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Abstract

Periodic and non-periodic responses of the membrane of squid giant axons to
sinusoidal current stimulation were studied during spontaneous repetitive
firing of action potentials. The periodic or non-periodic trains of action
potentials were analyzed with stroboscopic plots, one-dimensional transfer
functions and power spectrum analysis. These data processing techniques eluci-
dated the dynamical structure of the axon during repetitive firing. It was re-
confirmed that the state of spontaneous repetitive firing of action potentials
corresponds to that of a dissipative structure with a stable limit-cycle. The
oscillations exhibited by the axon during sinusoidal current stimulation were
classified into four categories: (1) entrained oscillations, (2) I/N entrained
oscillations, where N stands for an integer equal to or larger than 2, (3) quasi-
periodic oscillations and (4) chaotic oscillations.

1. Introduction

It has been demonstrated that dissipative structures are formed in nonlinear and
nonequilibrium systems of fluid dynamics, chemical reactions and nerve excitation
(Glansdorff and Prigogine, 1971; Nicolis and Prigogine, 1977, Haken, 1977,
Matsumoto, 1981; Aihara and Matsumoto, 1982; Matsumoto and Shimizu, 1983). A
dissipative structure shows remarkable temporal periodicity, or coherent time-order,
s0 that it can be represented by a nonlinear oscillator with an orbitally stable limit-
cycle. It is important to study the effect of periodic stimulation upon the nonlinear
oscillator in order to clarify the characteristics of the dissipative structure. Appli-
cation of the periodic stimulation to the oscillator brings about one more degree of
freedom to the system, putting the system further from equilibrium (Nicolis and
Prigogine, 1977). As a result, the periodic stimulation disturbs the periodic motion of
the nonlinear oscillator. Whether or not it behaves periodically is determined by the
frequency and the strength of the periodic stimulation and, at the same time, by the
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dynamic structure of the system. (Holden, 1976; Kai and Tomita, 1979; Matsumoto
et al., 1980; Guttman et al., 1980; Ueda and Akamatsu, 1981; Nagashima 1982;
Aihara et al., 1982, 1983). Thus, we can get valuable information about the dynamic
structure of the system by observing responses of the nonlinear oscillator to the
periodic stimulation.

Here we report periodic, quasiperiodic and chaotic responses of squid giant axons
to sinusoidal current stimulation during self-sustained oscillations of action
potentials (Huxley, 1959; Guttman, 1969). The state of the self-sustained oscillation
is in the spatio-temporally coherent order and can be understood as that of a typical
dissipative structure with an orbitally stable limit-cycle (Matsumoto, 1978, 1981,
Matsumoto and Shimizu, 1982; Matsumoto and Stiihmer, 1978; Aihara and Matsu-
moto, 1982; Matsumoto, Aihara and Utsunomiya, 1982). Thus, we can regard the
axon in the state of the self-sustained oscillation (the spontaneous repetitive firing) as
a nonlinear neural oscillator. This study aims at elucidating the dynamical structure
of the squid axon under repetitive firing by observing responses of membrane
potentials to periodic current stimulation.

2. Materials and Methods

Materials

Giant axons of squid (Doryteuthis bleekeri) were used. The squid were collected in
Sagami Bay, transported to the Electrotechnical Laboratory where the present experi-
ments were performed, and maintained in a small, circular and closed-system
aquarium tank (Matsumoto, 1976; Matsumoto and Shimada, 1980). It took 5 to 8
hours from the seashore to the Laboratory by truck. Although the aquarium system
allowed the squid to survive in the tank for over 40-60 days they were usually used up
within 2 weeks of delivery. Axon diameters were between 500 and 750 um. The
majority of the adherent tissues surrounding the axon was removed under a dissecting
microscope. The axon was then transferred to a Lucite chamber filled with natural sea
water (NSW; pH 8.2) for the physiological experiments described below.

