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ABSTRACT We have developed two methods to measure Ca2� channel inactivation in Lymnaea neurons—one method,
based upon the conventional double-pulse protocol, uses currents during a moderately large depolarizing pulse, and the
other uses tail currents after a very strong activating pulse. Both methods avoid contamination by proton currents and are
unaffected by rundown of Ca2� current. The magnitude of inactivation measured differs for the two methods; this difference
arises because the measurement of inactivation is inherently dependent upon the test pulse voltage used to monitor the Ca2�

channel conductance. We discuss two models that can generate such test pulse dependence of inactivation measure-
ments—a two-channel model and a two-open-state model. The first model accounts for this by assuming the existence of
two types of Ca2� channels, different proportions of which are activated by the different test pulses. The second model
assumes only one Ca2� channel type, with two closed and open states; in this model, the test pulse dependence is due to
the differential activation of channels in the two closed states by the test pulses. Test pulse dependence of inactivation
measurements of Ca2� channels may be a general phenomenon that has been overlooked in previous studies.

INTRODUCTION

Ca2� channel inactivation is often measured as the decay of
Ca2� current during a prolonged depolarization. However,
this method of measuring inactivation can only be applied at
potentials that elicit an appreciable Ca2� current. A com-
mon alternative to this method is the double-pulse protocol,
in which a conditioning pulse is followed by a pulse to a
fixed voltage (a test pulse); this test pulse reveals the num-
ber of channels that are capable of being activated. In this
case, inactivation caused by the conditioning pulse is mea-
sured as the percentage reduction in the test pulse current
when a conditioning pulse precedes the test pulse. The test
pulse is usually chosen so that it elicits maximum Ca2�

current, and it is generally assumed that the measurement of
inactivation is independent of the test pulse potential. We
have developed another method of measuring inactivation
that enables us to use a broad range of test pulse potentials.
We were surprised to find that inactivation measurements
vary significantly with the test pulse potential.

The experiments presented in this study were performed
on native molluscan Ca2� channels. Studies of native Ca2�

channels do have problems of contaminating currents and of
lack of molecular definition of Ca2� channels, problems
that are largely avoided by studies of heterologously ex-
pressed Ca2� channels. However, there is considerable ev-
idence to suggest that Ca2� channel inactivation depends
upon the intracellular environment (Tillotson, 1979; Isom et

al., 1994; Johnson and Byerly, 1994; Olcese et al., 1994;
Schuhmann et al., 1997), and important components of the
neuronal intracellular environment may be missing from
heterologous expression systems. Studies of Ca2� channels
in their native environment are, therefore, essential for
studying physiologically relevant Ca2� channel inactivation.

Inactivation of Ca2� channels is thought to have two
components: a voltage-dependent component and a Ca2�-
dependent component. Many of the earliest studies on Ca2�

channel inactivation used molluscan neurons, and these
established the presence of a large Ca2�-dependent compo-
nent of inactivation in these neurons (Tillotson, 1979; Eck-
ert and Tillotson, 1981). However, these early studies did
not take into account the outward proton current, which was
discovered later in molluscan neurons (Thomas and Meech,
1982; Byerly et al., 1984) and often contributes to the
appearance of Ca2� current inactivation.

In this study we use two methods to study voltage-
dependent inactivation of Ca2� channels in neurons of the
freshwater snail Lymnaea stagnalis. The Ca2�-dependent
component of inactivation has been suppressed by strongly
buffering the intracellular Ca2� to low levels (Gera and
Byerly, 1998). The first method of measuring inactivation is
based upon the more conventional double-pulse protocol,
and the second method takes advantage of the fast voltage-
clamping techniques currently available and uses tail cur-
rents to measure the inactivation of Ca2� channels. Both
methods avoid contamination by H� currents and are in-
sensitive to rundown. The measurements of inactivation
made with the two methods differ systematically over a
large range of voltages; this difference arises from the
different test pulse voltages used by the two methods. We
describe two models that can generate the test pulse depen-
dence of inactivation measurements. Both models account
for this behavior by assuming that Ca2� channels are dis-
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tributed into distinct classes or closed states, different pro-
portions of which are activated by different test pulses.

MATERIALS AND METHODS

Cell preparation and electrophysiology

Neurons from the pedal, parietal, and visceral ganglia of adult Lymnaea
stagnalis, a freshwater snail, were prepared for patch clamp experiments as
previously described (Johnson and Byerly, 1993). Briefly, the ganglia are
treated with enzymes (Sigma P5147, Protease Type XIV, 1 mg/ml for 20
min, and Sigma T8918, trypsin, 2 mg/ml for 1 h at 29°C) and subsequently
desheathed. The neurons in the ganglia are mechanically dissociated and
stored in a glucose-containing Lymnaea saline. These cells have normal
currents for 20 h after dissociation if stored in a refrigerator. Nearly
spherical cells with diameters ranging from 50 to 75 �m were used for this
study.

Currents were recorded using the Axopatch 200A patch clamp ampli-
fier. pClamp software (version 6.0) was used for data acquisition
(Clampex) and analysis (Clampfit). Patch clamp electrodes were pulled in
two steps from VWR micropipettes, using a Narashige PP-83 electrode
puller, and then coated with Sylgard (Dow Corning) to reduce electrode
capacitance. These electrodes typically had resistances of 1 M� and tip
diameters of 12–16 �m. Series resistance (usually around 2–4 M�) was
electronically compensated to more than 90%. Inactivation measurements
were taken at least 10 min after the whole cell configuration was entered,
to allow for the diffusion of the electrode solution into the cell. Junction
potential errors (described in Hagiwara and Ohmori, 1982; Neher, 1995)
have not been corrected for in these experiments and are expected to be
approximately �10 to �15 mV (Byerly and Hagiwara, 1982).

