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Abstract. We measured the non-lincar dynamics of
cardiac action potentials by varying the stimulation
frequency from 2 to 20 Hz and obtained the following
results: (i) When the fast Na™ current initiated the
action potentials (‘fast action potentials’) periodicity
was maintained, i.e. the pattern of action potentials
repeated after a finite number of stimuli. Chaotic se-
quences were absent. The transition from one se-
quence to the next occurred as a devil’s staircase.
(i) When, however, the slow Ca®™* current initiated the
action potentials (‘slow action potentials’), we ob-
served chaos, i.e. fully irregular behaviour, as well as
bifurcations. (iif) Our results confirm the supposition
that the global dynamics of cardiac cells can be well
described by simple one-dimensional maps which pre-
dict these two kinds of behaviour.
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Introduction

The contraction of cardiac myocytes is closely related
to temporal depolarizations of the cellular membrane
potential (‘electro-mechanical coupling’, Fabiato and
Fabiato 1979). Under normal physiological conditions
these action potentials are regularly generated, thus
guaranteeing an effective pumping of the heart muscle.
However, under pathological conditions irregularities
can occur, clinically known as arrhythmias. Besides
the ‘classical’ models for arrhythmias based on im-
pulse conduction in the tissue (for review see: Crane-
field and Witt 1979; Spear and Moore 1982), theoreti-
cal considerations suggest that such an arrhythmic
behaviour can already occur on the level of a single
isolated cardiocyte. The Beeler-Reuter equations,
which describe the ionic currents underlying the gen-
eration of action potentials (Beeler and Reuter 1977;
Noble 1986), are included in the theory of nonlinear
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oscillators (Bélair 1986), which predicts, under defined
conditions, irregular (chaotic) behaviour. In this re-
spect, Jensen et al. (1984) demonstrated in a computer
simulation that the Beeler-Reuter equations yielded
periodic as well as chaotic action potential responses,
depending on the input frequency of the sinusoidal
stimulation (for general aspects see also Guevara and
Glass 1982; Chay 1985; Glass et al. 1984). The occur-
rence of both periodicity and aperiodicity has also
been confirmed in some experimental studies on car-
diac preparations. For example, Glass et al. (1983)
analysed different arrhythmic electrocardiograms with
Wenckebach cycles and demonstrated that sponta-
neously beating heart cell aggregates responded with a
very similar behaviour when forced into a given stimu-
lation frequency (phase resetting, see also Guevara et al.
1981; Clay et al. 1984; Chay and Lee 1985). Irregular-
ities of the heart beat, observed under the so-called
‘sick sinus syndrome’, have also been assigned to the
theory of nonlinear oscillators (Goldberger et al. 1985;
West et al. 1985). It should be noted that these irregu-
lar, chaotic phenomena can be derived from determin-
istic nonlinear equations and are distinct from mem-
brane potential fluctuations caused by stochasticity of
single channels (see DeHaan and DeFelice 1978; Clay
et al. 1979). Since electrical phenomena of whole car-
diac cells are generated by a large number of channels,
they are effectively deterministic.

A complete description of the behaviour of a non-
linear system includes information on the transition
from regular periodic to irregular chaotic dynamics
when the input parameter, e.g. the stimulation fre-
quency, is continuously altered within a certain range.
So far, no such experimental studies on cardiac cells
have been carried out, although a prediction on the
possible transitions has been made using reduced one
dimensional models; ¢.g. the phase transition curves
introduced by Guevara et al. (1981, 1983). As outlined
by MacKay and Tresser (1986), two extreme cases can
be distinguished: (i) If the describing one dimensional
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function shows non-invertibility, the transitions occur
via bifurcations and chaotic states are expected. (i) If,
on the other hand, the describing function is invertible,
chaotic states are suppressed and a devil’s staircase
transition, i.c. inserted sequences of regular states of
higher complexity (see also Keener 1980; Matsumoto
et al. 1987; Rajasekar and Lakshmanan 1988), is ex-
pected.

