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ABSTRACT

	

In batrachotoxin (BTX)-treated frog node of Ranvier, in spite
of a marked reduction in Na inactivation, the Na current still presents a time-
and voltage-dependent inactivation that could induce a 50-60% decrease in
the current. The inactivation was found to be modified by changing the
amplitude of a conditioning pulse, adding tetrodotoxin in the external solution,
or replacing NaCl with KCl in the external solution . Conditioning pulses were
able to alter the reversal potential of the BTX-modified Na current (V,,,) . V v
was shifted toward negative values for inward conditioning currents and was
shifted toward positive values for outward conditioning currents . The change
in V,,, was proportional to the conditioning current amplitude. Large inward
currents induced 15-25-mV shifts of Vre, . During a 10-20-ms depolarizing
pulse, the inactivation and change in Vr.� were proportional to the time integral
of the current. For longer depolarizations, V~ e � reached a steady state level
proportional to the current amplitude . The conductance, as calculated from
the current and the actual Vr~� , showed an inactivation proportional to exp(Vre�
F/RT). These observations suggest that the BTX-modified Na current induces
a decrease in local Na concentrations, which results in an alteration of the
driving force and the conductance. During a pulse that induced a large inward
current, the Na space concentration ([Na],) changed from 114 to 50-60 mM .
In normal fibers, the reversal potential of Na current was also shifted toward
negative values by a prepulse that induced a large inward current. The change
in V,, � reached 5-15 mV, which corresponded to a decrease in [Na], of 20-50
mM . This change in Vre� slightly altered the time course of Na current. On the
basis of a three-compartment model (axoplasm-perinodal space-bulk solution),
a Na permeability of the barrier between the space and the bulk solution (PN,,.)
and a mean thickness of the space (0) were calculated . The mean value of PNa,,
was 0.0051 cm - s- ' in both normal and BTX-treated fibers, whereas the value
of B was 0 .29 um in BTX-treated fibers and 0.05 ttm in normal fibers . When
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compared with the values calculated during K accumulation, PN.,, was 10 times
smaller than PK ,, and BN a _ BTX was equal to OK . Finally, it was shown by computer
simulations that during a single action potential or a train of action potentials,
[Na], can decrease from 114 to 100-90 mM. However, neither the shape nor
the amplitude of the action potentials was significantly modified by the decrease
in [Na], .

INTRODUCTION
It is now well established that in many different biological tissues, ionic currents
underlying the electrical excitability induce transient changes in local ionic
concentrations . An accumulation of K ions in restricted pericellular spaces or in
clefts between adjacent cells has been demonstrated from K current recordings
under voltage clamp in squid giant axon (Frankenhaeuser and Hodgkin, 1956;
Adelman et al ., 1973), frog node of Ranvier (Dubois and Bergman, 1975; Moran
et al ., 1980 ; Dubois, 1981a; De Bruin, 1982), cardiac cells (Noble, 1976;
Baumgarten and Isenberg, 1977 ; Cleemann and Morad, 1979a, b), skeletal
muscle cells (Adrian et al ., 1970), and molluscan neurons (Baylor and Nicholls,
1969). Changes in external K concentration during electrical activity were also
directly measured using K-selective microelectrodes in snail neurons (Neher and
Lux, 1973), cardiac cells (Kline et al ., 1980; Cohen and Kline, 1982), rat optic
nerve (Connors et al ., 1982), and mammalian central nervous system (see review
by Somjen, 1979) . An accumulation of Na ions has been reported in the axoplasm
of voltage-clamped myelinated nerve fibers submitted to repetitive depolariza-
tions (Bergman, 1970). From current noise analyses in the node of Ranvier,
Neumcke and Stampfli (1983) have suggested that an inward Na current could
induce a depletion of Na ions at the external surface of the membrane . From
these observations, it appears that transient changes in local ionic concentrations
during electrical activity may induce noticeable modifications in the characteris-
tics of ionic currents and in cell activity . These modifications include changes in
ionic driving forces and consequently in the excitability of cells, and also changes
in metabolism (see reviews by Somjen, 1979; Pentreath, 1982) .

In the present paper, we study the effects of Na current-induced local Na
concentration changes on Na current and Na conductance in batrachotoxin
(BTX)-treated and normal frog nodes of Ranvier. In normal voltage-clamped
nodes of Ranvier, the Na current inactivates in a few milliseconds . Consequently,
the total quantity of charges transported by the Na current is relatively small .
After modification of Na channels by BTX, the Na inactivation is almost
completely removed (Khodorov et al ., 1975; Khodorov and Revenko, 1979) .
Under these conditions, a large quantity of Na ions enters the fiber during a
maintained voltage step, and it can be expected that the local Na concentrations
are noticeably altered by this current . We present several arguments in favor of
the view that the local Na concentrations are indeed modified by Na currents,
not only in BTX-treated nodes but also in normal nodes of Ranvier .

METHODS
Experiments were carried out on isolated, myelinated nerve fibers from the frog Rana
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esculenta. Membrane currents were recorded under voltage-clamp conditions using the
method of Nonner (1969). The resting potential of normal fibers (-70 mV) was defined
as the potential at which 30% fast Na inactivation occurred . The resting Na inactivation
was removed by a 50-ms pulse to -110 mV. In BTX, the holding potential was -120
mV, a potential at which all Na-modified channels were closed. Linear capacitative and
ionic currents were analogically subtracted from the total current. The series resistance
was not compensated for. Possible effects of series resistance were disregarded (see Chiu,
1977 ; Dubois and Schneider, 1981). The Ringer's solution contained (in mM): 111 .5
NaCl, 2.5 KCI, 1 .8 CaCIQ, 2.4 NaHC0,, pH 7.4 . Currents through K channels were
blocked by replacing the end-pool solution by 120 mM CsF and adding 10 mM tetraeth-
ylammonium to the external solution . The method of BTX treatment was as described
previously (Dubois et al ., 1983).