Linear leak currents and capacitive transients are subtracted using a P/4
protocol. All voltage-gated Na� and K� currents are eliminated by using
Cs� and Tris� as the major cations in the standard intracellular and
extracellular solutions, respectively (see Solutions). Currents recorded in
the standard solutions comprise voltage-gated Ca2� and H� currents (By-
erly et al., 1984). These currents are not contaminated with outward Cs� or
Cl� currents, because replacing internal Cs� with N-methyl-D-glucamine�

or external Cl� with methanesulfonate� (CH3SO3
�) does not produce any

change in the shape of the recorded currents.

Solutions

The Lymnaea saline used for dissociation and storage of cells contains 50
mM NaCl, 2.5 mM KCl, 4 mM MgCl2, 4 mM CaCl2, and 10 mM HEPES,
adjusted to pH 7.4 with NaOH. The standard extracellular saline used for
recording Ca2� or Ba2� currents is composed of 76 mM TrisCl and 10 mM
CaCl2 or BaCl2 adjusted to pH 7.4. The intracellular solution contains 50
mM HEPES, 0.5 mM MgCl2, 3–12 mM CsCl, 15–20 mM aspartic acid, 2
mM Mg-ATP, and 5 mM EGTA, adjusted to pH 7.3 with CsOH.

Measurement of tail currents

The tail currents were measured using a four-pole Bessel filter with a cutoff
frequency of 10 kHz, and the currents were digitized at 100 kHz. Reducing
the cutoff frequency to 5 kHz did slow slightly the time course of the tail
currents but did not change the inactivation measurements. The clearest
indication of the speed of the voltage clamp obtained was provided by the
rise time of the tail currents. Tail currents typically reached their peak
magnitude in 100 �s, independently of the magnitude of the current.
Although the finite speed of the clamp reduces the magnitude of the
measured tail currents, we are convinced that these tail currents are a
reliable measure of the Ca2� conductance that exists just before the
negative step in potential. These tail currents indicate that the Ca channels
activate with the expected Boltzmann-shaped voltage dependence (Fig. 7
A). Furthermore, if the limited speed of the clamp were truncating large tail
currents more than small ones, we would expect cells with larger tail
currents to show smaller amounts of measured inactivation—however, no
correlation between inactivation measurements and tail current magnitudes
was found.

Large gating currents, unsubtracted leak currents, or currents due to
other conductances (such as H� currents, Byerly et al., 1984) can also
contaminate tail currents, making them an unsuitable measure of Ca2�

channel conductance. However, we have determined that these extraneous
components, if present in our Ca2� tail current measurements, are negli-
gible. When the Ba2� ion concentration in the extracellular saline is
reduced from 10 to 3 mM and to 0.5 mM, the tail currents, after a pulse to
�120 mV, decline in magnitude, as do the pulse currents, and both
approach zero as the Ba2� concentration does (Fig. 1 A). This supports the
conclusion that peak tail currents (and pulse currents) are entirely due to

FIGURE 1 Tail currents are carried by ions flowing through Ca2� channels. (A) Pulse currents and tail currents are reduced in proportion as extracellular
Ba2� concentration is reduced from 10 to 3 mM (n � 9) and to 0.5 mM (n � 5). Tail currents after a pulse to �120 mV are measured at �20 mV. Tail
currents and peak inward pulse currents are normalized to their values in 10 mM Ba2�. In these experiments external Ba2� was replaced by external Mg2�

to keep the external divalent concentration at 10 mM. It was not possible to do these experiments when all permeant divalents were replaced by Mg2�,
because this caused the cells to become leaky. Error bars in this and following figures represent SEM. (B) Tail currents after a depolarization to �30 mV
of variable duration and pulse current at �30 mV reflect the same kinetics of Ca2� channel activation. The lowest trace is a longer pulse current to �30
mV, normalized to the amplitude of the tail currents.

Gera and Byerly Measurement of Ca Channel Inactivation 3077



ions flowing through Ca2� channels, in this case Ba2� ions. Furthermore,
tail currents measured at different times during a step to �30 mV show the
same time course of current activation as the pulse current (Fig. 1 B). For
a small voltage step such as this, the pulse current is a reliable measure of
Ca2� channel activation, because the H� conductance is very small at these
voltages. The agreement between pulse and tail currents in these cases
indicates that our measurements of Ca2� tail currents are relatively free of
contamination and adequately reflect the Ca2� channel conductance.

Protocols for measuring inactivation

The two methods for measuring inactivation are described in detail in the
Results (Fig. 2). We standardly use 150-ms-long conditioning pulses in
these protocols because longer pulses cause a faster rundown of Ca2�

current. The conditioning pulse is followed by a 20-ms gap before the
currents are activated again to measure inactivation. In method 1, the
membrane is held at �60 mV for the entire 20-ms duration of the gap,
whereas in method 2, the membrane is held at �60 mV for the first 17.5
ms and then is stepped to �120 mV for the remaining 2.5 ms. This is done
so that the peak pulse current in method 1 and peak tail current in method
2 are measured at approximately the same time after the conditioning pulse.
This gap is necessary to completely deactivate H� and Ca2� channels.

Ideally, this gap should be minimal, so that the channels that have inacti-
vated during the conditioning pulse are not allowed time to recover from
inactivation. However, the slow tail currents elicited by strong depolariza-
tions during the conditioning pulse can take up to 20 ms to turn off, which
limits how short the gap duration can be.

