
with commonly usedR, compensation techniques is the clamp bandwidth is given by,gamp~ RCp, WhenR, =
This instability makes measurements of rapid ionic current$.q|| membrane capacitance (Sigworth, 1983). With typical
with the whole-cell patch-clamp configuration extremely 5iyes forR; and Cy,, (5-20 MQ; 15-100 PF),Tciamp IS
difficult. _ 3 several hundred microseconds; this is too slow to voltage
To overcome the problem of instability, we have devel-¢clamp rapid ionic currents.
oped a novel approach Rgcompensatio.n thatis based on  The standard method for compensating Rrand in-
a membrane state estimator. State estimB{orompensa- creasing bandwidth is to compute a scaled value of the
tion overcomes the stqblllty limitations of standard designgyipette currentl() and add it as a correction signal to the
and. is simple and stralghtforward to use. In th!s paper, Weommand potential\() (see Fig. 1). Ideally, when the
outline the theory of state estimatéf compensation. Next,  scaling factora approaches unity, corresponding to 100%
we demonstrate the high bandwidth and stable performangg_compensation, the membrane potentigl) follows V.
of state estimatoRy compensation and compare it with exactly. In practice, wher is greater than-0.8, standard
various methods currently in use to compensate Rar R compensation becomes unstable. For wide bandvigth
Finally, we show the utility of state estimat& compen-  compensation, the instability results from two main factors:
1) limited bandwidth in the current-measuring circuitry and
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negative feedback loop (see FigA2 In this arrangement,

R, is contained within the feedback loop and produces little

Vp Vin limitation on the voltage clamp bandwidth because its ef-

fects are attenuated by the large open-loop gain of the
>0 : feedback circuit.

% * Ip > Rm Cm Our approach tdR; compensation for a single-electrode

L eus X R,

pmeas

+
&

voltage clamp is based on the two-electrode topology in

conjunction with a membrane state estimator, as shown in

Fig. 2B. The state estimator computés, and functions as
FIGURE 1 StandardR; compensation for a single electrode voltage a “virtual electrode” in place of the physical measuring
clamp:V, = Ve + alpmeaRs Vin = Vo = 1R . Vip = V4 if neas= I,and  €lectrode and voltage follower. We call this configuration
a — 1.V, = command voltagey, = pipette voltageV,,, = membrane  state estimatoR, compensation.
volt_age,lp = pipette currentRS = pipette series resistanci,, = cell Using only a single electrode, state estim&gcompen-
resistancet,, = cell capacitance. sation achieves a bandwidth and stability similar to those of
a two-electrode voltage-clamp amplifier. The closed-loop
bandwidth and steady-state error become independéyf of
effectively achieving 100%R, compensation. Stability is

slight shifts in pipette capacitance, as happen when th@reatly improved over standaf, compensation by elimi-

pipette immersion depth changes, easily drive Rogom- pating the need to_ neutraliz€, electr_onic_all_y. Equally
pensation circuitry from a marginally stable state into os-MpPOrtant, state estimatd®, compensation is independent

cillation. Consequently, it is exceedingly difficult to achieve Of el conductance changes, ensuring wide voltage-clamp
the wide bandwidth and stability necessary to measur@@ndwidth, even during the measurements of large ionic
rapidly activating currents with amplifiers that incorporate CUrents.

standardR; compensation.

compensation feedback loop. For stable operat@ymust
be neutralized electronically ta€0.05 pF (Sigworth, 1983);

State estimator theory
The two-electrode configuration and the

membrane voltage estimator The recording patch pipette electrode can be modeled as in

Fig. 3. Given that,, V,, R, andC, are known values as
A successful approach to overcoming the effect®ok to  defined in Fig. 3V, can be estimated as follows:

use two electrodes instead of one. A two-electrode voltage Applying Kirchoff's current law gives

clamp uses one electrode to measige and the other

electrode to pass curreny,, is clamped atV, with a lor = 1p = lpe (1)
A Ip Current passing B
—> electrode Ip Current passing

- electrode
Cell :
| Cell
|
1 Vp
Voltage measuring
electrode
Ve o Current Ip
> source >
Ve
N Current p
z source >
Membrane
Vmest . Vpmeas
il state
estimator <~ Ipmeas
Vmmeas ’ Vm

FIGURE 2 @) Two-electrode voltage clampB) Single-electrode voltage clamp using a membrane state estiriatercommand voltagey,, = pipette
voltage,V,,, = membrane voltage, = pipette currentl,...,.= measured pipette curreM,.,s= measured pipette voltagé,,..s= measured membrane
voltage,V,,.s = €stimated membrane voltage.
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FIGURE 3 Lumped parameter RC model of patch pipefje= pipette
voltage, V,,, = cell voltage, |, = total pipette current],. = pipette
capacitive current],, = pipette resistive currentR; = pipette series
resistanceC, = pipette capacitanc&,, = cell impedance.

Applying Ohm'’s law gives

Vm = Vp - Iers (2)
Substituting Eq. 1 into Eq. 2 gives
Vm:Vp_(Ip_Ipc)Rs (3)
From generalized Ohm’s law,
lpc = V,Cps 4)
Substituting Eq. 4 into Eq. 3 gives
Vi = (1,5 + DV, — IR 5)

where 7, = pipette time constant= RC, and s is the
Laplace transform frequency variable. Orikgand C,, are
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kHz bandwidth translates to a step response time of less
than 50 us, as shown in Fig. 4C. These wide stability
margins ensure stable performance even if parameters shift
during an experiment. (A comparative stability analysis is
given in the Appendix.)

