Eur Biophys J (1986) 13:235-243

European
Biophysics Journal

© Springer-Verlag 1986

Computer reconstruction of the spread of excitation
in nerve terminals with inhomogeneous channel distribution

A. Peres and F. Andrietti

Dipartimento di Fisiologia e Biochimica generali, Laboratorio di Elettrofisiologia dell’Universita di Milano

Via Celoria, 26, 1-20133 Milano, Italy

Received May 7, 1985/ Accepted in revised form October 14, 1985

Abstract. A direct numerical integration method, as
modified by Du Fort and Frankel (1953), has been
used to solve the partial differential equation system
which describes the spread of action potential in a
mammalian nerve terminal. Branching of the termi-
nal as well as inhomogeneous distributions of Na*
and K* voltage-dependent channels (Brigant and
Mallart 1982) have been incorporated in the model.

Using the channel densities and the kinetic
parameters measured in the node of Ranvier, the
depolarization in the terminal branches has an
amplitude of only 60% of the action potential in the
node. Furthermore, the time courses of the calculat-
ed membrane currents differ considerably from the
ones measured by Brigant and Mallart (1982) and
by Konishi and Sears (1984).

Increasing the Nat and K* channel densities may
considerably increase the terminal depolarization
and also reproduce qualitatively the current wave-
forms observed experimentally. The model can also
reproduce some of the effects of pharmacological
channel blocks.

The simulation allows a new interpretation of
the different components of membrane current along
the terminal.

Key words: Nerve endings, action potential, computer
simulation, membrane heterogeneity

Introduction

Neurotransmitter release is thought to be mediated
by a voltage-dependent influx of Ca®" in the motor
nerve terminal. The problem of the active invasion
of the terminals by the action potential is difficult to
solve experimentally in vertebrate nerve endings
because of the extremely small size of the prepara-
tion, which prevents the use of intracellular micro-
electrodes. Using less direct techniques, Katz and

Miledi (1965) have been able to show active spread
in frog presynaptic terminals. However, the situation
in mammals appears to be different. Brigant and
Mallart (1982) and Konishi and Sears (1984), mea-
suring membrane currents with focal extracellular
electrodes, have shown that different current wave-
forms are observed at different locations along the
terminals: only inward current at the transition
between the myelinated and non-myelinated parts of
the axon, only outward current in the terminal
branches and a triphasic wave in an intermediate
zone. These observations, together with results ob-
tained using specific channel blockers, lead Brigant
and Mallart (1982) to conclude that, in mouse motor
endings, Na* channels are present only in a narrow
pre-terminal zone, the terminal branches being
populated only by K* and Ca®** channels. According
to Konishi and Sears (1984), however, some inward
Na* current is present even in the terminal zone.

A mathematical reconstruction of the spread of
excitation from a myelinated axon to an unmyelinat-
ed terminal was performed by Khodorov and Timin
(1975). However, in those calculations the mem-
brane properties of the terminal were assumed to be
identical to the ones of the myelinated part. Data on
the kinetic properties of voltage-dependent Na* and
K* channels in mammalian nodal and peri-nodal
areas are now available (Chiu et al. 1979; Chiu and
Ritchie 1981). Therefore, we thought it worthwhile,
to try a numerical reconstruction of the action
potential spread in mammalian motor endings using
the published data on channel kinetics together with
the proposed spatial membrane heterogeneity.