In the present study, we measured the dynamic
behaviour of isolated ventricular cardiocytes when
stimulated at continuously increasing frequencies. Un-
der physiological conditions (54 mM K*) and using
short rectangular stimulation pulses we could not find
chaotic action potential sequences. The transitions be-
tween the different states occurred as a devil’s staircase
pattern. When, however, the fast Na™ current system
was blocked either by pharmacological (TTX) or by
electrical (high K*, Gaussian formed stimulation
pulses) tools, bifurcations as well as chaos could be
seen. The results suggest that cardiac systems have
ranges of stability and ranges of chaos and that Na*
action potentials are more stable than Ca’* action
potentials.

Methods

Single ventricular cardiocytes of adult guinea pigs
were prepared as described elsewhere (Isenberg and
Klockner, 1982 a; Hescheler et al. 1986). For the elec-
trophysiological experiments, the isolated cells were
transferred to a small test chamber and superfused
with Tyrode’s solution containing (in mM ): NaCl 112,
NaHCO, 24, KCl 54, Ca(l, 1.8, MgCl, 1.0, glucose
10 and HEPES 5 (bubbled with 95% O, and 5%
CO,, pH 74 at 36 °C). Electrophysiological measure-
ments were taken using the patch clamp technique in
the whole cell arrangement (see Hamill et al. 1981).
In short, the patch electrode, which had a resistance
of about 2 MOhm, when filled with a solution contain-
ing (in mM): K-aspartate 100, KCI 50, MgCl, 1.0,
HEPES 5, EGTA 0.1, Na,ATP 3.0 (pH 7.4 at 36°C),
was moved to the surface of the cell. By negative pres-
sure of about —20 cm H,0, a small patch of the mem-
brane was sucked into the opening of the pipette until
a GOhm seal was achieved. Increased suction disrupt-
ed the patch and a low resistance junction to the intra-
cellular space was achieved (whole cell configuration,
see Hamill et al. 1981). The membrane potential was
recorded under current clamp conditions (patch clamp
amplifier L/M-EPC 7, List Medical Electronic, Darm-
stadt, FRG). In 86 cardiocytes, the mean resting poten-
tial (& SD) amounted to — 82.5 4+ 7.3 mV. After stim-
ulation, they developed action potentials (see Fig. 2 A)
with durations of 250 + 65 ms. The plateau amplitude
measured 10 ms after the stimulus amounted to

334 + 5.1 mV (see also Isenberg and Klidckner 1982b),
The passive electrical properties of the cell membrane,
i.e. the capacitance and the input resistance were mea-
sured under voltage clamp conditions as already de-
scribed (Hescheler et al. 1986). Values obtained from
64 cells were 17.9 + 7.5 MOhm and 121.5 4 46.5 pF
for the input resistance and the capacitance, respec-
tively (measured at the resting potential). Thus, the
time constant of the membrane was in the order of
2ms. The stimulation pulses were generated by a
PDP 11/23 computer which was also used for on line
measurement and storage.

Experimental procedure
Stimulation of action potentials

Fast action potentials (Figs. 2 and 3) were stimulated
under normal Tyrode’s solution using short (1 ms du-
ration) rectangular current pulses. We adjusted the
amplitude of the stimulation pulses before every exper-
iment to a value slightly above the threshold for elici-
tation of an action potential (rheobase).

Slow action potentials (Figs. 4 and 5), whose up-
stroke is mainly carried by the slow Ca?* current,
were recorded under conditions where the fast Na*
current was reduced. For that purpose, we chose three
different experimental approaches:

() We blocked the Na* channels directly by 10 pM
TTX.

(if) We depolarized the resting potentials to — 60 mV
by increasing the external K™ concentration from
the physiological value of 5.4 mM to 10.8 mM.
Because of their voltage dependency, Na™ chan-
nels inactivate at this potential (Hille 1984).

