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Abstract

The kinetic properties of wild-type rat brain IIa sodium channels in excised macropatches were studied using step depolariza-
tions and ramp depolarizations to imitate the slow settling-time of voltage in two-electrode voltage clamp. Ramp depolarizations
longer than 1 ms produce an increasing suppression of peak sodium current (INa). Two rates of inactivation can be seen in
macroscopic sodium current records from excised patches following both step and ramp depolarizations. During slow ramp
depolarizations, reduction in peak INa is associated with selective loss of the fastest rate of test-pulse inactivation. This change can
be interpreted as resulting from inactivation of a separate sub-population of ‘fast mode’ channels. The slow rate of test-pulse
inactivation is relatively unaffected by changing ramp durations. These results are sufficient to explain the typically slow
inactivation kinetics seen in two-electrode voltage clamp recordings of sodium channels in Xenopus oocytes. Thus, the kinetics of
sodium channels expressed in Xenopus oocytes are not readily characterizable by two-electrode clamp because of the large
membrane capacitance and resulting slow clamp settling time which artifactually selects for slow mode channels. © 1997 Elsevier
Science B.V.
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1. Introduction

Voltage-gated sodium channels mediate the very
rapid rising phase and initial component of the falling
phase of action potentials in many excitable cells
(Hodgkin and Huxley, 1952; Hille, 1992). The channel
protein undergoes extremely fast changes in conforma-
tion which lead to pore opening (activation) (Stühmer
et al., 1989) and blocking (fast inactivation) by an
intracellular component of the molecule (Patton et al.,

1992; West et al., 1992). In central nervous system
neurons, the peak of the action potential is reached in
B0.5 ms (Lux and Pollen, 1966; McCormick et al.,
1985). Fast inactivation has been observed to proceed
with at least two distinct rates (fast and slow compo-
nents or ‘modes’) in both native channels (Chiu, 1977;
Patlak and Ortiz, 1985, 1986; Huguenard et al., 1988;
Cummins et al., 1994) and in channels expressed in
heterologus systems (Zhou et al., 1991; Fleig et al.,
1994a).

mRNA coding for the a subunit of rat brain sodium
channels is sufficient to form functional channels
(Goldin et al., 1986). However, when expressed in
Xenopus oocytes and studied with two-electrode voltage
clamp (TEV), these channels have been reported to
show abnormally slow rates of activation and, particu-
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larly, test-pulse inactivation (Auld et al., 1988; Krafte et
al., 1990). For this reason, other expression systems (Li
et al., 1992) and/or co-expression of the b1 subunit in
oocytes (Isom et al., 1992; McClatchey et al., 1993;
Yang et al., 1993) have been cited as necessary to
record activation and inactivation kinetics that resem-
ble those of native sodium channels. On the other hand,
relatively little has been noted about the properties
inherent to different recording techniques and how
these might affect sodium current waveforms. Whereas
patch clamp techniques have been used for recording
sodium currents in Chinese hamster ovary cells
(Scheuer et al., 1990) and human embryonic kidney
cells (Ukomadu et al., 1992; Cummins et al., 1993), a
majority of the studies of channels in oocytes use the
convenient two-electrode voltage clamp method. This
method is particularly well-suited to oocyte work be-
cause of the cells’ large diameter. However, the very
property that makes these cells easy to study produces
a large cell capacitance which necessarily slows clamp
rise time. Effects of clamp rise time in artifactual ‘elim-
ination’ of fast transients have been presented for IgON
(Alicata et al., 1989). We here demonstrate that a
similar effect, using much slower clamp rise times,
‘eliminates’ the fast component of INa.

We have studied macroscopic currents from rat brain
IIa (RBIIa) sodium channel a subunits expressed in
Xenopus oocytes using both two-electrode voltage
clamp and excised inside-out macro-patches. We here
compare the results of studies using these two methods,
and demonstrate that fast rates of both activation and
inactivation, resembling native channels, can be
recorded from excised macropatches (patch clamp). By
contrast, we show that slow kinetics similar to those
recorded in two-electrode voltage clamp can be mim-
icked in patch clamp by using slow depolarizing voltage
ramps, instead of ‘instantaneous’ voltage steps, which
‘eliminate’ the fast component of INa similar to the
effect of slow clamp rise time on IgON (Alicata et al.,
1989). These results have been previously presented in
abstract form (Ruben et al., 1993).