Experimental methods

Intact axons were used. The external medium surrounding the axon was natural sea
water (NSW) or a 1:9 mixture of NSW and 550 mM NacCl to induce the spontaneous
repetitive firing of action potentials, the pH being adjusted to 8.2 with Tris.-HCl
(Huxley, 1959; Guttman, 1969; Matsumoto, 1981; Aihara and Matsumoto, 1982).
Membrane potentials were recorded through a pair of glass pipette Ag-AgCl
electrodes filled with 550 mM KCl. The internal potential electrode with its tip of
80 pm in outer diameter was inserted inside and parallel to the axon. To reduce the
electrode impedance, a platinum wire of 25 pm in diameter was inserted into the
glass pipette up to the tip (Hodgkin and Katz, 1949). The external potential electrode
was put in the external medium just outside the axon and faced the tip of the internal
potential electrode across the membrane. Sinusoidal currents for stimulation were
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applied through an internal platinized platinum wire electrode (current electrode),
50 pm in diameter and exposed for 5 mm length. The current electrode was inserted
into the axon with the internal potential electrode. The tip of the potential electrode
was placed at the center of the conducting portion of the current electrode. The axon
for the region where the conducting portion of the current electrode was located was
spatially clamped, so that no spatial variation of membrane potentials could take
place.

The sinusoidal current was superimposed on a d.c. bias current of 1.5 or 2.0 pA,
which is just equal to the amplitude of the sinusoidal current. Responses of
membrane potentials to the sinusoidal current stimulation were monitored on an
oscilloscope (Yokogawa-Hewlett Packard 180C) and, at the same time, recorded on
an FM tape recorder (Sony Magnescale Inc., type DFR-3415). The sinusoidal current
used for the stimulation was also recorded on the recorder. All the experiments were
carried out at room temperature (15-24°C).

Data Gathering and Processing

Analog data of the potential response and current stimulation, recorded at the same
time as described above, were digitally processed with a microcomputer system
(Sharp Inc., MZ 80B) after they were converted into digital data through a 12 bit A/D
converter with 8 usec in conversion time. Membrane potential record was sampled
each 10 psec and 3 subsequent data points were stored in the digital memory of the.
microcomputer system at each time-period T of current stimulation. The 3 digital
data points were obtained so that the second point was sampled when the stimulat-
ing sinusoidal current is just crossing on the superimposed d.c. level in the direction
from positive to negative values. From three subsequently-obtained values of mem-
brane potentials Vi(T) (i=1,2,3) for each period of time T, we got the average

membrane potential V(T) at time T, defined by V(T)= % (Vi(TY+2 V(T)+V3(T)),

dv(@) _ V(M — V()
dt 20 psec

thus obtained were displayed on an X-Y plotter (Watanaba Sokki Co. Ltd.,
WX4636R) in the following two ways; one was a set of (V(T), V(2T)), (V(2T),

and its time-differential gd(tl), defined by . The data

v3T), ... .. ., (V((N— 1)T), V(NT)), and the other was a set of (V(T), d\;(tr) )
vem, %), ..... , (V(NT), i"%), where N was an integer between 200
and 600. The former plot, V(KT)-V((K+ 1)T) where K=1,..... ,N—1, is a one-

dimensional transfer function or a kind of the Lorenz plot (Lorenz, 1963; Tomita and
Kai, 1979). The latter one is related to a kind of Poincaré mapping and is calied the
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stroboscopic plot (Minorsky, 1962; Kai and Tomita, 1979; Ueda and Akamatsu,
1981). It has been well known that both plots are useful to elucidate the dynamic
structure of the nonlinear oscillator.

Fourier Analysis

Power spectral densities of the oscillating membrane potentials were calculated by
a signal processor (Sanei Sokki, Co. Ltd., type 7T07A) and displayed on a CRT
display. Analog data of membrane potentials recorded on the FM tape recorder were
fed into the signal processor for the Fourier analysis after the data were filtered
through a band-pass filter to avoid aliasing (Matsumoto and Shimizu, 1983).

3. Results

Periodic and non-periodic responses of membrane potentials to the sinusoidal
current stimulation were observed in squid giant axons in the state of spontaneous
repetitive firing of action potentials. The responses were found to be classified, judged
from the stroboscopic and the Lorenz plots, into four classes; entrained, 1/N
entrained, quasi-periodic and chaotic oscillations.

Entrained Oscillation

~ When the frequency f; of the sinusoidal current stimulation is close to the natural
frequency f, of the spontaneous repetitive firing of action potentials, the firing
frequency changes to keep in tune with the stimulation frequency f;. It was reported