The two different protocols used in methods 1 and 2 would be expected
to yield slight differences in measurement of inactivation. One reason for
this is that the reference pulse used in method 1 may itself cause some
inactivation from which the channels do not completely recover by the time
the test pulse current is measured 170 ms later. Therefore, inactivation
measured by method 1 measures the residual inactivation caused by the
reference pulse in addition to the inactivation due to the conditioning pulse.
Method 2, on the other hand, uses no reference pulse. The second possible
source of difference is that in method 1, the inactivated channels recover
from inactivation at �60 mV for 20 ms during the gap, whereas in method
2, they recover at �60 mV for 17.5 ms and at �120 mV for 2.5 ms, where
recovery is probably different. However, these differences are very small
and can be neglected in most cases. This is demonstrated for lower test
potentials by experiments in which methods 1 and 2 are modified so that
both use a test pulse of �30 mV, and the resulting measurements of
inactivation are quite similar for all conditioning pulse voltages (see Fig.
4 C).

FIGURE 2 Methods of measuring Ca2� channel inactivation. (A) Method 1 command voltage traces for three different conditioning pulse voltages
(above) and the corresponding current traces (below). Method 1 uses a 10-ms reference pulse to �40 mV and a 150-ms conditioning pulse, followed by
a 20-ms gap at the holding potential (�60 mV) and a test pulse to �40 mV. (B) Method 2 command voltage and current traces from the cell in A. In this
method, after the 150-ms conditioning pulse, there is a 17.5-ms gap at �60 mV and a 2.5-ms test pulse to �120 mV. The tail currents at the end of the
test pulse are measured at �40 mV and are shown in the inset for clarity (the scale bars represent 10 nA and 2.5 ms). (C and D) Inactivation (f) measured
using method 1 or method 2, respectively, as a function of the conditioning pulse voltage, and the peak inward current measured at each voltage (�) for
the cell in A and B.
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Measurements of inactivation are
insensitive to rundown

Rundown of Ca2� currents can interfere with measurements of inactiva-
tion, because it also causes a decrease in the overall Ca2� current magni-
tude, although on a slower time scale (typically, the Ca2� current takes 10
min to run down by 10% during an experiment). If the reference pulse and
the test pulse are separated by a large enough period of time, then the
decline in current measured by the test pulse may be due to both rundown
and inactivation. Both methods 1 and 2 avoid this problem, but in different
ways. In method 1, the test pulse follows the reference pulse after 170 ms,
which is too short an interval to allow rundown. In method 2, the same
strategy cannot be used to avoid rundown because of technical reasons (the
tail currents are measured at a faster digitization rate; however, our aqui-
sition software does not allow the use of more than two digitization rates
during the same episode). Thus, in method 2, the reference tail current is
measured once for every two test tail currents, and the longest period
between a reference tail current measurement and a test tail current mea-
surement is 20 s. During this period the reference tail current changes by
less than 1% on average. It is also possible that rundown over a period of
time may change the inactivation properties of the Ca2� current itself.
However, we find that under our experimental conditions, rundown of
Ca2� current is not accompanied by any change in the inactivation curve.
We have consistently observed that even in cases where the Ca2� current
rundown was extreme (more than 50% of its original value), the inactiva-
tion curves measured using the same method change by less than 10%.

RESULTS

Two methods for measuring Ca2�

channel inactivation

Ca2� channel inactivation is commonly measured using a
double-pulse protocol. A variant of this protocol is used in
this study and is illustrated in Fig. 2 A. In this method
(henceforth referred to as method 1), three voltage pulses
are applied—a short “reference pulse” to �40 mV, a
150-ms “conditioning pulse” of variable amplitude, and a
“test pulse,” also to �40 mV. A 20-ms “gap” separates the
test pulse from the conditioning pulse. If no inactivation
occurs during the conditioning pulse, then the test pulse
current is identical to the reference pulse current. When
Ca2� channels inactivate during the conditioning pulse, the
test pulse current is reduced relative to the reference pulse
current. Inactivation, for any conditioning pulse voltage, is
calculated using the following expression:

Inactivation �
Irp � Itp

Irp
,

where Irp and Itp refer to the peak inward currents measured
during the reference and test pulses, preceding and follow-
ing the conditioning pulse.

Although this method is advantageous in that it is simple
to use, it is not reliable when the Ca2� current is very small
(such as at very positive test potentials) or when an outward
current contaminates the Ca2� current. To measure inacti-
vation under these conditions, we have developed a new
protocol, method 2, which uses tail currents to measure
inactivation and is described below. Ca2� channel tail cur-
rents can be reliably measured, even when the Ca2� pulse
currents (i.e., currents during an activating voltage step) are

small, and are easier to isolate from other currents not
flowing through Ca2� channels.

Method 2 (Fig. 2 B) is similar to method 1, except that it
uses tail currents (after a short activating pulse to �120
mV) to monitor the Ca2� conductance of the cell, instead of
pulse currents during a test pulse to �40 mV. The 150-ms
conditioning pulse is followed by a gap, as in method 1, and
then a brief test pulse to �120 mV is applied. The pulse is
ended by a step to �40 mV, which elicits a large Ca2� tail
current, and this is taken as a measure of the Ca2� conduc-
tance of the cell. The tail current measured at the end of a
test pulse after a conditioning pulse to �60 mV (the holding
potential) is taken as the “reference tail current.” Ca2�

channel inactivation during a conditioning pulse causes a
reduction in the corresponding tail current, compared to the
reference tail current. Inactivation caused by a conditioning
pulse voltage, in this method, is calculated as follows:

Inactivation �
Irt � Itt

Irt
,

where Irt is the reference tail current and Itt is the tail current
after the test pulse to �120 mV after the conditioning pulse.
To minimize the effect of time-dependent changes in Ca2�

current (due to rundown or changes in series resistance), one
reference tail current measurement is taken for every set of
two conditioning pulses to nonreference voltages. In both
methods, the voltage protocols are applied 10 s apart.