To achieve the stability margins in Fig. 4, state estimator
R compensation requires close phase matching of taed
V,, signals up to~50 kHz. In contrast, obtaining similar
stability margins with standar&®, compensation requires
bandwidths greater than 300 kHz (Sigworth, 1983); such
bandwidths are difficult to achieve in practice. In addition,
standardR; compensation requires near-perfégtnulling,
whereasC,, nulling is not needed with state estimatey
compensation. However, as with standRi@tompensation,
the value ofC,, once determined, must not fluctuate for
stability to be maintained.

Other approaches for R, compensation

Moore et al. (1984) and Strickholm (1995b) each describe
modifications to standarB, compensation that feed back a
scaled value of the steady-state pipette current as opposed to
the total pipette current. The steady-state current is com-
puted using an electronic bridge that subtracts the transient
membrane capacitive current from the measured total pi-
pette current. While this approach can achieve 10R%
compensation in the steady state, it is not suitable for
measurements during large, rapidl( ms) changes in mem-

determined for the patch pipette electrode, Eq. 5 can bérane conductance.

solved in real time to comput¥,, independently of cell
conductance changes.

Bandwidth and stability of state estimator
R, compensation

Because the bridge is balanced only for a fixed value of
R.. large changes in membrane conductance will unbalance
the bridge and voltage control returns slowly. As shown in
Fig. 5A, with typical pipette and cell parameters and a step
conductance change from 2 to 50 nS, the voltage recovers in
~1 ms; this is too slow to voltage clamp fast ionic currents.

Fig. 4 A shows the block diagram for a single-electrode Adding a “supercharging” potential t¥, speeds voltage-

voltage clamp incorporating state estimaRycompensa-

clamp control for a step change \f (Strickholm, 1995a)

tion. In Fig. 4 A, block 1 represents a controlled current but does not improve the voltage recovery time when the
source, with gairs, in units of conductance and bandwidth membrane conductance changes (compateed and solid

set by 7. Block 2 gives the transfer function of pipette linesin Fig. 5A). In contrast, state estimat®, compensa-
voltage to pipette current when the pipette is modeled as ition is independent of cell conductance changes, ensuring
Fig. 3 and the cell is modeled as in Fig. 1. Blocks 3, 4, andapid voltage-clamp recovery from changes in ionic con-
5 implement Eq. 5, withr,,measSetting the pipette voltage ductance as well as changesVg as shown in Fig. 3.

measurement bandwidth,,..sSetting the pipette current

Brennecke and Lindemann (1972) described another ap-

measurement bandwidth, angl. setting the state estimator proach to overcomindz, (see also Wilson and Goldner,

output bandwidth. FulR; compensation occurs whey

in block 3 is set equal t& and 7,,.in block 4 is set equal

to the pipette time constan,

1975). Variously called switch-clamp, pulsed current
clamp, or discontinuous feedback voltage-clamp amplifiers,
these designs operate by repetitively cycling a single elec-

Fig. 4, B and C, shows the typical performance of state trode between current-passing and voltage-measuring
estimatorR, compensation in the frequency domain (Fig. 4modes. During voltage-measuring mode the amplifier
B) and the time domain (Fig. €), using representative passes no current, ensuring that the measured voltage re-

parameter values. The Bode plot in FigB4shows a gain

flects V,,, independently oR.. The attainable bandwidth is

margin of 17 dB and a phase margin of 62°, ensuring stablémited by the maximum switching rate, yet this switching
voltage clamping with fullRg compensation. The closed- rate is itself limited byC, (Finkel and Redman, 1984).
loop voltage-clamping bandwidth is roughly equal to the Consequently, to increase bandwidth it is necessary to neu-
open-loop 0-dB cross-over frequency (10 kHz). This 10-tralize C, electronically, as with standaf®, compensation.
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FIGURE 4 Stability of state estimatdR, compensation.X) s-domain block diagram of single-electrode voltage clamp using state estifRator
compensation.B) Open-loop Bode plot oY/, . (5)/V. (5), wheres = j2=f, with the feedback path broken 4t (C) Closed-loop step response plot\¢f,
whenV, undergoes a stepwise transition from 0 to 100 m¥ at0. Ry = 5 MQ, C, = 1 pF,R,, = 500 MQ, C,, = 50 pF, Typmeas Tipmeas Tvmest = 1.6
uS, Tes = 0.32 s, G, = 3 pAlV. V, = command voltagey,,, = error voltage], = pipette currentV, = pipette voltageV,.s,= computed membrane
voltage, 7, = RC,, = pipette time constant,, = R,,C,, = membrane time constant,, sets current source bandwidt,e,sS€tsl, measurement
bandwidth,,measS€tsV, measurement bandwidth,., sets membrane state estimator bandwidth.

This Cp neutralization compromises the stability of the captured using a Nicolet model 3091 digital oscilloscope (Nicolet Instru-

voltage clamp. The attainable voltage-clamp bandwidth usent Corporation, Madison, WI) when the switch made the closed to open
state transition. As a comparison we repeated the test using an Axopatch

Ing dlsco.ntmum.js feedbaCk IS generally insufficient to mea-1D with standardR; compensation (Axon Instruments, Foster City, CA).
sure rapidly activating currents, such as voltage-gatetd Na

currents from nerve or muscle.

