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Abstract .

It was experimentally demonstrated that the spontaneous repetitive firing
of action potentials occurs in squid giant axons immersed in a 1:4 mixture of
natural sea water (NSW) and 550 mM NaCl when the spatial coherence
between the voltage noises at any two different locations in the axon becomes
complete. Discrete current fluctuations were detected, and both their number
and size increased with the increase of the spatial coherence. Voltage noise
and spatial coherence were also measured in normal axons to test whether
nerve excitation is initiated in normal axons when the spatial coherence
exceeds a critical strength.

All these results suggest that (1) the system considered here is constituted of
local, non-linear, self-sustained oscillators and the leaky capacitor, (2) the
oscillators distributed homogeneously over the axon are interacting in some
way, and (3) the interaction becomes stronger as the axon approaches the
firing state. The results are consistent with our proposal that action potentials
are generated when the interaction exceeds a critical strength, and that the
production of action potentials is a spatially local and temporary transition
(assisted by outward current) from one dissipative structure with an
asymptotically stable equilibrium point to another dissipative structure with
a stable limit cycle.

1. Introduction

Nerve membrane is clearly put far from equilibrium. Therefore, nonlinear non-
equilibrium thermodynamics [1-4] seems to be one of the most appropriate
approaches to .understand the electrophysical properties of nerve membrane.
Blumenthal, Changeux and Lefever [5] proposed a theoretical model of nerve
excitation (the BCL model) on the basis of nonequilibrium thermodynamics. In the
BCL model the all-or-none response of nerve excitation can be grasped as a
transition from a resting state of a nonequilibrium and stable organization,
corresponding to the dissipative striucture of Glansdorff and Prigogine [1,2], to an
excited state of another stable organization near thermodynamic equilibrium.

Recently, Matsumoto [6] proposed another nonequilibrium model of nerve
excitation in which the production of action potentials in axons is a spatially local
and temporary transition (assisted by outward local current) from one dissipative
structure with an asymptotically stable equilibrium point, to another dissipative
structure with a stable limit cycle; the former structure corresponds to the resting
state of the axon and the latter one to the state of spontaneous repetitive firing of
action potentials (the firing state) [6-14].
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Here we report experimental results on spatial properties of nervous activities,
with special attention to the membrane current and voltage fluctuations observed
at a transition from the resting to the firing state. The transition (the calcium-
induced transition: the reason why we call it this will be discussed later in the
discussion) was evoked by immersing squid giant axons in a proper mixture of
natural sea water (NSW) and 550 mM NaCl. Spatial properties of normal axons
were also measured in order to examine further whether the usual production of
action potentials by applying outward current externally is basically equivalent to
the calcium-induced transition. Temporal properties of the transition were reported
elsewhere [6, 8, 9, 11-13].

2. Materials and Methods
Materials

Giant axons of squid (Doryteuthis bleekeri) were used. The squid were collected
in Sagami Bay, transported to our laboratory, and maintained in a small, circular,
and closed-system aquarium tank [15, 16). The squid can survive in the tank for
40-60 days. Axon diameters were between 500 and 750 um. The majority of the
adherent tissues surrounding the axon were removed under a dissecting micro-
scope. The axon was then transferred to a Lucite chamber filled with natural sea
water (NSW; pH 8.2). All of the experiments were carried out at room temperature
(15-23°C). :

Solutions

The external solution was a 1:n mixture by volume of NSW and 550 mM NaCl
aqueous solution, where 7 is a parameter from 0 to 4. Assuming that the concen-
trations of ionic species in NSW are the same as those given by Hodgkin [17], then
in the 1:n mixture the concentrations are:

(1) [Na]= 460+ 550X n ’
: 1+n
550 —[Na]
—q
550 —[Na]
9
550 —[Na]
— g

(2) [KI=[Ca]=
(3) [Mg]=53X
4) [Clj=550—
where [j] stands for the millimolar concentration of the ionic species j. Thus, the
sodium concentration [Na] can be used to designate the external solution. The Na

concentration 530 mM was found to be a critical concentration, above which the
axon was in the firing state and below which it was in the resting state [6].
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Spatial coherence function for fluctuating membrane voltage measured at two
different points along the axon

