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Abstract. Sodium currents, INa, were recorded from 
Xenopus laevis oocytes which had been injected with 
mRNA synthesized by in vitro transcription of the 
rat brain sodium channel II cDNA (Noda et al. 
1986a, b). Patch pipettes were used to apply de- 
polarizing voltage steps and to record macroscopic 
sodium currents of between 50 and 750 pA from cell- 
attached patches of the oocyte membrane. With a 
combination of whole-cell and patch clamp record- 
ing, the properties of the implanted sodium channels 
could be studied in detail. They were analyzed ac- 
cording to the model of Hodgkin and Huxley 
(1952 a) assuming three activation gates. The activa- 
tion of the sodium currents is characterized by an 
equilibrium potential of - 2 9  mV and an apparent 
gating charge of 8.7e0. At - 6 4 m V  half of the 
sodium currents were inactivated. From single- 
channel current recordings, an elementary sodium 
channel conductance of 19 pS and an average open 
time of 0.43 ms were obtained at - 3 2  mV mem- 
brane potential and 16 °C. The single-channel and 
activation properties of rat brain sodium channel II 
are therefore comparable to those found in peri- 
pheral nerve and skeletal muscle, but inactivation 
occurs at less negative potentials. This could be a 
specific property of the brain sodium channels and 
may underlie the maintained inward sodium cur- 
rents reported in brain neurones (French and Gage 
1985). 
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Introduction 

Sodium channels are voltage-sensitive transmem- 
brane proteins essential for the conduction of nerve 
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impulses. Functional sodium channels are expressed 
in Xenopus laevis oocytes after injection of poly(A) + 
RNA extracted from rat brain (Gundersen et al. 
1983; Sumikawa et al. 1984; Hirono et al. 1985), and 
detailed properties of the implanted sodium chan- 
nels can be determined with single-channel recording 
from such oocytes (St/ihmer et al. 1986; Methfessel 
et al. 1986). The primary structures of the Electro- 
phorus electroplax sodium channel (Noda et al. 1984) 
and of two distinct sodium channel large polypep- 
tides fl'om rat brain named sodium channels I and II 
(Noda et al. 1986a) have been deduced from the 
nucleotide sequences of the cloned complementary 
DNAs. Specific mRNAs transcribed from the rat 
brain cDNAs direct the synthesis of functional 
sodium channels in Xenopus oocytes (Noda et al. 
1986b). In this paper we present a detailed charac- 
terization of brain sodium channel II, expressed from 
the cDNA, which shows that it closely resembles 
native sodium channels in rat nerve. 

The advantages of studying ion channels in 
oocytes injected with specific mRNA were demon- 
strated by recent work on the nicotinic acetylcholine 
receptor (Sakmann et al. 1985; Mishina et al. 1986) 
where specific functions have been assigned to 
individual subunits of the receptor. Similarly, the 
detailed characterization of implanted sodium chan- 
nels will provide a reference point for the use of site- 
directed mutagenesis to assign functional properties 
to specific regions of the sodium channel protein. 
The characterization of ion channels from single- 
channel current recording requires the collection and 
analysis of large amounts of single-channel data. Im- 
portant properties of ion channels can be obtained 
much more rapidly and over a wide range of mem- 
brane potentials from whole-cell current recording. 
However, the whole-cell clamp of Xenopus oocytes 
has a poor time resolution (Noda etal. 1986b; 
Gundersen etal. 1984; Stfihmer et al. 1986; Meth- 
fessel et al. 1986). In the present study, the whole-cell 
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potential was held constant with a two-electrode 
voltage clamp while macroscopic sodium currents 
were recorded from cell-attached patches of the 
oocyte membrane using the patch clamp method. 