Methods 1 and 2 give different
measurements of inactivation

Both methods of measuring inactivation yield bell-shaped
inactivation curves with maximum inactivation for condi-
tioning pulse voltages of �40 to �60 mV (Fig. 2, C and D).
Note, however, that although the two methods in Fig. 2 are
applied to the same cell under identical conditions, they do
not give identical inactivation curves. We find that there is
a consistent difference between the two measures of inac-
tivation for most conditioning pulse voltages, irrespective of
the order in which the measurements are taken. For lower
conditioning pulse voltages (�60 mV), inactivation mea-
sured by method 1 is greater than that measured by method
2; whereas for higher conditioning pulse voltages (�60
mV), method 2 measurements of inactivation are larger than
method 1 measurements (Fig. 3 A). The two measurements
are strongly correlated in all cells studied (Fig. 3 B), and the
differences between them are very reproducible. These dif-
ferences, therefore, are not due to random errors in mea-
surement, or other factors that are independent of Ca2�

current inactivation.

Measurements of inactivation depend upon test
pulse potentials

The discrepancies between the measurements of inactiva-
tion obtained using the two methods can be explained by the
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sensitivity of both methods to the test pulse voltage. The
two methods use different test pulse voltages—the test pulse
in method 1 is to �40 mV, whereas that in method 2 is to
�120 mV—and the measurement of inactivation in both
methods depends upon the test pulse potential used. As the
test pulse voltage in method 2 is decreased from �120 mV
to �30 mV, the peak inactivation increases while the inac-
tivation for pulses to �120 mV decreases (Fig. 4 A). A
similar trend is also seen when the test pulse voltage in
method 1 is decreased from �30 mV to �20 mV (Fig. 4 B).
Therefore, the main reason for the difference between mea-
surements of inactivation using the two methods is that
method 1 uses a test pulse to �40 mV to measure the state
of Ca2� channels, whereas method 2 uses a test pulse to
�120 mV. Indeed, when the test pulse is to �30 mV for
both protocols (Fig. 4 C), the inactivation measured using
method 1 is in good agreement with that determined with
method 2; the slight difference in the measurements here is
expected because of some residual inactivation produced by
the initial reference pulse in method 1 and is of a nature
different from that seen in Fig. 4 A.

We do not know what causes the measurements of inac-
tivation to be sensitive to test pulse voltage. We have
examined the possibility that H� currents may be contam-
inating the inactivation measurements in one or both meth-
ods and thus making the measurements sensitive to the test
pulse potential. We have also investigated whether the slow
tail currents following large positive pulses may cause error
in measurements of Ca2� current during or after the test
pulse. However, we show below that neither of these two
possibilities can explain the discrepancy between the inac-
tivation measurements resulting from the two methods and

their dependence upon the test pulse potentials. Because it is
only by using tail current magnitudes that we can measure
inactivation over a large range of test potentials, we have
also conducted control experiments to ensure that our tail
current measurements accurately reflect Ca2� channel con-
ductance (see Materials and Methods). This leads us to
believe that the test pulse dependence of inactivation de-
scribed above is not due to erroneous measurements of
inactivation for some test pulse potentials, but it is an
inherent property of the Ca2� current in Lymnaea channels.

It is possible to model the test pulse dependence of the
measurement of inactivation by assuming a heterogeneous
population of Ca2� channels with different activation and
inactivation properties. Alternatively, this test pulse depen-
dence of inactivation measurement can also be modeled by
assuming only one class of channels with two open and two
closed states, with one of the open states leading to an
inactivated state. Both of these models are developed in the
Discussion.

Measurements of inactivation are
independent of H� current

Many molluscan neurons have an outward H� current that
cannot be readily isolated from the Ca2� current, as no
pharmacological agent selectively blocks it (Thomas and
Meech, 1982). Lymnaea neuron currents recorded in our
Ca2� current recording solutions consist of Ca2� and H�

currents (Byerly et al., 1984). Addition of 10 mM tetrapen-
tylammonium (TPeA) to the external solution blocks all but
H� currents and is used for isolating H� currents (Johnson

FIGURE 3 Comparison of inactivation measured by methods 1 and 2. (A) Average inactivation curves using methods 1 (�, n � 34) and 2 (f, n � 54).
Error bars indicate SEM, but in some cases they are too small to be seen distinctly from the marker. (B) Linear relation between inactivation measured by
methods 1 and 2 in individual cells. Open symbols (�) represent measurements of peak inactivation, and closed symbols (f) represent inactivation
measured for conditioning pulses to �120 mV. Data shown here are taken from 172 cells in which inactivation was measured under a number of different
conditions (e.g., different concentrations of internal Ca2� buffers, substitution of external Ca2� with Ba2�, partial block of Ca2� current with Co2�). The
data are fitted by a line with slope 0.58 and a y-intercept of 0.1 (R2 � 0.91). The dashed line has a slope of unity and is shown for comparison.
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and Byerly, 1993). Subtraction of H� current from the
current recorded in the standard external solutions gives a
measurement of the Ca2� current alone (Fig. 5 A). Currents

measured in TPeA show that in Lymnaea neurons at phys-
iological extra- and intracellular pH, H� current activates at
potentials above �40 mV and can have magnitudes com-
parable to that of Ca2� channel current. However, TPeA
usually caused the cells to develop a large leak current and,
hence, was not used regularly to isolate H� currents in this
study.

H� currents and method 1

One possible source of error in using method 1 to measure
inactivation is contamination of test and reference pulse
currents by H� currents. It is for this reason that we choose
the reference and test pulse potential in method 1 to be �40
mV; at this voltage there is a large inward Ca2� current, but
only a very small and slowly activating H� current, allow-
ing for a relatively pure peak Ca2� current measurement.
Note, however, that the Ca2� current used by reference and
test pulses is not the maximum Ca2� current, which occurs
for more positive voltages. Any H� current activated during
the conditioning pulse is given time to completely deacti-
vate during the 20-ms gap at �60 mV after the conditioning
pulse (Byerly et al., 1984), so that test pulse current is not
contaminated by H� current.