Electrophysiological recordings

MATERIALS AND METHODS ) )
We made whole-cell patch-clamp recordings from neonatal rat superior
cervical ganglia (SCG) neurons. Neonatal rat SCG neurons were cultured
for 12—72 h as described by McFarlane and Cooper (1992). All experi-
We built a voltage-clamp amplifier implementing the state estim&or ments were done at 23°C, using the following solutions (in mM): Pipette
compensation described in the Theory section and tested its performana®lution: 50 KAc, 65 KF, 5 NaCl, 0.2 Cagl1l MgCl,, 10 HEPES, 10
using the model membrane and the low-noise dynamic switch shown ifEGTA. (In some experiments Kcurrents were blocked by replacing'K
Fig. 6. This single-pole single-throw (SPST) switch makes a clean, singlewith Cs".) Extracellular solution: 140 NaCl, 5.4 KCI, 0.3 NgPO,, 0.44
step transition with no detectable switching artifact. We constructed thiskH,PQ,, 2.8 CaCl}, 0.18 MgCl,, 10 HEPES, 5.6 glucose. Electrodes were
switch by attaching two silver chlorided wires separated-dycm to the made with a two-stage micropipette puller (model PP-83; Narishige In-
inside of a microcentrifuge tube with a small hole drilled in the bottom. A strument Co., Tokyo, Japan) from Kimax-51 glass capillary tubes (Kimble
dilute salt solution established the electrical contact; when the fluid drainedcience Products, Chicago, IL). Resistance measured in the bath was 2-5
from the tube the contact was broken (see Fig. 6). With the switch initiallyM(); whole-cell access resistance was 3—-1Q.Nh some experiments, the
open, we adjusted the amplifier for fuf, compensation by giving repet- electrodes were coated with Sylgard (Dow Corning, Auburn, Ml). Once in
itive voltage test pulses and adjustiRg..andr,..,(see Fig. 4) to minimize  whole-cell mode, we obtained fuR, compensation by giving hyperpolar-
the capacity current transient decay time. The current source @GgiffFiQ. izing test pulses and adjustimRy.g.and 7,. (see Fig. 4) to minimize the
4) was then increased to 1\/V. The microcentrifuge tube was then filled capacity current transient decay time. Then we increased the current source
with salt solution, and the current monitor output of the amplifier was gain G, Fig. 4) to achieve a closed-loop bandwidth greater than 10 kHz.

Amplifier benchmarks
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: 25mv| 25mv |
FIGURE 5 () Steady-statd®, com- 0.5ms
pensation with (——) and without-¢-) j
supercharging showing,, (top) andl,

(botton). Bridge balance set fdR,, =

500 MQ, C,, = 50 pF. B) State esti-
mator R, compensation showing/,,

(top) andl, (botton). In both A andB,

V, steps form 0 to 100 mV at= 0; R,

steps from 500 to 20 K2 att = 3 ms
(marked byarrow). All other values
are as in Fig. 4.

0.5ms

1nA‘7

05ms

In all cases(5, was greater than BA/V, and the capacity current transient  whole-cell charging current is delivered by an injection
decay time was less than 7@s. This tuning procedure took-20 s. capacitor to avoid saturation before standRgaompensa-

PatchKit software (Alembic Software, Mofiile Quibec, Canada) was i, js anplied (Sigworth, 1983); therefore, the current tran-
used for simultaneous on-line stimulation and acquisition. Voltage-clamp

recordings were low-pass filtered at 15 kHz with a single-pole RC filterSiem.i_n response 'tO a Vqlta:ge step. no Iong.e.r reflects of the
and digitized at 100 kHz with an IBM-compatible 33-MHz 486 com- amplifier's bandwidth. Similarly, with amplifiers that use

puter equipped with a DAS-20 acquisition board (Omega Engineeringprediction or supercharginB, correction circuits to speed
Stamford, CT). up the response to a voltage step, the capacity transient
cannot be used as a measure of the system’s bandwidth (see

RESULTS AND DISCUSSION Theory; Fig. 5). For these reasons, we measuRedom-

. pensation performance in response to a step conductance
Amplifier benchmarks change.
To demonstrate the value of state estimaRgicompensa- To create a step conductance change, we built a low-noise

tion, we built a prototype single-electrode voltage-clampSPST switch (see Materials and Methods). We could not use
amplifier that incorporated state estimaRycompensation ordinary field effect transistor or mechanical relay switches:
as described in the Theory section and compared its perfothe charge injection of field effect transistor switches ob-
mance to a commercial amplifier with standdgdcompen-  scures the current transients, and most mechanical switches
sation (Axopatch 1D). To test the performance of bothare noisy and the contacts bounce.