(Matsumoto ef al., 1980) that the frequency range, where the firing frequency was in

agreement with the stimulation frequency f;, increased monotonically with the
amplitude of sinusoidal current stimulation; the bigger the amplitude was, the wider
the range became. This was reconfirmed in the present experiment. For example,
Fig 1(a) shows that the spontaneous repetitive firing of action potentials with a
natural frequency of 228 Hz is entrained to repetitive firing with the frequency of
203 Hz when a sinusoidal current with a frequency of 203 Hz and a peak-to-peak
amplitude of 4 pA is applied. The complete entrainment is more clearly seen in
Fig. 1(b) (the stroboscopic plot), in Fig. 1(c) (the Lorenz plot) and in Fig. 1(d) (the
power spectral density): Both stroboscopic and Lorenz plots are composed of a single
point, which means that the forced firing frequency is completely entrained to the
frequency of the sinusoidal current. The power spectral density consists of several
discrete lines at the fundamental frequency (203 Hz) and its higher harmonics. A
relatively large power spectral density at the higher harmonics is characteristic of a
nonlinear oscillation.

In the case of detuning, that is, away from the ranges of the amplitude and the
frequency of the sinusoidal current to which the repetitive firing frequency is
entrained, the oscillations of action potentials become more complex, as described
below., .
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Fig. 1. Entrained Oscillation of the repetitive firing of action potentials when the sinusoidal current
with the frequency of 203 Hz and the peak-to-peak amplitude 4 A was applied externally to the
squid giant axon in the state of spontaneous repetitive firing with the natural repetitive frequency of
228 Hz. (a) The wave forms of the membrane potential (above) and the stimulating current (below).
Vertical bar stands for 20mV and 4 pA. Horizontal bar denotes 10msec. (b) The stroboscopic plot on
the membrane potential V and its time differential dV/dt. (c) The Lorenz plot on the membrane
potential. (d) The power spectra of the oscillating membrane potential. Ordinate: Power spectrum
density in an arbitrary scale. Abscissa: Frequency in linear scale. Full scale is 1 kHz.

1/N Entrained Oscillation

The next simplest oscillation of membrane potentials was found to be the 1/N
entrained oscillation in which the period of the forced oscillation was N times the
period of the sinusoidal current, where N stands for an integer equal to or larger
than 2. In other words, the repetitive firing frequency synchronizes to the 1/N sub-
harmonics of the stimulating frequency f;. An example for N =2 is shown in Fig. 2(a).
The corresponding stroboscopic plot, Lorenz plot and power spectral densities are
shown in Figs. 2(b)-(d). In this example, the natural frequency of spontaneous
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Fig. 2. The 1/2 entrained oscillation of the repetitive firing of action potentials (with the repetitive
frequency of 156 Hz) when the sinusoidal current with the frequency of 311 Hz and the peak-to-peak
amplitude of 3 pA was applied externally to the squid giant axon in the state of spontaneous
repetitive firing with the natural firing frequency of 136 Hz. (a) The wave forms of the membrane
potential (above) and the stimulating current (below). Vertical bar stands for 20mV and 4 pA.
Horizontal bar denotes 10msec. (b) The stroboscopic plot on the membrane potential V and its time
differential dV/dt. (c) The Lorenz plot on the membrane potential. (d) The power spectra of the
oscillating membrane potential. Ordinate: Power spectrum density in an arbitrary scale. Abscissa:
Frequency in linear scale. Full scale is 1 kHz.

repetitive firing was around 136 Hz. The repetitive firing frequency became 156 Hz
(Fig. 2(d)) when a sinusoidal current with a frequency of 311 Hz and a peak-to-peak
amplitude of 3 pA was applied. Occurrence of the 1/2 entrained oscillation was
clearly seen in the stroboscopic and Lorenz plots (Figs. 2(b) and (c)). The power
spectral densities consist of discrete lines at the fundamental frequency of 156 Hz and
at its harmonics (Fig. 2(d)).
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Quasi-Periodic Oscillation