RESULTS

Change in Ionic Driving Force During Voltage Pulses

Fig. I presents a family of inward and outward membrane currents recorded on
a BTX-treated fiber during and after voltage pulses of various amplitudes . After
activation, the current declines to a steady state level in ^-20 ms. This decrease
in current has been attributed both to a partial inactivation of the conductance
and to a change in the selectivity of the channels during the voltage pulses
(Mozhaevaet al ., 1981). However, considering the large quantity ofionic charges
transported during the pulses from one side of the membrane to the other, one
cannot ignore the possibility of changes in local Na concentrations induced by
inward Na currents . In order to test this possibility, the current was recorded
near its reversal potential without and with a predepolarization (Fig . 2) . In Fig.
2, a and d, the current was recorded during apulse to +35 mV. In the experiment
presented, this value corresponded to the reversal potential ofthe current, which
consequently was nil during the depolarization. However, when a predepolari-
zation was applied, the current during the pulse to +35 mV became outward
after a prepulse to -60 mV, which induced an inward current (Fig . 2, b and c),
and it became inward after a prepulse to +100 mV, which induced an outward
current (Fig. 2, e andf). Moreover, the current at +35 mV increased with the
duration of the predepolarization .

-----------------------------

10mn

FIGURE 1 .

	

Ionic currents through BTX-modified Na channels . Family ofcurrents
in response to depolarirations from a holding potential of -120 mV to various
potentials in 20-mV increments . Temperature, 11 °C . Fiber 26-11-81 .
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FIGURE 2 .

	

Change in reversal potential of BTX-modified Na current . (a and b)
The current was recorded during a depolarization to +35 mV, which corresponded
to the reversal potential . (b and c) The depolarization to +35 mV was preceded by
a conditioning pulse to -60 mV. (e and f) The depolarization to +35 mV was
preceded by a conditioning pulse to +100 mV. Temperature, 12°C . Fiber 25-11-
81 .

In BTX-treated fibers, the steady state Na inactivation has been studied from
instantaneous tail currents arising after a large and short test pulse, which was
preceded by long conditioning pulses of various amplitudes (Mozhaeva et al .,
1981). Using such a protocol, the steady state inactivation of the current de-
creases to -0.7-0.5 near -70 mV and then increases again for more positive
conditioning depolarizations . This has been attributed to transitions of the
channels to an inactivated state (h1) and then to a second open state (h 2 ) (Mozhaeva
et al ., 1981). In Fig . 3, the relative amplitude of the initial tail current after the
test pulse and the amplitude of the current at the end of the conditioning pulse

c -_ _____--___--i__
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FIGURE 3 .

	

Steady state current and current inactivation-voltage curves of a BTX-
treated fiber . Inset : pulse protocol used and corresponding currents . The condition-
ing current (IN,,,) was measured at the end of 50-ms conditioning pulses (Vc) of
various amplitudes . The test current (IN .,,) was the quasi-instantaneous current
recorded upon repolarization to -120 mV after a 1-ms test pulse Vt to +80 mV.
IN. ., (filled circles) and IN..,, relative to its value in the absence of V~ (Vc = -120 mV)
(open circles), are represented against the amplitude of V. . Temperature, 13°C .
Fiber 13-10-82 .
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have been plotted against the conditioning voltage. The relative amplitude of
the test current (open circles) decreased to 0 .7 at -70 mV and then rose again
as the conditioning voltage was made increasingly positive . For conditioning
voltages larger than +50 mV, the initial tail current was larger than in the
absence of prepulse . This could indicate that inactivation was present even at
-120 mV. However, it appears that both the amplitude of the current measured
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FIGURE 4.

	

Current, reversal potential, and inactivation-voltage curves in a BTX-
treated fiber. (A) Conditioning current-voltage curve. The conditioning current was
measured at the end of 50-ms conditioning pulses of various amplitudes . (B) Reversal
potential of the current as a function of the conditioning pulse amplitude . The
reversal potential was determined as shown in the inset by a third pulse of various
amplitudes applied at the end of a 0.5-ms test pulse to +80 mV. (C) Relative test
current (filled circles) determined as in Fig. 3 and relative test conductance (open
triangles) as a function of the conditioning pulse amplitude. The conductance was
calculated from the test current and the actual reversal potential . Temperature,
12°C . Fiber 25-11-81 .

at the end of the conditioning pulse and the inactivation of the tail current after
the test pulse change similarly . If the ionic flux during the conditioning pulse
alters the ionic driving force, one can interpret this kind of current inactivation
as being directly related to changes in driving force induced by the current itself.

In the experiment presented in Fig. 4, the current at the end of conditioning
pulses of various amplitudes and the initial tail current after the test pulse were
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measured as above, and the actual reversal potential of the current was deter-
mined at the end of the test pulse. Then, the conductance at the end of the test
pulse was calculated from the initial tail current and the actual reversal potential.
One can see that the reversal potential of the current is markedly altered by the
conditioning current, since after a prepulse to -75 mV, for which the inward
conditioning current is maximum, the reversal potential is 25 mV more negative
than in the absence of conditioning current . As a consequence of the change in
driving force induced by the conditioning current, the test current (initial tail
current) is altered. However, it is important to note that the conductance at the
end of the test pulse is also affected by the conditioning pulse in the same way as
the test current and the reversal potential .