amplifiers, we measured their responses to a step change inFirst, we tested the performance of the Axopatch 1D,
conductance. While it would have been simpler to test theusing the circuit and low-noise SPST switch described in
performance using a fixed-conductance model membrandsig. 6, A andB. Set at 80%R; compensation, the response
such tests can be misleading when used to measure tiigne of the Axopatch 1D was>100 us. At higher Ry
performance oR, compensation. With a fixed-conductance compensation settings, the amplifier exhibited oscillations
model membrane, the amplifier bandwidth is normally de-due to the inherent instabilities described above (see Theory),
termined by measuring the capacity transient decay time imand surprisingly, the response time of the Axopatch 1D
response to a voltage step. However, with commercial amrever decreased below 90s. From our experiments on
plifiers that incorporate standar®, compensation, the Na* currents (see below), if the amplifier response time
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FIGURE 6 () Model circuit used for dynamic conductance chan@®.L(ow-noise, bounceless SPST switch implementation. When the tube is filled
with solution, the switch is closed; as the fluid level drops below wire A, the switch op€n®)(Measured current response of Axopatch 1D, using
standardRr, compensation.q) Custom-built amplifier using state estimatrcompensation) to step conductance change while holding-dt00 mV.

The switch Swl opening marked by arro®, = 4.7 MQ, C, ~ 1.5 pF,C,, = 47 pF,R,; = 180 M(}, R,,, = 10 MQ. Traces in C Low-pass filtered with

a 4-pole Bessel filter at 10 kHZraces in D Low-pass filtered with a 1-pole RC filter at 15 kHz.

is greater than 9@us, one has difficulty measuring Na Measurements of voltage-gated Na* currents

currents from mammalian neurons under voltage-clampl_ . .
conditions. o demongtrate further the_ utility of state esnmat@r
To ensure that the measured performance of the AXO(_:_ompensatlon when recording whole-cell currents .W'th a
: . o dsmgle—elec:trode voltage clamp, we used our amplifier to
patch 1D was not obscured by a switch artifact, we verifie - . .
] measure ionic currents from single cells. As a stringent test,
the performance of the SPST switch by settitig= 10 k() ;
: . we measured voltage-gated inward'Naurrents from nerve
and using ndr, compensation. The recorded current trace +
o : and muscle cells. Because these Narrents are large and
showed a clean step transition in less thanuZ0with no . . o
measurable switch artifact (data not shown activate extremely rapidly, they are difficult to measure
Next ted the t (t : ) lifier. W daccurately with conventional single-electrode patch-clamp
_ Next we repealed the test, using our ampimer. We a ‘amplifiers (Schofield and lkeda, 1988; Nerbonne and Gur-
justed for full R, compensation by minimizing the capacity ney, 1989; Hanck, 1995; Sakakibara et al., 1993)
current transient decay time in response to voltage steps (see”’ ' ’ ’ N '
Materials and Methods). In contrast to what we observed for
the Axopatch 1D, our amplifier responded in unden&to
a step conductance change, confirming the bandwidth an
stability of state estimatdR, compensation predicted from For our first experiments, we used cultured neonatal rat
the theory (Fig. @). These results clearly demonstrate theSCG neurons. We chose this preparation because voltage-
advantages of using a state estimator to compensaf,for gated Nd currents from adult rat SCG neurons have been

at SCG neurons
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measured previously by two-electrode voltage-clamp techtinuity at —50 mV, clearly deviating from the expected
niques (Belluzzi and Sacchi, 1986), providing a referenceHodgkin-Huxley (HH) description of N&a currents.
for our measurements. In addition, these large neurons are Fig. 7B shows membrane currents and the corresponding
difficult to voltage clamp with conventional single-elec- peakl-V curves from the same neuron with fi, compen-
trode patch-clamp amplifiers (Schofield and Ikeda, 1988sation. With full R, compensation, the bandwidth of the
Nerbonne and Gurney, 1989). voltage-clamp amplifier is increased te10 kHz, as pre-
Fig. 7 A shows the membrane currents from a neonatatlicted from the theory, and as indicated by the decay time
SCG neuron evoked by depolarizing voltage steps from af the capacity transients in response to voltage steps. In
holding potential of—90 mV with no R, compensation. response to incrementing depolarizing voltage steps, we
Under these conditions the voltage-clamp bandwidth wasbserved N4 currents that activated immediately at the end
too low to controlV,,: with steps to—50 mV and greater, of the capacity transient and whose activation kinetics in-
we observed a clear delayed inflection in the currentcreased with increasing command voltages, as predicted
records. These delayed inflections indicate loss of voltagérom an HH description of voltage-gated Naurrents. In
control and the generation of unclamped action potentialsthis neuron, with fullRg, compensation, we did not observe
With further depolarization, the latency to evoke these undelayed inflections in the current records and the generation
clamped action potentials decreased. The peakurve for  of unclamped action potentials. The amplitude of the inward
these currents (Fig. & right) has a corresponding discon- Na' current increased with successive depolarizations up to