It is illustrative to consider what the effect on inactivation
measurement would be if H� currents were present in the
reference and test pulse currents. In that case, cells with
outward H� currents would appear to have smaller inward
reference and test pulse currents. The conditioning pulse
does not affect the proton current during the pulse (I H), and
therefore the measured inactivation would be given by the
following:

Measured Inactivation

�
�Irp

Ca � IH� � �Itp
Ca � IH�

�Irp
Ca � IH�

�
Irp

Ca � Itp
Ca

Irp
Ca � IH

�
Irp

Ca � Itp
Ca

Irp
Ca � Actual Inactivation

(Here, all I’s represent current magnitudes and are positive
numbers.)

Hence, inactivation measured using method 1 would be
larger than actual, if the H� currents were contaminating
our measurements of peak Ca2� currents. Moreover, in this
case, cells with larger H� currents would appear to have
larger values of inactivation; however, we do not see such a
relationship. Peak measurements of inactivation measured
using method 1 are completely unrelated to H� current
magnitude (Fig. 5 B); therefore, we conclude that the mea-
surement of inactivation using method 1 is insensitive to H�

currents.

H� currents and method 2

In method 2, the test pulse is to �120 mV, and it activates
a substantial outward current, most of which is believed to

FIGURE 4 The difference between measurements of inactivation by
methods 1 and 2 is due to the different test pulse potentials used. (A)
Inactivation was measured in the same cells (n � 4) by Method 2 with the
test pulse to �30 mV (Œ), �50 mV (E), and �120 mV (�). (B) Inacti-
vation curves obtained in the same cells (n � 9), using method 1 with the
test pulse potential to �20 mV (�) and to �30 mV (f). (C) Inactivation
measured using the same test pulse potential of 30 mV in method 1 (f) and
in method 2 (�) gives similar inactivation curves (n � 4). Symbols
represent mean values.
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be carried by protons. Therefore, the tail currents measured
at the end of this test pulse may be expected to have a
substantial component of H� currents. Nevertheless, we
find that H� current contributes very little to our measure-
ments of the peak tail current following the test pulse. H�

current, under our recording conditions, reverses near �10
mV. If the tail current we measure is carried in part by H�

ions, then tail currents measured at �10 mV will have a
smaller contribution of H� currents than those measured at
�40 mV. We find, however, that whether tail currents are
measured at �40 mV or �10 mV, measurements of inac-
tivation by method 2 are identical (Fig. 5 C). This means
that even at �40 mV, our measurements include very little
H� tail current. We believe the absence of H� currents in
our measurements of peak tail currents is due to the speed
with which the H� currents deactivate below their reversal
potential (Byerly et al., 1984)—the H� conductance may be
largely deactivated by the time we measure the peak Ca2�

tail current (	100 �s after the end of the depolarizing
pulse).

Furthermore, if the inward tail currents measured at �40
mV always had a component of inward proton tail current,
then the inactivation measured by method 2 would be given
by

Measured Inactivation

�
�Irt

Ca � IH� � �Itt
Ca � IH�

�Irt
Ca � IH�

�
Irt

Ca � Itt
Ca

Irt
Ca � IH

�
Irt

Ca � Itt
Ca

Irt
Ca � Actual Inactivation

Hence, if H� currents were contaminating Ca2� tail current
measurements, then inactivation measured by method 2
would be less than actual, and cells with larger H� currents
would appear to have smaller levels of inactivation. How-
ever, as shown in Fig. 5 B, there is no correlation between
H� current magnitude and peak levels of inactivation mea-
sured by method 2, thereby confirming that H� currents do
not interfere with method 2 inactivation measurements.

Slow tail currents caused by large conditioning
pulses do not interfere with
inactivation measurements

During long positive pulses the kinetics of Ca2� channel
deactivation slow down; this is indicated by the appearance
of prolonged tail currents after long conditioning pulses to
very positive potentials. Similar phenomena have also been
observed in other molluscan preparations (McFarlane,
1997). For short pulses (2.5 ms) to �140 mV, Ca2� chan-
nels deactivate with a single time constant of 0.6 ms, but for
longer activating pulses (500 ms) an additional slow com-
ponent (�slow � 3.25 ms) of deactivation also appears (Fig.
6, A and B); the contribution of this slow component in-
creases with the duration of positive pulse. The slow tail

FIGURE 5 H� currents do not affect inactivation measurements. (A)
Ca2� currents (Œ) can be obtained by subtracting currents measured in
TPeA (�, H� currents) from those measured in standard extracellular
saline (f, Ca2� � H� currents). Currents were measured 2.5 ms after the
onset of depolarization. (B) Peak inactivation measurements by method 1
(�; n � 34) and method 2 (f; n � 55) are not correlated with the proton
current density (R2 
 0.001 for both methods). Proton current density is
measured as the magnitude of the outward current at �120 mV divided by the
capacitance of the cell. (C) Inactivation measured in a cell using the standard
method 2 (tail currents measured at �40 mV; �) is the same as that measured
by modified method 2 (tail currents are measured at �10 mV; f).
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currents are not due to the activation of a new conductance
because they have an instantaneous I-V relationship ex-
pected of a Ca2� current (not shown). We can also rule out
a contribution from Ca2�-activated Cl� current or a Ca2�-
activated pump, because the slow tail currents are unaf-
fected by a change in intracellular buffering from 5 to 0.1
mM EGTA.

Large-amplitude, long-duration positive pulses, which
cause the appearance of prolonged tail currents, also cause
significant differences in the amounts of inactivation mea-
sured using the two methods. These slow tail currents have
been proposed to signify a second open state of the channel
(McFarlane, 1997), but in that case, the relationship be-
tween the inactivated state and the second open state is
unclear. Therefore, we investigated how inactivation is re-
lated to the appearance of slow tail currents. For condition-
ing pulses between �60 mV and �180 mV, inactivation
decreases, whereas the slow component of the tail current
increases, with the conditioning pulse voltage (Fig. 6 C).

