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ABSTRACT Schauf and Bullock (1979.
Biophys. J. 27:193-208; 1982. Bio-
phys. J. 37:441-452), using Myxicola
giant axons, demonstrated that solvent
substitution with deuterium oxide (D20)
significantly affects both sodium chan-
nel activation and inactivation kinetics
without corresponding changes in gat-
ing current or tail current rates. They
concluded that (a) no significant com-

ponent of gating current derives from
the final channel opening step, and (b)
channels must deactivate (during tail
currents) by a different pathway from
that used in channel opening. By con-

trast, Oxford (1981. J. Gen. Physiol.
77:1-22) found in squid axons that

when a depolarizing pulse is interrupted
by a brief (-100 ,us) return to holding
potential, subsequent reactivation
(secondary activation) is very rapid and
shows almost monoexponential kinet-
ics. Increasing the interpulse interval
resulted in secondary activation rate
returning towards control, sigmoid (pri-
mary activation) kinetics. He concluded
that channels open and close (deacti-
vate) via the same pathway.
We have repeated both sets of

observations in crayfish axons, con-
firming the results obtained in both
previous studies, despite the appar-
ently contradictory conclusions
reached by these authors. On the other

hand, we find that secondary activation
after a brief interpulse interval (50 ,As) is
insensitive to D20, although reactiva-
tion after longer interpulse intervals
(-400 ,us) returns towards a D20 sensi-
tivity similar to that of primary activa-
tion. We conclude that D20-sensitive
primary activation and D20-insensitive
tail current deactivation involve sepa-
rate pathways. However, D20-insen-
sitive secondary activation involves
reversal of the D20-insensitive deacti-
vation step. These conclusions are
consistent with "parallel gate" models,
provided that one gating particle has a
substantially reduced effective val-
ence.

INTRODUCTION

The exact relationship between "voltage-sensitive" gating
current (Ig), and the molecular events constituting the
"6opening" or "gating" of the sodium channel remains
unclear. Schauf and Bullock (1979, 1980, 1982) and
Schauf and Chuman (1986) have reported that solvent
substitution of 98% deuterium oxide (D2O) in Myxicola
selectively slows macroscopic sodium current kinetics
without corresponding action on gating current. No sig-
nificant component of ON gating current had a time
course which followed the altered kinetics of the final
channel opening step. Schauf and Bullock (1979) con-
clude that physiologically detectable gating current must
be generated exclusively within nonconducting, preopen
transitions of the channel rather than by the movement of
the channel "gates" themselves. Furthermore the channel
activation gates must be exposed to a hydrophilic phase
and hence affected by D20, whereas the principle gating
current generator appears protected from the effects of
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solvent substitution. On the other hand, Schauf and
Bullock (1982) also observe that closure (deactivation) of
conducting sodium channels is insensitive to the effects of
D20. The rate constants of the fast and slow components
of sodium tail current remain unaltered during solvent
substitution. The authors suggest that conducting sodium
channels may deactivate by a route dissimilar from that
taken during initial activation of sodium channels. Schauf
(1983) also showed that prepulse-induced ("Cole-Moore-
type") shifts in sodium channel activation are not affected
by solvent substitution with D20.

Structural models describing sodium channel gating
have been proposed by Noda et al. (1984), Guy and
Seetharamulu (1986), and Catterall (1986). These mod-
els suggest that voltage-dependent channel gating results
directly from rotation of the highly charged and highly
conserved S4 a helix in response to membrane depolariza-
tion, such that a significant component of gating charge
would move in the final channel opening step. The
assumptions of these structural models appear in conflict
with the experimental data presented by Schauf and
Bullock (1979).
Oxford (1981) demonstrated that when a maintained

depolarizing pulse was interrupted by a brief return to
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holding potential, subsequent reactivation (secondary
activation) of the sodium channel proceeded rapidly with
almost monoexponential kinetics. During the brief inter-
pulse interval, channels were apparently captured in a
nonconducting transition state adjacent to the open state.
He concluded that channel deactivation occurs via by
reversal of the multistate primary activation path. This
evaluation of channel behavior also seems in conflict with
a major conclusion reached by Schauf and Bullock (1979,
1982) from their D20 studies, namely that activation and
deactivation occur by separate paths.
We report here the effects of D20 substitution on

sodium channel gating current, ionic current, and tail
current in the crayfish. Our results provide detailed
confirmation for both Schauf and Bullock's findings in
Myxicola and Oxford's observations on secondary activa-
tion. However, we show that secondary activation, after
brief interpulse intervals, is D20-insensitive. We present a

revised model for sodium channel activation and deactiva-
tion which resolves the apparent conflicts noted above.
Preliminary results of this work have been presented
(Alicata et al., 1989).

METHODS

Medial giant axons from the crayfish, Procambarus clarkii, with
diameters between 200 and 300 ,um, were continuously perfused both
internally and externally and voltage clamped with conventional axial
wire techniques adapted to crayfish axons by Shrager (1974) and
further described by Starkus and Shrager (1978), Rayner and Starkus
(1989), and Alicata et al. (1989). Series resistance compensation was set
at the value of 10 a.cm2 which removes the dependence of INa kinetics on
changes in current magnitude. Peak INa was maintained at less than
-1.5 mA/cm2. Corrections were made for an electrode junction poten-
tial of 8-10 mV, and the electrode drift in potential during the course of
the experiments reported here did not exceed 1-2 mV. The procedures
used for data acquisition, data analysis, and for the subtraction of linear
capacity and leakage currents using the -SHP P/n control pulse protocol
have been presented in detail by Rayner and Starkus (1989) and Alicata
et al. (1989).

Schauf and Bullock (1979) reported from Myxicola that D20 (at
5°C) alters sodium channel kinetics by dramatically slowing the activa-
tion and inactivation components of INa. However, at higher tempera-
tures of 16-180C sodium channels behaved similarly in H2O and D20
thus eliminating kinetic sensitivity of the channel to D20 action. Our
objective was to confirm in crayfish axons the slowing action of D20 on
channel kinetics observed in Myxicola. Therefore, we maintained the
temperature at 9.5 + 0.50C for all the experiments in this study.