A

0 40 i op 0
LN mv
un "
.J""—]?)’:
_u-
-
10nA R nA
20k

1ms C

Vhold = -90mV

0 w0, P P

l—-—l—l1~---~.\. mvV

\

D

10nA \1_./ _/éo I

1ms

FIGURE 7 Voltage-clamped Nacurrent from a P1 SCG neuron in culture for 6 dags, (= 25 pF;R, = 6 MQ). (A, B) Na" current activation and
peakl-V curve using 0% and 100%, compensation, respectivelyC) Stimulation protocol for displayed traces AnandC.
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—18 mV, reaching a maximum of 32 nA. THeV curve parent from the correspondirigv curve (Fig. 8A, right);
shows that Na& current activation is a steep and continuousthe I-V curve has a clear discontinuity starting-a50 mV,
function of V,,, (Fig. 7 B), similar to that obtained using and compared to fulR, compensation in Fig. 8, the peak
two-electrode voltage-clamp studies of these neurons (Belnward current was shifted leftward by20 mV.
luzzi and Sacchi, 1986). In practice, fullR; compensation was straightforward to
Our ability to measure Nacurrents depended critically achieve for the majority of the 31 neurons we studied. In 25
on fully compensating foR,. Fig. 8 shows our results from neurons (70%), we could successfully measuré Nar-
another neuron, with 100% and 8@Rgcompensation. With  rents under voltage-clamp conditions, similar to those
80% R, compensation (Fig. &) the control ofV,, was shown in Fig. 7B. In the remaining six cells we were unable
improved because of the increased bandwidth, but it wato maintain voltage control, even thougt compensation
still not sufficient to prevent the escape 9f, when the reduced the transient decay time<@0 us. In these cells,
command voltage was stepped+®d0 mV. At —50 mV, the = the membrane resealed spontaneously, and the uncompen-
Na" currents activated slowly with no detectable latency, asated capacity transient often had a multiexponential time
was the case with fulR, compensation; however, afterl  course. While these cells usually had high8-10 MQ})
ms, we observed a clear inflection in the current, indicatingaccess resistances, we were able to voltage clamp other
the presence of an unclamped action potential. The insuffineurons with equally high access resistance without diffi-
cient bandwidth at 809, compensation was readily ap- culty. We suggest that the loss of voltage control arose from

B v
:T; 3mV
0.1ms
Vhold = -90mV
&r-\\ B ¢ »
\ nA

FIGURE 8 Voltage-clamped Nacurrent from a P1 SCG neuron in culture for 1 d&y,(= 12 pF;R; = 5 MQ). (A, B) Na* current activation and peak
I-V curve using 80% and 100%R, compensation, respectivelyC) Stimulation protocol for displayed traces Anand C.
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incomplete membrane rupture, which added a series resistanaetion potentials or delayed inflections in the currents
with a more complicated equivalent circuit that could not berecord. The-V curve shows steep activation with, and no
fully compensated for with state estimafrcompensation.  discontinuities.

Effective R, using state estimator R, compensation

Comparing Fig. 4A with Eqg. 5, it can be seen that fui CONCLUSION

compensation is achieved whBp..is set equal t&. Even  In this paper, we demonstrate an improved method for
when this is so, there is still an effecti® remaining. This compensating foR, when recording in whole-cell patch-

is analogous to what occurs with a two-electrode voltageclamp configurations. This method is straightforward to
clamp, where the effectivig; is proportional to th&k;of the  implement, and amplifiers incorporating state estimaor
current injection electrode attenuated by the open-loop gairsompensation are extremely stable. The main aspect of this
as the open-loop gain is increased, the effedivéecreases R, compensation method is to compWég, using a state
but never entirely vanishes. To measure the effecRye estimator and to use this value in a feedback loop to imple-
achieved in practice, we adjusted the amplifier for ®ll  ment a voltage clamp.

compensation (see Materials and Methods) and then mea- sing a model cell with parameter values representative
sured two successive peak curves: curve 1 with a hold- 4 \hole-cell recording, our benchtop tests show that state
ing potential of—~90 mV to remove Na channel inactiva- estimatorR, compensation responds to step conductance
tion compIeFer, famd curve 2 with a holding potential-of changes in well under 5as, whereas standafl compen-
—70 m\_/ to Inactivate roughly half of the cell's !\Tachan- sation reaches a limit 090 us before the onset of oscil-
nels (Fig. 9). The effectivy; can then be estimated by lations. Our experiments on neurons demonstrate that it is

comparing the points at which half-maximum inward cur- . .
: ; . essential to have such a rapid response to voltage clamp
rent (half-maximum inward current) occurs in curves 1 and_ . . .
Na" currents reliably. Equally important, our experiments

2; given that half-maximum inward current occurs in Curvesdemonstrate that state estimaRacompensation amplifiers
1 and 2 at points (V1, 11) and (V2, 12), respectively, the ary P P

effective R, is given by (V1— V2)/(I1 — 12). For the cell perform well in actual physiological experiments. As such,
shown in Fig. 9, the effectivB, was~220 K2, whereas the these amplifiers should make it easier to measure large rapid

uncompensateR, was 6 MY. In practice, the effectivi, ionic currents by whole-cell patch-clamp techniques.
ranged from 50 to 250® (n = 5).