Electrical model and computation method

Geometry and channel distribution

Figure 1 illustrates the geometry of the model used
in this work and the distribution of voltage-depen-



236

llast  nter :pretermmal intermediate i terminal }
model‘ node : zone ! zone ! zone !
I 1 | : \
m_mmm____|« | e
¢ 2 i i ! : )l
pm | ' 1 C ! j'
ml IW‘ C 1 ,
b : : )
- | | | | \
e ! ! i : Fig. 1. Geometrical and electrical scheme of a
| ?y 1 e I . . . Y
12am 20pm | Spm | 3pm : 19pm H nerve termlnal usegi in this work.l Excm}tlon of
SN / ! ! ! the terminal was induced by stimulating the
L N ! H i i last node of Ranvier. The electrical model
7 N S i i ! shows the non-uniform distribution of chan-
! [ ; HF —} T 54/ t o = nels. Each circuit represents a 1 pm long cylin-
! _|_‘_3 : ,{ J- | -I- ] R l J-: =  drical segment except for the last node where
ona 29, D029, S CIgNa 5, 291 g, Zo, CgK 9, C: the circuit represents the whole nodal mem-
! '['} ' i '[' I T: T -l-: brane. Batteries represent equilibrium poten-
s J T i - T T T T T | tials. Branching was included as explained in
i L Lnra— AA——7 / AN~ fmd E the text
! | |

dent channels. Excitation was induced by stimulat-
ing the last node of Ranvier, which was assumed to
be 1um in radius and 2 pm long. This produced a
longitudinal current in the last internode (20 pm
long, Quick et al. 1979) which depolarized the pre-
terminal zone. The geometry and the channel dis-
tribution were chosen on the basis of the morpho-
logical and electrophysiological observations of Bri-
gant and Mallart (1982). The whole ending was
divided in three longitudinal zones: (1) a pre-ter-
minal zone, 1 pm in radius and 5 pm long, possessing
only Na* and leakage channels; (2) an intermediate
zone (3pm long) where a ramification in four
branches (0.5 pm in radius) occurs; this zone pos-
sesses Na®, K* and leakage channels: the densities
of Na* and K* channels respectively decrease and
increase linearly with length, while the density of
leakage channels remains constant; (3) a terminal
zone (19 pm long) composed of the four branches
where only K™ and leakage channels are present.

Equations and parameters

V(x,t) was obtained by integrating the partial dif-

ferential equation:
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in which r, is the cytoplasmic resistance per unit
length (Ohm/cm), ¢, is the capacitance per unit
length (F/cm) and i; are the membrane ionic cur-
rents per unit length (4/cm). The ionic currents
were described according to the usual Hodgkin-
Huxley kind of model. Thus:

i=gna(V=Tna) +gx (V=Vx) +g.(V=V1),

(1)

@

where V., Vx and V are the zero-current poten-
tials for sodium, potassium and leakage. The voltage-
and time-dependent conductances were expressed as
(Chiu et al. 1979; Chiu and Ritchie 1981):

gNa = gNa m*h
gx =gun’
in which gy, and gk are the limiting conductances

and m, # and n obey first-order equations of the
kind:

©)
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with the following equations for the rate constants:
o 0.029 ¥+ 10.1
" 14 exp (—0.19 (V+49))
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Mo = T exp (— (V+55.6)/4.15)
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b =17 exp (— 0.1 (V+56))

{ (5)
® T 1+ exp (V+74.4)/5.7)
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1—exp (— (V+15)/15.9)
5 = 0085 (V+37.5)/122)

T exp((V+37.5)/122) -1

Equations for «,, and f; are from Chiu et al. (1979);
equations for m,, and A, have been fitted to Fig. 7
of Chiu etal. (1979) and are for a rabbit node of
Ranvier at 14 °C; equations for «, and f, are taken
from Hille (1971) and are for a frog node at 22 °C.
Although the rate constants for K* are from a dif-



Table 1. Standard parameters

Parameter Symbol Value Units Source
Limiting Na conductance gy,  0.11-1076 S 0))
Limiting K conductance gy 0.034-1076 S 2
Leakage conductance gr 0.011-107¢ 8 1)
Internal resistance R, 171 Ohm-cm (1)
Capacity C 0.002-10° F )
Nat O-current potential Vi, 51 mV (D