Increasing the duration of the conditioning pulse increases
both the inactivation and the slow component of the tail
current; however, the time constants for the two processes
are different. At the end of a 500-ms-long pulse to �140
mV, the slow tail current has already reached its steady-state
value while inactivation is still increasing (Fig. 6 D). Thus
the appearance of slow tail currents has a voltage and time
dependence different from those of inactivation. This rules
out the simple model in which the slow tail currents could
be explained by channels recovering from inactivation at
negative potentials, but leaves open the possibility that the
inactivated state could be linked to a second open state in
some more complex way (see model 2 in the Discussion).

In both methods large conditioning pulses to very posi-
tive voltages result in prolonged tail currents that can take
up to 15 ms to completely turn off. If a short test pulse is
applied before complete deactivation of the Ca2� channel
currents, then the tail currents following the short test pulse
also have a component with a slow time course. However,

FIGURE 6 Prolonged depolarizations produce slow tail currents. (A) Tail currents (measured at �10 mV) after a 2.5-ms and a 500-ms pulse (*) to �140
mV. (B) Tail currents in A are scaled to the same magnitude. (C) Voltage dependence of the slow tail currents (f) and inactivation (�). Slow tail currents
and inactivation are measured at the end of 300-ms-long pulses to different voltages. (D) Time course of the development of the slow tail current (f) and
inactivation (�) during a conditioning pulse to �140 mV. Data points for slow tail currents and inactivation are fitted by single exponentials with time
constants of 133 ms and 444 ms, respectively. The curves are scaled such that the dotted line represents the asymptote for both curves. In the protocols
used in C and D, the conditioning pulses of different lengths are followed by a short test pulse to �140 or �180 mV, without an intervening gap. This
is done because the gap eliminates most of the slow tail current. Tail currents are measured at �10 mV. Slow tail current is measured as the ratio of the
tail current, 2 ms after the end of the depolarizing pulse, to the peak tail current; and inactivation is measured as in method 2. The measurements of
inactivation here are slightly larger because of the absence of a gap before the test pulse.
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once the tail currents have completely deactivated, short test
pulses do not elicit prolonged tail currents. For this reason,
in the two protocols used in this study, the test pulses follow
the conditioning pulses after a gap of 17.5 or 20 ms. Thus,
in method 2, we avoid the problem of comparing fast
reference tail currents with slow tail currents elicited by a
test pulse following a conditioning pulse to very positive
potentials.

DISCUSSION

In this study, two methods have been employed to measure
the inactivation of Ca2� channels: method 1 uses currents
elicited during a pulse to �40 mV, and method 2 uses tail
currents following a short depolarization to �120 mV to
measure the Ca2� conductance of the cells. We find that
there is a consistent difference between these two measure-
ments that cannot be explained as an error due to contam-
ination by H� currents or slow tails elicited by conditioning
pulses. This difference is due to the different test pulse
voltages applied in the two cases.

Both methods yield bell-shaped inactivation curves. Such
bell-shaped inactivation curves have often been associated
with the presence of Ca2�-dependent inactivation. How-
ever, studies conducted in our laboratory have shown that
the large amount of intracellular Ca2� buffer used in the
experiments described here (5 mM EGTA) completely sup-
presses all Ca2�-dependent inactivation (Gera and Byerly,
1998). Inactivation measurements under these conditions
are insensitive to changes in Ca2� influx and to substitution
of external Ca2� with Ba2�. Increasing the intracellular
Ca2� buffering from 5 mM EGTA to 11 mM 1,2-bis(2-
aminophenoxy)ethane-N,N,N,N-tetraacetic acid (BAPTA)
also does not affect the inactivation, although decreasing it
to 0.1 mM EGTA causes an additional Ca2�-dependent
component of inactivation to appear. Hence the inactivation
measured in this study occurs through voltage-dependent
mechanisms. Previous studies of native Ca2� channels in
bullfrog sympathetic neurons (Jones and Marks, 1989) and
of recombinant Ca2� channels transfected into HEK 293
cells (Patil et al., 1998) have also found that purely voltage-
dependent mechanisms can yield bell-shaped inactivation
curves.

Test pulse dependence of
inactivation measurements

We find that the measurement of inactivation is inherently
dependent upon the test pulse potential used. Inactivation
curves measured using test pulses to less positive voltages
(such as �40 mV) have a more pronounced bell shape than
those obtained using test pulses to very positive potentials
(such as �120 mV). We have considered two models that
can account for this behavior of Ca2� channels: a two-
channel model and a single-channel model.

The two-channel model

The different magnitudes of inactivation measured by meth-
ods 1 and 2 can be explained by assuming that we are
recording Ca2� current from two types of Ca2� channels in
Lymnaea neurons and that these two classes of Ca2� chan-
nels have different inactivation properties. One class of
Ca2� channels (type I) is activated at lower voltages, and
the other class (type II) is activated at higher voltages.
Because the test pulse in method 2 to �120 mV maximally
activates both types of Ca2� channels, the inactivation mea-
sured by this method represents the inactivation of all Ca2�

channels. On the other hand, the test pulse in method 1 (to
a lower voltage of �40 mV) activates a larger proportion of
type I channels than type II channels; consequently, the
inactivation measured with method 1 is influenced more by
the inactivation of type I channels. This model is illustrated
in Fig. 7. The activation curve, obtained experimentally
from tail currents following brief pulses to activating volt-
ages, can be fitted by a single Boltzmann function or by a
sum of two or more Boltzmann functions. For the purposes
of this model, we express the activation curve as a sum of
two Boltzmann functions, each of which represents the
activation of the one type of Ca2� channel (Fig. 7 A). The
measured inactivation is a weighted average of the inacti-
vation of the two types of Ca2� channels, the weights being
the relative number of channels of each type that are acti-
vated by the test pulse voltage. Therefore, inactivation mea-
sured using a test potential tp is given by

