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ABSTRACT An extensive evaluation of the possible alterations affecting physiological voltage signals recorded with
patch-clamp amplifiers (PCAs) working in the current-clamp (CC) mode was carried out by following a modeling approach.
The PCA output voltage and current signals obtained during CC recordings performed under simplified experimental
conditions were exploited to determine the equations describing the generation of error currents and voltage distortions by
PCAs. The functions thus obtained were used to construct models of PCAs working in the CC mode, which were coupled to
numerical simulations of neuronal bioelectrical behavior; this allowed us to evaluate the effects of the same PCAs on different
physiological membrane-voltage events. The models revealed that rapid signals such as fast action potentials are preferen-
tially affected, whereas slower events, such as low-threshold spikes, are less altered. Prominent effects of model PCAs on
fast action potentials were alterations of their amplitude, duration, depolarization and repolarization speeds, and, most
notably, the generation of spurious afterhyperpolarizations. Processes like regular firing and burst firing could also be altered,
under particular conditions, by the model PCAs. When a cell consisting of more than one single intracellular compartment was
considered, the model PCAs distorted fast equalization transients. Furthermore, the effects of different experimental and
cellular parameters (series resistance, cell capacitance, temperature) on PCA-generated artifacts were analyzed. Finally, the
simulations indicated that no off-line correction based on manipulations of the error-current signals returned by the PCAs can
be successfully performed in the attempt to recover unperturbed voltage signals, because of alterations of the overall current
flowing through the cell-PCA system.

INTRODUCTION

The whole-cell variant of the patch-clamp technique is
currently widely applied, and is used for recording not only
cell currents in the voltage-clamp mode, but also membrane
voltage in current-clamp (CC) conditions. Membrane-volt-
age events that have been recorded and studied in different
cell systems with patch-clamp amplifiers (PCAs) include
fast and slow action potentials (APs) (Johansson et al.,
1992; Sontheimer et al., 1992; D’Angelo et al., 1995; Zhang
and McBain, 1995; Gryder and Coulter, 1996), various
types of afterhyperpolarization (Kawaguchi, 1993; Zhang
and McBain, 1995; Sciancalepore and Constanti, 1995;
Gryder and Coulter, 1996), repetitive and burst firing (Stern
et al., 1992; Bielefeldt and Jackson, 1993; Kawaguchi,
1993; Pape et al., 1994; D’Angelo et al., 1995), and passive
voltage transients reflecting charge movements between cell
compartments (D’Angelo et al., 1993). However, it has
recently been demonstrated experimentally that rapid volt-
age signals, such as APs, can be remarkably distorted when
recorded with conventional PCAs in the CC mode, rather
than classical voltage followers (Magistretti et al., 1996).
Moreover, when perturbed, rapid voltage signals are ob-
served at the PCA voltage output, significant and otherwise

unexpected current signals are simultaneously returned by
the PCA current output, which correspond to error currents
(IEs) improperly flowing through the amplifier itself. The
generation of IEs by PCAs used in the CC mode is a
consequence of the electronic design of their headstage,
which is essentially a current-to-voltage converter of very
low (ideally zero) input resistance, especially conceived for
low-series-resistance voltage-clamp recordings; the conver-
sion of such a unit into a voltage-recording device is ac-
complished by introducing additional feedback circuits that
improve the basically very low PCA input-stage resistance,
but only to a limited extent (see Magistretti et al., 1996).
PCA-driven IEs, in turn, can distort otherwise unperturbed
physiological voltage signals in two ways: 1) by causing a
voltage drop across the cell-to-amplifier series resistance,
and 2) by altering the amount of current actually charging
the membrane capacitance. Under simplified experimental
conditions, namely when examining passive model-cell cir-
cuits into which known command-current waveforms are
supplied, the entity of the voltage error thus introduced and
returned by the PCA can be directly correlated with, and
predicted from, the IE flowing through the PCA itself (Mag-
istretti et al., 1996). These findings raise a number of
questions concerning CC recordings made with PCAs, par-
ticularly the following:
1. Specifically, what kind of physiological membrane-

voltage events are likely to be significantly distorted by
conventional PCAs?
2. What are the physiological parameters and experimen-

tal conditions that can affect the importance of the distor-
tions generated by PCAs in CC recordings?
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3. To what extent are the CC data obtained with conven-
tional PCAs susceptible to criticism?
4. In principle, is it possible to carry out reliable off-line

corrections of PCA-generated voltage distortions by ex-
ploiting the IE signals returned by the PCA themselves?
The extensive evaluation of such problems with real cells,

by comparing recordings obtained from the same cells using
either a conventional PCA or a classical voltage follower,
would be troublesome and subject to experimental uncer-
tainties. Therefore we addressed the above issues by mod-
eling PCAs working in the CC mode. We were able to
derive empirically the transfer functions governing the re-
lationships between input voltage and IE for three exten-
sively used commercial PCAs (Axopatch 1D, Axopatch
200A, and List EPC-7), and thereby analytically and nu-
merically describe the behavior of both the voltage and
current outputs of these instruments under CC conditions.
Then we made a simulated PCA interact with model cells
endowed with “standard” neuronal membrane-conductance
outfits, thereby evaluating the effects of PCA-driven IEs,
under various conditions, on membrane-voltage events such
as fast APs, repetitive firing, low-threshold spikes, and burst
firing. We also examined the distortions generated by PCAs
on passive time constants in a two-compartment cell model.
Finally, we resorted to our simulation data to evaluate the
feasibility of off-line voltage corrections, based on manip-
ulations on recorded IEs, in real cellular systems. Our results
indicate that conventional PCAs can generate distortions of
most rapid membrane-voltage events under a variety of
experimental situations; that these distortions are often far
from negligible; and that severe intrinsic limitations exist
that virtually exclude the possibility of safely performing
off-line voltage corrections in real-cell recordings.