K* O-current potential Vi —80 mV 3)®
Leak O-current potential 7 —80 mV (N

Sources: (1): Chiu et al. (1979)
(2): Chiu and Ritchie (1981)
(3): Hille (1971)
4 The value given by Hille is in effect —75mV. We used
—80mV to obtain a resting potential of —80mV for the
mammalian nerve.

ferent species, they appear to match reasonably the
paranodal K* currents, provided they are multiplied
by 1.6 (Chiu and Ritchie 1981). Since our purpose
was to compare the calculations to the data of
Brigant and Mallart, which were obtained at 22 °C,
we multiplied all rate constants by 1.6 (Chiu et al.
1979; Chiu and Ritchie 1981).

The values of limiting conductances, leakage
conductance, internal resistivity, membrane capacity
and zero current potentials are listed in Table 1 and
refer to a typical node of a mammalian myelinated
nerve 5pm in radius, 2 um long (Chiu and Ritchie
1981; Chiu etal. 1979). These will be called the
“standard parameters” in the following. The actual
values used in the calculations will be derived from
the standard parameters by appropriate scaling
according to the geometry of the particular zone of
the terminal.

Brunching

The problem of impulse propagation in a branching
axon has been treated by various authors (see for
instance Khodorov and Timin 1975; Parnas and
Segev 1979). These studies were generally concerned
with factors affecting conduction block and did not
include channel inhomogeneity. We introduced
branching in our model in the following way. Since
the four branches are identical and their radius is
half the radius of the pre-terminal zone, they will
behave electrically as a single cylinder having a
cross section equal to that of the pre-terminal zone
but with a surface area (per unit length) twice that
of the preterminal zone. Therefore, the internal
resistance per unit length will not change at the
branching point, while all other parameters de-
pending on surface area will double (per unit
length) beyond the branching point. The whole ter-
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minal was therefore treated as a single cylinder with
the appropriate changes in the parameters.

Calcium current

A complete description of the electrical events in a
presynaptic terminal should include a voltage-
dependent Ca®" current. A kinetic description of the
Ca?" current in a nerve terminal is available only for
the squid giant synapse (Llinas et al. 1981 a, b). How-
ever, simple calculations show that the Ca?* current
needed to raise the intracellular Ca?* concentration
to 1 mM (which should be well above the threshold
level for vesicle fusion) over a period of 2 ms in a
1 um long segment of a mammalian nerve ending is
about 30 pA. This value is about 30-fold lower than
the other 1ionic currents. Furthermore, an intra-
cellular calcium elevation is likely to be important
only in a shallow sub-membrane layer and to obtain
this an even smaller Ca®" current will be sufficient.
Since the expected effects of this current appear to
be small, and to avoid the heavy computing com-
plications arising from the introduction of the com-
plex kinetic equations proposed by Llinas etal.
(1981a), we decided to neglect this component in
the mathematical model.

Computing method

Implicit methods of integration of Eq. (1) have been
shown to be far superior to explicit ones (Moore
et al. 1975). The reason for this lies in the fact that in
order to have stability for an explicit method of
integration of a parabolic differential equation the
following inequality must hold (see, for example,
Fox 1962, p. 246):

k/h? < 1/2mry) (6)

between the step of time, k, and the step of space, A.
On the other hand, implicit methods of integration
are intrinsically stable and subject only to the limita-
tions due to truncation errors. The difference be-
tween the two methods becomes more important
when the value of 4 decreases; in this situation,
k should decrease as A? in order to maintain in-
equality of Eq. (6).

For large cables a value of /=500 pm is suffi-
ciently small (Moore et al. 1975). In this case, the
ratio between the computation time of the two dif-
ferent methods is 1:10 (Moore et al. 1975). In our
case a much smaller value of / (1 pm) is necessary in
order to have a good description of a system in
which the length of the intermediate zone is only
3 um. In this case application of (6) gives k= 0.1 ps,
so that at least 30,000 complete iterations should be
necessary to span 3 ms of the time axis.
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On the other hand, the use of an implicit method
requires a greater computational effort, necessary to
solve the system of linear equations obtained from
the implicit formula of the finite difference approxi-
mation.

