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ABSTRACT The goal of this study is to distinguish the supramembrane potential difference-induced electroconformational
changes from the huge transmembrane current-induced thermal damages in the delayed rectifier K* channels. A double
Vaseline-gap voltage clamp was used to deliver shock pulses and to monitor the channel currents. Three pairs of 4-ms shock
pulses were used to mimic the electric shock by a power-line frequency electric field. Each pair consists of two pulses with
the same magnitude, starting from 350 to 500 mV, but with opposite polarities. The shock pulse-generated transmembrane
ion flux and the responding electric energy, the Joule heating, consumed in the cell membrane, as well as the effects on the
K™ channel currents, were obtained. Results showed that huge transmembrane currents are not necessary to cause damages
in the K* channel proteins. In contrast, reductions in the K* channel currents are directly related to the field-induced
supramembrane potential differences. By a comparison with the shock field-induced Joule heating effects on cell mem-
branes, the field-induced supramembrane potential difference plays a dominant role in damaging the K* channels, resulting
in electroconformational changes in the membrane proteins. In contrast, the shock field-induced huge transmembrane

currents, therefore the thermal effects, play a secondary, trivial role.

INTRODUCTION

An electric field, as a tool, has been widely used in today’s
medical diagnosis and treatments. For example, defibrilla-
tion and pacemakers are common techniques used to rein-
stall the normal cardiac cell functions (Lau and Camm,
1991; Raymond et al., 1991). Membrane electroporation has
been widely used to increase the efficiency of gene trans-
fection and cell fusion (Winegar et al., 1989; Zimmermann
et al., 1980; Chang et al., 1991). Electroporation was also
suggested for use on skin stratum corneum for transdermal
drug delivery (Okino and Mohri, 1987; Mir et al., 1991;
Bommannan et al., 1993; Prausnitz et al., 1993).
Alternatively, the mechanisms involved in electrical
trauma remain unclear. Better understanding of the mecha-
nisms in electrical injury will significantly improve our
diagnosis and treatment of electrically injured patients.
The electric resistance of the cell’s phospholipid bilayer
is six to eight orders of magnitude higher than those of
cytoplasmic and extracellular electrolytes. When living
cells are exposed to an external electric field, most of the
field-induced voltage-drops fall on the cell membranes. In
addition, since the cell dimension is a few orders of mag-
nitude larger than the thickness of the cell membrane, the
induced equivalent field strength inside the cell membrane
is hundreds and thousands times higher than the apparent
strength of the applied electric field (Cole, 1972). Under
such a high field strength, the field-induced membrane
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potential difference is much higher than those in physiolog-
ical condition. These supraphysiological potential differences
or supramembrane potential differences may cause damage in
membrane phospholipid bilayer and membrane proteins.

One of the possible mechanisms involved in electrical
injury is Joule heating. The direct effects of Joule heating in
damaging cells and tissues has long been recognized as
denaturation of the cell membrane and membrane proteins
(Cravalho et al., 1992; Tropea and Lee, 1992). Toner et al.
investigated thermal-mediated injury in isolated skeletal
muscle fibers by study of quantitative microscopy of mem-
brane permeability changes at supraphysiological temperatures
in isolated muscle cells and fibroblasts (Bischof et al., 1995).
Joule heating-induced membrane damage is known to be pro-
portional to electric energy consumed in the cell membrane,
which is directly related to the field-induced transmembrane
currents (Rouge and Dimick, 1978; Lee et al., 1988).