In normal frog node of Ranvier and squid giant axon, it has been shown that
the Na conductance is dependent on external and internal Na concentrations
(Dubois and Bergman, 1971 ; Landowne and Scruggs, 1981 ; Fig. 13 of the
present paper) . If, in BTX-treated nodes of Ranvier, the conductance can be
altered by rapid changes in local Na concentrations, the inactivation of the
conductance can be directly related to changes in local Na concentrations induced
by the Na current . The results presented in Fig. 5 confirm this hypothesis .
The ionic selectivity of BTX-modified Na channels is smaller than that of

normal Na channels (Khodorov and Revenko, 1979). Under the conditions of
the present experiments, one can assume, to a first approximation, that the
current through BTX-modified channels is exclusively transported by external
Na and internal Cs . The reversal potential of the net current (V,,,) is expressed
by Eq. 1 (Goldman, 1943 ; Hodgkin and Katz, 1949):

V

	

RT

	

PNa [Na].
rev = F In PCs [Cs]i

where PNa andPcs are the permeabilities of the channels to Na and Cs, [Na]. and
[Cs]; are the actual external Na and internal Cs concentrations, T is the temper-
ature, and R and F are the usual constants. An inward Na current may
induce an internal accumulation of Na ions and an outward Cs current may
induce an external accumulation of Cs ions . In these cases, PNa [Na] ; and PQ
[Cs]. must be introduced in Eq . 1 . If the change in VT,,, is due to a change in local
concentrations, expV,,vF/RT must be strictly related to the quantity of charges
(i .e ., the time integral of the current) transported during the conditioning pulse .
However, it appears from Figs . 8and9A that during amaintained depolarization,
V*e,, and IN. (and consequently the change in local concentrations) reach a steady
state level in 10-20 ms. Therefore, the change- in local concentrations would be
more likely to be related to the amplitude of the current at the end of the 50-ms
conditioning pulses than to the time integral of the conditioning current. This
hypothesis is confirmed by the results in Fig. 5A, which show a proportionality
between the change in Vre� and the amplitude of the current measured at the
end of the conditioning pulse. Fig. 5B represents the change in conductance
calculated from initial tail currents as a function of expVF/RT [i.e ., from Eq.
1 : (PNa [Na]a)/(Pc8 [Cs] ;)] . The results show a direct relation between the change
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in conductance and the change in local concentrations (as expressed by expV,�F/
RT), as expected if the conductance is modulated by the current via changes in
local concentrations of permeant ions .

Steady State Inactivation After Pharmacological Reduction ofthe Current

In the preceding section, it was concluded that the apparent inactivation of the
test current was different from the classical process of channel inactivation and
was in fact related to the conditioning current, which induced changes in both
the ionic driving force and conductance. In these experiments, the amplitude of
the conditioning current was changed by changing the conditioning voltage. It

FIGURE 5.

	

Relationship between current, reversal potential, and conductance of
BTX-modified Na channels . (A) Reversal potential as a function of the conditioning
current . The conditioning current was measured at the end of 50-ms conditioning
pulses of various amplitudes. The reversal potential was determined as in Fig. 4
after a 1-ms test pulse to +10 mV. (B) Relative conductance as a function of the
concentration gradient (PNa[Na],)/(Pco[Cs];) = exp(V,,F/RT) . The conductance was
calculated as in Fig. 4. The straight lines were obtained by linear regression to the
data points . Temperature, 13°C.Fiber 13-11-51 .

was of interest to see whether pharmacological manipulations that induced a
decrease in the current amplitude would also decrease the inactivation of the
test current and the change in reversal potential after the conditioning pulses.
In the following experiments, the current wasreduced by replacement ofexternal
NaCl by KCl or addition of tetrodotoxin to the external solution . BTX-modified
channels are permeable to K with a ratio PK/PN, = 0 .4 (Khodorov and Revenko,
1979). Consequently, after replacement of external NaCl by KCI, the inward
current must be decreased and the outward current increased . Fig. 6A presents
traces of current recorded at -60 and +60 mV in Na solution (control solution),
in K solution, and in Na solution with 10-s M of tetrodotoxin (TTX). When
compared with the traces in control solution, the decline in current during the
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pulses is smaller at -60 mV in Ksolution and at -60 and +60 mV in Na solution
plus TTX, but it is larger at + 60 mV in K solution, as would be expected from
the depletion-accumulation hypothesis . Indeed, the inward current at -60 mV
in K solution and Na solution plus TTX and the outward current at +60 mV in
Na solution plus TTX are smaller than in control solution . In contrast, because
of the smaller permeability of the channels to K than to Na ions, the outward
current at +60 mV in K solution is larger than in control solution .
The steady state inactivation of the test current was calculated in each solution

using the protocol in Fig. 3 and was plotted against the conditioning voltage
(Fig . 6B). It appears that the relative current is larger in K and Na plus TTX
solutions than in control solution, especially for conditioning voltages more

10 ma
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10nA1
Na+TTX110 .M)
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FIGURE 6.