The next simple oscillation of membrane potentials was found to be a quasi-
periodic oscillation of action potentials that has two fundamental frequencies which
are irrationally related (Moser, 1969, Sell, 1981; Ueda and Akamatsu, 1981; Zeeman,
1982). A typical example is shown in Fig. 3. As seen in Fig. 3(b), the stroboscopic plot
asymptoti'cally forms a closed curve. The closed curve given as a w-limiting set in
terms of the stroboscopic plot means that the forced neural oscillator has two funda-
mental frequencies which are irrationally related, as described above. This was
confirmed by examining the power spectra of Fig. 3(d), which consist of two funda-
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Fig. 3. Quasi-periodic oscillation of the repetitive firing of action potentials when the sinusoidal
current with the frequency of 60 Hz and the peak-to-peak amplitude of 4 g A was applied externally
1o the squid giant axon in the state of spontaneous repetitive firing with the natural frequency of
187 Hz. (a) The wave forms of the membrane potential (above) and the stimulating current (below).
Vertical bar stands for 20mV and 4 pA. Horizontal bar denotes 10msec. (b) The stroboscopic ploton
the membrane potential V and its time differential dV/dt. (c) The Lorenz plot on the membrane
potential. (d) The power spectra of the oscillating membrane potential. Ordinate: Power spectrum
density in an arbitrary scale. Abscissa: Frequency in linear scale. Full scale is 1 kHz.
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mental frequencies fi(= 185 Hz) and f,(= 59 Hz), and of their linear combinations
nf; +mf, (n,m: integers). In this example, the natural frequency f;, of spontaneous
repetitive firing was 185 Hz, and the sinusoidal current with a frequency f; of 60 Hz,
?nd F peak-to-peak amplitude of 4 A was applied externally. Note that fi=f, and
27 1s.

Another example of the quasi-periodic oscillation is shown in the Fig. 4. In this
example, the natural firing frequency f,, was 138 Hz, and the sinusoidal current with a
frequency f; of 450 Hz and a peak-to-peak amplitude of 3 pA was applied externally.
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Fig. 4. Quasi-periodic oscillation of the repetitive firing of action potentials when the sinusoidal
current with the frequency of 450 Hz and the peak-to-peak amplitude of 4 p A was applied externally
to the squid giant axon in the state of spontaneous repetitive firing with the natural firing frequency
of 138 Hz. (a) The wave forms of the membrane potential (above) and the stimulating current
(below). Vertical bar stands for 20mV and 4 pA. Horizontal bar denotes 10msec. (b) The
stroboscopic plot on the membrane potential V and its time differential dV/dt. (c) The Lorenz plot
on the membrane potential. (d) The power spectra of the oscillating membrane potential. Ordinate:
Power spectrum density in an arbitrary scale. Abscissa: Frequency in linear scale. Full scale
is 1 kHz.
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Since the frequency f; of the sinusoidal current stimulation was considerably high as
compared with the natural firing frequency f},, there are small peaks in the membrane
potential responding to peaks of the stimulating current between two adjacent action
potentials (Fig. 4(a)). The stroboscopic plot also asymptotically forms a closed curve
(Fig. 4(b)). The power spectrum analysis reveals that there are two fundamental
frequencies of fi(= 138 Hz) and f,( =450 Hz); in this case, it holds again that f;=f,
and f,=f,, However, action potentials with the frequency of f; are the major
component (see Fig. 4(a) and (d)).

Chaotic Oscillation

Complex non-periodic oscillations of membrane potentials were found in squid
giant axons under repetitive firing when the sinusoidal current with certain frequency
and amplitude was externally applied (Fig. 5). It was suggested that these oscillations
might be due to chaotic response of membrane potentials to the sinusoidal current
stimulation (Matsumoto et al., 1980). Exact nonlinear properties of these oscillations
were studied by making the stroboscopic and Lorenz plots in the present experiments.
A typical example is illustrated in Fig. 6. In this case, the sinusoidal current with a
frequency of 332 Hz and a peak-to-peak amplitude of 4 pA was externally applied to
the axon under repetitive firing with a natural frequency of about 228 Hz. The forced
repetitive firing of action potentials on the CRT display is shown in Fig. 5 with the
applied sinusoidal current. The stroboscopic plot of these complex oscillations shows
that there is a complicated attractor, which is given as a @-limiting set by the strobo-
scopic plot (Fig. 6(a)). This attractor evidently differs from other ordinary attractors
consisting of a point, N points and a closed curve, and is named a strange attractor
(Smale, 1967; Ruelle and Takens, 1971). In the Lorenz plot two curves with upward
peaks are superposed and appear asymptotically (Fig. 6(b)). The power spectrum
analysis reveals that there are two main components at frequencies of fi(=220 Hz)
and f(= 331 Hz), and that each component does not consist of a simple line but of a
band (Fig. 6(c)), which means that spectral broadening occurs (Fenstermacher et al.,
1979; Gollub and Benson, 1980; Vidal, 1981; Helleman, 1981; Ueda and Akamatsu,
1981; Zeeman, 1982). All these characteristics in the stroboscopic plot, the Lorenz
plot and the power spectrum analysis show that the complex oscillations of
membrane potentials as typically seen in Fig. 5 are chaotic.