In addition to neurons, we used our amplifier to measure
voltage-gated Nécurrent_s from isolated adult human heart AppENDIX: STABILITY ANALYSIS
ventricular myocytes. With fulR, compensation, the Na
currents activated immediately after the Capacity transienfhis appendix compares the stability of various form&ptompensation
(data not shown) The Nacurrents peak amplitudes in- with state estimatoR, compensation. First we analyze the stability of

d with . d larizati 486 mV standardR; compensation. We extend this analysis to include known
creased with successive depolarization up my, modifications that improve stability: low-pass filtering of tRe compen-

reaching a maximum of 81.8 nA; there were no unclampedagion signal, and the steady-stRt&ompensation outlined by Moore et al.
(1984) and Strickholm (1995b). Then the analysis is extended further to
include state estimatd®, compensation, demonstrating quantitatively its
improved stability over conventional approaches. Finally, we discuss

-60 -40 -20 ) 20 configuration aspects that affect the stability of state estim#&or
pep— — 0 compensation.
“u ‘-\. ImV ’“'\' For each system asdomain transfer function representation is given,
\ \ ,./. 2 which includes a feedback loop. The stability of the loop is determined by
" Rl .,i" A - forming a Bode plot of the open-loop frequency response and applying the
\ n Y n Nyquist stability criteria to determine the gain and phase margins.
. S A

\ i W Standard R, compensation

] 04 Fig. A1 A shows a transfer function representation of standrdom-
\ pensation similar to the one used by Sigworth (1983), but including the
'\.\;/ effects of pipette capacitan€, (compare Fig. AJA with Fig. 1). Block 1

gives the transfer function df, to V, whenR,, >> R, Block 2 forms the
.15 J R, compensation signal,,, by measurind, with a bandwidth set by, and
scaling it byaR, (100%R, compensation occurs when— 1). The block
FIGURE 9 Measuring the effectiig, using state estimatd®, compen-  diagram assumes that, is clamped using a feedback loop with much
sation. Peak-V curves of Nd current activation from a SCG neuron in higher bandwidth than thBs compensation feedback loop, as is the case
response to depolarizing voltage steps With= —90 mV (curve 1 —) using anl-V converter headstage, allowing interaction between each loop
andV, = =70 mV (curve 2 — — -).R, = 6 MQ, effectiveR, = 220 K). to be ignored (Sigworth, 1983). The open-loop transfer function of the
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FIGURE Al Stability of standar&®, compensation.A) s-domain block.B) Open-loop Bode plot ofF,(jw)|. R, = 5 M, C,,, = 50 pF,a = 1, 7, T,

as indicated.

feedback loop in Fig. AIA is given by

~ Veols)  SGilrps + 1) aRy
FOTVE T e (st

B ans(ts+ 1)
C(rs+ D(1s+ 1)

(A1)

where
Ch=(Cnt+C)=Cy,
7= RCh= 1= RCp,

oG
=Re.+c,

/ ~

Tn =1,
whenC,, > C,. To ensure stability|F,(jo)| < 1 whenZ Fy(jw) = 0O,
which occurs when the slope {#,(jo)| = 0. Fig. A1B plots |F,(jw)| for
various values of, and 7, so that the stability criteria can be verified.
In Fig. A1 B, traces 1-3 illustrate widebari®, compensationt, = 1

us) with decreasing pipette capacitance. For these three traceswmvien

1/, |Fi(jo)| is dominated by the zero at the origin, rising at 20 dB per
decade with a 90° phase angle so that the stability criteria are not violate

When 1k, < w < 1/7,, i, F4(s) is dominated by the pole at1l/7, and
the zero at the origin such that F,(jw) — 0, and|F;(jo)| — 1 whena —
1. Consequently, the gain margir 0, which predicts that the system will
be unstable. Marginal stability is achieved by decreasisg that|F,(jw)|
remains less than unity; stable performance requires 0.8, but this
causes the voltage clamp bandwidth to be reduced3kHz (r, = 0.2 *
5 MQ * 50 pF). Wheno > 1/7,, 1/1, F(s) is dominated by the pole at
—1/r, and the zero at-1/7,. Therefore, ifr, > 7,, [Fy(jw)| > 1 at high
frequencies, which predicts that the system will be unstabded 1). To
ensure stabilityr, = 7,, so that|F,(jo)| remains less than unityréces 2

capacitance neutralization is compromised at higher frequencies, apd so
must be reduced to considerably less thaftrace 3 (Sigworth, 1983) .

Stabilizing standard R, compensation: low-pass
filtering the R, compensation signal

StandardR, compensation can be stabilized by lowering the bandwidth of
the R, compensation signal by increasing As shown in traces 4 and 5 of
Fig. 10 A, increasingr, increases the gain margin, thereby increasing
stability. However, this stability is achieved at the expense of lowering the
voltage clamp bandwidth o¢,,. Whenr, is increased ta, (trace 5, the

gain margin is increased te6 dB, but the resultant voltage-clamp band-
width in this case is only~600 Hz. Trace 4 shows a compromise when
7, = 50 us. This corresponds to the strategy employed by voltage clamps
such as the Axopatch 200 series (Axon Instruments), where the “lag”
control adjusts a time constant analogous, tihat ranges from 5 to 100s.

As shown, settingr, = 50 us gives an extra~2 dB of gain margin,
allowing somewhat highen: settings to be used before the onset of
instability, with a voltage clamp bandwidth of2 kHz. This type of
filtering becomes more effective in increasing stability whers small

(low R; and/or lowC,,), because the corner frequency at,hhoves closer

to 1/r,, keeping|F,(jw)| further below the 0 dB axis. Even then, it is not

(Possible to increase the gain margin by more thah dB, which is

Ihsufficient for good stability.