2. Methods

Stage V-VI oocytes were taken from adult female
Xenopus lae6is and isolated using 2 mg/ml collagenase
(Sigma or Boehringer-Mannheim) in Ca+ +-free Ringer
containing (in mM): 82.5 NaCl, 2 KCl, 1 MgCl2, 5
HEPES at pH 7.5 for 45–90 min. The oocytes were
subsequently rinsed and maintained in Ca+ +-free
Ringer before and during mRNA injection.

Sodium channel cDNA was obtained as previously
described (Fleig et al., 1994b). mRNA for injection was
made from template rat brain IIa cDNA using an in
vitro transcription kit (Promega or Ambion). Ten to 50

ng of mRNA thus produced was injected into oocytes,
2–3 h after isolation, using an automatic injector
(Drummond Scientific). After mRNA injection, oocytes
were transferred to a standard Ringer solution (ND96)
with (in mM) 96 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 5
HEPES, pH 7.4 at 18°C.

Three to 10 days after mRNA injection, oocytes were
tested for sodium channel expression using two elec-
trode voltage clamp (Warner Instruments). Electrodes
were fabricated from thin-walled borosilicate glass
(World Precision Instruments) on a horizontal puller
(Sutter) with resistances of 0.7 MV (current electrode)
and 1.5 MV (voltage electrode) when filled with 3 M
KCl. Measurements were made from oocytes in a bath
solution of Ca+ +-free Ringer (see above) to prevent
Ca+ + influx into the oocytes. Holding potential (Vhold)
was −120 mV. Data were collected and analyzed using
pCLAMP software (Axon Instruments).

Oocytes with at least 2 mA of whole-cell current, as
assayed by two electrode voltage clamp, were used for
macro-patch recording. Vitelline membranes were man-
ually removed while exposing the oocyte to a hyperos-
motic medium containing ND96 with 200 mM
K-glutamate added (400 mOsm). Oocytes were trans-
ferred to a chamber containing (in mM) 9.6 NaCl, 88
KCl, 1 CaCl2, 1 MgCl2, 11 EGTA, 5 HEPES at pH 7.4.
Patch pipets were made from aluminosilicate glass (Sut-
ter or World Precision Instruments) and pulled to
resistances of 0.7–1.5 MV when filled with ND96. After
giga-ohm seals were obtained, patches were excised into
the inside-out conformation and maintained at a Vhold

of −100 mV. Prior to each test pulse, membrane
potential was stepped to either −120 or −150 mV for
200 ms to remove fast inactivation. Patch data were
acquired using an EPC-9 amplifier controlled by an
ITC-16 interface (Instrutech) and a Macintosh Quadra
700 computer running HEKA Pulse and Pulsefit soft-
ware. Initial data analysis was performed using Pulsefit.
Subsequent analysis and curve fitting were done using
TempleGraph (Mihalisin Association) running on a
Sparc workstation (Sun Microsystems, Mountain View,
CA). Some data traces were digitally filtered using an
in-house program. All experiments were performed at
room temperature (22°C).

2.1. Measurement of clamp rise-time

Where linear capacity currents are dominated by
membrane capacitance, clamp rise time can be deter-
mined by integration of the capacity transients and
measuring the time at which the integration reaches a
plateau (Alicata et al., 1989). This situation is approxi-
mated when a metal shielding plate is used to reduce
stray capacitance between the two electrodes in TEV
recording. We have therefore used this method to deter-
mine the clamp rise-time in our two-electrode voltage
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clamp. However, membrane capacitance is a minimal
component of macropatch capacity transients where
stray capacitance from even coated glass patch pipets
contributes the greatest proportion of the linear capaci-
tance. Integration of the capacity transient in this case
gives a spuriously long estimate of clamp rise-time. In
this case, we used the rate of current relaxation during
small voltage steps between positive test potentials
where no significant deactivation occurs. Under these
conditions change in driving force fully controls the
current relaxation, directly indicating the clamp speed.