Schauf and Bullock (1979, 1980, 1982) and Schauf (1983) exposed
both internal and external membrane surfaces to D20. In our study D20
was perfused either internally or externally. We find that D2O action on
sodium channel kinetics is independent of route of application (see
Results). When D20 is perfused internally, the membrane remains
stable through 2-3 h of recording. However, when D20 is placed only on
the outside of the axon, crayfish axons remain stable for no more than
15-20 min before a marked increase in the linear leak current is
observed, and the membrane becomes increasingly intolerant of capac-
ity current subtraction protocols (P/n) at hyperpolarized potentials. In

these experiments D2O was substituted for H20 and chilled to -8-90C.
The volume of the experimental chamber was then exchanged three
times and continuously perfused with this prepared solution. Bath
temperature equilibrated to 9.50C within 1 min. The following criteria
were therefore established for monitoring membrane integrity: (a) the
holding current should not exceed that required to maintain membrane
voltage within +0.2 mV of the desired holding potential; (b) the peak
magnitude of the fast component of linear capacity current could not
fluctuate more than ± 10% of control conditions; (c) the zero time
intercepts of the two slower kinetic components of the capacity current
should not increase from control levels, and (d) leakage current
(observed during hyperpolarizing steps) must remain parallel to the
baseline and not exceed by >10-20 iiA/cm2 the measured leakage
current in control conditions. We separately recorded the P/n control
capacity currents throughout the experiment to check for changes in
clamp speed and linear leak (see Alicata et al., 1989). Experiments were
terminated when any of the above monitors exceeded criterion levels.

Solutions
The external solution used in this study contained 2.6 mM Mg", 13.5
mM Ca", 210 mM tetramethylammonium (TMA), 243 mM Cl-, and
2.3 mM Hepes, adjusted to pH 7.55. The control internal solution
contained 230 mM Cs', 60 mM F-, 170 mM Glu-, and 1 mM Hepes,
adjusted to pH 7.35. Tetrodotoxin (TTX), obtained from Calbiochem-
Behring Corp. (La Jolla, CA), was included at 200 nM for all gating
current recordings. For experiments involving ionic currents, sodium
was partially substituted for TMA in the external solution and Cs' was

substituted in the internal solution. The sodium ion concentrations are

noted in the figure legend as ([Na]in//[Na]oat). In heavy water experi-
ments, internal and/or external solutions were prepared with 99.8%
deuterium oxide (Sigma Chemical Co., St. Louis, MO). In experiments
involving chloramine-T (Sigma Chemical Co.) we prepared the internal
solution closely following the procedures described by Huang et al.
(1987). Optimal results were achieved using freshly prepared 10 mM
chloramine-T at pH 6.30. Because chloramine-T also blocks the sodium
channel (Wang et al., 1985; Huang et al., 1987), the internal chlora-
mine-T perfusate was washed out as soon as reduction in peak current
magnitude of INa was noticed.

RESULTS

The initial purpose of this project was to confirm in
crayfish axons the observations reviewed by Schauf and
Chuman (1986) concerning the effects of D20 on sodium
channel kinetics in Myxicola. We find that solvent substi-
tution with D20 significantly slows sodium channel acti-
vation and inactivation kinetics (Fig. 1 A, and Fig. 3, A-
C) in crayfish without corresponding changes in tail
current kinetics (Fig. 1 A) or the ON and OFF gating
current (Fig. 1 B). Ionic current (Fig. 1 A) was recorded
before (trace a), during (trace b), and after (trace c)
washout of internally perfused D20. It is clearly visible
that activation and inactivation kinetics of INa are slowed
by D20 (trace b) in comparison to the records in H20
(traces a and c). The tail currents (Fig. 1 A), however,
are indistinguishable and appear insensitive to D20
action. In Fig. 1 B we show records of IgON and IgOFF
taken in H20 (trace a) and in D20 (trace b). No kinetic
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FIGURE I D20 SIOWS INa activation without affecting tail current or gating current. (A) Activation (at -20 mV) and deactivation (at -80 mV) of
sodium currents before (trace a), during (trace b), and after (trace c) internal D20 perfusion. Traces in D20 are scaled to match peak INa in H20 for
comparison of kinetic changes. Holding potential was - 120 mV. Data from axon 890726, (D20, 20 Na//H20, 50 Na). (B) ON and OFF gating
current at -20 mV before (trace a) and during (trace b) external D20 perfusion. Holding potential, -120 mV. Data from axon 881115, (0
Na//D20, TTX, 0 Na).

effects of D2O on Ig are apparent at this level of resolution.
Thus this figure provides a preliminary confirmation of
the major findings reported from Myxicola axons. D20
significantly slows INa activation and inactivation kinetics
without corresponding affect on gating current and ionic
tail current (Schauf and Bullock, 1979, 1982;
Schauf, 1983; Schauf and Chuman, 1986).
More careful examination of the effects of D20 on

IgON kinetics (Fig. 2) shows small changes in the initial
peak IgON during exposure to D20 as noted by Schauf
and Bullock (1979). Small changes in peak Ig were also
detected in our data, although this is not clearly visible in
Fig. 2, A or B, due to the compressed time base. However,
Alicata et al. (1989) have demonstrated that changes in
series resistance (RJ) alter clamp rise time, thus affecting
both capacity current waveform and the fast component
of gating current. We therefore looked for changes in R,
during the course of the experiment by using the wave-

form of the separately recorded P/n control capacity
currents as an indicator of changes in clamp rise time.
D20 induced a small reduction in peak capacity current
(<10%) which corresponds to an increase in Rs and a
reduction in clamp speed. In every instance in which
reduction of peak Ig was noted, we also noted a corre-

sponding reduction in peak capacity current. We con-
clude that changes in peak Ig result from indirect effects
of D20 on Rs rather than from direct solvent action on the
gating currents.

Fig. 2 shows that no D20-induced changes are readily
apparent in the slower components of gating current.
However, integrations of these gating current records
suggest small (but consistent) rate changes in charge
movement between the records in H20 (traces a) and in
D20 (traces b). Gating current was integrated over a

2-ms time course, and there was essentially no change in
total charge movement between H20 and D20 conditions
(see figure legend). The gating currents in Fig. 2, A and
B, were recorded at 0 mV where total charge movement is
close to Qmnax (see Fig. 6 of Rayner and Starkus, 1989) and
Ig kinetics are still relatively slow. These conditions
maximize the opportunity for recording small kinetic
changes in gating currents. Our results confirm the lack
of major effect on Ig kinetics noted in Myxicola (Schauf
and Bullock, 1979, 1980, 1982) and squid axons (Meves,
1974). Nevertheless our data suggests that future work
may be able to resolve and quantify small effects of D20
on the kinetics of the slower components of gating
current. We find no differences between the effects of
internal (Fig. 2 A) and external (Fig. 2 B) D20 applica-
tion on gating current.