Materials and methods 

Messenger RNA specific for rat brain sodium chan- 
nel II was prepared by transcription in vitro of the 
recombinant plasmid pRII-1 cleaved with SalI, 
using the SP6 transcription system (Green etal. 
1983; Melton et al. 1984). The plasmid pRII-1 was 
constructed by ligating the 854-base-pair (bp) 
EcoRI/ApaI fragment and the 2,409-bp ApaI/BglII 
fragment from the plasmid pSRII-1, the ,-~ 3.2 kilo- 
base-pair (kb) BglII/XbaI fragment (including the 
poly(dA) tract) from the plasmid pSRII-2 and the 
~3.0-kb XbaI/EcoRI fragment from the vector 
plasmid pSP65 (Noda et al. 1986b); pRII-1 carries 
the same coding sequence as pRII-2 (Noda et al. 
1986b) but a longer 5'-noncoding sequence (in- 
cluding three ATG triplets) than pRII-2. For some 
experiments, the sodium channel II mRNA was 
derived from pRII-2 as described previously (Noda 
etal. 1986b). Xenopus laevis oocytes at develop- 
mental stage V were injected with 50nl of the 
mRNA in water solution (0.125 gg/pl) and then in- 
cubated at 19°C in modified Barth's medium 
(Gurdon 1974) containing 50 pg/ml gentamicin. The 
enveloping follicle cell layer was removed by colla- 
genase treatment on the second day and electro- 
physiological experiments were done 5 - 9  days after 
mRNA injection. Immediately before the experi- 
ments, the vitelline membrane was dissected after 
osmotic shrinking (Sakmann et al. 1985; Methfessel 
et al. 1986). 

Figure 1 A illustrates schematically the method 
of recording multichannel currents from oocytes. 
The voltage pipettes Pv contained 3 M KC1 and had 
resistances in the range of 4 to 6MfL The current 
injection pipettes PI were filled with (in mM) 
500 K2SO4 and 30 KC1, and their tips were gently 
broken to give resistances of 200-500 kfL The extra- 
cellular medium and patch pipette filling solution 
were normal frog Ringer's solution (in mM: 115 
NaC1, 2.5 KC1, 1.8 CaC12, 10 HEPES, pH 7.2). Patch 
pipettes (PM) were made from thin walled alumino- 
silicate glass. They had resistances between 1.0 and 
2.5Mr) when filled with frog Ringer's solution. 
Sodium currents were recorded from cell-attached 
patches with seal resistances greater than 3.5 Gf~ 
(Leonard et al. 1986). The mean membrane capaci- 
tance, measured according to the method of 
Sakmann and Neher (1983) for 6 patches, was 
1.5_+ 1.0pF (mean_+ SD). Assuming a specific 
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Fig. 1. A Schematic representation of the experimental ar- 
rangement, Pv is the intracellular voltage recording electrode, 
PI is the current injection electrode for the two electrode 
voltage damp, and PM is the patch clamp pipette. B A typical 
current response at - 30 mV membrane potential. The upper 
trace shows the P/4  transient cancellation signal remaining 
after analog capacitance compensation and the lower trace 
shows the data record before application of the P/4 procedure 

membrane capacitance of 1 gF/cm 2, this corresponds 
to a mean area of 150 gm 2, so that the patch areas 
were between 50 and 400 gm 2. Due to the high density 
of sodium channels expressed in the oocyte after in- 
jection of the sodium channel II-specific mRNA, 
such patches contained a large number of sodium 
channels for recording sodium currents. 

The two-electrode voltage clamp was used only 
to hold the oocyte membrane potential to a constant 
value of - 80 mV. Since fast voltage pulses were not 
applied to the two-electrode clamp, the speed of the 
clamp was limited in order to reduce the background 
noise. Via the patch pipette, the membrane patch 
was hyperpolarized by 20 mV to a holding potential 
of - 100  mV and depolarizing voltage steps were 
applied through the patch-clamp amplifier (List 
EPC-7). Stimulating voltage pulse protocols were 
generated with a PDP 11/73 laboratory computer. 
The patch current signals were corrected for capaci- 
tive transients with the fast and slow Cp compensa- 
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tion circuits of the amplifier. The remaining linear 
components were compensated on-line by the P/4 
procedure, which involves subtracting current rec- 
ords obtained for smaller depolarizations that do 
not elicit ionic currents. Figure 1 B illustrates this for 
a typical current record at - 3 0  mV test potential. 
The records were digitized and stored by the com- 
puter for subsequent analysis. 