(iii) Instead of short rectangular stimuli we used
pulses with a slow rate of rise. From previous
studies it is known that Na™ channels can only be
activated if the upstroke velocity of the depolariz-
ing stimulation pulse is faster than the activation
time constant (about 1 ms, Hille 1984). If a cell is
stimulated by slow pulses, the Na™ current is de-
pressed and Ca?”* current initiates slow action
potentials. In the present experiments we used
Gaussian shaped pulses (effective duration 30 ms,
amplitude adjusted to rheobase); similar effects
could be also obtained with sinusoidal or triangu-
lar stimuli. The computer simulation (using the
Beeler-Reuter formalism) of Fig. 1 elucidates the
dependency of the membrane potential as well as
of the ionic currents from the shape of the stimula-
tion pulse. Gaussian shaped pulses of various du-
ration were used. While the Ca?* current (lane ¢)
was almost unchanged, both the upstroke velocity
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Fig. 1 A~C. Electrical inactivation of the fast Na™ current sys-
tem by Gaussian formed stimulation pulses. The shape of the
action potentials (b) as well as of the Ca?® (c) and Na* (d)
current was computer-simulated using the Beeler-Reuter formal-
ism. Three different kinds of stimulation pulses (a) were assumed:
A fast rectangular shaped pulse (amplitude: 25 pA/cm?, dura-
tion: 1 ms); B and C Gaussian shaped pulses with amplitudes of
2.5 pAjem?; durations: 30 ms (B) and 60 ms (C). Smoothing of
the stimulation pulses caused an appreciably slower upstroke
velocity of the action potential, which was related to a decrease
of the Na™ current. The amplitude of the Ca?* current remained
unaffected. The numbers on the calibration bars in (a), (¢) and (d)
indicate pA/em?

of the action potentials (lane b) and the amplitude
of the Na™ current (lane d) decreased with pro-
longed stimuli.

Measurement of the ‘Feigenbaum’ diagrams

In contrast to previous experimental studies where ac-
tion potential sequences were measured only at fixed
stimulation frequencies (see e.g. Guevara et al. 1981),
we continuously varied this parameter in order to de-
termine the transitions between the different states. A
train of 6,000 stimuli was computer-generated with the
longest interval between two pulses being 500 ms
(2 Hz) and the shortest 50 ms (20 Hz). The stimulation
frequency was linearly varied by 3 mHz/pulse result-
ing in a duration of the whole experiment of 15 min. In
some experiments (see parts B of Figs.3 and 3), a
smaller range of frequencies (between 2 and 8 Hz) was
used. For the ‘Feigenbaum’ representations (Feigen-
baum 1978; Ott 1981; Eckmann 1981) of Figs. 3 and 5
we plotted the membrane potential amplitude, which
was measured with a delay of 10 ms after the maxi-
mum of the stimulation pulse, versus the actual fre-
quency.

Regularities in the electrical response were seen in
the Feigenbaum diagrams as a finite number of dis-
tinct levels of amplitude, ic. if i levels occurred, the
action potential pattern repeated after i stimuli. Con-
sequently, a cycle of action potentials will be called an
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i-cycle if { is the smallest number of stimuli after which
the membrane behaviour repeats. For a better descrip-
tion of the transitions, we used the term ‘rotation num-
ber’ which is derived from the theory of one dimen-
sional models (see e¢.g. Arnold 1983; MacKay and
Tresser 1986). Here, the rotation number will be de-
fined as the fraction of the number of fully activated
action potentials within a cycle divided by the length
of the cycle. If, for example, an i-cycle contains k fully
activated action potentials and (i — k) small responses,
the rotation number will be r = k:i (see also Matsu-
moto et al. 1986). The frequency range with cycles of
r=k:i is called a k:i-window. In contrast to these
regular windows, irregular or chaotic domains showed
infinite high values of i, i.e. no number of stimuli could
be given after which the action potential pattern re-
peats.