4. Discussion

Various oscillatory behaviours of the membrane potentials in squid giant axons
during repetitive firing when the sinusoidal current was externally applied were
analysed in terms of the stroboscopic plot, the Lorenz plot and the power spectrum
analysis of the oscillatory membrane potentials. The behaviours were qualitatively
classified into the four classes according to the values of parameters (the frequency
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Fig. 6. Chaotic oscillation of the repetitive firing of action potentials in the squid giant axon under

the same conditions as in Fig. 5. (a) The stroboscopic plot on the membrane potential V and its time

differential dV/dt. (b) The Lorenz plot on the membrane potential. (c) The power spectra of the

oscillating membrane potential. Ordinate: Power spectrum density in a relative measure. Abscissa:
Frequency in linear scale. Full scale is 1 kHz,

(b)

and the amplitude) of the sinusoidal current: (1) entrained oscillations, (2) 1I/N
entrained oscillations, (3) quasi-periodic oscillations, and (4) chaotic oscillations.
The entrained and 1/N entrained oscillations behave periodically, corresponding to
harmonic and subharmonic synchronizations, respectively. The chaotic oscillation,

Fig. 5. The wave form of chaotic oscillation of the repetitive firing of action potentials when the obviously different from the quasi-periodic oscillation, was found to have the phen-

sinusoidal current with the frequency of 332 Hz and the peak-to-peak amplitude of 4 pA was applied

to the squid giant axon in the state of spontaneous repetitive firing with the natural frequency of omenological characteristics, as follows: (1) appearance of the strange attractor in the
228 Hz The upper and lower traces represent the membrane potential and the stimulating current, stroboscopic plot, (2) existence of curved lines with upward peaks in the Lorenz plot,
respectively. Vertical bar stands for 20mV and 4 pA. Horizontal bar denotes 10msec for (a) and and (3) the spectral broadening observed in the power spectra. These properties have

20msec for (b), respectively. been commonly observed in chaotic phenomena in fluid dynamic, electrical circuits,
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chemical reactions and so on (eg, Lorenz, 1963; Fenstermacher ez al., 1979; Gollub
and Benson, 1980; Ueda and Akamatsu, 1981; Vidal, 1982; Nagashima, 1982). The
power spectral densities for the chaotic oscillations in Figs. 5 and 6 have two major
bands with their respective peak frequencies fi(=220 Hz) and f,(= 331 Hz). Note
that the frequency ratio fi/f2 nearly equals 2/3. These characteristics that the rational
value of the ratio fj/f; and the frequency broadening in the power spectrum densities
have been also observed in a turbulent flow preceded by quasi-periodicity and phase
locking (Gollub and Benson, 1980; Zeeman, 1982).

The quasi-periodic and chaotic oscillations in Figs. 3-6 have remarkable aperio-
dicities and gradations in the action potentials. It was reported by Cole et al. (1970)
that the response of squid giant axons to a stimulating current is a continuous graded
function in a spatially-clamped condition. The fractional responses can easily be
demonstrated in the quasi-periodic and chaotic oscillations. Such complex oscill-
ations have been also found in many biological membranes such as quiescent mem-
branes of squid giant axons stimulated by sinusoidal currents (Guttman e al., 1980),
cardiac cells (Guevara et al., 1981), Molluscan neurons (Holden et al., 1982) and
Nitella internodal cells (Hayashi et al., 1983). Guttman er al. (1980) also reported that
the aperiodic oscillations in their modified Hodgkin-Huxley eqs. could be mostly
ascribed to the imposed noise. On the other hand, it has been well known that the

.unmodified noise-free Hodgkin-Huxley eqs. (Hodgkin and Huxley, 1952) can
describe not only various synchronized oscillations but also non-periodic oscillations
(Nemoto et al., 1975; Holden, 1976; Holden, 1980; Matsumoto et al., 1980; Guttman
et al., 1980). Recently, the non-periodic oscillations in the Hodgkin-Huxley egs. are
analysed by the stroboscopic and Lorenz plots (Aihara et al., 1982; Aihara et al.,
1983) and trajectories in in state spaces (Holden, a personal communication). It
remains for a future problem to examine the relationship between the non-periodic
oscillations experimentally observed under the existence of inevitable thermal noise
and the deterministic and non-periodic oscillations in the Hodgkin-Huxley eqs., but
the curves emerging asymptotically in the stroboscopic and Lorenz plots of Figs. 3, 4
and 6 scem to imply that the non-periodic oscillations obey macroscopic
dynamics.
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