The spatial coherence function C ,(f) of voltage noise, measured at two different
locations, a and b, along the axon, was determined as a function of distance |a — b|
in two cases: One is the case (the calcium-stimulating case) when the axon was
immersed in a 1:3 or 1:4 mixture of NSW and 550 mM NaCl and the other (the
current-stimulating case) when an outward current pulse was applied through an
internal electrode with high resistance. In the latter case, the current electrode was
prepared by sputtering silica glass on the surface of platinum wire of 50 um in
diameter and 2-3 cm in length. The resistance of the electrode thus prepared was
100-600 K, which was relatively high compared to the longitudinal resistance of
axoplasm along the fiber [18]. The duration of the outward current pulse was 500
msec, and the pulse repetition rate was 0.2 sec ™!, to avoid the after-effect of pre-
applied current pulse on the axon {19]. The data, 120, 200, 300 and 400 msec,
respectively, from the onset of the application of the pulse to the end of pulse, were
recorded on a tape recorder (see below).

For both calcium- and current-stimulating cases, two internal platinized-plati-
num electrodes were inserted longitudinally into the axon from both ends. The tip
of each electrode was 0.5 mm; each of the remaining portions was covered with a
glass pipette, 70 pm in diameter. The separation distance between the electrodes
was a parameter varying from 1 to 40 mm. The length of axon used was 60 mm,
which was determined by the length of chamber. The voltage fluctuations picked up
at both electrodes were recorded on two channels of an FM tape recorder (Sony
Magnescale Inc., type DFR-3415) through a pair of pre-amplifiers (EG & G
Princeton Applied Research, model 113). The noise data were processed to get
power spectral densities P4(f) and P}(f) of voltage fluctuations at two locations of
a and b, cross-power spectral density Pl (f), and a spatial coherence function
Ca(N(=PL(NIHPUS).PYS)), in the following way, using a signal processor
Sanei Sokki Co. Ltd., type 7TO7A): The data were uniformly sampled at @ msec
intervals and assembled into data blocks of 1024 points. This implies a 1.024 X a
sample per block and a subdivision of the frequency domain in equal intervals, or
lobes, of 0.977 X 1/aHz width. The value of a was properly chosen as previously
[20~22]. For example, if noise data were analysed in terms of power spectral
densities in the frequency range between 2 and 1,000 Hz, we set a to be 0.5 msec.
This implies the 0.512 sec sample per block and the subdivision of the frequency
domain into equal intervals of 1.95 Hz width. To avoid aliasing and to assure
statistical independence of successive data blocks [20-22], the noise records were
previously filtered through low-pass and high-pass filters, having through a rate of
attenuation of 40 db per decade, set at 1,000 and 2 Hz in this example, respectively.
Spectral densities were averaged for 8 to 20 data blocks [20-22].

Membrane current fluctuations and their power spectral densities

Membrane current fluctuations were measured according to Neher and Sakmann
[23] in an axon which was covered with a piece of paper moistened with a 1:4
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Fig. 1. Schematic diagram for current and potential recordings, from the external surface of squid
axon membrane with a fire-polished pipette and from the inside of the axon with a platinized-
platinum electrode, respectively. ‘

mixture of NSW and 550 mM NaCl (Fig. 1). The current noise picked up at an area
(107% to 1073 cm?) of the external surface of the axon was achieved by applying
closely the tip of a glass pipette, 50 um in diameter, to the axon (Fig. 1). The
pipette, which had fire-polished edges, was filled with the 1:4 mixture solution. Its
interior was connected to the input of a virtual-ground circuit (Analog Device oper-
ational amplifier, AD515), and then to the tape recorder (Sony Magnescale Inc.,
type DFR~-3415) through the pre-amplifier (PAR, model 113).
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Spatial coherence between membrane current noise and voltage noise was
measured in the same manner as described above by inserting the voltage electrode
into the axon longitudinally, where the distance L between the tips of the current
and potential electrodes was a parameter.
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Fig. 2. Peak power spectrum density of the membrane voltage noise (dotted line) and the n_umber
of discrete current noise per sec (solid line) as a function of time after the onset of switching the
external solution from NSW to a 1:4 mixture of NSW and 550 mM NaCl