A third way is to use a method which has un-
restricted stability, while preserving the numerical
advantages of explicit methods. This is what has
been done in the present work by using the explicit
formula given by Du Fort and Frankel (1953). In
this way a satisfactory result has been obtained with
k=2ups, i.e. a value at least 20 times larger than
that required by the normal explicit method. Since,
in order to apply the method, we must know a
second line of values in addition to the initial ones,
a special starting procedure is necessary. So we have
begun our integration with a normal explicit method,
by letting k= 0.04 us, and we have shifted to the
Du Fort and Frankel method after 2 ps. After this
time the computation was continued with & = 2 ps.

Due to the short internodal length near the ter-
minal, several nodes may supply current to the ter-
minal. However the presence of inward currents at
the preterminal and intermediate zones indicates
that the depolarization of the terminal depends on
local excitation properties more than on passive
spread. Under these conditions, the intensity of the
stimulating current is not critical. Therefore the
value of 0V/dx at the beginning of the nerve
terminal was obtained by calculating the longitudinal
current generated by a non-propagated action poten-
tial at the last node only, along the last internode
resistance of 107 Ohm. The second boundary condi-
tion is given by 0V/0x = 0 at the terminated end of
the terminal.

preterminal intermed:ate
zone zone

last node

40¢

mv

-~ 40 :-:

-80L 2

The computation time required by a personal
computer (M20 OLIVETTI), in interpreted BASIC
language, for a single calculation between 0 and
2.9 ms, was about 2 h.

Results

Calculation with standard parameters

Figure 2 shows the results of the integration using
standard parameters. In A, the time course of mem-
brane potential at the middle of the three hetero-
geneous zones is shown. The action potential at the
last node is also shown for comparison. The peak
depolarization in the middle of the terminal zone
reaches only —18 mV. In B, the total membrane
current (I, + Iy, + Ix+11) at the same locations are
shown. These three waveforms should be compared
with the experimental observations of Brigant and
Mallart (1982). It is clear that there is not good
agreement, especially for the absence, in the com-
puted traces, of double peaks in the pre-terminal
and terminal zones. Also, the late outward current in
the triphasic wave of the intermediate zone is very
small compared to that observed experimentally.

It is clear that some changes in the parameters
have to be made in order to attempt to simulate the
experimental observations.

An increase in g, and g relative to gy can simulate
the experimental results

Since there are several parameters that can be
changed it is very important to keep to a minimum
number of changes and also to perform changes

terminal
zone

Fig. 2. A Action potentials in the node and
in the middle of the three inhomogeneous
zones computed using standard parameters

(Table 2, column 3). B Total membrane
currents in the corresponding zones



which are compatible with the physiological situa-
tion. We decided, rather arbitrarily, to avoid
changes in the rate constants and to operate only on
limiting conductances.

Furthermore, the results obtained with the stan-
dard parameters may indicate which change of pa-
rameters will be likely to be effective. The limited
amplitude of the terminal depolarization can be
attributed to the combined effect of the absence of
Na* channels in the terminal parts and of the branch-
ing, which acts by reducing the effective space con-
stant of the termination. A larger terminal depolar-
ization may be produced by a stronger current from
the parent axon. However, this will generate large
outward currents (leakage and capacitive) in the
preterminal zone, which were not observed experi-
mentally. Alternatively, a larger depolarization may
be obtained by increasing the Na® conductance in
the preterminal zone or by allowing the presence of
Na* channels even in the terminal branches (Konishi
and Sears 1984).