2.2. Computer simulations

Simulations were carried out on a Sun SPARCsta-
tion LX. Our modeling program uses simple Euler
integration to solve the array of simultaneous equations
representing the allowed transitions for each model run.
For the simple Eyring rate models used here, where all
transitions were presumed to have some voltage sensi-
tivity, and where Ka represents the rate constant for the
forward (depolarization-favored) reaction and Kb is the
back reaction rate, then:

Ka=A* exp([ezd(Vm−V0.5)]/kT) (1)

Kb=A* exp([−ez(1−d)(Vm−V0.5)]/kT) (2)

where e is the electronic charge, z is the valence, d is
the barrier position expressed as a fraction of the
distance along the reaction coordinate from the depo-
larization-favored well, Vm is the membrane potential,
V0.5 is the midpoint voltage, A is the rate constant when
Vm=V0.5, k is the Boltzmann constant and T is the
absolute temperature. See Table 3 for simulation
parameters.

Voltage clamp steps with non-instantaneous rise
times were simulated as follows; first, state occupancies
at holding potential were calculated as the end occu-
pancy following a 500 ms pulse to holding potential.
Second, the simulated voltage clamp rise time was
provided as an input to the model program. Thereafter,
reaction rates were recalculated at 1-ms intervals until
the simulated clamp reached command potential. All
integrations were carried out using an internal loop
time of 0.1 ms. Peak current for the 100 ms exponential
clamp rise time (used here for simulation of control
voltage steps in macropatch recording) was identical to
the peak current for an instantaneous voltage step,
although both time to peak and the greater part of the
rising phase were right-shifted by about 100 ms.

Fig. 1. Comparison of current waveforms and I(V) relationships between TEV and macropatch. (A) Sodium currents recorded with TEV.
Vhold= −120 mV, Vtest= −40 to +20 mV in steps of 10 mV. (B) Sodium currents recorded from excised, inside-out macropatch; 200 ms
Vpre= −120 mV, Vtest= −40 to +20 mV in steps of 10 mV. Dashed lines show two-exponential fits to the current records. See Table 1 for fit
parameters. Note different time scales for A and B. Inset shows INa waveforms recorded using TEV and macropatch directly compared on the
same time scale. Records were normalized to align peak current amplitudes. Vhold and Vpre= −120 mV. Vtest=0 mV. (C) Mean9S.D., N=16)
I(V) relationship for INa recorded with TEV. Vhold= −120 mV. (D) Mean9S.D., N=13) I(V) relationship for INa recorded with macropatch.
Vpre= −120 mV. See text and Table 2 for I(V) fit parameters.
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3. Results

Fig. 1A shows a typical TEV recording from Xenopus
oocytes expressing the a-subunit of RBIIa sodium
channels. Current has been leak-subtracted using a p/4
protocol. This pulse protocol effectively removes linear
capacity currents, even where direct observation of the
capacity transient (prior to subtraction) indicates that
peak INa was reached before the clamp had settled to
command potential. We find that TEV capacity tran-
sients last longer than 2 ms in the worst case and
around 500 ms in the best case.

For comparison, Fig. 1B shows a family of sodium
currents recorded at different command potentials from
an excised, inside-out macropatch. In this case, the
voltage settles in 40 ms to 150 ms. In both the TEV and
macropatch records, test-pulse (fast) inactivation was
best fit by a double exponential waveform using Eq. (3):

y= (Ih1�exp−x/th1)+ (Ih2�exp−x/th2)+b (3)

where I is the intercept at peak current and t is the time
constant for the first (h1) and second (h2) inactivation
components, and b is the background, steady-state cur-
rent at the end of the pulse. Fits to the current records
are shown as dashed lines. The results of the fitting
protocol for fast inactivation at 0 mV test potential are
shown in Table 1 for a typical TEV experiment and a
typical macropatch experiment. Note the similarity be-
tween th1 in TEV and th2 in the macropatch step. The
inset in Fig. 1B compares a TEV record with a
macropatch record on the same time scale. Both
records were obtained by step depolarizations from
−120 mV to 0 mV.