In order to verify that the membrane potential 
sensed by the ion channels in the patch was equal to 
the superposition of the whole-cell holding and the 
patch pipette command potentials, two tests were 
carried out. First, sodium currents were recorded 
from the same patch while the oocyte holding poten- 
tial was changed between - 100 mV to - 20 mV and 
the steady state pipette potential was adjusted to 
maintain a constant holding potential o f -  100 mV 
across the membrane patch. In most cases, the 
current-voltage relations and the potential-depen- 
dent activation and inactivation parameters of the 
sodium currents did not deviate by more than 4 mV 
from their average values, showing that voltage 
control of the patch was satisfactory. Secondly, the 
whole-cell recording configuration (Hamill etal. 
1981) was established by a brief pulse of suction at 
the end of a patch recording experiment, and the 
zero-current potential measured with the patch 
pipette was compared to the command potential im- 
posed by the two-electrode voltage-clamp. In almost 
all cases the two potentials agreed within 2 mV over 
a wide range of applied clamp potentials. Poor 
potential control was found only in some experi- 
ments where holding currents greater than 1 gA were 
required to clamp the whole-cell potential to 
- 80 mV, suggesting a very leaky or damaged oocyte 
membrane. Such experiments were not included in 
the analysis presented below. 

The sodium channels exhibited a slow inactiva- 
tion process with time constants in the range of 
minutes, similar to that described for sodium chan- 
nels in rat muscle (Simoncini and Sttihmer 1986; 
Ruff et al. 1986) and nerve (Neumcke et al. 1979). 
Peak sodium currents increased by about 20% when 
the holding potential was changed from - 8 0  mV to 
-100mV.  Therefore, newly formed patches were 
kept for several minutes at the holding potential of 
- 1 0 0 m V  to allow the full current response to 
develop before the recording of data commenced. 

The density of sodium channels implanted into 
the oocyte membrane could be estimated roughly 
from the whole-cell inward currents elicited by 
depolarizing voltage steps applied to the whole-cell 
voltage clamp. The very large charging transients 
were compensated with a three-component RC net- 
work, and remaining transients were subtracted with 
the P/4 procedure. Peak sodium current responses 

ranged from several hundred nA to more than 
10 gA, the limit of the voltage clamp amplifier. 
Assuming an elementary current amplitude of 0.7 pA 
and an open probability at maximum activation of 
0.5 (Sigworth 1980), and estimating the geometric 
surface area of an oocyte to be 3 x 106~tm 2, this cor- 
responds to channel densities between 0.5 and at 
least 10/gm 2. Oocytes with whole-cell current re- 
sponses greater than 10 gA were selected to obtain 
large macroscopic sodium currents in cell-attached 
patches. 

Single-channel recording 

Because of the high density of sodium channels in 
the membrane of oocytes injected with the sodium 
channel II-specific mRNA, single-channel currents 
could not be resolved in most membrane patches. 
Therefore, oocytes were injected with a 10-fold 
diluted mRNA solution to reduce the density of im- 
planted channels. Single-channel sodium currents 
were recorded with standard aluminosilicate patch 
pipettes of 1 -2 .gm tip diameter (Methfessel et al. 
1986). Patch pipettes were filled with frog Ringer's 
solution. The intracellular potential was not clamped, 
but measured with an intracellular recording elec- 
trode. Voltage pulses were applied to the patch 
pipette and currents were measured with an EPC-7 
amplifier. The current signals were recorded on 
magnetic tape (RACAL4D) and replayed into the 
computer for analysis. 

Results 

Macroscopic sodium currents 

Macroscopic sodium currents were recorded from 
cell-attached patches of oocytes selected for a large 
whole-cell current response. The maximal value of 
the peak sodium current in the patches varied 
considerably, ranging from 50 pA up to 750 pA. 
Whereas oocytes injected with poly(A) + RNA fre- 
quently exhibit voltage activated potassium currents 
and other currents in addition to the sodium current 
(Gundersen et al. 1984), these were never seen in 
experiments on oocytes injected with sodium chan- 
nel-specific mRNA. Also, fast activating sodium 
currents were never observed in noninjected control 
oocytes. A slow endogenous voltage-activated 
sodium current with completely different kinetics 
has been reported for Xenopus oocytes (Baud et al. 
1982). 

Figure 2A shows a family of sodium currents 
obtained in response to depolarizing voltage steps of 
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Fig.  2. A Family of currents elicited in a membrane patch of 
an oocyte injected with the mRNA specific for rat brain 
sodium channel II. From a patch holding potential of 
- 100 mV, depolarizing voltage pulses of 5 ms duration were 
applied to the patch pipette. The applied test potentials were 
from - 50 mV to - 10 mV in steps of 5 mV, and continued up 
to + 60 mV in steps of 10 mY. The current signals were cor- 
rected for capacitive transients and leakage as described in the 
text and filtered through a low pass Bessel filter with 3 dB 
attenuation at 5 kHz. Each record shown represents the aver- 
age of 8 consecutive responses. The whole-cell current re- 
quired to clamp the oocyte to - 80 mV holding potential with 
the two electrode clamp was 180 nA and the temperature 
15 °C. B Peak inward current vs. voltage relation for the 
current records shown in A. By interpolation, the reversal 
potential is Vre v = 45 mV. 