METHODS AND THEORY

Measurement and description of PCA-generated
voltage distortions and error currents

Evidence has previously been provided that membrane-
voltage (Vm) distortions observed in CC recordings made
with PCAs are the direct consequence of error-current (IE)
flow through PCAs themselves (Magistretti et al., 1996). In
the present study three commercial PCA models in partic-
ular were considered, namely Axopatch 1D and 200A
(Axon Instruments, Foster City, CA) and EPC-7 (List Elec-
tronics, Darmstadt, Germany). To infer the law that governs
the generation of IEs by these PCAs when working in the
CC mode, we resorted to a simplified experimental system:
we used passive test circuits of the type depicted in Fig. 1 A,
analogous to a cell membrane. Each consisted of a 500-M�
resistor (Rinj) in series with a capacitor (Cm, the equivalent
of cell capacitance) connected to ground. The node between
Rinj and Cm (node N) was connected, through a second
resistor (Rs, the equivalent of series resistance), to the PCA-
headstage input; the opposite end of Rinj (terminal T) was
connected to an external voltage source. The PCA was kept

in the CC mode with command current and all compensa-
tions set to zero, and, upon commanding a 1.4-ms voltage
step at terminal T, the current and voltage responses at the
respective PCA outputs were recorded, both at full band;
20–50 traces were acquired and averaged. Recordings were
performed at room temperature (22°C). The applied voltage
command is expected to charge the circuit capacitance
according to a known time law (Fig. 1 Ba and c, continuous
lines). The signal returned by the voltage output (Vout) of the
PCAs displayed significant deviations from the response
theoretically predicted at node N (Fig. 1 Ba and c, dotted
lines). Moreover, the PCA current output (Iout) returned a
signal (Fig. 1, Bb and d), which would not be expected in an
unperturbed situation, and which has previously been dem-
onstrated to coincide with the IE flowing through the PCA
(Magistretti et al., 1996).
We found that by summing the integral over time of IE,

and the double integral over time of IE, each suitably scaled,
a trace could be obtained that was virtually indistinguish-
able from the voltage signal returned by Vout (Fig. 1, Ba and
c, dashed lines). This observation was verified for all of the
investigated PCAs and was confirmed using two different
test circuits (see Fig. 1 legend). Moreover, the same kind of
relationship was found between the IE and Vout signals
recorded during action-potential (AP) firing by real neurons
(not shown). On the basis of these findings we can write

Vout � VC � VJ � 1/Ca � � IE � dt� 1/Ja � � � IE � dt2 (1)

and, conversely,

IE � Ca � dVC/dt� Ja � d2VJ/dt2 (2)

where Ca and Ja are appropriate proportionality constants.
Hence the PCA working in the CC mode can be modeled as
being constituted of two elements in series, namely a ca-
pacitor of capacitance Ca, and a second element that passes
a current proportional to the second time derivative of the
potential difference across itself. In the above equations, VC
and VJ are the potential differences across these two
elements.
The actual values of the two parameters, Ca and Ja,

influence the specific behavior of each PCA model. We
found Ca and Ja values of 11.24 pF and 2.64 pF � ms in
Ap1D, and of 502.0 pF and 0.643 pF � ms in EPC7 (aver-
ages of four independent measurements). As for Ap200A
(not shown in Fig. 1 B), its behavior in the Inormal mode
(In-Ap200A) was essentially identical to that of Ap1D,
whereas in the Ifast mode (If-Ap200A) Ca and Ja were 1.11
pF and 3.65 pF � ms, respectively.
The considered PCAs were thus modeled according to

Eq. 2, the scheme of Fig. 1 C, and the empirically derived
values of Ca and Ja. On these bases, computer simulations of
the experimental protocol applied, as described at the be-
ginning of this paragraph, to the “cell-PCA” system were
carried out (see below for details on the simulation meth-
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ods); both the voltages and the error currents yielded by the
simulations were virtually identical to those observed ex-
perimentally, as exemplified in Fig. 1 D. This finding con-
firmed the adequacy of our model in reproducing the IEs and
the voltage distortions brought about by real PCAs.

PCAs alter voltage-signal frequency components

The “cell-PCA” circuit depicted in Fig. 1 C can be analyt-
ically resolved, by means of Laplace transforms, for known
command-current or command-voltage waveforms. Let us
consider a cosinusoidal command current of frequency � �
�/2� and amplitude I� Imax � cos �t. Although its injection
into the “unperturbed cell” would produce a membrane-
voltage response of amplitude

Vm � �Imax/�Cm� � sin �t (3)

in the perturbed situation of the “cell-PCA” system, the
voltage output returned by the amplifier in response to the
same current command would be

Vout � �Imax � A/cos �� � sin��t� �� (4)

where

A� �CmCa2�1� �2RsJa� � �2�Cm � Ca�Ja2�/

	��Cm2Ca2�1� �2RsJa�2 � �2�Cm � Ca�2Ja2�

(5)

� � arctan	���Ca2Ja � �2RsCmCaJa2�/

�CmCa2�1� �2RsJa� � �2�Cm � Ca�Ja2��}
(6)

This means that each frequency component of an other-
wise unperturbed voltage signal would be altered by the
PCA at its voltage output through a modification of its