A digression is needed at this point on the direc-
tion of the various components of the current and on
their effect on the total membrane current. When
the membrane potential is limited to the range — 80
to +50mV, the direction of the ionic currents is
determined: Na™ current could only be inward, K~
and leakage currents could only be outward: how-
ever, the capacitive current could be either inward
or outward depending on the sign of dF/ds. The
interpretation given by Brigant and Mallart (1982)
to explain the presence of a double peak of inward
current in the pre-terminal zone is not satisfactory in
this respect. In fact they propose that the second
inward peak is not carried by Na* ions, but that it is
due to a “‘sink” of the local circuit current produced
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by K* ions leaving the axoplasm at the terminal
zone. However, according to what we have said
above, in the pre-terminal zone the only ionic
current which can flow inwardly is a Na™ current,
the other possible inward current being the capaci-
tive current. An inward capacitive current, however,
cannot be expected to be as large as the second
inward peak observed experimentally, since this
would imply an extremely fast repolarization. The
conclusion is that we may suspect that the second
inward peak at the pre-terminal zone might be
carried again by Na* ions.

In effect, such a waveform is expected from the
Hodgkin-Huxley formulation and arises when the
inactivation of the Na™ channels is slow compared to
the K*-induced repolarization of the action poten-
tial (Khodorov and Timin 1975; Chiu et al. 1979): in
such circumstances the sodium current is dominated
by its electrochemical gradient changes rather than
by the conductance changes. An important condition
required to obtain a double-peaked Na* current is
that the membrane potential must approach My,
rather closely. Therefore we might expect that the
Na* conductance increase, needed to enhance the
terminal depolarization, may also have the effect of
producing a late inward peak in the pre-terminal
current waveform. Another condition required to
produce a second peak of inward Na* current is that
the action potential has to repolarize faster than the
development of Na* channel inactivation. In our
case there are no K channels in the pre-terminal
zone, therefore the K* current in the intermediate
and terminal zone must be large enough to produce
significant effects on the pre-terminal zone. A high
K* conductance may significantly reduce the ter-
minal depolarization and so we decided, following

Table 2. Parameters used 1n the various calculations (all values are 1n ps)

1 2 3 4
Zone Param- Standard Modified
eter value value
(Fig. 2) (Fig. 3)
Pre-terminal INa 0.11 0.495
Intermediate dna 0.11-0 0.151 -0.014
Terminal Ina 0 0.014
Pre-terminal dx 0 0
Intermediate Iy 0-0.034 0—0.68
Terminal gk 0.034 0.68
Pre-termunal gL 0.011 0.011
Intermediate gr 0.011 0.0011
Terminal g1 0.011 0.0011

5 6

TEA TTX
value value
(Fig. 5) (Fig. 7)
0.495 0

0.151 —0.014 0.151 —0.014%
0.014 0.014

0 0

0 0—0.68"°
0 0.68
0.011 0.011
0.0011 0.0011
0.0011 0.0011

As in Table 1 all values are referred to the reference node 5 um in radius. 2 pm long.

3 Decreasing linearly with distance between the indicated values

b Increasing linearly with distance between the indicated values
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Fig. 3. Computation of action potentials and
membrane currents using parameters modi-
fied in order to reproduce the experimental
observations (Table 2, column4). The ap-
pearance of double peaks in the pre-terminal
and terminal zones and of a triphasic wave in
the intermediate zone is accompanied by a
larger depolarization of the membrane in all
L 1___1 zones

last node preterminal intermediate terminal
zone zone zone
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Fig. 4. Different components of membrane currents
in the three zones (same parameters as in Fig. 3). The
double inward peak in the pre-terminal zone is due
mainly to the double peak of the Na*t current, while

the double outward peak in the terminal zone is due
to both capacitive and K* currents. The triphasic
wave in the intermediate zone arises from the con-

1 tribution of all components
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the suggestion of Konishi and Sears (1984), to intro-
duce a small density of Na* channels in the terminal
zone.

We then performed many calculations changing
the standard parameters along the guidelines out-
lined above. Figure 3 shows the results of a com-
putation in which the parameters were changed ac-
cording to Table 2.