tion of  sodium current activation kinetics (Hodgkin 
and Huxley 1952a). Fits with 2, 3, and 4 indepen- 
dent activation gates were tried and the best fits 
were obtained by assuming three gates, that is 
I = Frn3h. The steady state activation parameter  moo 
was plotted as a function of potential (Fig. 3 A). The 
relation is characterized by the half-activation poten- 
tial, V~2, at which the open-state probabili ty for 
each activation gate is one-half, and by the steepness 
of  the potential dependence of activation am. These 
parameters were obtained by a least-squares fit 
(smooth line in Fig. 3 A) to the expression 

1 
GNa - -  m ~ ,  moo = (1) 
G~ax l + e x p (  V~l/2-am Vt.)' 

The average values of the parameters yielding the 
best fit in two experiments were V~l/2 = - 41 mV and 
am = 8.6 mV. This value of the steepness parameter 
corresponds to a gating charge of  2.9 e0 per gate. 
From these values, the equilibrium potential of  
channel activation is - 2 9  mV with an effective 
charge transfer of  8.7 e0. 

The voltage dependence of  the inactivation pa- 
rameter hoo was measured according to classical 
analysis (Hodgkin and Huxley 1952 b). Test pulses to 
a constant value of  - 1 0  mV were applied from 
various prepulse potentials. With prepulse potentials 
more positive than - 8 5  mV, the peak sodium cur- 
rent decreased and it was almost completely in- 
activated at - 30 mV. The Hodgkin-Huxley inactiva- 
tion parameter  hoo was plotted as a function of the 
prepulse potential (Fig. 3 B) and fitted for each set 
of data by a nonlinear least-squares procedure ac- 
cording to the equation 

5 ms duration from a holding potential o f -  100 mV. 
Each trace represents the average of 8 records. The 
peak value of  the sodium current for each test poten- 
tial was obtained f iom the current records by a third 
order polynomial fit to the current trace, and is 
plotted as a function of test pulse potential in Fig. 2 B. 
In this experiment, the sodium current peak first 
appeared at - 50 mV and reached a maximum value 
of  710 pA near - 1 7 i n V .  The test potential eliciting 
the maximal sodium current was fairly constant at 
- 13.8 ___ 4.5 mV (mean 4- SD, 46 experiments). The 
reversal potential of  the sodium currents varied be- 
tween 49 mV and 18 mV and generally decreased 
during the course of an experiment, probably be- 
cause of  both increasing leakage and accumulation 
of intracellular sodium. 

To study the voltage dependence of  the steady- 
state activation, current responses like those shown 
in Fig. 2A were fitted with a mathematical descrip- 