Stabilizing standard R, compensation: steady-
state R, compensation

Figure A2 shows a block diagram of stand&gdcompensation incorpo-
rating a bridge to subtract the membrane capacity current, as described by
Strickholm (1995a). Block 1 gives the transfer function g V,,, ignoring

and 3. This is achieved by using pipette capacitance neutralization tothe effects ofC,.. Block 2 forms theR correction signal as in Fig. 18, and

reduce the effectiv€,, thus loweringr,. In practice, the effectiveness of

block 3 and summing node S1 implement the bridge subtraction.
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Solving for the open-loop transfer function of Fig. A2 gives
Fl( = VeorlS) _ aRy
V() R+ R)RCrs+ D(1,5+ 1)
TS+ 1 aR 1
TR RIRCs+ D “mst1 ms+r1 A2
where
R = Rﬁm =R, whenR,>R.
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R, compensation, as outlined above. The consequent reduction of voltage
clamping bandwidth using steady-std®e compensation is illustrated in
Fig. 5A.

State estimator R, compensation

To extend the stability analysis to cover state estimRiorompensation,

it is necessary to model the interaction between the voltage-clamp feedback
loop and theR; compensation feedback loop. This is done in Fig. A3
where the voltage-clamp feedback loop is included in the block diagram.
Note that a€€ — « in Fig. A3 A, the transfer function of the voltage-clamp
feedback loop can be replaced by a constant, and the block diagram reduces
to that shown in Fig. AJA. Fig. A3 B shows the equivalent block diagram
after algebraic manipulation. Solving for the open loop transfer function of
Fig. A3 B gives

Vik(S)
V(9)

Fa(s) = (A3)

(147, — aTan)82 +(m—an+7,—an)s+1
(rs+ D)(7,s+ 1)

The important fact to notice about Eq. A3 is that when— 1 (full Ry
compensation) and, — 7, the numerator of the bracketed term of Eq. A3
goes to unity, giving

1
Fis)=E TSs+1m7s+1 (A9)
Vm
Ve

As indicated, V;, is then equivalent to a direct measurement of the
membrane voltag¥,, filtered by a one-pole filter with time constamj.

Equation A2 shows that for the purposes of calculating stability, the bridgeAlternatively, note that whea — 1 andr, — 7,, Fig. A3 B satisfies the

subtraction acts like a low-pass filter with time constapt= R,,C,, that

estimator equation (Eg. 5), as can be shown directly by dividing both sides

filters the R, compensation signal (see Moore et al. (1984) for a similar of Eq. 5 by , s + 1) and noting tha¥y,, then equaly/,,/(7, s + 1). When

derivation). Therefore, steady-std®e compensation increases stability in
the same manner as would be achieved by settjng 7, using standard

aRs
T,5+1

1p(5) SC,/,,(I,/,:H) Ip
Vp(s) = T
ve T Vp Cl( / +1) b — -
Ip(s) ﬂ 3
- Va(s) ~ Tast+l To5+] N

the estimator equation is satisfied, the voltage clamp of Fig.BABas
greatly enhanced stability, as shown in Fig. 83 For stable operation

C

60 2: E=1200, 1 =r)r|‘; Tp=5US
@ 3: E=20, 7 =4.75s, 1p=5JS
RS | I ——
2 60dB
Ny
N 1: £220, ¢ =5us, rp=5us_/
E‘ -60 N
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10 100 1000 10000 100000 1000000 1E7
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FIGURE A3 Stability of state estimat®; compensation. The state estimator equation is satisfied whed andr, = 7,,. (A, B) s-domain block diagram

showing voltage-clamp feedback loop with g&in(C) Open-loop Bode plot ofF,(jw)| and £ F, (jw). Ry = 5 MQ, C,, = 50 pF,a = 1, E, To

as indicated.

andr,
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[F,(jw)] < 1 whenZ F,(jw) = 180°, which occurs when the slope of compensation signal as in Fig. 10. Solving for the open-loop transfer
|F,(jw)| approaches-40 dB/decade. Trace 1 of Fig. A3 plots |F,(jw)] function of Fig. A4 gives

whenE = 20, showing a gain margin of 60 dB and a phase margin of 75°,

predicting excellent stability. In addition, when the estimator equation is Vfbk(s)

satisfied, the 0-dB cross-over frequendy,) indicates the closed-loop Fs(s) = V()

voltage clamp bandwidth &f,,,, which is~10 kHz. Thus the voltage clamp ¢

of Fig. A3 B has 100%R, compensation, wide stability margins, and a (ym, — C\’,Tan)SZ +(Ta— aty+ 7 — an)S +1
voltage clamp bandwidth of 10 kHz. In contrast, the voltage clamp using =G, S

standardR, compensation and arV converter headstage, with the same Sqﬂ(TpS + 1)(725 + 1)

pipette and cell parameters, has narrow stability margins and a voltage
clamp bandwidth of 3 kHz (seteace 4 Fig. A1 B). (In practice, a gain of

20 is too low to maintain adequate steady-state accuracy. This can bQgte that the numerator in brackets of Eq. A5 is the same as that in Eq. A3,
rectified by replacing the gain blodk with a controller that has a higher ¢ hat Eq. A5 becomes

DC gain (see, for example, the “pole zero” compensation discussed by

Horowitz and Hill (1989)). For reasons discussed below, our voltage clamp 1

uses a current source in the headstage that has the added benefit of solvifig(s) = G, 0

the low DC gain problem.) S. q”(TPS + 1), S+ 1

(AS)

whena — 1,7, = 7,

If Eis increased beyond1000 (race 2 Fig. A3C), |F,(jw)| crosses the Vim
0 dB axis with a slope approaching40 dB/decade because of the effects Ip
of the second pole at 1/7,, predicting unstable operation. This explains why (A6)

no stability advantage is conferred, even if the estimator equation is satisfied . . .