In addition, membrane electroporation was also consid-
ered as one of the mechanisms of electrical trauma (Lee and
Kolodney, 1987; Jones et al., 1987; O’Neill and Tung,
1991; Chen et al., 1992). In contrast to Joule heating caused
by a huge transmembrane current, field-induced supramem-
brane potential difference plays a significant role in mem-
brane electroporation (Kinosita and Tsong, 1977). Mem-
brane electroporation has been postulated mainly as the
supramembrane potential difference-induced electroconfor-
mational damages in the phospholipid bilayer (Tsong,
1991). Resealing of the membrane electropermeabilization
under the control of cytoskeletal proteins is also considered
as an alteration of the membrane organization or the con-
sequence of the associated cytoplasmic content (Teissie and
Rols, 1994).
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An intensive electric field also affects the membrane
proteins, especially the voltage-sensitive proteins. In fact,
structural features of many membrane proteins suggest a
large susceptibility to electric fields. Functions of these
electric field-sensitive membrane proteins can therefore be
affected by the transmembrane potential (Eisenberg et al.,
1987; Tsong and Astumian, 1987). A high-intensity electric
field may further cause electroconformational damages in
these membrane proteins. Tsong and his colleagues (Teissie
and Tsong, 1980; Tsong and Astumian, 1986) showed that
an intensive shock field could induce leakage currents
through membrane proteins, the Na™/K™* ATPase of eryth-
rocyte cell membranes. They attributed the field-induced
leakage as the membrane proteins’ electroconformational
damages. Recently, electric field-induced damages in mem-
brane proteins have been considered as a mechanism in-
volved in electrical injury (Chen and Lee, 1994b, Abramov
et al.,, 1997). We have found that a brief high-intensity
electric shock can cause not only membrane electropora-
tion, but also reductions in the K™ channel conductance and
ionic selectivity.

A detailed study to identify whether the membrane pro-
tein functional reductions result from the protein electro-
conformational damages or from the field-induced Joule
heating has not been conducted yet. The former caused by
a supramembrane potential may involve movements of the
charge particles, or reorientations of the equivalent dipole
moments in the channel proteins, while the latter caused by
a huge transmembrane current may involve a local temper-
ature increase leading to an electrical burn in the narrowest
pores of the channel proteins.

In this paper we try to understand which among the
supramembrane potential difference-induced electroconfor-
mational changes and the huge transmembrane current-
mediated thermal effects is the dominant mechanism in-
volved in membrane protein damages. We distinguished
these two mechanisms by comparing the K* channel func-
tional reductions with the huge transmembrane current-
induced Joule heating effects.

To perform these experiments, an improved double Va-
seline-gap voltage clamp technique was used to mimic
electric shock by direct delivery of shock pulses to the cell
membrane. The evoked transmembrane currents were si-
multaneously monitored during the shock so that the electric
energy consumed in the membrane could be studied. The
K™ channel functions were monitored before and after the
electric shocks. The shock-induced damages in the channel
proteins were obtained and compared with the Joule heating
effects. The results showed that shock field-induced reduc-
tions in the K channel currents depend mainly on the
field-induced supramembrane potential difference, but not
necessarily on the supratransmembrane currents. The results
clearly indicate that within a certain intensity range, the
field-induced electroconformational changes play a domi-
nant role in the mechanism of electrical trauma.
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MATERIAL AND METHODS
Skeletal muscle fiber preparation

The protocol for single fiber preparation was followed (Hille and Camp-
bell, 1976; Kovacs et al., 1983; Irving et al., 1987; Hui and Chen, 1997)
with some adjustments (Chen and Lee, 1994a—c). Briefly, skeletal twitch
muscles (semitendinosus) were separated from either English frogs, Rana
temporaria, or American frogs, Rana Pipe. Single fibers were hand-
dissected and mounted in a custom-made chamber with two clips at the
ends for fiber attachment. The fibers were electrically isolated in three
pools by two Vaseline-gap partitions. The width of the two partitions and
the width of the central pool are 100 um and 300 wm, respectively. The
fibers were stretched up to the length of a sarcomere of 3 wm to avoid fiber
contraction during electrical stimulations.

The fiber segments in two endpools were treated with a solution with
0.2% saponin for 2 min and then washed out with the internal solution,
where the fiber segments were permeabilized electrically and ionically.
The three pools were then connected to the voltage clamp by six agar
bridges and three Ag/AgCl pallets. Resistance of these bridges and pallets
was <1 k(). Both stimulation pulses and shock pulses were delivered
through a computer-controlled voltage clamp (Dagon 8800 whole clamp).
Data were sampled by an Axon data acquisition board (AC 1200) and
stored in disks for further analysis.

Composition of solution

The composition of each solution was as follows (in mM): Relaxing
solution: 120 potassium glutamate; 1 MgSO,; 0.1 EGTA; 5 PIPES. Exter-
nal solution: 120 NaCl; 2.5 KCI; 2.15 Na,HPO,; 0.85 NaH,PO,; 1.8
CaCl,. One uM TTX was added to block the sodium channels. Internal
solution: 45.5 potassium glutamate; 20 Tris-Creatine phosphate; 20 EGTA;
6.8 MgSO,; 5 PIPES; 5 glucose; 5.5 Na,ATP.