Fig. 1C shows mean I(V) relationships (N=169
S.D.), derived from a series of step depolarizations
from a holding potential of −120 mV in TEV. These
data were fit with a Boltzmann function of the form
shown in Eq. (4):

INa= (Vm−ENa)�(gMax/[1+exp−z(Vm−V0.5)/kT]) (4)

where Vm is the test potential, V0.5 is the midpoint
voltage, ENa is the observed (extrapolated or interpo-
lated) reversal potential, z is the valence and gmax is the
maximum conductance, k is the Boltzmann constant
and T is absolute temperature. The fit parameters for

Table 2
I(V) Fit parameters

Slope factor (z) V1/2 (mV) ENa (mV) gmaxRecording
method

−15 0.0183.4 eTEV 50
Macro-patch −243.3 e 50 0.019

the data in Fig. 1D are shown in Table 2. In Fig. 1D,
mean I(V) data (N=139S.D.) from macropatch
recordings are plotted and fit by a line using Eq. (4).
The fit parameters for these mean data are also shown
in Table 2.

Slow settling time of the TEV does not alone seem
sufficient to explain the differences in inactivation time
constants seen in Fig. 1 and Table 1. We therefore
explored the effects of slow settling time by a direct
experimental approach.

To record macroscopic currents without artifacts
caused by large membrane surface area, we used
macro-patch techniques on oocytes expressing at least 2
mA of current (when assayed using TEV). Since it is
difficult (using commercially-available data acquisition
software) to duplicate the exponential waveform by
which the TEV reaches command potential, we instead
used ramp depolarizations of differing durations to
study the effects of non-‘instantaneous’ voltage changes
on sodium channel activation and inactivation kinetics.
Fig. 2A compares the response of RBIIa sodium chan-
nels, recorded in excised, inside-out macropatches, to
both ‘instantaneous’ and ramp depolarizations. The
first (left-most) current trace was produced by a step
depolarization from −150 mV to a test potential of 0
mV. The next five traces were produced by ramp depo-
larizations from the same holding potential to the same
test potential in response to ramps of 1, 2, 3, 4, and 5
ms durations. Peak current amplitude is reduced and
the time to peak current is delayed when ramps rather
than step depolarizations are used to generate sodium
currents. In the currents produced by \1 ms ramps,
peak current is reached before the final test potential is
attained. This observation is demonstrated in Fig. 2B,
where the time to peak current has been plotted as a
function of ramp duration. Times to peak were divided
by the ramp duration to generate y-values such that,
where time to peak is less than the ramp duration, the
y-value would be less than 1.

The decline in peak sodium current amplitude as a
function of ramp duration is shown in Fig. 3A. Cur-
rents were normalized to the peak current amplitude
evoked by a step depolarization to the test potential of
0 mV. The decrease in peak amplitude could be due to
a uniform loss of channels by inactivation. However,
we have previously demonstrated the presence of two
kinetic modes in sodium channels (Fleig et al., 1994a,b),

Table 1
Inactivation parameters at 0 mV

Recording Ih1 th1 Ih2 th2

method

1.14 ms 7.01 msTEV −1.56 mA−0.55 mA
−133.6 pA 0.17 ms −4.4 pAMacropatch 1.12 ms

step
0.29 ms 2.56 ms−14.2 pAMacropatch −56.2 pA

ramp (2 ms)
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Fig. 2. (A) RBIIa sodium currents (lower traces) in response to step and ramp depolarizations (upper traces). (B) Macro-patch recordings of
sodium channels show that, as ramp duration increases from 0.5 to 4.5 ms, time to peak current increases. However, peak current is reached prior
to final test potential in ramps greater than 1 ms in duration. Vhold was −100 mV. Vtest was 0 mV.