" . and Vg, is then equivalent to a direct measurement of the membrane
when a traditional-V converter headstage is used, becaude\aoonverter ) ) L .

} . - . voltageV,, filtered by a one-pole filter with time constant. Similar to
headstage is equivalent to Fig. ABwith a very large £100,000)E. ) ) - -

. i, . ’ ; Fig. A3 B, whena — 1 andt, — 7, Fig. A4 satisfies the estimator
The wide stability margins conferred using state estimRiorompen- . "
. . ; equation (Eqg. 5), and the voltage clamp has greatly enhanced stability (see
sation are dependent on the cancellation of terms in the numerator of Eq.. ) : ) . ;
- . ; ig. 4,B andC). An added benefit of using a CCS is the high DC gain due
A3, which requires that, be adjusted so as to matef) Consequently, L ST
- . . ) - to the pole at the origin of Eq. A6, limiting steady-state error.
mismatches ofr, in relation to 7, lead to incomplete cancellation and
unstable operation. This effect is shown in trace 3 of Fig.GA\8vhere the
mismatch ofr, reduces the gain margin to zero. Fortunately, the matchedThis work was supported by operating grants from the MRC of Canada to
state coincides with maximum stability and maximum bandwidth aRull ~ AS and EC.
compensation, facilitating adjustment. This contrasts with stanéard
compensation, which is unstable at fil compensation and high band- REFERENCES
width, regardless of any adjustmentsmof
Belluzzi, O., and O. Sacchi. 1986. A quantitative description of the sodium
current in the rat sympathetic neurodePhysiol. (Lond.)380:275-291.

I I ti timator R tion: | Brennecke, R., and B. Lindemann. 1972. Theory of a membrane voltage
mpléementing esumator i compensation: low- clamp with discontinuous feedback through a pulse current cl&ap.

impedance versus high-impedance headstage Sci. Instrum45:184-188.

. . . . L - .. Finkel, A. S., and S. J. Redman. 1984. Theory and operation of a single
To achieve high stability when the estimator equation is satisfied, it i qicroelectrode voltage clamp. Neurosci. Methodsl1:101-127.
important for the measgred values Igfand Vp,to be accurate up to-1 Hanck, D. A. 1995. Biophysics of sodium channdls.Cardiac Electro-
decade abovk,,. Otherwise, phase mismatch introduces two real left-hand physiology. From Cell to Bedside. D. P. Zipes and J. Jalife, editors.
plane zeros in Eq. A3 due to incomplete cancellation of terms in the \y B. Saunders Company, New York. 65-74.

numerator; this lowers gain margin and decreases stability. In practice it i§yorowitz. P. and W. Hill. 1989. The Art of Electronics. 2nd Ed. Cam-
easier to satisfy this requirement when the headstage presents a highprigge University Press, London.

impedance to the pipette at high frequencies. If the headstage present\frarjane, S., and E. Cooper. 1992. Postnatal development of voltage-

low impedance, the pipette capacitar@edraws a large current at high  gated K currents on rat sympathetic neurods.Neurophysiol.67:

frequencies, which is difficult to measure accurately; a high impedance 1291-1300.

limits this current. A voltage clamp with a high-impedance headstage ivioore, J. W., M. Hines, and E. M. Harris. 1984. Compensation for

modeled in Fig. A4, where a controlled current source (CCS) presents a resistance in series with excitable membramBiephys. J46:507-514.

high (ideally infinite) impedance to the pipette. In Fig. A4, block 1 Nerbonne, J. M., and A. M. Gurney. 1989. Development of excitable
represents an ideal CCS with transconductaGge Block 2 gives the membrane properties in mammalian sympathetic neurhriseurosci.

transfer function ofV, to I, whenR,, >> R,, and block 3 forms theér, 9:3272-3286.

Sakakibara, Y., T. Furukawa, D. H. Singer, H. Jia, C. L. Backer, C. E.
Arentzen, and J. A. Wasserstrom. 1993. Sodium current in isolated
human ventricular myocyteé&m. J. Physiol265:H1301-H1309.
1 2 Schofield, G. G., and S. R. Ikeda. 1988. Sodium and calcium currents of

TS acutely isolated adult rat superior cervical ganglion neur@fisigers

Ve 1(s) Ip Vo) _  was+l p T Vibk Arch. 411:481-490.

i Ve T Go 1p() scf,,(r;sﬂ) N Sigworth, F. J. 1983. Electronic design of the patch clampSingle-

Channel Recording. B. Sakmann and E. Neher, editors. Plenum Press,

3 New York. 3-35.

aR; Strickholm, A. 1995a. A supercharger for single electrode voltage and

To5+1 current clampingJ. Neurosci. Method$1:47-52.

Strickholm, A. 1995b. A single electrode voltage, current and patch-clamp
amplifier with complete stable series resistance compensation.
J. Neurosci. Method$1:53—66.

FIGURE A4 s-domain block diagram of voltage clamp, using a con-wilson, W. A., and M. M. Goldner. 1975. Voltage clamping with a single

trolled current source (CCS) with state estima®icompensation. microelectrodeJ. Neurobiol.6:411-422.