Electric shock and channel function recording

We have suggested an improved configuration of the double Vaseline-gap
voltage clamp to study the electrical injured cell membranes in skeletal
muscle fibers (Chen and Lee, 1994a, b). Briefly, the two endpools were
connected and a positive feedback circuit was used to compensate voltage
drops on the series resistance underneath the two Vaseline partitions. The
advantages of the improved configuration include a more uniform mem-
brane potential-distribution in the central pool and an elimination of the
transient overshock at the rising phase of the shock pulse. The protocol of
the experiments was designed to investigate the shock-induced membrane
electroporation and damages in the voltage-gated K* channels.

The membrane holding potential was —90 mV. Two pulse groups were
used in this study. Stimulation pulses, a sequence of 30-ms-duration pulses
ranging from 30 to 120 mV, held the membrane potential from —60 to 30
mV. Shock pulses within a supraphysiological membrane potential range
from —200 mV to —600 mV were delivered by the voltage clamp to the
cell membranes. The duration of all shock pulses was 4 ms to mimic the
electric shock by a field with power-line frequency. Before the application
of a shock pulse, the stimulation sequence was applied to the cell mem-
brane and the evoked K" channel currents were recorded.

Then a supramembrane potential pulse was delivered to the membrane
and the evoked transmembrane currents were simultaneously monitored
during the shock. There are two advantages of simultaneously monitoring
the shock-induced transmembrane currents. First, we were able to quickly
identify an occurrence of electroporation current. Second, the simultaneous
measurements of transmembrane current and membrane potential differ-
ence allowed us to study the electric energy consumed in the cell mem-
brane, which is proportional to the transmembrane currents. Right after the
pulsed shock the same stimulation sequence was delivered again to the
membrane to distinguish the shock-induced effects on the K™ channel
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currents. A P/N method was used to identify channel currents and electro-
poration currents. Briefly, four substimulation pre-pulses preceding each
stimulation pulse were employed to measure the linear transmembrane
currents. The magnitude of the substimulation pre-pulses was one-fourth of
that of the immediately following stimulation pulse. Since the magnitude of
the pre-pulses is far below the K" channel open threshold, the elicited
currents were only the linear leakage currents and capacitance currents,
which were proportional to the membrane potential differences. These
linear currents were then scaled up and subtracted from the stimulation
pulse-evoked total transmembrane current. The remaining currents were
the voltage-dependent K* channel currents. With the same method, by
using a group of pre-shock subpulses, the shock pulse-induced electropo-
ration current can be resolved. The only difference is that the number of
subshock pre-pulses was higher than four, so that the magnitude of each
pre-pulse is far below the electroporation threshold.
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RESULTS

Shock pulse-induced reductions in the K*
channel conductance

We started from a measurement of the delayed rectifier K™
channel currents in cell membranes. A stimulation pulse
sequence consisting of 15 consecutive pulses held the cell
membrane potential from —60 mV to 10 mV with 5-mV
increments. The evoked transmembrane currents were re-
corded (not shown). By using the P/N method, the nonlinear
voltage-dependent K™ channel currents were resolved and
are shown in the upper panel of Fig. 1. The maximum

through the pathway underneath the Vase-
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from the stimulation pulse-evoked total

transmembrane current. The remaining volt- 200 7
age-dependent K* channel currents are i
shown in the figure. The top panel shows

the pre-shocked K* channel currents. After i
being shocked by a 4-ms, —400 mV pulse, CURRENT
the channel currents were immediately re- Ay

corded and are shown in the bottom panel.

100 —

Time ((ns) 20 40

Tine (ns) 20 40



Chen et al. Electroconformational Changes in K* Channel Proteins 199

channel current is ~180 nA, a response to a stimulation
pulse holding the membrane potential difference of 10 mV.

Then, a 4-ms shock pulse with a supramembrane poten-
tial difference of —400 mV was delivered by the voltage
clamp to electrically shock the cell membrane. The evoked
total transmembrane current was simultaneously recorded

and is shown in the top panel of Fig. 2. The first transient
peak current with an exponential decay represents the mem-
brane capacitance currents. The following monotonously
increasing current is the shock pulse-induced electropora-
tion current. This electroporation current is defined as a
shock field-induced nonlinear leakage current. The linear
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transmembrane currents were recorded by applying five
subshock pre-pulses in a magnitude of —80 mV, which was
far below the membrane electroporation threshold of —300
mV (Chen and Lee, 1994a). By subtracting these linear
leakage and capacitance currents from the total shock cur-
rent, the electroporation current could be explicitly obtained
and is shown in the bottom panel of Fig. 2. For this fiber, a
single 4-ms, —400 mV shock pulse generated up to over
800 nA electroporation currents.