indicated by the two components of test-pulse inactiva-
tion, as seen in the macroscopic current records of Figs.
1 and 2 (see also Table 2). An alternative explanation
for the loss of peak current could be that one kinetic
mode is more sensitive to ramp depolarizations. The
data in Fig. 3A were best fit by a single exponential,
suggesting a uni-modal loss of sodium channels as
ramp duration increases from 0.5 to 5.5 ms. To test this
idea, we fit double exponentials (see Eq. (3)) to the
inactivation phase of currents elicited by step and ramp
depolarizations. Although the time constants (th1 and
th2) did not significantly change, the intercept of the
fast component decreased when ramp durations were
longer than about 1 ms, and decayed to 50% in 3–4 ms.
By contrast, the intercept of the slow component de-
cayed much more slowly, with no significant decrease
until ramp durations of about 5.5 ms were reached.
These data are shown in Fig. 3B. Thus, the loss of peak
INa is primarily associated with the concurrent loss of
the fast component of test-pulse inactivation.

Although inactivation is usually dominated by the
fast rate, some patches only exhibit predominantly slow
inactivation kinetics. To further test the hypothesis that
sensitivity to ramp depolarizations is primarily due to
loss of the fast-mode channels through inactivation, we
studied ramp sensitivity in slow-mode patches (where
the intercept of the slow rate of test-pulse inactivation
was at least 70% of the peak current). Fig. 4A shows
currents recorded in a slow-mode patch in response to
step and ramp depolarizations. Although there is as
slight decrement in the peak current amplitude with
increasing ramp durations, the effect is not as pro-
nounced as in fast-mode patches (compare Fig. 4A with
Fig. 2A). The relationship between peak current and
ramp duration for slow-mode patches is graphed in Fig.
4B (solid boxes) which shows that there was little

decrease in current amplitude with increasing ramp
durations (compare with Fig. 2AFig. 3A). These slow-
mode current records were best fit with a single expo-
nential using Eq. (5) below:

y= (Ih1�exp−x/th1)+b (5)

and Fig. 4B shows that the intercepts at peak (open
circles) of slow-mode inactivation were not affected by
increasing the duration of ramp depolarizations. Time
constants (th$5 ms) were similarly unaffected.

4. Discussion

We have shown the following: (1) sodium currents
recorded with TEV appear to have slower inactivation
kinetics than when recorded in excised macropatches;
(2) the apparent slowing by TEV (relative to
macropatch) can be mimicked by using 1.5–5.5 ms
ramps to depolarize channels in excised macropatches;
(3) the apparent slowing during ramp depolarization is
due to the progressive loss of a fast component of
test-pulse inactivation. This component also appears
relatively suppressed in TEV. Thus, TEV (and slow
ramp depolarizations in macropatch) select for slowly
inactivating channels shown by decreasing fast compo-
nent intercept (but not rate) during progressively longer
ramp depolarizations, whereas the slow component in-
tercept and rate remain unaffected. We conclude that
the fast component of test-pulse inactivation is inacti-
vated during the slow rise to test potential in TEV and
during macropatch ramp depolarizations. This can be
seen from the typical data in Table 1, where the fastest
inactivation rate (th1) in TEV nearly matches the slow-
est rate (th2) recorded in the cell-free macropatch. Al-
though the removal of cytosolic factors could account
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Fig. 3. Sensitivity of peak INa and intercepts of th1 and th2 to ramp duration. (A) Shows the loss of peak sodium current during ramp
depolarizations. Current amplitudes were normalized to the peak of the current evoked by a step depolarization (ramp duration=0). (3) Data
were obtained by double exponential fitting to the inactivation phase of currents from step (ramp duration=0) and ramp depolarizations. Fast
and slow component intercepts (Ih1 and Ih2 in Eq. (3)) were measured by extrapolation to the time of peak current, and normalized to the
maximum value for Ih1. Mean values shown (9S.D.; N=7 patches). Vpre= −120 mV. Vtest=0 mV.