In Fig. 3 records of ionic current are shown at voltages
of -20 mV (A), 0 mV (B), and +20 mV (C). Because
D20 decreases maximal sodium channel conductance
(-20%), currents recorded in the solvent (traces b in each
panel) have been scaled to the peak inward current
magnitude of the record taken in H20 (traces a in each
panel) to aid visual comparison of the D20 effects. We
have quantified these effects for the voltage range -40 to
+60 mV (see Table 1). The ratio of D20/H20 was
determined both for time to peak inward current magni-
tude (tp) and the time to one-half peak current magnitude
(t 1/2) in a series of six axons. Our results show this ratio as
1.31 ± 0.07 and 1.33 ± 0.18 for tp and t1/2, respectively.
Ionic current was analyzed over an 8-ms time course, and
we find that the asymptotic value for steady-state INa is
not changed during exposure to D20. This is not readily
apparent in Fig. 3 A where we show INa traces recorded at
-20 mV and plotted on a short time base. However, at
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FIGURE 2 Gating currents are relatively insensitive to D20. Gating currents and corresponding integrations at 0 mV before (traces a) and during
(traces b) internal (panel A) and external (panel B) D20 perfusion. Integration of these gating current traces over a 2-ms period gives the following
total gating charge movements: (A) trace a, 38; b, 37 nC/cm2; (B) trace a, 31; b, 32 nC/cm2. Holding potential, - 120 mV. Data represented are from
axons 890726, (D20, 20 Na//TTX, 50 Na), panel A, and 881118, (0 Na//D20, TTX, 0 Na), panel B.

the more positive voltages such as + 20 mV (Fig. 3 C),
where the kinetics are faster, it becomes more visible that
the asymptotes are analogous in H20 and D20. Thus our

data confirms the major findings reported from Myxicola
by Schauf and Bullock (1979). D20 significantly slows
activation and inactivation kinetics of INa, and this slow-
ing action is voltage-insensitive (see Table 1).

Schauf and Bullock (1982) also reported that the
sodium channel tail current was apparently insensitive to
the solvent effects. They noticed that when the tail
current records in H20 and D20 were scaled and superim-
posed, the fast components were identical while the slower
components showed slight sensitivity or variability in
D20. In Fig. 4 we show tail currents recorded at - 80 mV

A
20

0-~ ~ ~ ~ 70-

C~~~_ ~-120-

~ ~ ~ ~ ~ a-1
1 -

0 0.8 1.6

Time (ms)

after a test potential to + 20 mV for 1 ms (see pulse
pattern in Fig. 4 A; we plot only the portion of the current
trace corresponding to the continuous line of this pulse
diagram). Both the fast and slow kinetic components of
the decaying tail current are clearly visible in these
records. In Fig. 4 A we have scaled the D20 record such
that the slow components overlie; these records superim-
pose exactly with no detectable kinetic dissimilarity in
their rates. Trace a was recorded in H20 and trace b in
D20. We then rescaled the D20 record to match the
control peak tail current (see Fig. 4 B). The fast compo-
nents of these traces now overlie with no apparent dissimi-
larities in their rates. However, we also noticed (as did
Schauf and Bullock [1982] from Myxicola) that when

Time (ms) Time (ms)
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FIGURE 3 INa activation and inactivation kinetics are slowed by D20. Ionic currents before (traces a) and during external D20 perfusion (traces b)
are compared for voltages of -20 mV (A), 0 mV (B), and +20 mV (C). D20 records (traces b) have been recorded with a higher external sodium
concentration and then scaled to account for reduction in peak current magnitude. Holding potential, -120 mV. All data are from axon 881122, (0
Na//50 Na) in H20 and (0 Na//D20, 100 Na) in D20.
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TABLE 1 Effects of D20 across voltage (V,,)

Time to peak INa Time to l/2 peak INa Ratio
tp t1/2 D20/H20

Vm H20 D20 H20 D20 tp ti/2

mV AS AS AS A
-40 902* (1) 1,232 (1) 328 (1) 528 (1) 1.37 1.60
-20 531 ± 36.9 (6) 640 ± 17.6 (6) 219 ± 20.8 (6) 265 ± 13.5 (6) 1.21 1.21

0 391 ± 41.1 (4) 550 ± 76.8 (4) 156 ± 23.7 (4) 247 ± 49.3 (4) 1.41 1.58
20 256 ± 4.1 (3) 318 ± 10.3 (3) 128 ± 0 (3) 149 ± 4.62 (3) 1.24 1.16
40 208 (1) 278 (1) 106 (1) 128 (1) 1.34 1.21
50 174 ± 4.9 228 ± 6.1 84 ± 1.1 (3) 105 ± 14.1 (3) 1.31 1.25
60 174 (1) 226 (1) 90 (1) 114 (1) 1.30 1.27

*Values presented as mean ± SD and (n).

the fast components are scaled as in Fig. 4 B, reduction in
the relative intercept of the slow component (trace b) in
D20 is more evident. We found a similar change at all
prepulse durations investigated (0.4-6 ms).

Could series resistance errors be obscuring kinetic
effects of D20 on tail current kinetics? If the axon were

markedly undercompensated in control conditions, reduc-
tion in peak tail current during exposure to D20 could
reduce the voltage error and so lead to an artifactual
increase in deactivation kinetics. The artifactual voltage
shift could mask a slowing by D20; this problem would be
accentuated if D20 reduced series resistance. We recog-
nize that D20 reduces the equivalent conductivity of
electrolyte solutions (Swain and Evans, 1966) and thus
would be expected to increase R,, however series resis-
tance may be markedly affected by other factors (such as

osmotic changes in Schwann cells as well as inward vs.

outward solvent fluxes [see Stimers et al., 1987; Alicata et

:5
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0.4-

0.8-

1.2-

1.6-

A

al., 1989]). Thus other, less readily predictable changes
might override the conductivity effect.