After the electric shock, the same stimulation pulse se-
quence was reapplied to the cell membrane. With the same
method the K* channel currents were resolved and are
shown in the bottom panel of Fig. 1. By comparing the pre-
and post-shock channel currents, one can easily notice that
the magnitudes of the K" channel currents were signifi-
cantly reduced after a brief electric shock. The maximum
value of the K™ channel current for this fiber dropped from
~180 nA to ~125 nA, a >30% reduction from the original
value.

Damaging effects of the supramembrane
potential difference on cell
membrane are directional

From the difference of the pre- and post-shock channel
currents responding to the same stimulation pulses, we
demonstrated that after the cell membrane was shocked by
a single 4-ms, —400 mV pulse, the K™ channel conductance
reduced over 30%. The results also showed that the brief
pulsed shock could damage the cell membranes generating
a huge transmembrane current. However, the uncertainty is
how this huge transmembrane current raised membrane
temperature, thereby damaging the membrane proteins.

During the experiments, we had tried to use a microther-
mistor to monitor the possible temperature changes caused
by high-voltage shock pulses. Because of low temperature-
resolution and slow time-constant, it is impossible to use a
thermistor to monitor local and transient temperature
changes on the cell membranes. To investigate the field-
induced thermal effects on cell membrane we need to study
the electrical Joule heating by identifying the electric energy
consumed in the cell membranes, by using our voltage
clamp techniques to simultaneously measure membrane po-
tential differences and transmembrane currents.

A new fiber was prepared by using the same method
described above. The stimulation sequence was applied to
the cell membrane. By subtracting the linear capacitance
and leakage currents, the K™ channel currents were resolved
with a maximum value of 168 nA (data not shown).

The fiber was then shocked by a series of pulse pairs,
each pair consisting of two pulses with the same magnitude
but different polarities. The time interval between the two
pulses in each pair was 5 min, and the pulse pairs were
separated by 10 min to allow full relaxation of the fiber. The
positive shock pulse in each pair was always applied to the
fiber before the negative pulse, since a positive shock pulse
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causes much less damage in channel proteins than a nega-
tive pulse of the same magnitude (see the results). The
corresponding transmembrane currents during the shock
pulses were simultaneously recorded. After each shock, the
same stimulation sequence was applied to the cell mem-
brane to monitor the shock pulse-induced reductions in the
channel activity.

The left panel of Fig. 3 shows the total transmembrane
current responding to a 4-ms, +350 mV shock pulse, while
a —350 mV shock pulse-generated total transmembrane
current is presented in the left panel of Fig. 4. Although the
membrane potential differences were the same held by the
voltage clamp, the responding currents are significantly differ-
ent. In Fig. 3, the transient capacitance current is followed by
a huge K" channel current. At end of the shock pulse, the
transmembrane current was slightly increased, which may be
due to the membrane electroporation. This is because that
—350 mV is higher than the membrane electroporation thresh-
old (Chen and Lee, 1994a; Tovar and Tung, 1992). The peak
value of the positive shock pulse-evoked total transmembrane
current (except the transient capacitance current) is ~2200 nA
(left panel of Fig. 3). Because the fiber was hyperpolarized, no
channel currents are observed in Fig. 4. The slightly increased
current at the end of the shock pulse may also be the membrane
electroporation current. The maximal value is <200 nA (lefi
panel of Fig. 4). The positive shock pulse depolarized the cell
membrane and opened the K" channel, resulting in a total
transmembrane current much larger than those evoked by the
negative shock pulse.

The right panels of Figs. 3 and 4 represent the stimulation
sequence-evoked K™ channel currents recorded immedi-
ately after the positive and negative shocks, respectively.
The maximum value of the K* channel currents is 165 nA
in Fig. 3 and 140 nA in Fig. 4. Compared to the maximum
K™ channel currents (168 nA) obtained before the shocks,
the +350 mV shock pulse had little, if any, effect on the
channel currents. However, the single 4-ms, —350 mV
shock pulse reduced the channel currents ~17%. It should
be pointed out that the positive shock pulse caused a trans-
membrane current 10 times larger than the negative shock
pulse, but had almost no effect on the K* channel currents.