FIGURE 1 Reconstruction of PCA input voltage-to-IE transfer function. (A) Scheme of the test circuits used to measure PCA-generated voltage
distortions and error currents. The circuits were connected to the PCA-headstage input. (B) Dotted lines are the voltage (a and c) and current (b and d)
outputs returned by Ap1D (a and b) and EPC7 (c and d) in response to the application of a 1.4-ms voltage pulse of 1 V (a and b) or 5 V (c and d) at terminal
T (see A). In the test circuit used in the examples illustrated here, Rinj, Cm, and Rs were 500 M�, 50 pF, and 30 M�, respectively. Continuous lines are
the voltage responses theoretically predicted at node N in an unperturbed situation. Dashed lines (largely indistinguishable from the dotted lines) are the
voltage traces reconstructed from the output currents by applying Eq. 1 (see text), with Ca and Ja equal to 13.5 pF and 3.06 pF � ms, respectively (in a),
and to 502.0 pF and 0.643 pF � ms, respectively (in c). Another test circuit was also used, in which Rinj, Cm, and Rs were 500 M�, 15 pF, and 10 M�,
respectively: also in this case the reconstruction procedure returned an excellent concordance between the recorded and the reconstructed voltages (not
shown) with very similar values of Ca and Ja. (C) Equivalent circuit of the “cell-PCA” system as modeled in our computer simulations. (D) Voltage (a and
c) and current (b and d) outputs returned by the modeled Ap1D (a and b) and EPC7 (c and d) in the computer simulation of the above-described protocol
(dashed lines), compared with the PCA outputs obtained by applying the same protocol to the real test circuit-PCA system (dotted lines, largely
indistinguishable from the dashed lines). The stray capacitances of the test circuit were carefully measured and introduced into the model. The Ca and Ja
values entered in each simulation were the same measured in the corresponding real situation, and above indicated.
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amplitude and the introduction of a phase shift, both de-
pending in a complex way on the frequency itself, the series
resistance, and the cell capacitance. From Eqs. 3–5 it fol-
lows that the ratio of the perturbed versus unperturbed
voltage frequency-component amplitude, r, would be

r� Cm�CmCa2�1� �2RsJa� � �2�Cm � Ca�Ja2�/

	�Cm2Ca2�1� �2RsJa�2 � �2�Cm � Ca�2Ja2�cos �
.
(7)

As an example, we plotted the amplitude ratio, r, and the
phase shift, �, as a function of � and for various values of
Cm, for Ap1D, EPC7, and If-Ap200A (Fig. 2): it is worth
noting that Ap1D (and, similarly, In-Ap200A) can either
enhance or attenuate specific frequency components, by
different proportions depending on Cm (and Rs), whereas

EPC7 preferentially enhances the frequencies included be-
tween �300 and 2000 Hz (again differently, depending on
Cm and Rs values). Because relatively high-frequency com-
ponents are markedly affected in both cases, it is expected
that rapid events such as APs can be significantly altered
when recorded in these conditions. The Ifast mode of
Ap200A appears to considerably improve the amplitude and
phase-shift distortions, which become of some importance
only with low Cm values. Therefore, the alterations caused
by If-Ap200A will not be thoroughly treated in the Results,
and they should be considered negligible unless stated
otherwise.

Simulation of the effects of PCAs used in the CC
mode on cell-voltage events

The effects of PCAs working in the CC mode on cell-
membrane voltage events were further investigated by nu-
merical resolution of more complex situations. The differ-
ential equations describing the behavior of PCAs used in the
CC mode (see above) were introduced into various mathe-
matical neuronal models. The connection between the
“model cell” and the “model PCA” was realized according
to the scheme of Fig. 1 C. Each computer simulation was
carried out, both excluding (“unperturbed situation”) and
including (“perturbed situation”) the model PCA. The equa-
tions describing membrane voltage-dependent conductances
were drawn from published formalizations of neuronal bio-
electrical behavior (Lytton and Sejnowski, 1991; Hugue-
nard and McCormick, 1992; McCormick and Huguenard,
1992; Bush and Sejnowski, 1994); all of the relevant cellu-
lar parameters were kept as in the original papers, except
when explicitly specified otherwise (see Table 1). Other
models were also tested (i.e., Hodgkin and Huxley, 1952;
Traub, 1982; Rhodes and Gray, 1994); they gave essentially
the same results as illustrated below, and will not be con-
sidered further in this paper. The modeled cells consisted of
a single homogeneous compartment in all simulations, ex-
cept those concerning equalization transients, in which a
cell consisting of two compartments (according to the
scheme of Fig. 7 A) was considered. Numeric solution of the
differential equations was achieved by the use of a one-step
Euler integration method. The integration step size was
15–50 	s. Preliminary tests on the adequacy of the integra-
tion method we used were carried out, either by reducing the
step size by up to 100 times and checking the convergence,
or by using a fourth-order Runge-Kutta integration method:
both approaches confirmed that very good accuracy and
stability were assured by the Euler method. The simulation
programs were compiled using QuickBASIC 4.5 (Mi-
crosoft). Data were analyzed using Origin 4.0 (MicroCal).

Recordings from dorsal-root ganglion neurons

The AP off-line correction procedure (see Results) was
evaluated by examining data obtained from both simulated

FIGURE 2 Graphics of the ratio of the PCA-perturbed versus unper-
turbed voltage-signal frequency-component amplitude, r (a), and of the
PCA-generated phase shift, � (b), calculated according to Eqs. 7 and 6,
respectively, as a function of the frequency, � (see text for details). Each
trace corresponds to a different value of Cm. (A) Ap1D. Cm values are 5,
7.5, 10, 15, 20, 30, and 50 pF. (B) EPC7. Cm values are 5, 7.5, 10, 15, and
20 pF. (C) Axopatch 200A in the Ifast mode. Cm values are 5, 7.5, 10, 15,
and 20 pF. In all cases Rs was 20 M�.
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experiments and recordings performed on real cells, namely
dorsal root ganglion (DRG) neurons. The experimental pro-
cedures followed for the isolation and culturing of DRG
neurons and for CC recordings were the same as described
elsewhere (Wanke et al., 1994; Magistretti et al., 1996).

Sign conventions

The sign of the currents was considered with respect to the
cell’s interior, or to node N in the case of the passive test
circuit; a current entering therein was given a negative sign.
For this reason the error currents depicted in the figures are
sign inverted as compared with those that would be returned
(in the case of simulations) or are actually returned (in the
case of real recordings) by the amplifier’s current output.