	

Effect of current reduction on the steady state current inactivation in
a BTX-treated fiber . (A) Superimposed traces of current recorded during depolar-
izations to -60 and +60 mV in Na Ringer's (a), K Ringer's (b), and Na Ringer's
plus 10 nM TTX (c) . (B) Relative test current as a function of conditioning pulse
amplitude in Na Ringer's (circles), K Ringer's (squares), and Na Ringer's plus 10
nM TTX (triangles). The test current was recorded as in the preceding figures after
a 1-ms test pulse to +40 mV. Temperature, 11 °C . Fiber 26-11-81 .

positive than -20 mV . This may be due to an accumulation of permeant ion at
the external face of the membrane or to a decrease in the permeant ion
concentration at the inner face ofthe membrane resulting from the large outward
conditioning current. The reduction in steady state inactivation observed in the
presence of TTX can be interpreted as being directly related to a smaller
accumulation-depletion of permeant ions if toxin does not by itself alter the
inactivation or the selectivity of the channels . This conclusion is confirmed by
the observation that the change in the reversal potential of the current induced
by a conditioning pulse to -60 mV is also reduced by TTX (10-8 M), which
decreases the conditioning current to -20% of its control value (Table I) .
These observations suggest that the inactivation of the current is due only to
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changes in ionic driving force induced by the current . If this is true, no
inactivation would develop when there is no current. This is very nearly the case
at Vie � (see Figs . 3 and 4) ; however, one cannot exclude the existence of several
current components with different reversal potentials (see Dubois et al ., 1983,
and Discussion) .
Another way to abolish the current is to block the channels completely with

TTX. Of course, under these conditions, it becomes impossible to test the
inactivation directly . However, the inactivation in the absence of current can be
deduced from extrapolation of the relation "inactivation of the test current VS .

TABLE I

Shift ofNa Reversal Potential and Decrease in [Na], Induced by an Inward Conditioning Current

The reversal potential was determined with and without a 0.5- or 1-ms conditioning pulse to 0 or -10mV
on normal fibers, and with and without a 50-ms conditioning pulse to -60 mV on BTX-treated fibers . In
TTX, the current was decreased to -20% ofits control value.

conditioning current" when the conditioning current is increasingly reduced by
increased concentrations of TTX. This type of experiment was carried out by
recording the test current in the absence and in the presence of a 50-ms
conditioning pulse to -60 mV and recording the conditioning current at the
end of the conditioning pulse during the action of TTX (10 nM) and during
washout. Under these conditions, the complete effect of TTX develops within
5-10 min of switching to the new solution . During this period, test and condi-
tioning currents were measured every 15 or 30 s. The relative test current was
plotted against the amplitude of the conditioning current (Fig. 7) . Except for a
small deviation in the largest conditioning currents, the values are distributed

BTX-treated fibers AV-

mV

A[Na],

MM

Normal fibers AV-

mV

A[Nal,

MM
25-11-81 -23 -69 12-6-78 -8 -32
3-12-81 -10 -39 14-6-78 -5 -21
7-12-81 -20 -63 16-6-78 -8 -32

16-12-81 -20 -63 19-6-78 -8 -32
11-10-82 -19 -61 20-6-78 -15 -52
12-3-83 -11 -41 22-6-78 -6 -25

Mean±SEM -17±2 -56±5 14-3-83 -12 -44
14-4-83 -7 -28
4-5-83 -10 -38
2-6-83 -9 -35

Mean±SEM -9±1 -34±3

BTX-treated fibers
+ 10 nM TTX AV,

mV

A[Na],

MM
3-12-81 0 0
7-12-81 0 0

16-12-81 -3 -13
12-3-82 0 0
12-5-82 -3 -13

Mean±SEM -1±1 -5±3
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along a straight line, and extrapolation indicates that there is hardly any inacti-
vation of the test current when there is no conditioning current . In three identical
experiments, the extrapolation ofthe regression line to zero conditioning current
gave relative test currents of 0.98, 1 .11, and 0.94, respectively .

Kinetics ofInactivation

The preceding results suggest that in BTX-treated nodes of Ranvier, Na inacti-
vation is related to changes in local Na concentrations. To further test this
conclusion, we analyzed the simultaneous changes in Na current, conductance,
and reversal potential during a voltage pulse. In the experiment presented in
Fig. 8, the current was measured at the end of a first pulse to -60 mV of various

'1hC (PA)

0N
I

e

2

FIGURE 7 .

	

Steady state current inactivation as a function of the current amplitude
modified by TTX in a BTX-treated fiber . The test current was recorded upon
repolarization after a 0.5-ms pulse to +50 mV preceded or not by a 50-ms condi-
tioning pulse to -60 mV. The conditioning current and pairs of test currents (with
and without V.) were recorded every 15 or 30 s during the application of 10 nM
TTX(filled circles) and during washout (open circles) . The straight line was obtained
from a linear regression to all data points except those corresponding to the four
largest IN., The extrapolation of the straight line to IN .,, = 0 gives a relative IN.,, of
0.98. Temperature, 14°C . Fiber 21-7-82.

durations and the reversal potential of the current was determined with a second
pulse. Then the conductance was calculated from the current and the actual
reversal potential . After activation, both current and conductance show a decline
that develops in parallel with the change in reversal potential. At this stage of
the analysis, two points must be clarified : (a) Is the change in reversal potential
related only to the inward Na current, or is it partly due to a change in selectivity
of the channels (Mozhaeva et al ., 1981)? (b) Is the decline in the conductance
related only to a change in local Na concentrations? If the change in reversal
potential were due only to a change in local Na concentrations induced by the
influx of Na ions, it would be proportional to the quantity of Na ions leaving the
nodal space to enter the fiber, i.e, to the time integral of the current . Fig. 9
shows that V,., is indeed proportional to the time integral of current during the
first 10 ms of depolarization . For a longer depolarization, V,,,. does not change
further but remains proportional to the amplitude of the current (see Fig. 5A) .
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This indicates that during a long depolarization, the local Na concentrations
(outward and/or inward) change for a few milliseconds and then reach a steady
state level that is proportional to the amplitude of the current. This justifies the
relation used in Fig. 9A between V,,, and the amplitude of the current recorded
at the end of 50-ms depolarizations.

Recovery of the Initial Local Na Concentrations

FIGURE 8.