3. Results
Spatial coherence between potential fluctuations detected at two different locations
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(A) The calcium-stimulating case.—Fluctuating membrane potentials became
more oscillatory after the external solution surrounding the axon was switched
from NSW to the 1:4 mixture of NSW and 550 mM NaCl, showing a resonance
behavior with a center frequency of about 200 Hz at 20°C in the power spectral
densities P'(f) (Fig. 3B), until at last the spontaneous repetitive firing occurred at
the repetition frequency of about 200 Hz [6-8, 11, 13, 14]. It should be noticed that
it took 10 to 15 minutes until the firing occurred after the external solution was
switched from NSW to the 1:4 mixture of NSW and 550 mM NaCl. However, the
peak power spectral density around 200 Hz does not increase monotonically as a
function of time after the onset of switching the solution from NSW to the 1:4
mixture of NSW and 550 mM NacCl [10]; it initially increased with time, then de-
creased for a while and finally again continued to increase until the firing took
place, as seen in the broken line of Fig. 2.
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Fig. 3. Spatial coherence between membrane potential noises detected at two locations (separation

distance 2.5 cm) (upper column (A)) and power spectral densities of the potential noises detected

at one electrode (fower column (B)). The record numbers (1)-(3) shows the spatial coherence and

the power spectra, which were processed from the data recorded at 1, 5 and 10 min after the onset

of bathing the axon in a 1:4 mixture of NSW and 550 mM NaCl aqueous solution. The firing
occurred soon after the data (3) were recorded.

Cross-spectral densities Pl;(f) between fluctuating potentials detected at two
different locations, a and b, in the axon became larger in amplitude at the peak
frequency of about 200 Hz and narrower in width as time went on after the onset of
switching the solution [6, 8]. These experimental findings were described and
discussed in detail in our previous paper [6, 12]. In this report, the spatial coherence
function C,,(f) was measured to get more direct information on spatial coherence.
Fig. 3A shows the coherence functions thus obtained when |¢—b|=2.5cm. The
coherence at about 200 Hz (peak coherence) became larger with the increase of the
power spectral amplitude at the same frequency (peak power spectral density). The
variance of the coherence was usually wider than the spectral width of the power
spectral density. The relations between the peak coherence and the peak power
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Fig. 4. Relations between the peak spatial coherence and the peak intensities of the power spectral

densities of potential noises, as a function of distances between two potential electrodes. The firing

did not take place until the peak spatial coherence between potential noises at the distance of
37 mm between two electrodes became close to 1.

spectral density are shown in Fig. 4 for distances |a—b| of 12, 25 and 37 mm,
respectively. The data in Fig. 4 were obtained from the same specimen of axon. The
spontaneous repetitive firing of action potentials took place after the spatial
coherence between two distinct measuring points (e.g., |a—5|=37 mm) became
very close to 1. This means that firing occurs when the spatial coherence becomes
complete all over the entire axon.

(B) The current-stimulating case.—Fluctuating potentials became more oscilla-
tory with externally applied outward current, showing a resonance behavior in the
power spectral densities (Inset of Fig. 5). In this case, the center frequency in the
power spectral densities of voltage fluctuations increased with the current densities
(Inset of Fig. 5, Table 1). This should be compared with approximate constancy of
the center frequency in the power spectra observed in the calcium-stimulating case
[6, 8, 13]. The spatial coherence also increased linearly with the current densities as
long as the current density did not exceed 35 pA/cm? (Fig. 5). It did not depend on
the noise data recorded at 120, 200, 300 and 400 msec, respectively, after the onset
of application of current pulse of 500 msec in width.

Membrane current noise and spatial coherence between voltage and current noise
detected at two different locations

The discrete current noise appeared after a lag phase of time as the external
solution surrounding the axon was switched from NSW to the 1:4 mixture of NSW
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Fig. 5 Dependence of spatial coherence between membrane potential noises detected at two

locanons. (separation distance | cm) upon externally applied outward current densities (solid line).

The spatial coherences were calculated from the data blocks recorded 120, 200, 300 and 400 msec

from the onset and to the end of application of the external current pulse of 500 msec in
duration.

Inset: Power spectral densities of potential noises detected at one of a pair of electrodes (upper and
lower records) when the external applied outward current densities were 0 (upper picture) and 20
: (lower picture) gA/cm?, respectively.
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Center frequency Center frequency
Current densities in in
(uA/cm?) power spectral densities spatial coherence
(Hz) (Hz)
0 219 £ 25 283 + 25
9.5 225 £ 13 275 £ 13
12.7 238 £ 25 288 + 38
19.1 269 + 13 300 £ 13
25.4 263 + 38 400 + 38
31.8 281 + 44 388 + 40

Table 1. Effect of outwardly flowing current upon center frequencies in power spectral densities of
potential fluctuation and in spatial coherence.