RESULTS

Model PCAs distort simulated action potentials

Fast action potentials (APs) were the first physiological
membrane-voltage events on which the possible alterations
brought about by the model PCAs were evaluated. Fig. 3
shows examples of the effects of the model PCAs on fast
spikes simulated according to published studies (Bush and
Sejnowski, 1994; McCormick and Huguenard, 1992); con-
tinuous lines represent the unperturbed APs, dotted lines the
APs observed, after including the PCA in the same simula-
tion, at the voltage output of the model PCA (Vout of Fig. 1
C). It appears that Ap1D (and, similarly, In-Ap200A) and
EPC7 can severely distort the AP shape, by delaying its
upstroke; by altering its rising and falling phases, amplitude,
and duration; and by modifying the afterhyperpolarization
phase. Such alterations closely resemble those observed
when comparing APs recorded using either a PCA or a
classical bridge amplifier in real neurons (for instance,
compare Fig. 3 Aa with figure 1 A–C in Magistretti et al.,
1996, or with Fig. 8 Ba of the present work). The model
PCAs also generated and conducted error currents (IEs)
similar to those returned by the PCA Iout when real APs are
recorded (Figs. 3, Ab and Bb, and 8 Bb). The effects of
PCAs on the main AP shape parameters are summarized in
Table 2. The AP amplitude was normally augmented by
PCAs, so that the reversal potential of sodium currents was

easily exceeded. The AP upstroke was slowed down by
Ap1D, and could be either slightly slowed down (see Fig. 3
Ba) or accelerated (see below) by EPC7. Both Ap1D and
(more pronouncedly) EPC7 accelerated the AP repolariza-
tion phase. The AP duration was markedly decreased by
EPC7, whereas it was normally little affected (Fig. 3 A) or
increased (see below) by Ap1D. Under some circumstances,
rapid oscillations and, evidently, unphysiological alterations
were generated by EPC7; that is why two different sets of

TABLE 1 Neuronal models used and relevant ionic-current parameters

Model
no. Reference

Specific conductances (g, nS/	m2) and permeabilities (p, cm3/s � 	m2) Reversal potentials (mV)

gNa gK gK2 gA pT gleak ENa EK Eleak

1 Bush and Sejnowski (1994) 0.4 0.3 0 0 0 0.8 
 10�3* �45 �82* �58*
2 Lytton and Sejnowski (1991) 1.0* 0.25* 0 0.05* 0 0.8 
 10�3* �45* �82* �58*
3 Huguenard and McCormick (1992) 0.52* 0.07* 0 0 0 0.8 
 10�3* �45 �105 �58*

McCormick and Huguenard (1992)
4 Huguenard and McCormick (1992) 0.41* 0.21* 0.035* 0 0.4 � 10�12* 0.8 
 10�3* �45 �105 �58*

McCormick and Huguenard (1992)

*Values that have been modified from the original models. All of the equations describing voltage-dependent conductances have been maintained as in the
original models.

FIGURE 3 Simulations of the effects of PCAs on single APs. (A) Ap1D.
(a) Unperturbed AP (continuous line) and PCA-perturbed AP in normal
conditions (dotted line). The dashed line is the PCA-perturbed AP obtained
by commanding the unperturbed time-dependent variations of membrane
voltage-dependent conductances. The horizontal dotted lines mark the
reversal potentials for Na� and K� currents. The traces in the inset are the
time derivatives of the corresponding voltage traces (calibration bars: 100
V�s�1, 1 ms). (b) PCA-generated error currents. Dotted and dashed lines:
as above. The model used was no. 1. Cm � 12.6 pF, Rs � 20 M�, T �
34°C. (B) EPC7. (a) Unperturbed AP (continuous line) and PCA-perturbed
AP (dotted line). The horizontal dotted line marks the reversal potential for
Na� currents. (Inset) As in A. (b) PCA-generated error current. The model
used was no. 3. Cm � 6.2 pF, Rs � 12 M�, T � 34°C. In all cases, the AP
was elicited by injecting a 255-	s current pulse of �100 pA/pF (Icom) into
Cm, from a resting membrane potential (rmp) of �70 mV.
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simulation parameters are used in Fig. 3 to exemplify the
effects of Ap1D and EPC7.
Another prominent effect of the model PCAs was an

exaggeration of the hyperpolarization following the AP,
which was often such as to produce pronounced, spurious
afterhyperpolarizations; these afterhyperpolarizations could
even exceed the potassium reversal potential (EK) (see Fig.
3 Aa).
Interestingly, our data indicate that the AP amplitude can

be increased by PCAs, even under conditions in which no
frequency-component enhancement would be expected, on
the basis of the simplified situation of an externally applied
command current described in the Methods and Theory
(compare Fig. 3 Aa with Fig. 2 Aa). This implies that in the
case of a firing cell, additional error sources contribute to
the observed alterations. Two factors can be taken into
account as possible candidates: 1) PCA-generated Vm dis-
tortions significantly alter the driving forces for membrane
ionic currents, thereby modifying the development of the
currents themselves; 2) PCA-generated Vm distortions alter
the normal interaction between Vm and voltage-dependent
conductances. To discriminate between the relative contri-
butions of these two possible error sources, we performed
the same simulations on single spikes seen above, with the
difference that the time courses of voltage-dependent con-
ductances were externally imposed and kept equal to those
taking place in the unperturbed situation: under these con-
ditions no contribution at all of the latter above-mentioned
factor is possible. Fig. 3 Aa (dashed line) shows that also in
this case, the model PCA can produce alterations of the AP
shape similar to the previously described ones, although
they appear to be slightly different quantitatively and the AP
delay is reduced. This finding suggests that alterations of
ionic-current driving forces are a major element in deter-
mining PCA-generated AP distortions, and that interfer-
ences with the voltage and time dependence of membrane
voltage-operated conductances can give a further contribution.