A comparison of the field-induced ion flux across
the cell membrane

According to Joule’s law, when the environment remains
the same, the field-induced evolution rate of heat on the cell
membrane should be equal to the shock pulse-induced elec-
tric energy consumed on the cell membrane. We can esti-
mate the consumed energy by integrating the transmem-
brane resistive currents with time during the 4-ms shock
pulse and then multiplied by the applied membrane poten-
tial difference. Since most of the external field-induced
potential difference is across the cell membrane, the esti-
mated electric energy should be mainly consumed in the cell
membranes, which represents the process of transmembrane
heating.
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FIGURE 3 The total transmembrane currents induced by a supramembrane potential shock and the post-shocked K™ channel currents. In the left panel
are shown the total transmembrane currents responding to a 4-ms, +350 mV shock pulse. The peak value of the resistive current in the total transmembrane
currents is 2200 nA. From about the last millisecond (marked as an arrow) of the shock pulse, the transmembrane current is slightly increased, which is
due to the membrane electroporation. It clearly shows that the majority of the transmembrane resistive current is the K* channel current. The right panel
represents the stimulation sequence-evoked K™ channel currents recorded immediately after the shock. The maximum value of the K* channel currents

is 165 nA.

Because of the difficulties in identifying the pathway of
the shock pulse-induced transmembrane currents, we first
simply considered the Joule heating as a bulk Joule heating
in the cell membrane. The local Joule heating effects on
specific membrane proteins, the K™ channels, will be fur-
ther discussed later.

Since the capacitance currents are the intramembrane
displacement currents, they should be subtracted from the
total responding currents when estimating the Joule heating
effects. To subtract the transient capacitance current, the
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monotonously decreasing data points after the transient
peak were fitted by an exponential decay curve. The resis-
tive current crossing the cell membrane can be obtained by
subtracting the transient capacitance current with the fitted
exponential decay curve. The resultant resistive current
contributed to the real electric energy consumed on the cell
membrane.

By integrating the transmembrane resistive current ob-
tained from the left panel of Fig. 3, the electric charge
passing through the cell membrane is 8.2 nC in response to
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FIGURE 4 The total transmembrane currents evoked by a supramembrane potential, —350 mV shock and the post-shocked K* channel currents. Because
of fiber being hyperpolarized, no channel currents were observed. Because of proximity to the electroporation threshold, little electroporation current was
generated at the end of the shock pulse. The maximum values of the resistive current and the K* channel currents are <200 nA and ~165 nA, respectively.
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a +350 mV pulse. Only 0.9 nC charges passed through the
cell membrane during the —350 mV shock pulse, obtained
from the left panel of Fig. 4. Although generating 8.2-nC
charges crossing the cell membranes, the +350 mV shock
pulse caused little (3 of 168 nA) decrease in the K* channel
currents. In contrast, the —350 mV shock pulse, generating
only 0.9-nC transmembrane charges, almost one-tenth of
those induced by the positive-shock pulse, significantly
decreased the K™ channel currents, from 168 nA to 140 nA.
This comparison clearly shows that electric field-induced
reduction in the K™ channel currents is not directly related
to the amount of transmembrane currents.

After the fiber was relaxed at the membrane holding
potential of —90 mV for 10 min, a pair of shock pulses of
magnitude 500 mV but opposite polarities was applied to
the cell membrane. The positive pulse-evoked total trans-
membrane current was recorded, as shown in the left panel
of Fig. 5. Because of the shock pulse far beyond the elec-
troporation threshold, the electroporation current dominates
the total transmembrane current with a maximum value over
the limitation of our equipment, 5000 nA. After the pulsed
shock, the K™ channel currents were recorded and are
shown in the right panel of Fig. 5. Interestingly, the maxi-
mum peak value of the K channel currents shows little
reduction, from 168 nA to 158 nA. Five minutes later, the
same magnitude but negative shock pulse was applied to the
cell membrane, and the evoked transmembrane current was
recorded as shown in the left panel of Fig. 6. A huge
electroporation current occurred with a maximum value of
the resistive current of 3800 nA, leading to a significant
reduction of the post-shock K* channel currents from 168
nA to 105 nA, as shown in the right panel of Fig. 6.