and 550 mM NaCl (Fig. 2). The number of the discrete current noise per sec (Fig. 6)
increased monotonically with time after the lag phase (usually for 3-6 minutes).
The discrete current noise did not disappear even during the firing state and its
number per sec seemed 1o be unchanged or a little less than the one observed just
before the firing (see Fig.2). Amplitude histograms were calculated from the
current records to estimate the size of the current pulses, as a function of time after
switching the solution (Fig. 6). The amplitudes were measured as the difference
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Fig. 6. Fluctuating currents before and after the axon was moistened with a 1:4 mixture of NSW

and 550 mM NaCl aqueous solution. Records (1)-(3) were taken for the axon moistened with

NSW, 2 and 7 min. after the onset of moistening the axon with the 1:4 mixture, respectively.

Upper records stand for amplitude histograms of the current noises, and lower records for
oscilloscope traces of the current.
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between the outward current peak and the neighbouring inward one, and the
frequency of occurrence at a given amplitude was counted when the amplitude
2xceeded 0.25 nA. Discrete current pulses are those with 0.5 and 1 nA in amplitude.
[t should be noted that the frequency of occurrence of the discrete pulses of 0.5 nA
was almost the same as the 1 nA pulses. The shape of the discrete current pulse was
biphasic (Fig. 7); that is, the current first flowed inwardly, and then outwardly. The

2nA

Fig. 7. Discrete current noises corresponding to the record (2) in Fig. 6 as magnified in
time-scale.

duration of the pulse was of the order of 0.5 msec. As the axon approached the
firing state, the number of discrete current pulses were overwhelming (see Fig. 2),
and the amplitude histogram became a continuous spectrum (Record (3) of Fig. 6).
Fig. 8 shows power spectral densities of voltage (three upper records) and current
(three lower records) noise, and the spatial coherence between the voltage and
current noises (three middle records), when the records (1), (2) and (3) were
detected 0, 2 and 7 min, respectively, after switching the external solution from
to the 1:4 mixture of NSW and 550 mM NaCl. Power spectral densities of current
noise showed broad spectra with center frequencies of 500-1,000 Hz. In this figure,
the separation distance between the electrodes of voltage and current noise was
1 cm. The spatial coherence between the voltage and current noise did not increase
as compared with the one between the voltage and voltage noise (the middle
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Fig. 8. Power spectral densities of potential (three upper records) and current (three lower records)

noises, and the spatial coherences between potential and current noises (separation distance 1 cm:

three middle records). The data (i)-(3) for the spectra and the coherences were recorded when the

axon was moistened with NSW 2 and 7 min after the onset of moistening the axon with a 1:4
mixture of NSW and 550 mM NaCl aqueous solution.
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Fig. 9. Dependence of the spatial coherence between the potential and current noises (separation
distance 4.5 mm) upon the peak power spectra of potential noise when the axon was moistened
with a 1:4 mixture of NSW and 550 mM NaCl aqueous solution.
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records of Fig. 8). Fig. 9 shows the relation between the spatial coherence and the
peak power spectral densities of voltage noise when the coherence was obtained for
the separation distance of 4.5 mm between voltage and current electrodes. The
coherence did not increase rapidly with the peak power spectral density as
compared with the dependence of the spatial coherence between voltage and
voltage noise upon the peak power density (Fig. 4). The spectral densities of current
noise are obtained as a convolution of the Fourier transformation of the shape of
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Fig. 10. The auto-correlation of pulse intervals of current noises after the real current noise record
was discriminated at different slice levels of 0.25 nA (the upper record), 0.5 nA (the middle record)
and 0.7 nA (the lower record), respectively.
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discrete current pulses (Fig. 7) and the Fourier transformation of the auto-
correlation of the discrete pulse intervals. To eliminate the contribution of the
shape of discrete current pulses from the power spectral densities, the current
record was processed by our computer-based photoelectron counting system [24] to
obtain the auto-correlation function of the pulse intervals after the real record was
clipped at different slice or discriminating levels of 0.25, 0.5 and 0.7 nA,
respectively (Fig. 10). It should be noted that the spectra are clearly different from
the single-exponential decay but discrete. It was found from Fig. 10 and other
similar data analyzed with different discriminating current levels that the discrete
spectra can be explained by assuming the four basic repetitive current pulses with
the repetition frequencies of 25.6, 32.6, 48.9 and 59.7 Hz. This means that the dis-
crete current pulses were spontaneously generated at constant rhythms of the above
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Fig. 11, Relative intensities of the basic frequencies in the repetitive discrete current noises,
obtained by the analysis of the auto-correlation data such as those in Fig. 10, as a function of
discriminating current levels.