The current waveforms of Fig. 3 compare fa-
vourably (at least qualitatively) with the experi-
mental ones (Brigant and Mallart 1982; Konishi and
Sears 1984): double peaks are present in the pre-
terminal and terminal waveforms and a triphasic
wave appears in the intermediate zone. The various
components of the total membrane current in the

three zones are shown in Fig. 4 (same parameters as
in Fig. 3). It can be seen that the double inward
peak of the total current in the pre-terminal zone
reflects the double peak of the Na't current, while
the double outward peak in the terminal zone is due
essentially to the capacitive current plus the K* cur-
rent, while the intermediate triphasic wave is due to
capacitive, Nat and K* currents.

Simulation of pharmacological block of the K* current

In order to identify the origin of the different com-
ponents of their current waveforms, Brigant and
Mallart (1982) applied selective blocking agents to
their preparations, either dissolving them in the
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terminal
zone

Fig. 5. Simulation of pharmacological block
of K* channels. Setting the potassium con-
ductance to zero everywhere (Table 2, col-
umn 5) causes an 1ncrease in amplitude and
duration of the depolarization in all three
zones. According to the experimental obser-
vations, the corresponding membrane cur-
rents in the pre-terminal and terminal zones
lack the double peak and the one 1n the inter-
mediate zone 18 no longer triphasic

preterminat intermediate
zone zone

terminal

- A JL

Fig. 6. Current components relative to Fig. 5. show-

ing that the absence of double peaks is due to the
absence of a double peak of the Na* current in the
pre-terminal zone and to the absence of K* current

in the terminal zone
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bath or by local ionophoretic application. We have
tried to reproduce these different experimental con-
ditions in our simulations.

Application of K* channels blockers such as
tetracthylammonium, 4-aminopyridine or 3,4-di-
aminopyridine in the bath eliminated the late peaks
in the pre-terminal and terminal waveforms and
changed the intermediate one from triphasic to bi-
phasic. This experiment can ecasily be simulated
simply by setting gx = 0 everywhere. Results of the
calculation with the parameters of Table2 (col-
umn 5) are illustrated in Fig. 5.

All three current waveforms qualitatively resem-
ble the experimental ones. The absence of the K*

current eliminates the late outward currents in the
intermediate and terminal waveforms. As a by-
product, the second peak of inward current in the
pre-terminal is lost because the Na* channels inacti-
vate before a significant repolarization takes place.
The depolarizations are large and long-lasting all
over the nerve ending. The corresponding compo-
nents of the total current are shown in Fig. 6.

The effect of local application of TTX cannot
be reproduced

Brigant and Mallart (1982) showed that local ion-
ophoretic application of Tetrodotoxin at the pre-
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Fig. 7. Simulation of local block of Na*
channels. Setting the Na* conductance to
zero 1n the pre-terminal zone (Table 2, col-
umn 6) produces an outward current in the
pre-terminal zone which is in disagreement
with the experimental observations. Possible
reasons for this discrepancy are discussed in

last node preterminal intermediate termmal
zone zone zone
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! L I 1 L 1 1 ] [ 1 1
B
1
5
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-1
L ! I 1 L 1 1 | L 1 1
0 1 2 3

ms

terminal led to the disappearance of the first peak of
inward current. Assuming that TTX completely
blocks the Na* conductance in this zone (i.e.
gna = 0), our model is not able to reproduce the ex-
perimental result. In fact, elimination of the Na*
current, leaves only capacitive and leakage current
in this zone. The net effect in our calculation is a
modification from the double-peaked inward cur-
rent to the small outward current shown in Fig. 7.
However, a small and slow inward current can be
produced by the model if gy, is not set to zero but is
reduced to one tenth of the value listed in Table 2
(column 4). In the light of our model, the residual
inward current observed by Brigant and Mallart
(1982) in the pre-terminal zone, after local applica-
tion of TTX, might be due to an incomplete block of
the Na* channels under the recording pipette.