	

Na current, reversal potential, and conductance of a BTX-treated fiber
as a function of time . (A) Current measured at the endofpulses of various durations
to -60 mV. (B) Reversal potential of the current determined with a second pulse
of various amplitudes. (C) Conductance calculated from the current and the actual
reversal potential. Temperature, 13°C . Fiber 11-10-82 .

The recovery of the initial local Na concentrations wasanalyzed with a large test
pulse applied at various times after a conditioning depolarization to -60 mV,
which induced an inward Na current. Fig. 10 shows the variation of the peak tail
current recorded at the end of a 1-ms test pulse vs . the time between the
conditioning and the test pulses . Under these conditions, the relative amplitude
of the peak tail current is proportional to the local Na concentrations, which
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Relationship between time integral of Na current, reversal potential,
and conductance in a BTX-treated fiber. (A) Reversal potential as a function of the
quantity of entering Na ions during conditioning pulses (to -60 mV) of various
durations . (B) Conductance as a function of the concentration gradient (PN.[Na],)/
(Pc.[C,];) = exp(V-�F/RT) . The conductance was calculated as in Fig . 4. Tempera-
ture, 13°C . Fiber 11-10-82 .

have been altered by the current during the conditioning pulse and which return
to their resting values . In this experiment, the peak tail current changes expo-
nentially with a time constant of 16.5 ms . In another experiment, the time
constant was found to be 19.0 ms.

Change in Local Na Concentrations in Normal Voltage-Clamped Fibers
If the environment of the membrane is not modified by BTX, it can be predicted
from the preceding results that normal inward Na current must also induce

FIGURE 10 .

	

Kinetics of recovery of the initial Na concentrations in a BTX-treated
fiber . The test current was recorded upon repolarization after a 0.5-ms pulse to
+50 mV separated from a conditioning pulse (50 ms, -60 mV) by a gap of various
durations (t,) . The inset gives the pulse protocol used . I,o and 1,_ were, respectively,
the test currents for t, = 0 and t, = - . The straight line was obtained from a linear
regression to all data points . The time constant of the change in test current was
16.5 ms. Temperature, 14.5°C . Fiber 26-7-82.
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changes in local Na concentrations . To test this, we studied fibers that had not
been treated with BTX. IN . was recorded during a depolarizing pulse near its
reversal potential and then at the same voltage with a 0.5-ms prepulse to -10
mV, which induced a large peak of inward current. In the experiment in Fig.
11 A, the reversal potential in the absence of prepulse was about +95 mV. After
the prepulse, the current at +95 mV was clearly outward, and the instantaneous
reversal potential was 12 mV more negative than in the absence of prepulse . Fig.
11 B showsa similar change in reversal potential induced by a prepulse in another
experiment . The peak IN. is plotted against voltage in the absence and in the
presence of a 1-ms prepulse to -10 mV, which shows the shift of the reversal
potential induced by the prepulse to be -7 mV. Table I gives shifts of reversal
potential induced by 0.5- or 1-ms prepulses to 0 or -10 mV in different fibers.
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FIGURE 11 . Change in reversal potential of Na current in a normal fiber. (A)
Traces of Na current . (a) During a depolarization to +95 mV corresponding to the
reversal potential . (b) The depolarization to +95 mV was preceded by a 0.5-ms
conditioning pulse to -10 mV. Temperature, 14°C . Fiber 14-3-83 . (B) Na current-
voltage curves . The peak current was recorded during depolarizations of various
amplitudes without a conditioning pulse (filled circles) and with a 1-ms conditioning
pulse to -10 mV. Temperature, 14°C . Fiber 12-6-78 .

In spite of some variability between fibers, a change in reversal potential was
always noted with a mean shifted value ± 5EM of 9 ± 1 mV. The variability
between fibers is similar to that observed for the accumulation of K ions (Moran
et al ., 1980 ; Dubois, 1981 a) . This variability can be related to the amplitude of
the current during the prepulse, the size of the node and of the paranodal space,
or the nature of the fiber (motor or sensory), as also observed for K accumulation
(Moran et al ., 1980).
The question that immediately arises is whether the calculation of the con-

ductance kinetic parameters gives noticeably different results when actual values
of Vr,, are used instead of a constant one. In the experiment in Fig. 12, the
current was recorded during a pulse to -8 mV, and, at various times after the
beginning of the pulse, the reversal potential of the current was determined
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from an interpolation of the instantaneous current-voltage relationship . The
conductance was then calculated at the same instant by using either an assumed
constant reversal potential or the actual reversal potential . It appears that at its
peak and during its inactivation phase, the conductance is slightly larger when
calculated with the actual V,, than when a constant V,Y� was used . However, the
difference can be considered negligible since the error in gNa peak, activation,
and inactivation time constants does not exceed I I%.
There remains the important question of whether the changes in Vr~v induced

by inward currents are due to a decrease in [Nato rather than to an increase in
[Na] i or to both . To answer this question, it is necessary to change the Na
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Reversal potential of Na current and conductance as a function of
time in a normal fiber . (A) Reversal potential of the current determined with a
second pulse of various amplitudes applied after a pulse to -8 mV of various
durations . (B) Conductance as a function of time. The conductance was calculated
from the current recorded at -8 mV and either a constant reversal potential'
determined without the pulse to -8 mV (filled circles) or the actual reversal potential
(open circles) . Temperature, 14°C. Fiber 12-6-78.

concentrations not only in the external solution but also in the axoplasm and to
study the relations between Na concentrations and the conductance . In BTX-
treated fibers, this type of experiment is complicated by the fact that BTX-
modified channels are permeable to many cations that could be used as substitutes
for Na. For this reason, experiments of this kind are better performed in normal
fibers, but extending the results to BTX-treated fibers requires the assumption
that the relations between conductance and Na concentrations are qualitatively
similar in both preparations . Fig . 13 presents peak Na current-voltage curves in
the presence of two internal and two external Na concentrations . It is clear that
the maximum conductance is increased either when the external or the internal
Na concentrations are increased . This observation confirms the results of Dubois
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and Bergman (1971) on the same preparation and those of Landowne and
Scruggs (1981) on the squid axon. It can be concluded that the decrease in
conductance observed during a pulse more negative than V,,, on BTX-treated
nodes is due to a decrease in Na concentration at the external face of the
membrane rather than to an increase in the axoplasmic Na concentration .
Similarly, an outward current would induce an accumulation of permeant ions
at the external face of the membrane.
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FIGURE 13 .