frequencies. The relative intensities of the discrete spectra with 25.6, 32.6, 48.9 and
59.7 Hz were dependent on the discriminating current level (Fig. 11); the lower
repetition rate of regenerated current noise becomes overwhelming as the discrim-
inating current level is set at higher levels. This means that the frequency of spon-
taneous repetitive local currents becomes lower as the current amplitude becomes
bigger. The spontaneous repetitive current is not propagated as judged from the
shape of current in Fig. 6, since if the local current is of propagated type, first it
should flow outwardly, then inwardly as a result of local excitation and finally again
outwardly [6].
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4. Discussion

The voltage noise with the frequencies around 200 Hz was found to increase with
time (the state I) after the onset of switching the external solution from NSW to the
1:4 mixture of NSW and 550 mM NacCl, then to decrease for a while (the state II)
and finally to increase again rapidly (the state III) until the firing took place.
(Fig. 2). First, we discuss the characteristics of the calcium-induced transition by
classifying the transition region into these three states.

The characteristics of the calcium-induced transition

In the state I, the voltage noises increase monotonically with time, but spatial
coherence between the voltage noises was close to zero (see the record (1) in Fig. 4)
and the discrete current noise could not be observed (Fig. 2). These experimental
results show that there are no, or only small if any, collective interactions among
local excitatory sites in the state I of axons, as assumed by Hodgkin and Huxley
[42] for normal axons. The increase of the power spectrum density of voltage noise
with time is explained [12] simply by the phenomenological observation found by
Frankenhaeuser and Hodgkin [25] that reducing external calcium concentration by
a factor of 5 has the effect of shifting both sodium and potassium conductance-
voltage curves about 15 mV toward more negative potentials. In other words, the
probabilities that Na and K channels become open increase, even if the resting
membrane potential is kept almost constant, independent of the mixing ratio n [6],
with the reduction of external calcium concentration from using the mixture
solution of NSW and 550 mM NaCl. :

In the state I, the power spectrum density of voltage noise decreased with time
(Fig. 2) but the spatial coherence began to increase (see the record (2) of Fig. 3).
These results show that the voltage noises were suppressed as the local excitatory
sites started to interact. It has been established, experimentally and theoretically,
that electrical noises in resistively coupled oscillators are suppressed when the
coupling becomes stronger [26, 27]. The similar effect of fluctuation suppression
has been well known at the phase transition region when the state approaches the
critical point as the result of the stronger interactions as compared with thermal
agitation [27, 28]. The fact that the noise suppression takes place after a lag phase
(see Fig. 2) suggests that the interactions among the local excitatory sites might be
governed by some structures inside the axon [29-31]. The interactions may be
regulated with the internal calcium ion concentration [29], so that the interaction
develops after about 3-min lag since it takes 5-10 min for the internal calcium ion
concentration to reach another equilibrium after the external calcium concentration
is changed [32].

In the state 111, the voltage noise increases until the firing occurs and, at the same
time, the discrete current noise begins to be observed (see Fig. 2). The character-
istics of this state III are summarized, as follows: (i). the spatial coherence among
local excitatory sites rapidly increases and becomes complete all over the isolated
axon just before the firing takes place, judged from the voltage noise measurements
(see the record (3) in Fig. 3). Here it should be noted that the spatial coherence is
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maintained between the voltage and voltage fluctuations (Fig. 3), but not between
the voltage and current fluctuations (Figs. 8 and 9). This means that the membrane
impedance along the longitudinal axis of axon plays a large role in the spatial
coherence. (ii). With increase of the spatial coherence, discrete current noise pulses
of 0.5 and 1 nA in amplitude were observed (Fig. 6). The current amplitudes were
100-500 times bigger than those of single-channel currents recorded from mem-
brane of denervated frog muscle fibers [23], from tissue-cultured muscles [33, 34]
and from squid giant axon under voltage-clamp [35, 36]. Thus, the observed
discrete noise was not due to opening and closing of a single channel, but may be
due to simultaneous opening and closing of 100-500 channels coupled collectively:
This view is further supported by the following three experimental findings in this
report: The first is that, if opening of individual channels is statistically inde-
pendent, the probabilities of numbers of channels being open simultaneously would
follow a Poisson distribution as in the cases of refs. [23], [33] and [34]. But this is
not the case (see upper records (2) and (3) in Fig. 6). The second is that, the power
spectra should be lorentzian, in other words, the auto-correlation function should
be of the single-exponential decay, as expected from the underlying Poisson
random process [27]. But this is not the case either. The third is that, the discrete
current pulse shapes are biphasic (Fig. 7) and different from those observed in refs.
[23] and [25]-[28]. Judging from the shape, the discrete noise current can be con-
sidered to be local miniature excitation and is not propagated. As a result the
numbers and sizes of collectively-coupled channels increase with increase in the
spatial coherence, until and after the spontaneous repetitive firing of action
potentials takes place. (iii). The collectively-coupled excitatory sites excite by them-
selves in repetitive fashions with their respective frequencies (see Fig. 11). As the
state approaches the critical point of the calcium-induced transition, both the size
and number of the coupled non-linear oscillators increase (Fig. 6). As the size of the
coupled non-linear oscillator becomes bigger, its repetition frequencies seem to be
lower (Fig. 11).