Schauf and Bullock (1982) were careful to recompen-
sate their axons after exposure to D20. In our experiments
we changed external sodium concentration to maintain
approximate equivalence of peak currents before and
after D20 exposure. Additionally, we monitored R,
changes throughout the course of these experiments,
using peak capacity current as the measured parameter
(see Alicata et al., 1989). D20 initially produces a small
increase in Rs1 but this increase disappears over time, and
RS is typically slightly reduced later in the experiment.
Neither the peak magnitudes nor the kinetics of our tail
currents were significantly affected by these small R,
changes. We therefore conclude that tail current kinetics
are insensitive to D20.

Armstrong and Bezanilla (1974) and Keynes and
Rojas (1976) (squid giant axon) and Hahin and Goldman
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FIGURE 4 The rates of the fast and slow components of sodium channel tail current are not affected by D20. Tail curi8entsat- 80 mV after a
depolarizing pulse of +20 mV for I ms are shown before (traces a) and during external D20 perfusion (traces b). Data traces correspond to the
continuous line of the pulse pattern insert shown in panel A. (A) D20 trace has been scaled, such that the slow components overlie, to aid visual
comparison of the rates. (B) Records from A were rescaled to the same peak tail current magnitude to compare the rates of the fast components.
Holding potential, - 120 mV. All data are from axon 881122, (0 Na//50 Na) in H20 and (0 Na//D20, 100 Na) in D20.
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(1978) and Bullock and Schauf (1978) (Myxicola) have
observed that a conditioning prepulse alters the time-
dependent onset ("Cole-Moore-type" shift) in sodium
channel activation after a subsequent membrane depolar-
ization (see pulse pattern b in Fig. 5, B and C). Schauf
(1983) reported that although D20 causes significant
slowing of channel activation and inactivation, it was

without effect on prepulse-dependent delays in channel
activation visible after conditioning hyperpolarizing pre-
pulses. Schauf had predicted this result on the premise
that because D20 was unable to alter gating current,
which he presumed to arise from transitions between
nonconducting precursor states, it would also have no

affect on "Cole-Moore-type" shifts (which have also been
supposed to arise from changes in relative occupancy of
early preopen states [see Taylor and Bezanilla, 1983]).

Fig. 5 A shows the single pulse control records at 0 mV
in H20 and D20. The D20 record is not scaled demon-
strating that D20 decreases maximum sodium conduc-
tance by -20%. In Fig. 5 B we demonstrate the time shift
of channel activation kinetics, in H20, after a condi-
tioning depolarizing prepulse to -65 mV (trace b) by
comparison with the single pulse record (trace a). Trace b
was scaled to match the peak current of the single-pulse
record to aid visual comparison of the shift in activation.
We evaluated the "Cole-Moore-type" shift by deter-
mining the difference in t1/2 between single-pulse and
double-pulse records. In H20 (Fig. 5 B) the shift in
activation (At 1/2) is 20 ,us. We repeated the above protocol
in D20 (Fig. 5 C) and found the magnitude of the "Cole-
Moore-type" shift (At 1/2) to be 32 ,us. At a different test
potential of + 50 mV the magnitude of the shift (At 1/2) in
INa was 13.5 ,us in H20 and 17.0 its in D20. Our results for

(5

0.

-1.0-

-3. 0

A

0 0.5 1.0

Time (ms)
1.5

0-

-1.0-

-2 .0

-3. 0

the "Cole-Moore-type" shift experiments are summa-

rized in Table 2. We noticed, at the two voltages tested,
the magnitude of the prepulse-dependent shift in activa-
tion was 1.4-fold greater in D20 than in H20. However,
when the magnitude of the shift is experssed as the ratio
of At 1/2/t,/2 (single-pulse), this ratio is not changed by
D20. Thus our data confirms the results reported from
Myxicola by Schauf (1983).

If sodium channel activation and inactivation are

sequentially coupled processes, (Bezanilla and Arm-
strong, 1977; see also review by French and Horn, 1983),
then a specific effect of D20 on inactivation might affect
activation only indirectly. Does D20 slow INa activation
kinetics after removal of fast inactivation with 10 mM
chloramine-T (ch-T)? In Fig. 6 we show that the slowing
effect of D20 on activation kinetics remains after >90%
of fast inactivation was removed with a single treatment
of 10 mM ch-T (trace d). The control record (H20)
following ch-T treatment is shown in trace c. For compar-

ison we also provide records from the same axon before
removal of fast inactivation, before (trace a) and during
exposure to D20 (trace b). In this axon the D20/H20
ratios (cf Table 1) determined for tp and t 1/2 at 0 mV are

1.41 and 1.36 where fast inactivation is intact and 1.41
and 1.36 after ch-T treatment. This evidence demon-
strates that activation is the primary target site for the
observed D20 action on INa kinetics.

Oxford (1981) showed that when a maintained depo-
larization was interrupted by a brief return (-100 ,s) to

holding potential (see Fig. 7 A, pulse pattern inset), reac-

tivation turns on rapidly with almost monoexponential
kinetics. He referred to this faster activation process as

secondary activation. When the interpulse interval was

B
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Time (ms)
0.5

0-

-1.0*
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-3.0

C

0.5
Time (ms)

FIGURE 5 D20 does not affect the relative magnitude of the prepulse-induced "Cole-Moore-type" shifts in channel activation. (A) Ionic current at 0
mV in H20 and D20. Traces were not scaled to illustrate the D20-induced slowing of activation and inactivation kinetics and the decrease in sodium
conductance. Holding potential, - 120 mV. Ionic current at 0 mV in H20 (B) and D20 (C) after a single pulse (traces a) and a 5-ms prepulse to -65
mV (traces b). Current records resulting from the prepulse (traces b) were scaled to peak current magnitude of the single pulse record (traces a) for
comparison of the "Cole-Moore-type" shifts in channel activation. The "Cole-Moore-type" shifts are 20 ,us for H20 in B and 32 As for D20 in C but the
ratio At1/2/t,/2 (single pulse) is not altered by solvent substitution (see Table 2). All data are from axon 880928b, (20 Na//80 Na) in H20 and (20
Na//D20, 100 Na) in D20.
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TABLE 2 Comparison of "Cole-Moore-type" shifts in
H20 and D20 at 0 and 50 mV