for the differences observed between TEV and excised
inside-out patches, cell-attached patches show identical
kinetics to excised patches (data not shown). It is
therefore unlikely that the differences can be accounted
for by the absence of cytosolic control factors in inside-
out patches. Another cause underlying the differences
could be a lack of spatial homogeniety of membrane
voltage (Kass et al., 1979; Schreibmayer et al., 1994).
Such conditions, which result in poor space clamp
could potentially be compensated through the use of
multiple current-injecting electrodes to promote more
uniform membrane voltage. We have explored spatial
non-uniformities of voltage in oocytes using multiple
electrodes and multiple penetrations, and have found
the problem to be substantial.

Our results indicate that significant time and voltage
artifacts are introduced by slow clamp rise time, such as
is often the case in TEV. These problems are illustrated
in Fig. 5 where we compare the time course of sodium
currents, recorded in a macropatch, with a typical
capacity transient recorded with TEV. We have previ-
ously established the validity of integrating capacity
current to determine clamp rise-time where the capacity
transient is predominantly due to membrane capaci-
tance (Alicata et al., 1989). In Fig. 5, we integrated the
TEV capacity current from an 80 mV depolarization.
Voltage reaches 95% of Vtest in approximately 0.75 ms.
By contrast, the peak of sodium current at −20 mV is
reached in about 0.3 ms at which time voltage has only
attained approximately 77% of its final value. At 0 mV,
peak macropatch current is reached in about 0.25 ms
where the TEV voltage is at about 63% of Vtest. Time to
peak is slower with smaller depolarizations. At Vtest

−40 mV, macropatch current peaks in about 0.4 ms at
which time the TEV voltage has reached about 85% of

its final value. Thus, the I(V) curve derived from TEV
data is likely to be artifactually left-shifted, since peak
currents will be measured at times prior to total clamp
settling and at voltages more negative than Vtest. We
have previously demonstrated that the I(V) relationship
for the slow mode is right-shifted relative to the fast
mode (Ruben et al., 1993; Fleig et al., 1994b; Rayner et
al., 1994). If, on one hand, the I(V) curve is biased
toward hyperpolarized voltages by measuring peak cur-
rent at a voltage lower than expected, and, on the other
hand, biased toward depolarized voltages by selection
for the slow mode, these conflicting factors would
confound any interpretation of sodium channel voltage-
dependence arising from TEV data. In channels where
activation and inactivation rates are substantially
slower than clamp rise time, these factors become less
offensive. Additionally, the artifactual selection for
slow-mode channels by slow clamp rise time in TEV
can be at least partially reduced through the use of low
resistance agarose cushion electrodes (Schreibmayer et
al., 1994) which permit faster rise-times.

In addition to our own work with RBIIa channels
(Fleig et al., 1994a,b), modal behavior in sodium chan-
nels has been previously noted in rat brain and cardiac
sodium channels expressed in Xenopus oocytes (Moor-
man et al., 1990; Zhou et al., 1991) and in sodium
channels in a variety of other preparations (Patlak and
Ortiz, 1985, 1986; Kirsch and Brown, 1989). Develop-
mental appearance of modal gating has also been noted
in rat neocortical neurons (Huguenard et al., 1988).
Thus, there is ample evidence to support the presence
of kinetically different sodium channel gating properties
within a single channel population. However, none of
the previous studies have elucidated a mechanism for
mode selection. Although spontaneous shifts in mode
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Fig. 4. Slow mode patches are not significantly affected by ramp depolarizations. (A) Shows macroscopic sodium currents recorded during step
and ramp depolarizations (ramp durations indicated below each peak current). (B) Graphs peak current amplitudes, normalized to the maximum
for each record (solid boxes) and intercepts for test pulse inactivation (open boxes). Currents were best fit by a single exponential. Data shown
are means (9S.D.; N=14 patches). Vpre= −120 mV. Vtest=0 mV.

have been widely observed, the present report is the
first (of which we are aware) to describe a method by
which gating modes can be experimentally selected
using kinetic-sensitivity rather than voltage-sensitivity
(Fleig et al., 1994a). Hence, sodium channels may dis-
play slower gating kinetics by slowing the rate of
voltage change during depolarization, thereby inactivat-
ing the fastest gating kinetics.