	

Na current-voltage curves in various external and internal Na concen-
trations . The peak Na current was recorded in external solutions containing either
114 (filled symbols) or 2 .4 mM Na (open symbols), and in internal solutions
containing either 19 (circles) or 35 mM Na (squares) . Internal Na concentrations
were calculated from the steady state reversal potentials with the Nernst equation .
[Na]; was modified by changing the Na concentration in the two side pools .
Temperature, 8°C . Fiber 13-2-78 .

Calculations ofthe Parameters ofNa Depletion

The preceding results suggest that inward Na current induces a depletion of Na
ions from the external face of the membrane. Assuming that this depletion takes
place in a perinodal space delimited by the axolemma, the Schwann cells, and an
apparent external barrier, it was analyzed in terms of the three-compartment
model (Frankenhaeuser and Hodgkin, 1956) proposed for K accumulation in
the squid giant axon and used for K accumulation in the node of Ranvier (Dubois
and Bergman, 1975 ; Moran et al ., 1980) . In the framework of the three-
compartment model, the change in ionic concentration is defined by S[Na]� the
space thickness 0 (distance between the nodal membrane and the bulk), and PI ,�
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the apparent permeability of the external barrier for I ions . For a conditioning
pulse lasting from to to ti , the change in Na concentration in the space over the
concentration in the bulk solution (b[Na].) is given by the equation :

b[Na]$ = (1/F) f'~ INadt - (tNa/F)f4 INadt - PNa,, fro d[Na].dt

	

(2)

0
where INa is the Na current in A . cm-2 , assuming a nodal membrane surface of
50 'Um2 (Nonner et al ., 1975), and tNa is the transport number for Na in the
space given by tNa = [Na]./Z ([cations] . + [anions] $) at time t, . Calculations of 0
and PNa ,, were made from different experiments both with and without BTX.
Table II presents these values and, for comparison, the values of 0 and PK,

calculated for K accumulation by Dubois and Bergman (1975) and Moran et al .
(1980) ; also presented are values from experiments where 0 and PL, were
calculated on the same normal fibers for K accumulation and Na depletion.
Table II also gives values of time constants of recovery to the normal concentra-

TABLE II
Mean Space Thickness (0) During Na Depletion or K Accumulation and Apparent Barrier

Permeabilities (P,)for Na and K

Mean of values was obtained on two to four experiments .

tion (T) determined experimentally as in Fig. 10 or calculated from the ratio 0/
P,,,. The values presented in Table II show several interesting points . PN.,,s, which
is not significantly different with or without BTX, is ^-10 times smaller than PK,.,
and ON. is ^-4 times smaller without BTX than with BTX, but with BTX it is
similar to OK . Finally, experimental T is similar to calculated T. These results
cannot be attributed to differences between fibers, since the same values were
obtained in similar conditions by different authors. Moreover, the differences
between ON ., PNa, and OK, PK,s were observed on the same fibers (see below) . They
suggest that the volume of the nodal gap is modulated by its ionic composition
and that the permeability of the barrier is different for Na and K (see Discussion) .
The increase in the volume of the gap in BTX and during K accumulation

can be due either to an increase in nodal surface related to a detachment of the
myelin or to an increase in the gap thickness . Experiments in which all the
external NaCl was replaced by KCl showed that the capacity current (and thus
the nodal membrane surface) remained unchanged. This suggests that the
increase in gap volume in BTX and during K accumulation is due only to an

Na NA (BTX) K
K (Dubois and
Bergman, 1975)

K (Moran et al .,
1980)

0 (Am) 0.05 0.29 0.58 0 .29 0.59

P,,, (cm s- ') 0.0065 0.0023 0.021 0 .019 0.015

r_, (ms) 1 .7 16 .2 2 .9 1 .5 3 .9

rcxa (ms) - 17 .7 4 .1 1 .3 -



DUBOIS AND COULOMBS Na Depletionfrom the Perinodal Space

	

41

increase in gap thickness or a change in space geometry (see Discussion) . This
conclusion was confirmed by calculations of 0 and P,,, in two normal fibers both
during Na depletion (the K current was blocked by 10 mM external TEA) and
during K accumulation (the K current was recorded at the equilibrium potential
for Na ions) . In these two experiments, the mean values of ON. and PN.,, were
0.036 gm and 0.0089 cm - s- ', and the mean values of OK and PK,, were 0.58 Am
and 0.021 cm - s' . In these calculations, 0 and PI,, are mean values determined
for various time intervals (t1 - to).
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FIGURE 14 .