Effects of cellular and experimental parameters
on PCA-generated action-potential distortions

Equations 6 and 7 show that the alterations caused by PCAs
on membrane-voltage events critically depend on Cm and

Rs. Therefore we tested the effects of varying both param-
eters on the importance of PCA-generated distortions of
APs. As shown in Fig. 4 Aa and b, increasing Rs values
normally resulted in a moderate aggravation of PCA-driven
AP alterations, which, on the other hand, remained qualita-
tively similar: the most Rs-sensitive parameters were AP
duration and depolarization rate in the case of Ap1D, and
AP amplitude and repolarization rate in the case of EPC7.
Of special interest is the observation that significant distor-
tions can be produced by PCAs with Rs values as low as 5
M� (Fig. 4 A).
Variations of Cm proved to markedly affect AP distor-

tions (Fig. 4, Ba and b). In the case of Ap1D, the most
prominent effects of reducing Cm from 30 to 5 pF were a
progressive increase in AP duration, a further decrease in
the AP depolarization rate, and a dramatic exaggeration of
the spurious afterhyperpolarization. In the case of EPC7, the
generation of a prolonged, spurious afterhyperpolarization
was also a major effect of reducing Cm from 17 to 5 pF,
whereas increasing Cm led to a slight increase in the AP
depolarization rate and a further decrease in AP duration.
The remaining AP shape alterations were mildly attenuated
by lowering Cm values in both PCAs.
The effects of temperature (T) variations on APs during

recordings with PCAs were also evaluated, to indirectly test
the importance of the rapidity of a cell-voltage event in
determining PCA-driven distortions upon it. Raising T
(from 28°C to 37°C) and thus accelerating the AP progres-
sively enhanced the main alterations brought about by the
PCAs: depolarization rate decrease and generation of spu-
rious afterhyperpolarizations, in the case of Ap1D (a pro-
gressive AP duration increase was an additional effect);
augmentation of the AP amplitude and repolarization rate,
and generation of spurious afterhyperpolarizations, in the
case of EPC7 (not shown).

Effects of PCAs on repetitive firing frequency

From all of the above-illustrated instances of simulated APs,
it turns out that PCAs can markedly alter the repolarization
phase and generate spurious afterhyperpolarizations, which
are often profound and/or prolonged. Such distortions may
be expected to interfere with an otherwise unperturbed

TABLE 2 Alterations of AP shape parameters generated by PCAs

DRmax
(pert./contr.)

RT10–90
(pert./contr.)

Amplitude
(pert./contr.)

RRmax
(pert./contr.)

Duration
(pert./contr.)

Extra
hyperpolarization

(mV)

Ap1D 0.54 1.79 1.3 1.57 0.96 �9.9
EPC7 0.99 1.31 1.42 2.52 0.83 �18.6

The APs illustrated in Fig. 3, Aa and Ba (continuous and dotted lines), have been used for obtaining exemplary values of AP shape parameters. The
following parameters have been considered: maximum AP depolarization rate (DRmax), rise time 10–90% (RT10–90), AP amplitude (measured from the AP
threshold), maximum AP repolarization rate (RRmax), AP duration (measured in correspondence with the AP half-amplitude). The values obtained from
the perturbed APs have been normalized to the corresponding ones of the control APs (pert./contr.). Also indicated are the amplitudes of the perturbed APs’
extra hyperpolarizations, which were derived by measuring the most negative voltage value subsequent to an AP and subtracting the value of the control
AP from that of the corresponding perturbed AP.
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regular discharge of APs. We verified this possibility by
simulating the effects of PCAs on various models of neu-
ronal repetitive firing (Lytton and Sejnowski, 1991; McCor-
mick and Huguenard, 1992; Bush and Sejnowski, 1994).
The results we found were different, depending on the

model used and the parameters introduced therein. Fig. 5
shows that the firing frequency was not affected by the
simulated Ap1D when the model by Bush and Sejnowski
(1994) was employed, but it was in the case of those by
Lytton and Sejnowski (1991) and by McCormick and Hu-
guenard (1992). The factor that turned out to be especially
important in this respect is the deactivation speed of the
repolarizing potassium current(s). A profound, PCA-driven
spurious afterhyperpolarization would tend to deactivate the
voltage-dependent potassium conductances activated during
the AP to a higher extent than would occur in the unper-
turbed situation: if the deactivation rate is slow (as in Bush
and Sejnowski, 1994), the membrane time constant (
m),
decreased by the activation of these conductances, will
remain fast for a sufficiently long period to allow Vm to
return quickly to unperturbed values, once the approaching
of Vm to EK has curtailed the outward currents (Fig. 5 A); if
the deactivation rate is fast (as in Lytton and Sejnowski,

1991, and McCormick and Huguenard, 1992), 
m will rap-
idly recover to the resting value, and Vm will rise back
according to this value. In the latter case, if the resting 
m is
sufficiently high (as in the original models), the subsequent
AP’s firing can be considerably delayed, and therefore the
firing frequency can be significantly lowered (Fig. 5 Ba, C);
if, on the other hand, 
m is lower, the subsequent AP’s firing
can be unaffected or even anticipated, because of a prompter
hyperpolarization-driven recovery of sodium channels from
inactivation; the firing frequency can thus be also increased
(Fig. 5 Bb). Very similar results were observed in the case
of EPC7, when the parameters introduced in the models
were such as to induce significant spurious afterhyperpolar-
izations (see Fig. 5 D). These data show that the two PCAs
can unpredictably affect repetitive firing in different cell
systems.
Fig. 2 Ca shows that If-Ap200A can significantly atten-

uate the amplitude of voltage signals, even in their low-
frequency components (from �50 Hz upwards), provided
that Cm is sufficiently low. As a consequence, If-Ap200A
can be expected to artifactually reduce the firing frequency
in low-capacitance cells. This was confirmed by simulating
such a situation, as exemplified in Fig. 5 E.