/Ua 1 

( ) max g p p -  Vlh/2 
INa 1 + exp ah 

The relation is characterized by the potential Vhl/2 a t  

which the sodium current is half  inactivated, and by 
the steepness of  the potential dependence ah. In 15 
measurements on 9 patches, V~I/2 w a s  - -  63.9 + 5.9 mV 
( m e a n +  SD), and ah was 10.2_+ 1.2 inV. In Fig. 3B, 
data reported previously for rat peripheral nerve 
(Neumcke and St~impfli 1982) and rat muscle 
(Almers et al. 1984) are shown (open symbols) for 
comparison. The value obtained for ah of  rat brain 
sodium channel II is larger than that reported 
for other preparations. In the inactivation measure- 
ments, there appears to be a small residual current 
component that inactivates only slowly, if  at all, even 
at large depolarizations. This causes a flattening of  
the measured inactivation curve and affects the slope 
determination. 
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Fig. 3. A Steady state activation m~ of sodium currents as a 
function of test potential (filled symbols). The smooth line 
represents the best fit to the data as described in the text, with 
Vf} 2 = - 40.5 mV and am = 9.4 mV. The open symbols represent 
corresponding values from rat peripheral nerve (Neumcke and 
Sdimpfli 1982). B Inactivation of brain sodium currents. 
Currents were elicited by a test pulse to - 10 mV, following 
conditioning prepulses of 36 ms duration to potentials between 
- l l 0 m V  and - 2 6 m V  in steps of 4inV. The normalized 
peak inward current responses to the test pulse are plotted as a 
function of prepulse potential for the rat brain channel II 
(filled symbols). The solid line represents a nonlinear least- 
squares fit to the data points as described in the text, with 
V~/2 = - 62 mV and ah = 10.6 inV. For comparison, equivalent 
data from rat peripheral nerve (Neumcke and Sdimpfli 1982) 
are shown as open squares, and the open circles represent 
values for rat twitch muscle plotted using Vh/2 = -- 76 mV and 
a h = 5.7 mV (Almers et al. 1984). The activation relation from 
Fig. 3 A is also shown to indicate the potential range where 
activation and inactivation overlap (dashed line) 
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Fig. 4. A Currents recorded on return to different potentials 
("tail currents"). Sodium current was activated by depolariza- 
tions to - I0 mV, and the patch was repolarized to potentials 
between - 90 mV and - 55 mV. Filter setting 10 kHz ( -  3 dB). 
Each trace shown is the average of 16 records. Temperature 
15 o C. B Activation time constant rm as a function of potential. 
Circles represent data obtained from the "tail-" currents 
shown in A, and squares are from Hodgkin and Huxley fits as 
described in the text. C Potential dependent inactivation time 
constants obtained by fitting the Hodgkin and Huxley model 
to current traces such as shown in Fig. 2A 

Time constants o f  activation and inactivation 

The potent ia l  dependence  of  the t ime  constants  of  
ac t iva t ion  Tm and inac t iva t ion  rh is shown in  Fig. 4. 
Sod ium currents  were max ima l ly  act ivated by  de- 
polar iza t ion  to - 1 0 m V ,  and  the pa tch  was then  
repolar ized to " ta i l"  potent ia ls  be tween  - 90 mV and  
- 5 5  mV (Fig. 4A).  D u r i n g  the repolar iza t ion ,  the 
ac t iva t ion  gates closed with a character is t ic  t ime  
constant.  In this way, the po t en t i a l - dependen t  k inet-  
ics of  the ac t iva t ion  gates was s tud ied  at negat ive  

potent ials  where  the steady-state  ac t iva t ion  is too 
small  for measu rab le  s o d i u m  current  flow. The  tail  

currents  were fitted with single exponent ia ls  and the 
t ime  constants were mu l t i p l i ed  by three to give rm 
according to the H o d g k i n - H u x l e y  model .  The  r,~ 
values are plot ted in Fig. 4B as filled circles. The 
act ivat ion t ime constants  for potent ia ls  more  posi t ive 
than  - 5 5  mV (filled squares) were ob ta ined  by 
fi t t ing current  records, such as those shown in  
Fig. 2A,  with the equa t ions  of H o d g k i n  and  Huxley  
(1952a). T i m e  constants  of inac t iva t ion  were ob- 
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Fig. 5. Normalized peak permeabilities (Frankenhaeuser 1960) 
determined for rat brain sodium channel II (filled symbols). 
The open symbols give data from rat twitch muscle (Almers 
et al. 1984) for comparison 
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Fig. 6. A Currents flowing through single sodium channels. 
The oocyte resting potential was - 26 mV and the patch was 
hyperpolarized to -83  mV membrane potential. Each trace 
shows the current flowing during a 10 ms depolarization to 
- 3 2 m V  test potential. To correct for leakage currents, 
traces showing no channel activity were averaged and sub- 
tracted from each record. Current signals were low pass Bessel 
filtered at 4 kHz (-  3 dB). Temperature was 16 °C. B A multi- 
channel current signal reconstructed from 282 idealized single- 
channel records as described in the text. The time course of 
the trace is comparable to that of multichannel patch current 
records at - 35 mV to - 30 mV membrane potential (Fig. 2) 

tained from the Hodgkin-Huxley fit together with 
the activation time constants. Results from a typical 
experiment are shown in Fig. 4 C. 

To compare the activation of rat brain sodium 
channel II with that of sodium channels from rat 
skeletal muscle, the normalized peak sodium per- 
meability of  the brain sodium channels was obtained 
from the peak inward currents using the constant- 
field equation (Frankenhaeuser 1960) and plotted in 
Fig. 5 together with the corresponding data from 
Almers et al. (1984). It is apparent that in the case of  
brain sodium channel II the permeabili ty is activated 
at more positive potentials. As reported for muscle 
(Almers et al. 1984; Pappone 1980), the permeabili ty 
values deviate from an asymptote of one at large 
polarizations and hence the channel does not follow 
the constant field equation at high positive poten- 
tials. 