Results
Behaviour of fast action potentials

Cardiocytes were bathed in the standard Tyrode’s so-
lution and stimulated by 1 ms long rectangular current
pulses whose amplitude was adjusted to the rheobase.
When, under these conditions, the stimulation fre-
quency was varied, the cells responded with action
potential sequences which showed remarkable regu-
larities (see Fig.2). At low frequencies (below 4 Hz),
every stimulus excited one full action potential, i.e. the
membrane depolarized from — 80 to 30 mV (Fig. 2 A).
At frequencies around 7 Hz, one full action potential
was followed by one small response, the cycle
resembling Wenckebach arrhythmia with a rotation
number 1:2 (Fig. 2 B). It should be noted that the par-
tial potential responses cannot be considered as simple
capacitive stimulation artifacts since their durations
(about 30 ms) were much longer than it might be
expected from the relaxation time constant of the
membrane (about 2 ms, see Methods). Cycles with a
rotation number of 1:3 were observed around 8.5 Hz
(Fig. 2C), 1:4 around 11Hz, 1:5 around 13 Hz
(Fig. 2D) and so on. Maximal rotation numbers were
about 1:11 which occurred at frequencies around
20 Hz (Fig. 2F). At higher frequencies, the cells re-
mained in a depolarized state of about 20 mV (not
shown).

In some experiments we measured action poten-
tials before and after application of high frequency
stimulation trains. Since there was no obvious differ-
ence, it can be assumed that the electrical properties of
the cardiocytes were not altered during excitation at
different frequencies. In multicellular preparations it
was noted, that the resting potential depolarizes at
high stimulation frequencies; and this was attributed



Fig. 2A-F. Fast action potential sequences measured at differ-
ent stimulation frequencies. The cardiocytes was excited by
rectangular current pulses of 1 ms duration and an amplitude
adjusted to the rheobase. The stimulation frequency in traces
A-F amounted to 2.5, 7, 8.5, 13, 18 and 20 Hz, respectively.
Cycles with rotation numbers 1:1, 1:2, 1:3, 1:5, 1:7 and 1:11
can be seen

to the accumulation of K* in the extracellular space
(Attwell et al. 1981). However, we did not observe such
an effect in the present experiments (see Fig. 2), indi-
cating that accumulation plays no role in the isolated
cells. A possible depolarization of the resting potential
by accumulation of K* which may occur in tissue
results in a behaviour described for slow action poten-
tials (see below).

For determination of the transitions from one ac-
tion potential sequence to another, the stimulation fre-
quency was continuously varied between 2 and 20 Hz.
As shown in the measured Feigenbaum diagram
(Fig. 3A), defined windows with increasing rotation
numbers were obtained; 1:1-cycles were seen in the
fréequency range between 2 and 3.7 Hz, 1:2-cycles be-
tween 3.7 and 8.5 Hz, 1:3-cycles between 8.5 and
9.9 Hz, 1:4-cycles between 9.9 and 12.5 Hz and 1:5-
cycles between 12.5 and 14 Hz. At higher stimulation
frequencies, the resolution was no longer good enough
to-recognize cycles with higher rotation numbers. The
transitions from .one window to the next appeared to
be very fast, i.e. the action potential sequence with the
rotation number 1:i seemed to switch directly to the
1:(i +1)-cycle without interpolated action potential
patterns and no obvious chaotic sequences. However,
in some experiments where the cells were stimulated in

~U(mv)

f(Hz)

Fig. 3A and B. Feigenbaum plots of fast action potentials (mea-
sured under same conditions as described for Fig. 2). The ampli-
tude (U) was determined 10 ms after each stimulus (y-axis) and
plotted versus the stimulation frequency (f) (x-axis). A The fre-
quency was linearly decreased from 20 to 2 H. The whole train
consisted of 6,000 stimulation pulses. Windows with rotation
numbers 1:1 to 1:5 could be discriminated; at frequencies above
14 H the resolution got worse. The transitions between the win-
dows appeared to be fast. B In another experiment, the frequency
was varied from 8 to 2 Hz, resulting in an increased resolution
of the x-axis. The fast action potentials showed a devil’s stajrcase