With the same method, transient capacitance current was
obtained by an exponential decay curve fitting, and sub-
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tracted from the total transmembrane currents to resolve the
resistive current. The integrations of the resistive currents
with time showed at least 17.4 nC of transmembrane
charges during the +500 mV shock pulse, while only 10.4
nC charges were driven across the cell membrane by the
—500 mV pulse.

The —500 mV pulse, which generated 10.4 nC charges
crossing the cell membrane, significantly reduced the K*
channel currents (from 168 to 105 nA), while the +500 mV
shock pulse, which drove a much larger amount of trans-
membrane charges (17.4 nC), had little effect on the K*
channel currents (from 168 nA to 158 nA). Table 1 sum-
marizes the results from Fig. 3 to Fig. 6.

A comparison of the field-induced Joule heating
on the cell membrane

When we cross-reference the shock potentials and the
evoked transmembrane currents with the shock-induced
channel current reduction in response to —350 mV and
+500 mV shock pulses (second and third columns of Table
1), the results are even more conclusive. The —350 mV
shock pulse generating <200 nA of maximum leakage
currents resulted in a total transmembrane charge of only
0.9 nC. However, the K™ channel currents showed a sig-
nificant reduction, from 168 nA to 140 nA, ~17%. In
contrast, the +500 mV pulse generating a leakage current
far beyond 5000 nA resulted in 17.4 nC ions crossing the
cell membranes. Interestingly, this +500 mV shock had
little effect on the K* channel currents, from 168 nA to 158
nA, only 6% reduction. The +500 mV shock pulse gener-
ated over 18 times higher transmembrane charges than the
—350 mV shock pulse, but caused only one-third of the
reduction in the K™ channel currents.
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FIGURE 5 The total transmembrane current induced by a +500 mV shock pulse and the post-shocked K* channel currents. Because they are far beyond
the potential threshold of membrane electroporation, the possible electroporation current is far over the limitation of our equipment, 5000 nA. Interestingly,
the peak value of the K* channel current has a little reduction, from 168 nA to 158 nA.
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FIGURE 6 A —500 mV shock pulse-generated total transmembrane current and K* channel currents recorded thereafter. The left panel shows a huge
value of electroporation current with a maximum resistive current of 3800 nA. Consequently, the magnitude of the post-shocked K* channel currents were

significantly reduced to 105 nA.

Furthermore, considering the difference of the membrane
potential, the +500 mV shock pulse generated 29 times
more thermal effects, the Joule heating on the cell mem-
brane, but caused only one-third reduction in the K* chan-
nel currents when compared with a —350 mV shock. These
results imply that the intensive electric field-induced dam-
ages in the K™ channel proteins should not be attributed to
the field-induced supramembrane currents, therefore the
current-mediated thermal effects on the cell membranes. In
other words, the shock field-induced damage is mainly due
to the supramembrane potential difference-induced electro-
conformational changes in the protein structures, which are
primarily dependent on the membrane potential.

Thirteen fibers have been investigated to distinguish the
effects of the supramembrane potential and huge transmem-
brane current on the K* channel currents. The same exper-
imental protocol with three pairs of shock pulses (350, 400,
and 500 mV) and opposite polarities in each pulse pair was
used. To increase the capability of current injection, a high
compliance-voltage mode of the voltage clamp was used.
The maximum injecting current is 13,000 nA, far beyond a
500 mV pulse-evoked total transmembrane current. The K™
channel currents recorded after each shock pulse are plotted
in Fig. 7. The dark and open columns represent the channel
currents recorded after the fibers were shocked by positive
and negative pulses, respectively. It clearly shows that neg-

TABLE 1 Transmembrane charges and channel functional
reduction responding to different shock pulses

Shock Pulses +350 mV =350 mV +500 mV —500 mV
Transmembrane charges 8.2 0.9 17.4 10.4
(nC)
Channel functional 1.8 17 6 37.5

reduction (%)

ative shock pulses cause much larger reductions in channel
current than the positive shock pulses. Fig. 8 shows the
shock pulse-generated transmembrane charges, obtained by
integration of the evoked resistive transmembrane current.
The positive shock pulse drove much larger amounts of
charges across the cell membranes, but had little effect on
the K™ channel currents.