All these experimental features suggest that: (1) our system considered here is
constituted of local, non-linear, self-sustained oscillators and the leaky capacitor of
the lipid in the membrane; (2) the oscillators distributed homogeneously over the
axon are interacting in some way. Thus, the current I across the membrane could be
expressed as
5) I= (Cﬂ +2V+Ly (coupled non-linear oscillators i,j)

d R’ NTJ |
; (3) the Q value of the respective oscillator at the resonance frequency around
200 Hz becomes higher as lower concentration of external calcium ions reduces the
membrane resistance at rest {25], and (4) the interaction among the oscillators
becomes stronger after a lag phase of time after the axon is bathed in the 1:4
mixture of NSW and 550 mM NaCl. The oscillators could be coupled not only
through the pair interaction between limit-cycle oscillators but also through
the electrostatic interaction driven by external current to which the leaky capacitor
responds [37], or through the diffusion-like interaction caused by the longitudinal
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flow of the current along the axon [38]. Our experiments have clarified the import-
ance of the pair interaction to induce megaloscopic limit-cycle in the axon. It can be
easily verified that the above equation (5) explains well the power spectrum
densities of membrane voltage fluctuations when the axon is immersed in the 1:4
mixture of NSW and 550 mM NaCl [4]. It should be noted here that the general
features of coupled non-linear oscillators were studied in detail quite recently
[39-41].

In general, long-range spatial cross-correlation was theoretically expected to
increase when a far-from-equitibrium system approached its bifurcation point [2].
In our system a critical point of the transition from the resting to the firing state
corresponds to the Hopf’s subcritical bifurcation point [12]. Therefore, from the
standpoint of non-equilibrium thermodynamics, the growth of spatial coherence as
the state approaches the critical transition point is a typical spatial feature of the
system far from equilibrium. In turn, these facts show that nervous activities are
ascribed to typical phenomena as observed in the non-equilibrium system.

In Hodgkin-Huxley terms [42] the characteristics described above make us

expect that the slope of the sodium permeability (Py,) curve along the potential
axis should increase when the axon is bathed in the 1:4 mixture of NSW and 550
mM NaCl. In this context it is interesting that Brismar [43] found a positive shift of
the Py, curve along the potential axis and, at the same time, an increase in the slope
of the Py, curve of myelinated nerve fibers of Xenopus laevis, by decreasing the
divalent cation concentration in the external medium. The positive shift of the Py,
curve was first found by Frankenhaeuser and Hodgkin [25] in squid giant axons.

The current-induced transition

Is normal production of action potentials, assisted by outward current, also
initiated when the spatial coherence exceeds a critical strength? The spatial
coherence increased linearly with externally applied outward current (Fig. 5). The
maximum applied current was 35 yA/cmz, which was equal to the rheobase of
35 uA/cm? {18]. Membrane potentials became more fluctuating with external
outward current (the inset of Fig. 5). This had been first discovered by Tasaki [44]
who recorded the data blocks 10 sec after the onset of the current with maximum
intensity 50 gA/cm? These experimental findings of the increase of spatial
coherence and of voltage fluctuations are consistent with our proposal concerning
the onset of normal excitation {6]. A clearer test on the proposal is left for the future
study. Most desirable is to record the data blocks immediately after the onset of the
external current by avoiding saturation effects upon a pre-amplifier (PAR
model 113).
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