a smaller frequency range (varying from 2 to 8 Hz), a
better resolution of the transition between cycles with
the rotation numbers 1:1 and 1:2 was obtained (see
Fig. 3 B). Between these two windows we observed new
windows of small width, but no chaos. These new
i-cycles had a more complex structure than the previ-
ous ones. Again i stimuli were needed to repeat the
pattern, but more than one of these i stimuli evoked a
full action potential response. In general, there were
k(1 < k <i) fully activated action potentials and (i — k)
small responses, i.e. the rotation number of this i-cycle
was r=k:i. The interlocking of the intervals in
Fig. 3B can now be described as a devil’s staircase:
between an i-cycle (r = k:i) and a j-cycle (r = m:j), a
(i + j-cycle {r =(k + m):(i +j)) is interpolated. For
example, between the 1-cycle (r = 1:1) and the 2-cycle
(r = 1:2), there is a 3-cycle (r = 2:3). Between the new
3-cycle (¥ = 2:3) and the 2-cycle (r =1:2), there is a
5-cycle (r = 3:5) and so on.



Qualitatively similar behaviour, i.e. suppression of
chaotic action potential sequences and occurrence of
devil’s staircase transitions, was observed in all cells
(n = 37) measured under conditions where fast action
potentials were triggered. However, the length and
location of the windows differed from cell to cell. Ob-
viously, this is connected with the fact that some
parameters of the cell (e.g. membrane capacity, input
resistance) varied from one experiment to the other
(for variability of action potentials see Methods).

Behaviour of slow action potentials

In another series of experiments the methodical proce-
dure was identical, except that conditions were used
where the Na™ current component was reduced (see
Experimental Procedure). The absence of the Na*
current yielded action potentials with slow upstroke
velocity of 5.8 + 2.3 V/s, (n1=159) compared to that of
fast action potentials (206+47 V/s, n = 32) (see also
Isenberg and Klockner 1982b). Under these condi-
tions, we again found at certain frequencies regular
action potential sequences which could be described as
i-cycles (r = 1:1), i.e. after i stimuli the action potential
pattern repeated (not shown). However, as a new fea-
ture, we found frequency ranges where the membrane
potential was fully irregular. Examples of such chaotic
sequences are given in Fig. 4, where slow action poten-
tials were obtained either by K+ depolarization of the
resting potential (part A), or by stimulation with Gaus-
sian shaped stimuli (part B; the stimuli had a duration
of 30 ms and an amplitude adjusted to the rheobase).
Similar results were also obtained when the Na* cur-
rent system was blocked by 10 uM TTX. The chaotic
responses are characterized by the fact that no i exists
after which the pattern repeats. As reported by Jensen
et al. (1984) for their computer simulation, we also
found a broad band noise in the power spectrum (not
shown) indicating the chaotic, irregular origin of the
experimentally observed action potential sequences.
Whether the irregular behaviour results from a nonlin-
ear dynamics or from a stochastic process can be de-
cided by the Kolmogorov entropy (K), which is a mea-
sure for the loss of information per time. A stochastic
process implies an infinite value of K, whereas K is
finite in the case of deterministic chaos (Grassberger
and Procaccia 1983; Wolf et al. 1985). From the
measured action potential sequence of Fig. 4B (n =
500 stimuli) we obtained K = 2 + 0.5 bits/s, indicating
the deterministic origin.

The behaviour of the slow action potentials can be
seen more accurately from the Feigenbaum plot. In
Fig. 5 A, the frequency of the Gaussian shaped stimuli
was varied from 2 Hz to 20 Hz, i.e. in the same range,
where the fast action potentials only responded with
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Fig. 4A and B. Chaotic behaviour of the membrane potential.
Slow action potentials were obtained either by K™ depolariza-
tion of the resting potential (A) or by Gaussian shaped stimula-
tion pulses with a duration of 30 ms (B). The amplitude of the
stimulation pulses (see lower parts) was adjusted to the rheobase
and the frequency amounted to 18 Hz in A and 11 Hz in B. The
irregular pattern is characterized by the fact that no number of
stimuli can be given after which the action potential pattern
repeats. Representative sections are shown. Analyzing longer
traces by Fourier transformation revealed a broad band noise