We can imagine different mechanisms that might
account for the sodium channel properties reported
here. Several phenomenological kinetic models have
been presented that have pathways into the inactivated
state from pre-open states (e.g. Armstrong and Be-
zanilla, 1977; Bezanilla and Armstrong, 1977; Gilly and

Armstrong, 1982; Chahine et al., 1994). Therefore,
given an appropriate distribution of relative rate con-
stants, it is also conceivable that fast-mode channels
have a greater propensity to inactivate prior to opening.
However, the number of channels following this path-
way seems to comprise a relatively small fraction of the
total population (Aldrich et al., 1983; Goldman, 1989).
Thus, it seems unlikely that inactivation from pre-open
states during ramp depolarization could account for the
loss of what otherwise is a large proportion of open
channels. On the other hand, we have recently pre-
sented evidence that modes are pharmacologically sepa-
rable (Starkus et al., 1993). Fast-mode channels might
activate and inactivate prior to the peak of the sodium
current as membrane voltage first transits through the
fast-mode g(V) curve during slow depolarizations. As
we discuss below, this mechanism can only account for
a small fraction of the peak current suppression we
observed with slow ramp depolarizations. Finally, the
most credible possibility is that fast-mode channels
simply inactivate too rapidly to constitute a significant
fraction of the falling phase of macroscopic current
recorded during slow ramp depolarizations. This mech-
anism was more fully explored using simulations (see
Section 5).

The physiological implications of different inactiva-
tion rates have been previously noted in terms of regu-
lating the rate of repetitive firing (Hotson and Prince,
1980; Stafstrom et al., 1985). Slowly inactivating cur-
rents were demonstrated to have less sensitivity to
steady-state inactivation and faster recovery from inac-
tivation (Huguenard et al., 1988). The present study
reveals one mechanism by which synaptic mechanisms
could control firing rates. Thus, slow synaptic depolar-

Fig. 5. Macropatch currents compared to TEV clamp rise time. The
capacity current from an 80 mV TEV voltage step was integrated to
derive clamp rise time (see Alicata et al., 1989). This is shown by the
upper trace and corresponds to the ordinate labeled ‘% Final
Voltage’. Currents labeled A, B and C were elicited by voltage steps
from Vhold −100 mV to Vtest −40, −20 and 0 mV, respectively,
and recorded from an excised macropatch. Dashed lines show per-
centage of final TEV voltage at which the corresponding macroscopic
currents were recorded. D corresponds to the point at which voltage
reaches 95% of the final command potential.
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Table 3
Simulation parameters

z dMode A (ms−1) V0.5 (mV)

Fast
0.5 −480.80.0045C1 – C2

1.8 0.5C2 – C3 0.0015 −48
0.8 0.5C3 – O 0.0270 −48

0.20.2 −4820.0051O – If

Slow
0.5 −38C1 – C2 0.0045 0.8

1.8 0.5C2 – C3 0.0015 −38
0.8 0.5 −380.0050C3 – O
0.2 0.2O – Is −4820.0001

lated as linear ramps with durations of 1, 2, 3, 4 and 5
ms from holding potential to 0 mV test potential.

Fig. 6A shows the results obtained for the full model
containing both slow and fast modes (in the ratio 7.5%:
92.5%). Note the selective loss of the fast mode at
longer ramp durations. These simulations show a quan-
titatively similar suppression of peak current and
change in the ratio ‘time to peak/ramp duration’ as the
data of Fig. 2A and B. Fig. 6B shows the a simulation
of the same model for the ratio 75% slow to 25% fast
mode, scaled to the same peak as the combined simula-
tion of Panel A. Note the relative lack of ramp sensitiv-
ity when the more slowly inactivating mode
predominates. The apparently greater weighting of the
slow mode channels in these simulations arises from
their longer mean open time and hence greater peak
open probability; although this is an interesting finding,
it is not necessarily predicted that the same effect would
occur in experimental data. Nevertheless these simula-
tions seem fully consistent with our present results.