	

Relationships between the space thickness and the space ionic concen-
trations . The space thickness (0) was calculated in a normal fiber from Eq . 1 either
during Na depletion induced by an inward Na current elicited by a depolarization
to 0 mV (A) or during K accumulation induced by an outward K current elicited by
a depolarization to +87 mV (B). 0 was calculated during different time intervals
corresponding to different [Na], and [K], . The dashed lines correspond to resting
[Na], and [K]� which are equal to their bulk concentrations . The arrow corresponds
to the mean [Na], calculated in BTX-treated fibers at the end of 50-ms depolariza-
tions to -60 mV. K current was recorded at the reversal potential for Na ions and
Na current was recorded in Ringer's solution +10 mM TEA. Temperature, 12 ° C .
Fiber 4-5-83 .

One explanation for the differences between ON., PN,,, and OK, PK ,, is that these
parameters are functions of the Na and K concentrations in the space . In order
to test this hypothesis, 0 and P,,, were calculated for successive time intervals (ti
- ti- 1 ) corresponding to different Na and K concentrations in the space . The
results show that PN.,, and PK,, are different and almost independent of ionic
concentrations in the space . They confirm the view that the apparent barrier
between the space and the bulk solution is somehow more permeable to K than
to Na. In contrast, OK was found to increase when [K], increased and ON. was
found to increase when [Na], decreased .

Fig . 14 represents the variation of ON. and 0K with [Na], and [K]� respectively,
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in one typical fiber. From the results shown in this figure, three interesting points
should be noted. (a) When exponential regressions are calculated through the
points in Fig. 14, the extrapolation of the curve corresponding to the resting
[Na], (114 mM) and [K], (2 .5 mM) gives almost the same values for ON. (0.023
Am) and OK (0 .036 km). (b) The extrapolation of the ON . - [Na], curve to the
mean [Na], calculated in BTX gives a ON. value of 0.30 Am, which is very close
to the ON. value calculated in BTX (see Table II). (c) The extrapolation of the OK
- [K], curve to the isotonic [K], (120 mM) gives a 0K value of 16.2 Am. This
indicates that in isotonic KCl Ringer's, 0 would reach a value -500 times its
resting value in normal Ringer's solution . It would be of interest to test this
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FIGURE 15 .

	

Computed action potentials and corresponding variations of nodal
space Na concentration . Single action potential (A and B) and train of action
potentials elicited at a frequency of 100 Hz (C andD) . [Na], was calculated with the
three-compartment model. The values ofPN.,, and 0 were, respectively, 0 .0025 cm
S'' and 0.3 Am (A and C) and 0.006 cm-s' and 0.058 Am (B and IT). In A, the
dashed line represents an action potential in the absence of Na depletion.

hypothesis in isotonic KCl Ringer's solution, in which a significant K accumula-
tion can be detected in certain fibers for large depolarizations (Dubois, 1981a) .

Modeling ofNa Depletion During Computed Action Potential

In order to have an idea of the importance and the role of Na depletion,
membrane action potentials were reconstructed on the basis of the model
proposed by Frankenhaeuser and Huxley (1964) . The Na depletion was calcu-
lated by using the three-compartment model in two extreme conditions : with the
mean values of BNa and PN,,,, calculated in normal fibers and with the correspond-
ing values calculated in BTX-treated fibers . During action potentials, the Na
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driving force and PNa (calculated with the constant field equation) were contin-
uously modified for changes in [Na], induced by the Na current .

Fig. 15 presents single action potentials (A andB) anda train ofaction potentials
elicited at a frequency of 100 Hz (C and D) and the corresponding changes in
[Na], calculated with ON. =0.3 Am and PNa ,, = 0.0025 cm-s' (A and C), andON.
= 0.058 Am and PNa,, = 0.006 cm-s-1 (B and D) . In A, the dashed curve
corresponds to an action potential calculated in the absence of Na depletion .
Depending on the values Of ON. and PNa,� [Na], decreases from 114 to ^-105 or
100 mM during a single action potential . During a train of action potentials,
[Na], decreases to ^-90 mM with the values Of ON. and PNa,, calculated in BTX-
treated fibers (C). With the values of ON. and PNa,, calculated in normal fibers,
the recovery of the resting [Na], is almost complete between two action potentials,
and the depletion induced by the first action potential is not increased further
by the other action potentials . The decrease in [Na]� which can reach -20% of
the resting [Na], (Fig . 15C), does not significantly influence either the duration
of the action potential or its amplitude. Experimentally, we have observed that
during a train of action potentials elicited at a frequency of 100 Hz in normal
Ringer's solution, the second action potential and the following ones were -7
mV smaller than the first one. Similar observations were made after blockade of
K current by TEA (Dubois, 19816) . On the basis of the preceding model, this
decrease in action potential amplitude is probably not due to Na depletion but
is more likely to be due to Na inactivation .

DISCUSSION

The major findings in this report are: (a) Inward Na current induces a depletion
of Na ions from the external surface of the nodal membrane both in BTX-
treated and normal fibers . (b) The depletion of Na ions from the perinodal space
induces not only a decrease in driving force for Na ions but also a decrease in
Na conductance. After removal of the voltage-dependent inactivation by BTX,
Na current and Na conductance present an apparent inactivation that is related
to the decrease in Na concentration in the perinodal space ([Na],) . (c) On the
basis of a three-compartment model (Frankenhaeuser and Hodgkin, 1956),
calculations of the space thickness (0) and ionic permeability (PI,,) of an apparent
barrier between the space and the bulk solution indicate that B is modified by
ionic concentration changes in the space and that the barrier is more permeable
to K than to Na. Changes in local ionic concentrations induced by ionic fluxes
may play important roles in the activity of cells or neighboring cells, as already
seen in the central nervous system . The three major findings reported above are
discussed separately below.