Fig. 9 shows the comparison of the shock pulse-induced
Joule heating on the cell membranes and the reduction
percentage in the K™ channel currents in response to shock
pulses of —350 mV and +500 mV, respectively. Single
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FIGURE 7 The shock pulse-induced reduction in the K" channel cur-
rents. The dark columns represent the post-shock K™ channel currents
recorded after the positive shock pulses, and the open columns represent
the post-shock channel currents recorded after the negative shock pulses.
The bars represent standard deviations.
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FIGURE 8 Ion flux driven by different shock pulses. The dark columns
represent the integrated transmembrane ion flux obtained during the pos-
itive shock pulses and the open columns represent the ion flux during the
negative shock pulses. Because of opening channels, positive shock pulses
generated much larger transmembrane ion flux than negative shock pulses.
The bars represent standard deviations.

4-ms, —350 mV shock pulses driving 1.2 nC charges cross-
ing the cell membrane generated 0.42 nJ heat, but caused
~17% reduction in the K" channel currents. In contrast,
single 4-ms, +500 mV shock pulses eliciting 21 nC trans-
membrane charges generated Joule heating of 10.7 nJ. The
K™ channel currents were only reduced by ~8%. When
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FIGURE 9 A comparison of the shock pulse-induced Joule heating
effects with the induced percentage reductions in the K* channel currents
when shocked by 4-ms pulses of —350 mV and +500 mV, respectively.
The dark columns represent the shock pulse-induced Joule heating effects
in a scale of nanojoules, shown as the left ordinate. The open columns
represent the percentage reductions in the K* channel currents shown as
the right ordinate. The bars represent standard deviations.
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compared with a —350 mV shock, a +500 mV pulse drove
~18 times more charges across the cell membrane, thereby
generating 25 times more Joule heating on the membrane,
but it only caused less than one-half of the reduction in the
K™ channel current.

DISCUSSION

Shock-induced channel function reduction is not
directly related to the huge transmembrane
currents, therefore it should not be attributed to
the cell membrane Joule heating effects

The main point of this study is to compare supramembrane
potential difference-induced effects on the K* channels and
supratransmembrane current-mediated Joule heating on the
cell membranes. Pulse pairs with the same magnitude but
opposite polarities were employed to differentiate these two
effects. Positive shock pulses that depolarized the mem-
brane potential opened the K* channels, generating huge
channel currents as well as some electroporation currents.
However, there was no significant reduction in the K™
channel currents, at least not for a shock pulse up to +500
mV. In contrast, negative shock pulses that hyperpolarized
cell membranes, inducing many fewer transmembrane cur-
rents, caused a significant decrease in the K* channel
currents.

These results clearly indicate that electric shock pulse-
induced damage is not necessarily due to the field-induced
supratransmembrane current which, when multiplied by the
membrane potential difference, is equal to the electric field-
induced Joule heating on the cell membranes. In contrast,
the protein channels’ damages directly depend upon the
polarity and magnitude of the shock pulses.

It is necessary to point out that cell membrane is inho-
mogeneous, and the electric energy consumed in the cell
membrane and therefore the Joule heating are not uniformly
distributed in the cell membranes. In fact, results from
others (Mehrle et al., 1985; Sower and Lieber, 1986; Ki-
nosita et al., 1992) and our laboratory (Chen and Lee,
1994c) suggested that a cell membrane asymmetry is
present, which may be mainly related to membrane pro-
teins’ insertion. In addition, a very localized heating effect
may also take place when a heavy current occurs along the
well-defined narrow pathways, giving a local temperature
increase. Using the macromeasured membrane potential
difference and transmembrane currents to obtain the Joule
heating on the cell membranes is only a global Joule heating
in whole cell membrane.