We recognize that ramp depolarizations, as com-
pared to the slow exponential rise of voltage in TEV,
might exacerbate or reduce effects on peak suppression,
time to peak and mode selection. To explore the rela-
tive effects of linear versus exponential changes in
voltage, we repeated the simulations for 1 and 2 ms
ramps using exponential changes in voltage with 1 and
2 ms times to final test potential. Exponential rise times
were simulated as the sum of two exponential compo-
nents, such that calculated d6/dt approximated the
waveform of experimental capacity current traces.

Whereas a 1-ms ramp suppressed peak current by
18%, an exponential waveform with 1 ms to test poten-
tial suppressed peak current by 20%. Time to peak in a
1 ms ramp is 4-fold longer than in the control, and only
2.4-fold longer using a 1 ms exponential voltage
change. For a 2-ms ramp, the peak current was sup-
pressed by 45% as compared to 36% for a 2-ms expo-
nential voltage change. Time to peak was 7-fold longer
than control for a 2-ms ramp, and only 3.6-fold slower
using a 2-ms exponential voltage waveform. There was
no significant difference in the relative proportions of
fast versus slow mode between the ramp and exponen-
tial simulations. Thus, we conclude that although the
ramp depolarizations slightly exaggerate the time-do-
main effects of slow clamp rise-time when compared to
exponential waveforms, the effect on the I(V) relation-
ship is approximately the same. Hence, both slow
ramps and slow exponentials distort the midpoint of
activation. Ramp depolarizations provide a simple
method for preliminary studies on the effects of slow
clamp rise-times.

Additional simulations (not shown) were carried out
to assess the relative importance of the I(V) shift versus
the change in inactivation rate. Suppression at 5 ms
increased from 8% (as in Fig. 6B) to 15% when the

izations could select for the slow mode of sodium
channel gating resulting in a single action potential
during a sustained depolarization. Further studies using
single channel analysis will reveal whether the slow
mode is due to channel reopenings as in neuroblastoma
cells (Aldrich et al., 1983) and oocytes (Krafte et al.,
1990) or because of an increase in first-latency or mean
open time (Moorman et al., 1990; Zhou et al., 1991).

5. Simulations

Simulations were carried out (see Section 2) to assess
the possibility that the faster inactivation rate seen in
macropatch experiments would be sufficient to account
for selective loss of this kinetic during slow ramp
depolarizations. We presumed: first, that this kinetic
represents the primary inactivation rate for a separate
subpopulation of fast mode channels; second, that the
lifetime of each mode is long relative to the 20 ms
duration of our test pulses (cf. Zhou et al., 1991). The
simplest schema (Eq. (1)) for this simulation is thus the
summation of two parallel modes, where each mode is
represented as a simple linear model:

C1–C2–C3–O–If

C1–C2–C3–O–Is

Fast mode
Slow mode

In our simulations the activation parameters were
identical for each mode (except that the midpoint for
all activation transitions was shifted to the right by 10
mV and the C3-O reaction was slowed for the slow
mode component). However, the 0-I transitions were
adjusted to give falling phase eigenvalues of �0.5 and
�5 ms for the fast and slow modes, respectively (see
Table 3 for rate parameters used in these simulations).

Within this system, initial state occupancies at hold-
ing potential were obtained by simulating a 500 ms
pulse to holding potential (here −100 mV). Control
macropatch kinetics were simulated presuming a 0.1 ms
exponential clamp settling time to reach 0 mV test
potential. Macropatch ramp depolarizations were simu-
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Fig. 6. Simulations of ramp sensitivity. See text for explanation. Compare A to Fig. 2A. Compare B to Fig. 4A.

midpoints were the same for both fast and slow modes
(as compared to a 66% suppression in Fig. 6A). Thus
the suppression of fast mode channels by ramp depolar-
izations clearly derives primarily from the difference in
inactivation rate between these modes.
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