FIGURE 4 Simulations of the influence of Rs and Cm on PCA-generated distortions of single APs. Continuous lines represent the unperturbed APs in
all panels. The model used was no. 3 throughout. (A) Effects of Rs. (a) Ap1D. Rs � 5 M� (dashed line), 10 M� (dotted line), and 20 M� (dashed/dotted
line). Cm � 12.6 pF, T � 34°C. (b) EPC7. Rs � 5 M� (dashed line), 10 M� (dotted line), and 15 M� (dashed/dotted line). Cm � 6.2 pF, T � 34°C. (B)
Effects of Cm. (a) Ap1D. Cm � 30 pF (dashed line), 17 pF (dotted line), and 5 pF (dashed/dotted line). Rs � 15 M�, T � 34°C. (b) EPC7. Cm � 17 pF
(dashed line), 10 pF (dotted line), and 5 pF (dashed/dotted line). Rs � 10 M�, T � 34°C. The traces in the inset of each panel are the time derivatives
of the corresponding voltage traces (calibration bars: 100 V � s�1, 1 ms). The command current pulses were the same as in Fig. 3.
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Effects of PCAs on low-threshold spikes and
burst firing

Effects of PCAs similar to those illustrated in the previous
paragraph may be expected when APs are generated in
groups by an underlying transient voltage event like a
low-threshold spike (LTS), rather than in trains by step-
current injection. This assumption was verified by simulat-
ing a burst firing according to the model of McCormick and
Huguenard (1992), in which the burst is sustained by a LTS
due to the recruitment of a low-threshold, T-type calcium
current. The results are exemplified in Fig. 6. Similar to
what is seen in the case of the repetitive firing obtained from
the same model (Fig. 5 C), the APs within a burst were
delayed by the simulated Ap1D. If the T-current density was
reduced to decrease the LTS duration and to produce a burst
made of just two spikes, the PCA-generated distortions
prevented the firing of the second AP (Fig. 6 B). In a similar
real situation, the bursting nature of a neuron might there-
fore be missed.

Ap1D had no significant effects on the shape of the LTS
underlying the burst, as examined by setting the maximum
sodium conductance to zero (not shown); this was expected,
because of the relative slowness of such a membrane-
voltage event. Effects qualitatively similar to those seen for
Ap1D were brought about by EPC7 (not shown).

Effects of PCAs on fast time constants

Measurements of 
ms lying within the physiological range
are unlikely to be significantly altered when performed on
data obtained with PCAs. However, much faster time con-
stants are also present in voltage transients evoked in geo-
metrically complex cells, as a consequence of charge move-
ments between nonequipotential, distinct membrane
regions. Exact knowledge of the values of such time con-
stants (equalization time constants, 
eqs) is important for
gaining insight into the electrotonic structure of a given

FIGURE 5 Simulations of the effects of PCAs on rhythmic firing. Continuous lines and dotted lines represent the unperturbed and the perturbed firing,
respectively, in all panels. The AP firing was evoked by injecting depolarizing current pulses of various amplitude into Cm, from a rmp of �70 mV. (A)
Effect of Ap1D on the firing generated by model no. 1. (B) Effect of Ap1D on the firing generated by model no. 2. 
m was 12.5 ms in a, and 1.25 ms in
b. (C) Effect of Ap1D on the firing generated by model no. 3. In A, B, and C, Cm was 8.0 pF and Rs was 20 M�. (D) Effect of EPC7 on the firing generated
by model no. 3. Cm was 6.2 pF and Rs was 10 M�. (E) Effect of Axopatch 200A in the Ifast mode on the firing generated by model no. 3. Cm was 6.2
pF and Rs was 15 M�. T was 34°C in all cases. The inset of each panel is the graphic of the firing frequency (in Hz) as a function of the current-pulse
amplitude (in pA/pF) in the corresponding model, both in the unperturbed (filled symbols) and in the perturbed (empty symbols) situation.

838 Biophysical Journal Volume 74 February 1998



neuronal type (for the application of 
eqs to the determina-
tion of neuronal electrotonic length on the basis of the cable
theory, see Rall, 1969, 1977). A common procedure for the
measurement of 
eqs consists of the injection of a very brief
but strong current pulse able to generate a measurable
off-response transient: in a geometrically complex cell the
decay of this transient is determined by both 
eqs and 
m,
and the 
eq values are completely independent of the com-
mand-pulse duration. We reproduced a similar protocol in a
two-compartment cell model (see Fig. 7 A), in the absence
or presence of the simulated PCAs. We found that the
ensuing voltage transients could be markedly distorted in
their early phases by PCAs, and that the alterations de-
pended quantitatively and qualitatively on a number of
variables, including Rs, compartment membrane capaci-
tance, compartment membrane conductance, intercompart-
mental resistance, command-pulse duration, and command-
pulse amplitude. Measurements of 
eq from such
experimental outputs would therefore be variably altered.
Fig. 7 (B and C) shows a few examples of the modifications
produced by simulated Ap1D and EPC7 on equalization
voltage transients, under diverse conditions. The transients
obtained with recordings made using Ap1D can return spu-
rious 
eq values either higher or lower than the real ones,
depending on the above-mentioned parameters (Fig. 7, Ba
and b); recordings made with EPC7 will preferentially re-
turn abnormally faster 
eqs (Fig. 7 C). In either case, 
ms
appear to be essentially unaffected.

FIGURE 6 Simulations of the effects of Ap1D on burst firing. The
model used was no. 4. (A) Simulation of a rebound burst generated when
the command current injected to keep the rmp at �120 mV was stepped to
zero. (B) The maximum permeability of the low-voltage activated calcium
current was lowered to 0.21 
 10�12 cm3/s � 	m2 to reduce the number of
APs in the burst. Cm � 12.6 pF, Rs � 20 M�, T � 35°C in both cases.