0 mV +5OmV

Time (gs) H20 D20 H20 D20

t1,2 single pulse 174.0 244.0 94.0 123.5
t1/2 double pulse 154.0 212.0 80.5 106.5
At1/2 "C-M shift"* 20.0 32.0 13.5 17.0
At1/2/(t,/2 single pulse) 0.12 0.13 0.14 0.14

*-tl/2= t1/2 single pulse - t1/2 double pulse.
Data from axon 880928b.

progressively increased, secondary activation increasingly
assumed the sigmoidal appearance of primary activation.
We were interested to see whether primary and secondary
activation were equally sensitive to the slowing effects of
D2O. In Figs. 7 and 8 we show results obtained using this
double-pulse protocol. All experiments were performed
after treatment with 10 mM ch-T. Fig. 7 A shows second-
ary activation obtained after an interpulse interval of 50
/is (trace b). In crayfish axons, as in Oxford's squid axons,
secondary activation turns on very fast without the usual
sigmoid kinetics shown in the single pulse record (trace
a). However, when interpulse interval is increased to 400
/is (Fig. 7 B, trace b), the reactivation process nearly
overlies the sigmoid primary activation kinetics shown in
the single pulse control record (Fig. 7 B, trace a).

Fig. 8 A shows INa records obtained from the double-
pulse protocol (in both H20 and D20) with a 50-,s
interpulse interval. Secondary activation in H20 and D20
are indistinguishable and D20 appears to have no affect

0-

FU

-1. 0-

0 1.0
Time (ms)

2.0

FIGURE 6 D20 slows sodium channel activation kinetics after removal
of fast inactivation by 10 mM chloramine-T. Ionic current with inacti-
vation intact at 0 mV before (trace a) and during internal D20 perfusion
(trace b). Holding potential, - 120 mV. Ionic current at 0 mV before
(trace c) and during internal D20 perfusion (trace d) after <90% of fast
inactivation was removed by prior treatment with 10 mM chloramine-T.
Holding potential, -90 mV. All records were scaled to -I mA/cm2
current magnitude for comparison of activation kinetics. All data from
axon 890608, (D20, 20 Na//75 Na).

on this component of activation. On the other hand,
primary activation is markedly slowed by D20. After an

interpulse interval of 400 ,us (Fig. 8 B) the kinetics and
D20 sensitivity of secondary activation return towards
those of primary activation. The D20 insensitivity of
secondary activation after brief (50 us) interpulse inter-
vals will be further considered in the Discussion section.

In this series of experiments we have been careful to
repeat all major observations with both internal and
external D20 perfusion. We have noted no qualitative or

quantitative differences resulting from method of solvent
application other than (see Methods) a marked negative
effect on axon survival when D20 is applied externally.
The similar effects of internal and external D20 applica-
tion may be seen for gating current (compare Fig. 2, A
and B), for ionic current activation (compare Figs. 3 and
6) and for tail currents (compare Figs. 1 A and 4).

DISCUSSION

The principal results of this study are: (a) D20 slows
sodium channel activation and inactivation (Figs. 3 and
5 A) without significantly affecting the kinetics of IgON,
IgOFF (Figs. 1 B and 2), sodium tail currents (Fig. 4) or
the relative magnitude of prepulse-induced "Cole-Moore-
type" shifts (Fig. 5). (b) Similar results were obtained
with both internal and external D20 perfusion (compare
Figs. 2, A and B, for gating current, Figs. 3 and 6 for ionic
current activation, Figs. 1 A and 4 for tail currents,
recorded during internal and external perfusion, respec-
tively). (c) Removal of fast inactivation with chlora-
mine-T did not affect the results obtained during D20
perfusion (Fig. 6). (d) The double-pulse protocol demon-
strates that secondary activation, after a brief (50 ,s)
interpulse interval, is not affected by D20 (Figs. 7 and
8).

In many respects our experimental results in crayfish
axons confirm those of previous investigators using other
preparations. Conti and Palmieri (1968) noted that
sodium currents in squid giant axons were slowed by
-1.4-fold after exposure to D20. Subsequently Meves
(1974) showed that gating currents were unaffected by
D20 although tail sodium current was apparently slowed
(.1.4-fold). Schauf and Bullock (1979) similarly noted
no effect of D20 on gating currents, although both sodium
activation (measured as time-to-peak) and sodium inacti-
vation (measured as Th) were both slowed by 1.4-fold at
60C. However, this slowing was significantly temperature
dependent, being almost eliminated at 16-180C. Their
least-squares fit for time-to-peak data showed the D20/
H20 ratio = 1.68 - 0.038T, where T is temperature in
degrees Celsius. This equation predicts a ratio of 1.32 for
our data in Table 1 (at 9.50C), which compares well with
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FIGURE 7 Double-pulse protocol (Oxford, 1981) reveals a component of activation which turns on very rapidly with almost monoexponential kinetics.
(A) Ionic current at 0 mV after a control single pulse (trace a) and a double pulse interrupted by a 50 ,us return to holding potential (trace b). (B) Ionic
current at 0 mV after a control single pulse (trace a) and a double pulse interrupted by a 400-,ls interpulse interval (trace b). For comparison of
activation kinetics the single pulse (traces a, A and B) is superimposed on the INa record associated with the second pulse of a double pulse protocol
(traces b, A and B). See pulse inset. Holding potential, -90 mV. Records were obtained after treatment with 10 mM chloramine-T. All data from
axon 890608, (D20, 20 Na//75 Na).

the 1.31 ± 0.07 found for our results. Thus, quantitatively
similar kinetic actions of D20 have now been reported
from squid, Myxicola, and crayfish axons.