Single-channel recordings 

Single-channel current records were obtained from 
membrane patches showing at most three simul- 
taneous channel openings (see Methods). Figure 6 A 
shows current records elicited from a cell-attached 
patch by depolarizing voltage steps to a membrane 
potential o f -  32 mV. On depolarization, br ief  in- 
ward current pulses with amplitudes of  about 1 pA 
occur most frequently at the beginning of the de- 
polarizing stimulus but  can also be found at later 
times. Current records were analyzed by the thresh- 
old crossing method (Colquhoun and Sigworth 
1983). The resulting idealized traces, consisting of  
rectangular current pulses with the amplitude and 
duration of  the resolved elementary currents, were 
summed to obtain the record shown in Fig. 6B. The 
time course of this reconstructed average current 
closely resembles that of  macroscopic sodium cur- 
rents, with half-maximal rise and decay times that 
are similar to those found in larger patches with 
high sodium channel densities at the same potential 
(Fig. 2). 

At any potential, the distribution of  single- 
channel current amplitudes has a single peak and 
could be fitted with a single Gaussian (Fig. 7A, 
inset). The mean current i decreased approximately 
linearly with the potential in the range o f -  60 mV 
to 0 mV, yielding a single-channel conductance of 
19 pS at 16 °C (Fig. 7A). An example of the distri- 
bution of elementary current durations at a constant 
potential is shown in Fig. 7 B. The mean open time 
at - 32 mV was in this case 0.43 ms. The properties 
of  rat brain sodium channel II derived from single- 
channel recording therefore closely resemble those 
measured for endogenous channels in cultured rat 
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Fig. 7. Amplitude and duration of elementary sodium currents. A 
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the mean of 20-200 elementary current amplitudes measured 
at one potential, as shown in the inset for - 32 mV. Minimum 
duration of 0.1 ms was required for amplitude determination. 
Data shown are from two experiments with oocyte resting 
potential o f -  26 mV and - 82 mV respectively, with the patch 
holding potential being - 9 0  mV in both cases. The straight 
line fit indicates a slope conductance of 19pS at 16°C. B 
Distribution of apparent durations of elementary current 
pulses recorded at - 32 mV membrane potential. The shortest 
currents resolved were of 0.1 ms duration. The distribution is 
fitted with a single exponential decay time constant of 
0.43 ms 

muscle cells (Sigworth and Neher  1980) and those of  
sodium channels expressed in oocytes injected with 
poly(A) + R N A  from rat brain (Stfihmer et al. 1986). 

Discussion 

It was shown that a combinat ion of the two electrode 
voltage clamp with the patch clamp technique al- 
lows the detailed characterization of  rat brain so- 
d ium channels expressed in Xenopus oocytes. The 
macroscopic "as well as single-channel properties of  
the sodium channels expressed from the rat brain 

sodium channel II c D N A  (Noda etal .  1986a, b) 
closely resemble those of other sodium channels 
described for rat muscle or peripheral  nerve. In 
particular, the steady state activation shows excel- 
lent agreement with previous data from rat periph- 
eral nerve (Neumcke and St~impfli 1982). Only the 
voltage dependence of  steady state inactivation dif- 
fers significantly in that the half-inactivation poten- 
tial of  the brain sodium channel II is reproducibly 
shifted by about  10 mV towards less negative poten- 
tials. Preliminary experiments on oocytes injected 
with p o l y ( A ) + R N A  extracted from rat muscle 
(Methfessel et al. 1986) suggest that  this difference 
is not due to the oocyte expression system but  may 
reflect a specific property of  brain sodium channels. 
A consequence of  this shift is that the activation and 
inactivation curves overlap over a wider potential 
range than in either muscle or peripheral  nerve. 
This is illustrated in Fig. 3B, where the activation 
curve from Fig. 3A is shown together with the in- 
activation data. This greater overlap of the steady 
state activation and inactivation curves in the volt- 
age region between - 60 mV and - 40 mV is ex- 
pected to produce a slowly inactivating sodium in- 
ward current at potentials near the threshold of 
action potential firing. A persistent inward sodium 
current in this potential  range has been reported in 
h ippocampal  neurones (French and Gage 1985) 
where it is thought  to aid the repetit ive firing of  
action potentials. 
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