Discussion

The purpose of this work was to verify whether a
mathematical model including the main known
morphological and electrophysiological features of a
mammalian nervous termination was able to simu-
late the experimental observations. These are actual-
ly limited to the recording of membrane current
with focal external electrodes and cannot give in-
formation about the amplitude of the currents be-
cause the resistance of the electrical seal between
electrode and membrane is not known. However, the
characteristic time course of the current at different
positions along the terminal led Brigant and Mallart

1 the text

(1982) to suggest an uneven distribution of Na* and
K* channels.

We have shown that it is possible to reproduce
the essential features of the observed currents using
the kinetic parameters measured in the node of
Ranvier, provided the limiting conductances of Na*
and K* are increased 5 and 20 times and Na?t
channels are present in the terminal branches. It is
known that the density of Na* channels in the node
of Ranvier is already high and this is explained by
the fact that the node must be able to gencrate
enough current to excite the next node some 1,000 pm
away. However, the high insulation of the myelin
sheath will greatly reduce current dispersion. The
situation at the nerve terminal is much worse with
regard to current dispersion because: (i) the myelin
sheat is absent, (ii) several branches depart from the
pre-terminal zone and (i) the terminal branches do
not possess (or possess in a much lower amount)
Na* channels. Therefore a 5-fold increase in gy, in
the preterminal membrane might be justified by this
peculiar geometrical and electrical situation. The
increase in gk required by our model to reproduce
the experimental data (20 times) is larger than the
one for Na*. Such an increase, apparently unfavour-
able for the spread of excitation in the terminal,
may be justified by the presence of a calcium cur-
rent which may otherwise become regenerative.
This increase is necessary for our model to repro-
duce the characteristic shape of the current wave-
forms. Also the increase in gk becomes of the same
order as that for Na* if one takes as a reference the
limiting conductance value for potassium given by
Hille (1971) (i.e. gx = 0.130 pS).



Using a value of 8.6 pS for the conductance of a
single Na® channel (Conti etal. 1980; Neumcke
etal. 1981) and a membrane area of 63 pm? for the
reference node, the density of Na* channels is about
900/um? Using a value of 6 pS for the K* single
channel conductance (Conti et al. 1975), the density
of K* channels turns out to be 1,800/um>

The 10-fold reduction in leakage in the inter-
mediate and terminal regions may be better justi-
fied. In fact, the g, of the node is some 100 times
higher than in other excitable preparations (Adrian
etal. 1970) and this appears to be due to the fact
that it is the only repolarizing current. Where the
membrane possesses K™ channels the role of the
leakage current in repolarization is of secondary
importance and therefore g, may be much lower
than in the node of Ranvier.

Our work has the obvious limit of being based
on parameter estimates belonging to different mem-
brane zones of the axon and in some cases to other
species. It is possible that the ionic channels in the
nerve terminal membrane have kinetic properties
different from the ones observed in the node.

Our results suggest, however, that all inferences
about the various components of the total mem-
brane current recorded with focal electrodes must be
drawn very carefully. Two examples may clarify this
statement. The conclusion of Brigant and Mallart
that no Na* channels are present in the terminal
branches was based upon the absence of a negative
component in the total current trace and to the lack
of modifications of the current after TTX applica-
tion. However, a small contribution of inward Na*
current may be masked by the larger capacitive and
ionic outward currents. as is shown in Fig. 4, and
moreover this current could be TTX resistant. The
second example concerns the late peak of inward
current in the pre-terminal zone. The fact that the
current is inwardly directed requires that its zero
current potential has to be more positive than the
membrane potential. The leakage current must have
a zero current potential close to the resting potential,
and therefore only Na' (with some contribution
from the capacitive current) can be the carrier,
being the only ion to have the required equilibrium
potential.
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