Schauf and Bullock (1982) extended their study of
D20 actions to include tail current deactivation. In a

series of six axons they found no significant effects on

either the fast or slow kinetic components of INa tails. This
result seems in direct conflict with Meves (1974) observa-
tion, from a more limited series of experiments, that INa
tail current was slowed by D20. We have carefully
repeated the tail current experiments and exactly confirm
the data obtained by Schauf and Bullock. Furthermore,
we are now able to explain the slight discrepancy in the

A
0-

20D20

-H20-

- 1.00

-2.0 * . X . . .0 0

-2.0

slow tail current component noted in their scaled data
(see Fig. 3 b of Schauf and Bullock, 1982). As seen in our

Fig. 4 B, when control and D20 records are scaled to the
same peak tail current magnitude, the slow components
no longer overlie because we note that there is a shift in
the relative intercept of the slow tail component after
exposure to D20 but no change in kinetics of either
component.
Our work summarized above provides additional sup-

port for two major conclusions presented by Schauf and
Bullock (1979, 1982): First, activation and fast inactiva-
tion of sodium current are both slowed by D20 without
marked effects on gating current kinetics. This observa-

-1. 0-

-2.0

Time (ms)
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4

75 ipyia oralVlm Arl19
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FIGURE 8 Secondary activation is insensitive to the slowing effects of D20. Ionic current at 0 mV before and during internal D20 perfusion are shown
after a double-pulse protocol with interpulse intervals of 50 us (A) and 400 ,us (B). Traces in H20 and D20 are superimposed in A and B to facilitate
comparison of activation kinetics. Holding potential, -90 mV. Records were obtained after treatment with 10 mM chloramine-T. All data from axon
890608, (D20, 20 Na//75 Na).
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tion demonstrates that relatively little gating charge
movement (or inherent voltage sensitivity) can be asso-
ciated with the final channel opening transition (see
Appendix). Second, because D20 slows activation but not
tail current deactivation, it follows that some fundamen-
tal difference must exist between the channel gating
mechanisms responsible for activation and tail current
deactivation.
The first conclusion is qualitatively consistent with

results of previous electrophysiological studies despite the
apparent conflict with recent structural work (see Intro-
duction). Although sequential models have usually placed
a valence of >1le in the final channel opening step (see
Armstrong and Bezanilla, 1977; Bezanilla and Arm-
strong, 1977; Stimers et al., 1985), this is markedly less
than the total valence of the preceding closed state
transitions. Neumcke et al. (1976), Bullock and Schauf
(1978), Armstrong (1981), as well as French and Horn
(1983) have commented that the major component of
gating charge movement precedes the major increase in
sodium conductance. Thus the final channel-opening
step(s) have been presumed to make only small contribu-
tions to total charge movement. Changes in the rates of
such slow, low-valence transitions would be difficult to
detect in gating current records. Although the gating
currents of Fig. 2 appear almost identical, slight differ-
ences are visible in the integration traces for the crucial
time zone (between 0.2 and 0.8 ms), where the largest
kinetic changes would be expected.

By contrast, the second of Schauf and Bullock's conclu-
sions (see above) has met with little acceptance, despite
the precision of the tail current records provided by
Schauf and Bullock (1982). There is, inevitably, an

apparent internal contradiction in data which shows
D20-induced dissociation between gating current and
channel opening without an equivalent dissociation dur-
ing channel deactivation. More significantly, Oxford
(1981) carefully examined reactivation (secondary acti-
vation) after return steps to holding potential of differing
durations imposed during depolarizing pulses. Brief
return steps to holding potential, which should catch
channels in closed states adjacent to the open state,
demonstrated secondary activation with rapid, almost
monoexponential, kinetics. He therefore concluded that
deactivation occurs via reversal of the normal multi-step
activation pathway (Scheme 1), rather than through an

alternative direct path which bypasses intermediate
closed states, as initially suggested by Bezanilla and
Armstrong (1975a and b) (Scheme 2).

C,+- C2 -I C3' 0

Scheme 1

cl c2 -c3' 0

Scheme 2

Oxford's study has provided major support for models
in which activation is considered as a linear sequential
process (see review by French and Horn, 1983). For
example, none of the 25 models tested statistically by
Horn and Vandenberg (1984) considered the possibility
of deactivation by a separate pathway (other than via
reversal of the C3-to-O activation step). However, this
conclusion that deactivation is the reverse of primary
activation appears to be in direct conflict with Schauf and
Bullock's (1982) conclusion that activation and deactiva-
tion must utilize different pathways.

Despite the contradictory conclusions reached in these
studies, both the secondary activation data of Oxford
(1981) and the tail current data of Schauf and Bullock
(1982) have been successfully repeated in crayfish axons.

For short interpulse intervals secondary activation shows
rapid, nearly monoexponential, rates (Fig. 7 A). How-
ever, D20 slows the kinetics of primary activation (Fig. 3
and Table 1) without affecting tail current kinetics (Fig.
4).

This apparent paradox may be resolved by the experi-
ment shown in Fig. 8, which assesses the effect of D20 on

secondary activation. We find that secondary activation,
like tail current deactivation, is insensitive to D20 (see
Fig. 8 A). We conclude that D20-insensitive tail current
deactivation cannot be the reverse of the D20-sensitive
step responsible for channel opening during primary
activation. However, D20-insensitive secondary activa-
tion may well represent reversal of the D20-insensitive
tail current deactivation step. Oxford's (1981) observa-
tions can thus be reinterpreted as indicating that the
deactivation path, like the primary activation path,
involves a multistep reaction sequence. When the inter-
pulse interval is in the order of 50-100,is, many channels
appear to have been caught no further than one reaction
step away from the open state. However, these channels
may well be following a different D20-insensitive path-
way (just as Schauf and Bullock [1982] concluded).
The results noted above appear to rule out the standard

linear activation mechanism (Scheme 1) in favor of a

cyclical activation model shown by Scheme 3 (see Appen-
dix).

Cl' c2 '4 C3

C S, C23 °

Scheme 3
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In our schematics, left-right distance has been used to
indicate distance moved through the transmembrane
field. Thus, in Scheme 3, we presume the reaction C, to C2
shows greater voltage sensitivity than the inherently
slower C1 to Cl step. Hence the upper pathway can
dominate primary activation during large depolarizing
pulses. Similarly, in return pulses to negative holding
potentials, the fast 0 to C'2 step will dominate the
deactivation process. We suggest that the reversal of this
reaction generates the rapid kinetics of secondary activa-
tion. On the other hand, at potentials >-40 mV in
stationary microscopic analyses, deactivation could well
occur principally via the 0 to C3 step. We presume that
this slower reaction step is the primary D20-sensitive
transition.