FIGURE 7 Simulations of the effects of PCAs on passive voltage tran-
sients in a two-compartment cell model. (A) Equivalent circuit of the
two-compartment cell model. The membrane time constant, 
m, was as-
sumed equal in both compartments. (B, C) Effects of PCAs on passive
transients evoked by 125-	s current pulses of �20 pA/pF. Continuous
lines are the unperturbed transients, dotted lines are the perturbed tran-
sients, dashed lines (largely indistinguishable from the former ones) are
biexponential best fittings. The vertical bars mark the beginning of the
fitted trace portion. (B) Ap1D. (a) Passive transients in a model cell with

m � 5 ms, Rm1 � Rm2 � 0.5 G�, R1–2 � 50 M�, Rs � 10 M�. Fitting
parameters were A1 � �1.99 mV, 
1 � 0.232 ms, A2 � �2.47 mV, 
2 �
5.0 ms, A0 � �70.0 mV (unperturbed); A1 � �0.507 mV, 
1 � 0.49 ms,
A2 � �2.3 mV, 
2 � 4.9 ms, A0 � �70.0 mV (perturbed). (b) Passive
transients in a model cell with 
m � 12.5 ms, Rm1 � Rm2 � 0.5 G�, R1–2 �
100 M�, Rs � 20 M�. Fitting parameters were A1 � �2.38 mV, 
1 � 1.13
ms, A2 � �2.49 mV, 
2 � 12.5 ms, A0 � �70.0 mV (unperturbed); A1 �
�1.9 mV, 
1 � 0.816 ms, A2 � �2.45 mV, 
2 � 11.91 ms, A0 � �70.0
mV (perturbed). (C) EPC7. The passive transients were evoked in a model
cell with 
m � 12.5 ms, Rm1 � Rm2 � 1.5 G�, R1–2 � 100 M�, Rs � 10
M�. Fitting parameters were A1 � �2.18 mV, 
1 � 0.397 ms, A2 � �2.49
mV, 
2 � 12.5 ms, A0 � �70.0 mV (unperturbed); A1 � �1.9 mV, 
1 �
0.243 ms, A2 � �2.47 mV, 
2 � 12.2 ms, A0 � �70.0 mV (perturbed).
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Off-line corrections: are they feasible?

It has previously been shown that in the simplified experi-
mental situation of a passive test circuit, the voltage distor-
tions brought about by PCAs can be corrected off-line by
exploiting the IE signal returned by PCAs themselves (Mag-
istretti et al., 1996): in this case, both a “resistive” and a
“capacitive” error term can be calculated from IE and added
to the perturbed voltage trace, thus correcting the distor-
tions. The appropriateness of this approach under the same
conditions was confirmed by our simulations (Fig. 8 A).
However, the existence of limitations for the off-line

correction became evident when this procedure was tested
on real AP recordings made with PCAs. Fig. 8 B shows the
result returned by the correction for an AP recorded in a
DRG neuron using the Ap1D amplifier. The shape of the
“corrected” AP was far from that of an unperturbed AP
(recorded with a classical voltage follower), and the distor-
tions appeared to be accentuated rather than reduced.
A major requisite for the success of the off-line correction

is that the total resistive current flowing through Rinj (in the
case of the passive test circuit: Iinj) or through the cell
membrane (in the case of a single-compartment cell model)
is essentially the same in the perturbed situation as in the
unperturbed one; this is because this current is the sum of
the actual capacitive current, ICp, and IE, and therefore
corresponds to the total current “commanded” into Cm after
the off-line correction has been carried out. This require-
ment is indeed met in the tests performed in the simplified
situation of the passive test circuit (see Fig. 8 Ab). The
question then arises whether the same can also be consid-
ered to be true in the more complex situation of a firing cell.
In Fig. 8 Cb the total resistive currents flowing through

the membranes of an unperturbed cell (IRu) and a PCA-
perturbed cell (IRp) during a simulated AP are compared.
The two currents still appear to be strikingly different;
therefore the above condition for successfully performing
an off-line correction here no longer holds. This conclusion
is confirmed by the comparison of the simulated, unper-
turbed AP with the “corrected” one (Fig. 8 Ca). Marked
discrepancies between IRp and IRu were also observed when
the time courses of voltage-dependent conductances were
externally fixed, as explained above (first paragraph of the
Results) (not shown). These findings demonstrate that the
voltage distortions generated by PCAs during an AP both
alter the membrane ionic-current driving forces and inter-
fere with the normal interaction between Vm and voltage-
dependent conductances, thereby irremediably changing the
current flow across the whole circuit and precluding the
possibility of an off-line correction.

DISCUSSION

The electronic design of conventional PCAs, which has
been extensively discussed elsewhere (Sigworth, 1995;
Magistretti et al., 1996), was originally conceived for volt-
age-clamp recordings with low-resistance electrodes. Turn-

ing PCAs to the CC mode requires the introduction of
additional feedback circuits that compensate a basically
very low resistance of the PCA input stage. Because this
circuitry provides a positive feedback loop, its reaction
speed cannot be infinitely high; on the contrary, it must be
limited, otherwise signal instabilities and fast oscillations
would be generated. Therefore, the performance of the
feedback circuitry, which is satisfactory for relatively low
frequency components of the signal, may be inadequate at

FIGURE 8 Evaluation of the results of the off-line correction procedure.
(A) Off-line correction performed on the traces returned by simulating an
experiment on a test circuit-PCA system. The test circuit and PCA modeled
and the protocol applied were the same as in Fig. 1 Da, b, save that the
test-circuit stray capacitances were omitted. (a) Unperturbed voltage (con-
tinuous line), perturbed voltage (dotted line), and corrected voltage (dashed
line). (b) Unperturbed Iinj (continuous line), IE (dotted line), ICp (dashed-
dotted line), and perturbed Iinj (dashed line) (see text for details). (B)
Off-line correction performed on a real AP recorded using an Ap1D
amplifier from a cultured DRG neuron. (a) The continuous line is the
unperturbed AP, recorded with a classical voltage follower (Axoclamp 2A
amplifier); the dotted line is the AP derived, from the same cell, using
Ap1D; and the dashed line is the “corrected” AP. (b) The error current, IE,
returned by the Ap1D current output, and used for the correction proce-
dure. (C) Off-line correction performed on a simulated AP. The model
cell-PCA system and the protocol applied were the same as in Fig. 3 A. (a)
Unperturbed AP (continuous line), perturbed AP (dotted line), and “cor-
rected” AP (dashed line). (b) IRu � Icom (continuous line), IE (dotted line),
ICp (dashed-dotted line) and IRp � Icom (dashed line) (see text for details).
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higher frequencies; as a consequence, signal-frequency-de-
pendent error currents, IE, are produced. As we have previ-
ously demonstrated, these currents, flowing through the
PCA, generate distortions in the voltage signals returned by
the PCA itself.
The primary goal of the present study was to collect data