Inactivationtp � IA � atp � IB � btp, (1)

where atp, btp are the proportions of the reference pulse
current carried by type I and type II channels at test poten-
tial tp, and IA, IB are the inactivated fractions of the type I
and type II channels, respectively. Data obtained using
methods 1 and 2 provide us with the measurements of
inactivation for test pulses to �40 mV and �120 mV; also,
a and b for these test potentials were estimated from the
Boltzmanns in Fig. 7 A. Thus we have two equations (cor-
responding to the inactivation measured at test potentials of
�40 mV and �120 mV) in two unknowns (IA and IB) for
every conditioning pulse voltage. Hence we can determine
IA and IB for different conditioning voltages and obtain the
inactivation curves for the two types of channels, as shown
in Fig. 7 B. The inactivation curve of type I channels is more
bell shaped than that of type II channels, corresponding to
the observation that test pulses to lower voltages result in
inactivation curves that are more bell shaped. Inactivation
predicted by this model for test pulses to �30, �50, and
�120 mV is shown in Fig. 7 C and is similar to the
measured inactivation shown in Fig. 4 A.

Although this model is attractive in its simplicity, we do
not have any other evidence for the presence of two or more
types of Ca2� channels in Lymnaea neurons. Hayden and
Man-Son-Hing (1988) have reported the presence of HVA
and LVA channels in the neurons of Heliosoma, a mollusc
closely related to Lymnaea; however, similar analyses in
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Lymnaea neurons have failed to resolve more than one type
of Ca2� channel. As mentioned earlier, the activation curve
for Ca2� currents in Lymnaea neurons (shown in Fig. 7 A)
is well described with a single Boltzmann function. Single-
channel studies have proved inconclusive, because most
Ca2� channels appear in clusters and single-channel con-
ductances cannot be readily resolved (unpublished observa-
tions). Lymnaea Ca2� channel tail currents elicited by short,
low-potential activating pulses do not exhibit a slow com-
ponent, which is considered an indicator of LVA channels
in vertebrate neurons. None of the divalent metals (includ-
ing Cd2� and Ni2�) distinguish more than one type of
Lymnaea Ca2� channel. These Ca2� channels have not been

identified with any vertebrate HVA Ca2� channel type (L,
N, or P/Q type) or divided into classes by selective phar-
macological agents. They are insensitive to both 	-cono-
toxin GVIA and dihydropyridines (unpublished observa-
tions). Although these observations do not preclude the
possibility of two or more types of Ca2� channels being
present in these neurons, they also do not provide any
support for this idea.

It is possible that the two types of channels hypothesized
in the model may not be two entirely different Ca2� channel
proteins, but merely functional modifications of the same
protein. Thus the two classes of Ca2� channels may repre-
sent phosphorylated and unphosphorylated, or G-protein-

FIGURE 7 The two-channel model. (A) The experimental activation curve (F, n � 33) is obtained by normalizing the tail currents measured at the end
of 20-ms pulses to various potentials to that after a pulse to �120 mV. The model assumes that two Boltzmann functions with V1/2 of �29 and �60 mV
and slope factors of 8 and 12 mV represent the activation of type I (�) and type II (f) channels, respectively. These parameters are not uniquely defined
and were chosen for this model because they yield a large difference between the half-activation voltages (V1/2) of the two channel types. Type I channels
represent 34% of the total number of channels, and the activation curve for the total Ca2� current predicted by the model (E) closely matches that obtained
experimentally (F). (B) Inactivation curves for type I (�) and type II (E) channels are computed from those obtained using method 1 (f, n � 33) and
method 2 (F, n � 53). The inactivation curve for method 1 has been adjusted to eliminate errors due to residual inactivation caused by the reference pulse.
(C) Inactivation predicted by the model for test pulse potentials of �30 mV (Œ), �50 mV (E), and �120 mV (�). (D) Activation curves predicted by the
model after a 150-ms conditioning pulse to 40 mV (f) and to �120 mV (�).
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bound and G-protein-free states of a single class of Ca2�

channels, which have different activation and inactivation
properties.

Single-channel model

Because it is possible that only one type of Ca2� channel is
present in these neurons, we have looked for another model
that does not require distinct classes of Ca2� channels to
explain the test pulse dependence of inactivation measure-
ments. Three-state models of Ca2� channels (with only one
closed, one open, and one inactivated state) cannot generate
this behavior. Because earlier work on molluscan Ca2�

channels has suggested the presence of two open states
(McFarlane, 1997), we have developed a model around this
possibility. Our model has two open states, O and O*, two
corresponding closed states, C and C*, and an inactivated
state, I, reached via the open state O* (Fig. 8 A).

In this model, channels in state C open at lower voltages,
whereas those in C* require higher voltages to open. A test
pulse to �120 mV drives channels in both closed states (C
and C*) to their respective open states. These transitions
correspond to the opening of type I and type II channels of
the previous model, with the one important distinction that
in this model, channels can go from one open state to the
other (with rate constants 
� from O to O*, and �� from O*
to O). As the potential increases, transitions from O to O*
are favored; 
� increases, whereas �� decreases with volt-
age. However, the net flux of channels from O to O* is
maximum during conditioning pulses to moderately positive
voltages; at very high voltages, the high occupancy of O*
decreases the net flux of channels from O to O*. The
forward rate constant to the inactivated state, 
I, decreases
with voltage, whereas the reverse rate constant, �I, increases
with voltage. Therefore the probability of channels in O*
entering the inactivated state I is higher at intermediate
voltages. The voltage dependence of 
I and �I in this model

is similar to that of the corresponding rate constants in a
model proposed by Jones and Marks (1989).