Shock pulse-induced reduction in K* channel
functions is not directly related to local Joule
heating on the channel proteins

After the exclusion of the possibility of the global Joule
heating as the cause for the reductions in the K™ channel
activities, we now focus on the specific membrane protein
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Joule heating; in this case, the K* channels. First, we need
to fully understand what our integrated ion flux means. For
the currents responding to the positive shock pulses, after
subtracting the curve-fitted capacitive currents, the remain-
ing resistive currents include linear leakage current, channel
current, and electroporation current. For the currents re-
sponding to the negative shock pulse, the remaining cur-
rents include only the linear leakage current and the elec-
troporation currents because the negative pulse
hyperpolarized the cell membrane and closed most of the
K™ channels. The ideal way to discuss local Joule heating
on the K* channel proteins is to identify the shock-induced
channel currents by subtracting the linear leakage current
and the membrane electroporation current from the total
transmembrane currents. However, it is technically difficult
to realize, since both channel current and membrane elec-
troporation current are nonlinear currents. It is impossible to
use the P/N method to distinguish two nonlinear components.
Even though we cannot quantitatively identify the pure
current passing through the K™ channel during the shock
pulses, it does not affect our qualitative analysis. As an
example, let’s go back to the comparison of the channel
function reduction caused by either a +350 mV or a —350
mV shock pulse. From Table 1 we showed that a +350 mV
shock pulse generated >9 times more Joule heating in the
cell membrane than a —350 mV shock pulse (current ra-
tio = 8.2:0.9 with the same magnitude of the membrane
potential difference), while only causing a 1:9 (ratio =
1.8:17) reduction of the channel currents. Since the magni-
tude of the shock pulses are the same, the induced linear
leakage currents should be the same, which is proportional
to the membrane potential difference. We now only have to
distinguish the channel currents from the membrane elec-
troporation currents (through the phospholipid bilayer).
Voltage-dependent differences and current kinetic char-
acteristics of each current component can be used to differ-
entiate the channel currents from the membrane electropo-
ration currents. Kinetic studies of the delayed rectifier K™
channels showed that the channel currents, after a short
delay, have a long, flat plateau (Hille, 1992). Our previous
studies and this study (Fig. 2) showed that electroporation
current monotonously increases during the shock pulse
(Chen and Lee, 1994a). From the left panel of Fig. 3, it is
clearly shown that the majority of the resistive current
responding to a +350 mV pulse was carried by the K*
channels, and the membrane electroporation current was
very small, seen from the relative flat plateau of the resistive
current. We have estimated that >95% of the resistive
currents are attributed to the channel current by fitting the
carly part of the plateau to a horizontal straight line in order
to separate the channel currents and the electroporation
currents. For the —350 mV shock pulse, we do not know
what percentage of the resistive current passes through the
K™ channels. For the worst situation, let us assume all of the
resistive currents pass through the K™ channels (even
though it is impossible). In this case, we still have similar
results. In other words, a +350 mV shock pulse evoked a
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current passing though the K™ channels at least 9 times
larger than a —350 mV shock pulse would have evoked,
therefore generating 9 times higher local Joule heating on
these specific membrane proteins. Yet this +350 mV pulse
only caused one-ninth of the reduction of channel activity.

This analysis clearly indicates that the post-shock reduc-
tion of the K™ channel activity is not directly related to the
high-intensity electric shock-induced transmembrane cur-
rents through the K™ channel proteins. Furthermore, it is not
related to the shock-induced local Joule heating on the K™
channels.

In summary, our studies show that supramembrane po-
tential shock pulse-induced reductions in the K™ channel
functions are not directly correlated to either the global
transmembrane currents or the channel currents. Therefore,
neither the global thermal effects (membrane Joule heating)
caused by the huge transmembrane currents nor the local
thermal effect (Joule heating on the K* channels) mediated
by larger channel currents plays a significant role in dam-
aging the channel proteins. In other words, these experi-
mental results provide strong evidence that during an expo-
sure to an intensive electric field, the field-induced
supramembrane potential difference (magnitude and polar-
ity) plays a dominant role in the level of protein damages.
This supramembrane potential difference might cause elec-
troconformational changes in the charged particles or equiv-
alent dipole moments in the channel proteins, resulting in
channel dysfunction. Recently, we have succeeded in mea-
suring the field-induced reductions in the intramembrane
charge movement currents (Chen et al., 1998, submitted for
publication) and in predicting shock-medicated decrements
in the limiting charge particles in the K* channel gating
system (Chen et al., 1997, submitted for publication).

It is necessary to point out that the magnitude of su-
pramembrane potential differences that cause trivial thermal
damages in channel proteins are studied only up to 500 mV.
We do not rule out the possibility that when the field
intensity further increases, the thermal effects may play a
significantly more important role in damaging the mem-
brane proteins.

This work was supported by National Institutes of Health Grant GM 50785
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