Na Depletion from the Perinodal Space
The possibility of a decrease in Na concentration at the external surface of the
nodal membrane during Na influx has been already suggested by Neumcke and
Stampfli (1983) . A brief report by Scruggs and Narahashi (1983) indicated that
Na depletion also exists in the space delimited by the Schwann cells and the
axolemma in the squid giant axon. The present work represents the first
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quantitative analysis of such a phenomenon . Several observations show that in
normal or BTX-modified fibers, the reversal potential for Na current is modified
by a predepolarization . The change in reversal potential can be due to a change
either in local Na concentrations or in the selectivity of the channels (Mozhaeva
et al ., 1981). The observation that the change in reversal potential is directly
proportional to the quantity of ions that have been displaced from one side of
the membrane to the other during the predepolarization is in favor of changes
in local ionic concentrations . Nevertheless, it must be noted that a part of the
change in reversal potential can be related to changes in the selectivity of Na
channels or to the existence of two types of Na channels with different ionic
selectivities and kinetics . This conclusion is based upon the observations that
during a depolarization near the reversal potential on normal fibers (Sigworth,
1981, Fig. 1) and on BTX-modified fibers (Dubois et al ., 1983, Fig. 5), the TTX-
sensitive current can exhibit successive inward and outward components . On
BTX-treated fibers, this change in reversal potential seems to be related to the
appearance of a second conductance component, which activates for depolari-
zations more positive than -50 mV (Dubois et al ., 1983). Consequently, the
change in reversal potential described here during depolarizations to -60 mV is
probably related to changes in local ionic concentrations . In the central nervous
system, the Na depletion during nerve cell activity may be of greater importance
than in isolated node of Ranvier because nerve cells are tightly packed . In
addition to direct effects on nerve excitability, Na depletion can greatly modify
the metabolism of the cells by altering enzymatic activities and Na-coupled
transport of metabolites.

Change in Na Conductance Induced by Na Depletion
The observation that during a voltage pulse the activated Na conductance
declines almost linearly with the decrease in local Na concentration shows that
the conductance can be modulated by transient Na concentration changes in the
perinodal space and that the decrease in [Na], decreases both the driving force
and the conductance. These two phenomena contribute to a reduction in the
current. In the node of Ranvier, this apparent inactivation is small, especially in
normal fibers . However, it is quite possible that in other cells, a significant part
of inward current inactivation may be due to a depletion of permeant ions from
the external face of the membrane.

Properties of the Perinodal Space
The apparent barrier between the space and the bulk solution appears to be
more permeable to K than to Na . This may be related to either selective bindings
of ions with molecules located in the space or a selective K permeability of the
Schwann cell membrane (see Pentreath, 1982). The perinodal space or nodal
gap contains Schwann cell microvilli embedded in a polyanionic mucopolysac-
charide nodal gap matrix substance with properties of cation exchanger (Langley,
1969, 1979). As suggested by Rydmark and Berthold (1983), the ions in the
perinodal space may be sequestered by the matrix substance . However, it must
be noted that, until now, ultrastructural morphometric analyses of the node of
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Ranvier have been done almost exclusively in mammalian nerve fibers . Since the
structure of amphibian and mammalian nodal gaps is different (M . Rydmark,
personal communication), the properties of the gap substances in frog and
mammalian node of Ranvier may be different. Nevertheless, the observation
that the frog nodal gap matrix is apparently more permeable to K than to Na
supports the view that the node-paranode apparatus may be involved in impulse
transmission phenomena (Berthold and Rydmark, 1983).
Na depletion and K accumulation modify the space thickness (Fig. 14). If the

space thickness, as calculated on the basis of Eq. 2, represents the thickness of
the Schwann cells surrounding the fiber, the external diameter of the fibers
should increase about two times in isotonic KCl Ringer's solution as compared
with its value in normal Ringer's solution . Our own observation shows that this
is not the case . After replacement of NaCl by KCl in the external solution, the
diameter of the fiber may increase to some extent but certainly not twofold. This
indicates that the space thickness (0) is an apparent thickness corresponding to
the distance that ions have to cover around the Schwann cell microvilli from the
axolemma to the bulk solution or vice versa. In this case, 0 is the product of the
Schwann cell thickness by a tortuosity factor that corresponds to the folding of
Schwann cells. During Na depletion or K accumulation, the increase in 0 would
be due mainly to an increase in tortuosity. This can be explained by a swelling
of the Schwann cells . When [K]S increases, different permeabilities of the
Schwann cell membrane for K and Cl, similar to those described in skeletal
muscle (Zachar, 1971), may be responsible for an entry of KCl and water into
Schwann cells, which consequently swell . When [Na] 8 decreases, a swelling of
Schwann cells can be explained if one assumes that the osmotic pressure in the
space tends to decrease and induces an entry of water into the Schwann cells.
These hypotheses imply that the Schwann cells play an important role in the

control of external ionic concentrations . This conclusion, already proposed for
the central nervous system (see review by Pentreath, 1982), also seems to be
valid for peripheral nerves . During action potentials, Na depletion and K accu-
mulation must develop almost simultaneously . The question arises as to whether
both phenomena contribute to increasing 0. According to the hypotheses pro-
posed above for the swelling of Schwann cells, the effects of Na depletion and K
accumulation of 0 must be cumulative . It would be of interest to test this
prediction by calculations ofOK in Ringer's solutions of variousNa concentrations .
It must be noted that such an experiment has already been carried out by
Adelman et al . (1973) on the squid giant axon. These authors observed an
increase in 0 in 10% hyperosmotic artificial seawater (by addition of NaCl). This
result apparently contradicts ours, but the experimental conditions were differ-
ent .
We are indebted to Drs . J . Daly and B . Witkop for the supply of BTX . We are grateful to Dr .
J . Tanguy for participating to preliminary experiments on normal fibers and to Profs . E .
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