allowing us to predict which cell membrane voltage events
are especially affected in CC recordings made with PCAs,
and which cellular parameters and experimental conditions
can aggravate, or conversely attenuate, PCA-generated dis-
tortions. Such information is desirable in view of a more
rational use of PCAs in future experiments and the require-
ment of a critical review of the published literature. The
strategy we chose was to determine the CC voltage-IE
transfer function for the different PCA models considered.
These functions were then used, on one hand, to analytically
derive general equations describing the effects caused by
PCAs, under simplified experimental conditions, on volt-
age-signal frequency components, and on the other hand, to
create corresponding models of PCA functioning that were
introduced into numerical simulations of neuronal bioelec-
trical behavior. In this way we were able to evaluate a
variety of experimental and physiological situations. In par-
ticular, the modeling approach showed that rapid membrane
voltage events such as fast action potentials are preferen-
tially altered by PCAs, consistent with what was previously
observed in real cells (Magistretti et al., 1996). Fine AP
shape parameter measurements made on recordings ob-
tained using PCAs such as List EPC-7, Axopatch 1D, or
Axopatch 200A, working in the Inormal mode, can be af-
fected by severe alterations. For example, in such conditions
it would be improper to try to estimate the sodium channel
density from the maximal slope of the AP upstroke, or to
consider a cell “healthy” because of a high AP amplitude.
Another striking effect of model PCAs was the generation
of prominent, artifactual afterhyperpolarizations, again in
accordance with experimental data (Magistretti et al., 1996).
Because the ability to produce afterhyperpolarizations, one
of the basic bioelectrical properties of neuronal membranes,
is differently expressed and has different patterns and func-
tional implications in different neuronal populations
(Schwindt et al., 1988; Sah and McLachlan, 1992; Sah,
1996), the presence of spurious or distorted afterhyperpo-
larizations may lead to erroneous conclusions as to their
importance and physiological role.
Various cellular and experimental parameters turned out

to be able to affect the entity of PCA-generated distortions.
A first factor is the cell-to-amplifier access resistance, Rs;
our results indicate that, in general, the presence of low Rs
values attenuates the artifacts. However, the importance of
Rs does not appear to be determinant, because the attenua-
tion of distortions obtained by lowering Rs was only partial,
and significant alterations were still present with Rs values
as low as 5 M�. The latter observation gains further im-
portance from the fact that PCAs of more recent generations
(i.e., Axopatch 200A, Axopatch 200B) provide an Ifast mode
that greatly improves the reliability of CC recordings (see

Magistretti et al., 1996, and this work), but is stable only
with Rs values higher than 5–10 M�. Therefore, under
conditions in which the Ifast mode could not be used—
namely with a low Rs, which is especially desirable when
concomitant voltage-clamp/current-clamp recordings are
performed—prominent alterations would still be possible.
Cell capacitance, Cm, proved to be an important factor in

influencing the entity of PCA-generated distortions (see
Results). Some of these artifacts can become dramatic in the
presence of very low Cms, as in the case of spurious after-
hyperpolarizations. Aggravations of the major alterations
brought about by each PCA model are also to be expected
as a consequence of temperature increases.
Our study also revealed that such membrane-voltage

events as regular firing and burst firing cannot be assumed
to be free of problems when recorded with PCAs. In the
presence of particular kinetic properties of the underlying
voltage-dependent currents (see Results), the firing frequen-
cies of a neuron may be underestimated or, alternatively,
overestimated, depending on the passive characteristics of
the neuron itself. As a consequence of firing-frequency-
dependent alterations in the interspike interval (see Fig. 5,
insets), the process of adaptation might also be interfered
with.
Additional rapid membrane-voltage events that can be

experimentally revealed in neurons, and which derive from
charge movements across distinct neuronal compartments,
are equalization transients. Our data indicate that PCA-
generated distortions can significantly alter the measure-
ment of equalization time constants, and, consequently, the
estimation of a neuron’s electrotonic structure. Hence, for
deriving reliable measurements of neuronal electrotonic pa-
rameters from experiments performed with conventional
PCAs, data obtained under voltage-clamp conditions should
rather be used, following the method indicated by Jackson
(1992).
Another major aim of the present work was to test the

feasibility of off-line corrections of the voltage signals
obtained with PCAs, by exploiting the IE signals returned by
the PCA current output. Both the results of the model and
the recordings obtained from real neurons demonstrated that
such a possibility should be ruled out. Our simulations also
revealed that this is the consequence of a global alteration,
caused by the PCA functioning, of the currents flowing
through the cell membrane-PCA system. This finding, to-
gether with others previously discussed, point to the impor-
tance of modifying the functioning principles and electronic
design of the CC mode of conventional PCAs. In a previous
paper (see Magistretti et al., 1996) we have already pro-
posed a possible electronic solution that would make CC
recordings performed with PCAs as reliable as those ob-
tained with classical voltage followers, thus overcoming all
of the problems and limitations that we have described here.
In conclusion, our results indicate that the use of such

PCAs as Axopatch 1D and List EPC-7 for CC recordings is
appropriate only under particular experimental conditions,
for instance, when slow membrane-voltage signals

Magistretti et al. Voltage Distortions Generated by Patch-Clamp Amplifiers 841



(postsynaptic potentials, slow regenerative potentials, etc.)
are to be investigated, or when the cells under study are
large. The above-discussed limitations of conventional
PCAs as a tool for performing CC recordings make it
necessary to preliminarily select the specific cases in which
these instruments can safely be used for studying cell-
voltage events, and/or to carefully evaluate a posteriori the
experimental situations encountered each time.
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