Structural implications of the
cyclical activation model
We recognize three alternative physical interpretations of
the Scheme 3 model. First, three separate gating "par-
ticles" (or S4 segments) with differing effective valences
might act as parallel activation gates (Guy and Seethara-
mulu, 1986; Catterall, 1986). In this model the two paths
would result from asymmetry introduced by the markedly
lower valence of at least one S4 segment (see Appendix).
The relative insensitivity of ON gating current to D20
would here result from the markedly lesser voltage sensi-
tivity of the lower valence S4 particle. Furthermore, if
channel "gating" requires that a charge must pass close to
the solvent phase, the most D20-retarded transition might
well be that of the least "voltage-driven" particle.

Second, two particles might operate as parallel activa-
tion gates. Again the asymmetry would arise from un-

equal particle valences, with the higher valence particle
crossing the membrane field in several sequential steps, as

suggested by Fohlmeister and Adelman (1985). In this
model the steps do not necessarily cross equal fractions of
the total field, nor are their apparent rates predictable
other than by careful experimentation.

It should be noted that both these models assume a

final slow primary activation step, generated by the
slower low valence particle. This assumption explains the
D20-sensitive delay in activation, without significant
change in Ig kinetics, as seen here (Fig. 1) and also by
Schauf and Bullock (1979). Thus the assumption that S4
segments have direct channel gating properties (see Intro-
duction) seems consistent with the additional physiolog-
ical evidence provided in this study, particularly in view of
the very rapid kinetics of secondary activation.

Third, a single high valence gating particle might move

through the membrane field following physically distinct
alternative paths which are energetically favored under
different conditions. Visualizing the mobile particle as a

"helical screw" (Guy and Seetharamulu, 1986) it could
screw "in" and "out" by reversing rotational directions
(the primary activation path), or it could "jump the
threads" and return to the starting position without
reversing its direction of rotation (the secondary activa-
tion and tail current path). Intermediate energy barriers
might be quite different along these two pathways.

In either case, Scheme 3 may be a substantial simplifi-
cation of the full-state diagram, permissible only when
discussing the effects of large voltage steps (see Appen-
dix). However these models would seem to be potentially
experimentally differentiable. For example, the first two
models are necessarily kinetically symmetrical such that
the C,-to-C2 and Cl-to-C'2 rates must be identical at given
potential. By contrast the third model faces no such
restrictions because barrier heights, and even barrier
numbers, may be different for each pathway. Further
studies will be required to distinguish between these
possibilities. Recent work (Stiihmer et al., 1989) has
shown that site-directed modification of the S4 segment
of domain I alters the effective valence of the sodium
channel. However, similar changes in domain II produced
little change in channel valence. Thus, at least one S4
segment may not be significantly involved in control of
channel activation.

APPENDIX: MODEL SIMULATIONS

We demonstrate here that the principal conclusions reached in this
study are consistent with the results of model simulations. Our models,
like Schemes 1-3 (see Discussion), do not include inactivation. The
simulations shown here may thus be compared to our data after removal
of inactivation with chloramine-T (see Figs. 6-8).

Modeling methods and procedures
For each model all transitions were specified in accordance with Eyring
rate theory (Glasstone et al., 1941; Woodbury, 1971; Stimers et al.,
1985) such that the rate constants Kij and Kj, are:

Kij = (kT/h) exp (- Wi - ez'xV/kT)

Kji = (kT/h) exp (- Wj + ez'(1 - x) V/kT),
where W is the height of the energy barrier (in kT units) as seen from
well i or j, respectively, e is the electronic charge, z' is the effective
valence of the i,j transition, x is the fraction of the distance between
wells i and j at which the barrier peak occurs, V is the membrane
potential, k is the Boltzmann constant, T is the absolute temperature,
and h is the Planck constant. No electrostatic interactions between
adjacent transitions (see Bezanilla et al., 1982; Stimers et al., 1985;
Rayner and Starkus, 1989) have been assumed in the model simulations
shown here.

Simulations were carried out using a Sun 3/60 (Sun Microsystems,
El Segundo, CA). Our modeling program employs simple Euler integra-
tion to solve the array of simultaneous equations representing the
allowed transitions within each particular model formulation. Cumula-
tive errors were <0.001% at the end of each model run. All "ionic
current" simulations, including tail current deactivations, are presented
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as changes in "fractional conductance." Also all voltage steps were
presumed instantaneous, such that the fast component of the simulated
gating currents necessarily seems exaggerated by comparison with
experimental records taken at finite clamp speeds. Holding potential
was presumed to be - 120 mV for each simulation, and calculated initial
state occupancies were used for each model run.

Modeling strategies
We find that the most successful simple linear (Scheme 1) models are
those comprising three "reactions" with characteristically different
valences and kinetics; the "fast," "intermediate," and "slow" reactions.
To mke it easer to follow the effects of changes in reaction order (Fig. 9)

and particle number (Fig. 10) we have kept reaction parameters
reasonably constant from model to model. For example, in each model
the major valence remains associated with the "intermediate" step
(yielding acceptable gating current waveforms for all models), whereas
the "slow" reaction is always the D20-sensitive step.
We have maintained this approach while exploring the cyclic models

of Schemes 2 and 3, although the physical mechanism which these
"reactions" represent necessarily changes from model to model. Thus
for the linear Scheme I models, each reaction represents one sequential
step of a single gating particle. By contrast for Scheme 3, each reaction
may represent either one of three independent parallel gating particles
(as in the eight-state version [see Fig. 10 C]), or two sequential steps of
one particle plus a second independent particle (as in the six-state
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FIGURE 9 Simulations of three simple, Scheme 1, linear activation models (A, B, and C) do not satisfy our evaluation criteria (see Appendix). For
each model, panel i shows gating current (trace a, control; trace b, D20) and ionic current simulations (trace c, control; trace d, D20) for primary
activation during a voltage step from - 120 mV holding potential to + 20 mV test potential; panel ii shows channel deactivation (trace a, control; trace
b, D20) associated with a return step to holding potential following a 2-ms pulse to + 20 mV test potential; panel iii shows secondary activation (trace
a, control; trace b, D20) after a 50-,us return to holding potential imposed during a depolarizing step to +20 mV test potential. These secondary
activation traces are compared with control primary activation rate (trace c). For each panel, abscissa is time in microseconds; ordinate is fractional
conductance (simulated gating currents have been normalized to peak sodium conductance in each model). Cartoons show reaction order wheref
indicates the "fast" reaction (short arrow), i indicates the "intermediate" reaction (heavy arrow) and s shows the "slow" D20-sensitive reaction
(dashed arrow). In each model the effects of D20 were simulated by approximately halving the rates of the slow reaction step (see Table 3).
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for Schemes 1-3 (see Discussion), except that two additional states (states C, and Cy) are required for the eight-state Scheme 3 formulation.

version [see Fig. 10 B]). Finally, reaction parameters (see Table 3) have
been selected to achieve reasonable fits to additional criteria (such as the
voltage sensitivities of activation and deactivation kinetics) not used for
evaluation here (see below). In each model the effects of D20 were

simulated by approximately halving the rates of the "slow" reaction (see
Table 3), giving a 1.3-fold slowing of t 1/2 activation for all models.