The parameters in the model (Table 1) have been chosen
so that at the holding potential (�60 mV) at steady state, the
channels are equally distributed into the two closed states, C
and C*, with almost none in the inactivated state, I. After a
conditioning pulse has been applied and the membrane is at
the holding potential again (i.e., during the gap), some
channels are left in the inactivated state, while the others are
redistributed between the closed states, C and C*, although
not in the same proportion as at rest. If we consider only the
channels in the closed state C, before and after the applica-
tion of the conditioning pulse we can define “apparent C
inactivation” or IC as

IC �
f C

rest � f C
cp

f C
rest , (2)

where f C
rest and f C

cp are the fractions of channels in state C, at
rest and after the conditioning pulse, respectively. During a
conditioning pulse, channels can transition between open
states, but upon repolarization the majority of channels in O
close into C, and those in O* close into C* (at �60 mV, 
�
and �� are much smaller than the deactivation rate con-
stants). Hence the difference in the number of channels in C
before and after a conditioning pulse is due to the number of
channels that have left O and entered O*. Therefore,

IC �
fO3O*

f C
rest ,

where fO3O* is the net flux of channels from state O to O*
during the conditioning pulse. Similarly, for channels in
state C*, we can define “apparent C* inactivation” or IC* as

IC* �
f C*

rest � f C*
cp

f C*
rest �

fI � fO3O*

f C*
rest , (3)

FIGURE 8 The single-channel model. (A) A schematic representation of the model. (B) The inactivation curves predicted by the model for method 1 (f)
and method 2 (�). The model assumes that half of the channels at rest are in the closed state C and half in C*. (C) The apparent inactivation curves, IC

(�) and IC* (�), as defined in the model (Eqs. 2 and 3).
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where f C*
rest, f C*

cp , and fI are fractions of channels in state C*,
before and after the conditioning pulse, and in state I after
the conditioning pulse, respectively.

The inactivation measured in this model using a test pulse
to any potential tp is a weighted average of these two
apparent inactivations and is given by

Inactivationtp � IC � atp � IC* � btp , (4)

where atp, btp are the fractions of the reference pulse current
carried by channels in the open states O and O*, respec-
tively, for a test pulse potential, tp. Equation 4 is analogous
to Eq. 1 of the previous model, and the test pulse depen-
dence of inactivation measurements is explained using a
similar rationale. Different proportions of reference pulse
current are carried by the two open states for different test
potentials, leading to different measurements of inactiva-
tion. When the test pulse is to �120 mV, almost all chan-
nels initially in the closed states C and C* are activated, i.e.,
atp � f C

rest and btp � f C*
rest. Therefore,

Inactivation120mV � IC � f C
rest � IC* � f C*

rest

� fO3O* � �fI � fO3O*� � fI.

Hence the inactivation measured by a test pulse to �120
mV is an accurate estimate of the fraction of channels in the
inactivated state. However, when the test pulse is to lower
voltages, parameter a becomes larger relative to parameter
b (i.e., a larger fraction of the reference pulse current is
carried through channels in the open state O), and conse-
quently, the measured inactivation is dominated by IC.
However, IC only reflects the net number of channels mak-
ing the transition from O to O*, not the fraction in state I. As
explained earlier, the net flux of channels from O to O* is
maximum at moderately positive voltages, which makes IC

bell shaped. Thus, as the test pulse becomes less positive,
measured inactivation becomes more bell shaped and peaks
at lower voltages.

Fig. 8 B shows the inactivation curves predicted by this
model for a test pulse to �40 mV and to �120 mV, and Fig.
8 C gives the corresponding apparent inactivation curves, IC

and IC*. Note that IC* is negative for small positive voltages,
because more channels make the transition from O to O*
than make the transition from O* to I at these voltages. It
should be noted, however, that although the presence of a
second slower component of the deactivating tail currents

was a primary motivation for such a model with multiple
open states, this model cannot reproduce the dependence of
tail current kinetics upon the length and voltage of the
depolarizing pulse.

CONCLUDING REMARKS

Dependence of inactivation measurements on test pulse
potential may be a property common to many Ca2� chan-
nels. Although we are aware of only one previous report of
test pulse dependence of inactivation measurements
(Akaike et al., 1978), we suspect that this may be a general
phenomenon that has been overlooked in earlier studies of
inactivation. Standard models of inactivation predict that a
conditioning pulse inhibits a fixed proportion of current
elicited by test pulses to all voltages. Hence, activation
curves measured after a conditioning pulse should only be
scaled-down versions of those measured without a condi-
tioning pulse. However, test pulse dependence of inactiva-
tion measurements implies that a conditioning pulse sup-
presses currents for some test pulse voltages more than for
others and hence would also cause a change in the shape of
the activation curve. This would be seen as either a voltage
shift or a change in the slope factor of the activation curve.
Both of our models of inactivation predict that a 150-ms-
long pulse to �40 mV causes a slight shift in the activation
curve to the right, whereas a 150-ms-long pulse to �120
mV shifts the activation curve to the left (as shown for the
two-channel model in Fig. 7 D). The shifts predicted by the
model in this case are too small to be experimentally de-
tected. However, such shifts of activation curves toward
negative voltages by long, very positive prepulses have
been described earlier for Ca2� channels in other prepara-
tions (Bean, 1989; Sculptoreanu et al., 1993; Fleig and
Penner, 1996). It would follow, therefore, that measure-
ments of inactivation in these Ca2� channels will also be
dependent upon test pulse potentials, especially after very
positive conditioning pulses.

Our models suggest that very positive test pulses are
required to accurately measure the fraction of total channels
that are inactivated. However, for physiological relevance,
it may be more desirable to understand the behavior of
channels at small positive test potentials. Our results show
that both methods I and II give valid measurements of
inactivation, as long as their results are interpreted within
the context of the test pulse potential used.
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