Evaluation criteria
All models were evaluated against the following major criteria (for
which fit could be assessed without model by model parameter optimiza-
tion): (a) D20 slows channel activation without significant effects on

gating current. (b) Tail currents (at - 120 mV) are fast compared with
channel activation kinetics at +20 mV test potential. Furthermore the
intercept of the slow tail current component, after removal of fast
inactivation, is no more than -10% of maximum sodium conductance
(see Fig. 7 B and Hahin, 1988). (c) Both fast and slow tail current
components are insensitive to D20. (d) Secondary activation, after a

brief interpulse interval, is fast by comparison with control primary
activation rate. (e) Secondary activation is insensitive to D20.

Scheme 1 models
Model A
In this model the reaction order is "slow-intermediate-fast." As shown
in Fig. 9 A, panels ii and iii, the fast final opening step gives fast
deactivation and secondary activation kinetics which are not signifi-
cantly D20-sensitive. In panel iii, secondary activation in D20 (dashed
curve, trace b) almost exactly overlies the control secondary activation
(trace a). Both these curves are substantially faster than the control
primary activation rate shown by trace c. However (see panel i), for the
reaction order used in this model, the gating currents are necessarily
delayed by D20-induced slowing of channel activation (dashed curves.

traces b and d) in comparison with control activation kinetics (solid
curves, traces a and c).
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TABLE 3 Parameters for model simulations

A. Scheme I and Scheme 2 models
Reaction wI Wj z' x

Fast 18.8 19.4 0.4 0.2
Intermediate 21.0 24.0 1.8 0.3
Slow 20.5 22.5 0.8 0.7
D20-slow 21.2 23.2 0.8 0.7
Deactivation* 26.5 32.1 3.0 0.05

B. Scheme 3 models
Reaction w; wj z' x

Fast 18.8 19.4 0.4 0.8
Intermediate 20.5 25.0 1.8 0.25
Slow 21.2 23 0.8 0.7
D20-slow 21.7 23.5 0.8 0.7

*Scheme 2 model only.

Model B
The reaction order here is "fast-intermediate-slow." As shown in
Fig. 9 B, panel i, this order gives D20-induced slowing of channel
activation (compare traces c and d) with only minor changes in gating
currents (traces a and b). However, the slow D20-sensitive final step
gives slow D20-sensitive tail currents (see panel ii, trace b) with
reduced, slow, secondary activation (see panel iii, traces a and b).

Model C
Here the reaction order is "intermediate-slow-fast." We had reasoned
that this sequence might show both the tail currents and secondary
activation of model A, coupled with the lack of effect of D20 on gating
current kinetics seen in model B. Fig. 9 C, panel i, shows that gating
currents are not particularly D20-sensitive. However, the tail currents
(see panel ii) show a prominent slow D20-sensitive component, whereas
secondary activation fails to show the near monoexponential kinetics
seen for model A in Fig. 9 A, panel iii, traces a and b. Although the
kinetics of secondary activation improved after a twofold slowing of the
fast reaction (not shown), this change did not affect the intercept or
D20-sensitivity of the slow tail current component shown in Fig. 9 C,
panel ii.

The scheme 2 model
Oxford's study (1981), which includes computer simulations, makes
clear that Scheme 2 models are incapable of generating the observed
rapid secondary activation kinetics after brief interpulse intervals.
Fig. 10 A, panel iii, demonstrates that this conclusion remains true for
the reaction parameters used in our simulations. Note that trace a
(control secondary activation) overlies trace c (control primary activa-
tion), whereas trace b (secondary activation after D20) is here the
slowest activation kinetic.
Our formulation assumed a single gating particle activating via the

sequence of steps from C, through C2 and C3 to 0. The reaction order
used for Fig. 10 A was "fast-intermediate-slow." However, we presume
that an alternative direct pathway is available (between C, and 0)
which bypasses the intermediate energy barriers of this reaction
sequence. Clearly this alternative path must show an effective valence
equal to the sum of the valences of the primary activation path, while the
difference between its energy wells must also be the same as the sum of

the energy wells in the sequential path. In this model the alternative path
is preferentially selected in repolarizing (but not depolarizing) voltage
steps, due to the highly asymmetric barrier position for this reaction (see
Table 3 A).

This model can be adjusted to give rapid secondary activation by
adding an additional state (or states) along the alternative (O to C,)
deactivation pathway. However such modification makes this model
identical with our "single particle" interpretation of the Scheme 3 model
(see Discussion).

Scheme 3 models
The "single-particle" and "two-particle" interpretations of the Scheme
3 model can be fully represented by our six-state schema. As shown in
Fig 10 B, this model meets all of our evaluation criteria. On the other
hand, a "three-particle" model requires an eight-state formulation, as
shown in Fig. 10 C. Conti and Stuhmer (1989) have provided evidence
from fluctuation analysis of gating current records, suggesting the
presence of three separate gating particles. They note that one 1.8e
particle together with two lower valence particles could be consistent
with their data. Such a model also satisfies our evaluation criteria (see
Fig. 10 C). Parameters for these models are shown in Table 3 B.

Summary
In conclusion: (a) The observed lack of effect of D20 on 1,0N kinetics
indicates that the major gating current generating steps must precede
the principal D20-sensitive transition (as suggested by Schauf and
Bullock, 1979, 1982). (b) No simple linear model satisfies our evalua-
tion criteria. (c) The simple Scheme 2 cyclical model fails to demon-
strate rapid secondary activation (as noted by Oxford, 1981). (d)
Models based on the cyclical system shown in Scheme 3 satisfy all
evaluation criteria, regardless of whether a one-particle, two-particle, or
three-particle formulation is used.
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