regular i-cycles. In contrast, for slow action potentials,
windows with increasing rotation numbers were inter-
polated by domains of chaotic sequences where no
distinct levels of membrane potential amplitude could
be recognized. A cycle with the rotation number 1:2
was seen in the frequency range between 3.7 and
6.8 Hz, 1:3-cycles between 10.7 and 13 Hz, 1:4-cycles
between 14.7 and 15.7 Hz and 1:5-cycles between 17.7
and 18.6 Hz. The chaotic bands occurred in the fre-
quency ranges 6.8 to 10.7 Hz, 13 to 14.7 Hz, 15.7 to
1771 Hz and 18.6 to 20 Hz. Again, at higher frequen-
cies, the membrane potential remained depolarized.
While the transition from regular i-cycles to chaos
seemed to be very fast in the experiment of Fig. 5A,
some other experiments, where we stimulated the cells
at a smaller frequency range, yielded a better resolu-
tion. Fig. 5B illustrates such an experiment with visi-
ble structure between cycles with the rotation numbers
1:2 and 1:3. In this experiment, an increased K* con-
centration depolarized the membrane potential to
—60mV. At a frequency of 5.7 Hz, the 1:2-cycle
turned into a 2:4-cycle, i.e. a bifurcation took place.
The next bifurcation (into a cycle with the rotation
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Fig. 5A and B. Feigenbaum plots of slow action potentials mea-
sured with the same experimental protocol as described for
Fig. 3, except that the Na* current was suppressed. In A, Gaus-
sitan shaped stimulation pulses were applied; In B, the Na*
current was electrically inactivated due to the depolarized rest-
ing potential (around — 60 mV). A The stimulation frequency
decreased from 20 to 2 Hz. Windows with rotation numbers 1:2,
1:3, 1:4 and 1:5 were interpolated by chaotic domains. The 4-
and 5-cycles are not well resolved because of superpositions. B
Higher resolution of the x-axis than in A. The frequency varied
from 9 to 2 Hz. Bifurcations, i.e. doublings of cycle number, were
observed. At 6.3 Hz, the cycles turned into chaos

number 4:8) was only very weakly developed, passing
over into the chaotic domain. From that chaos, the
1:3-window developed (at 8.5 Hz).

We observed bifurcations and chaotic domains in
all experiments under conditions favoring slow action
potentials (n = 33). But again, the results differed in
their quantitative behaviour, i.e. the exact length and
location of the 1:i-windows as well as of the chaotic
domains varied from one experiment to the other. Fur-
thermore, we observed hysteresis effects. In experi-
ments with the same cell, where we first increased the
frequency from 2 to 20 Hz and then decreased it again,
we obtained two Feigenbaum plots which differed in
the length of their chaotic regions (not shown).

Discussion

Although all investigated cardiocytes differed in their
quantitative responses, the present experimental pro-

tocol clearly allowed discrimination between two
qualitatively different modes of behaviour. In the pres-
ence of the fast Na™ current, which yielded fast (all or
nothing) action potentials, chaotic domains never oc-
curred and the transition from the i-cycle to the (i + 1)-
cycle occurred in a devil’s staircase pattern. In con-
trast, when the slower Ca?* inward current initiated
the action potentials, they were less exactly deter-
mined, and the cell responded at certain stimulation
frequencies with chaos, i.e. irregular fluctuations of the
membrane potential. The transition from the i-cycle to
the chaotic sequence occurred via bifurcations.

Therefore, it is suggested that the fast Na™ current
system causes suppression of irregular action potential
sequences and stabilizes a basal rhythmicity of the
cardiocyte. Such a mechanism is preferentially ex-
pected in the non-spontaneous, ventricular cardio-
cytes since they have — under physiological conditions
— a low resting potential (around — 80 mV) which al-
lows the activation of large Na* current during depo-
larization (Hille 1984). On the other hand, the chick
embryonic heart cell aggregates, which were used in
previous studies, are spontaneous cardiocytes with
resting potentials of around — 50 mV where the Na*
current is electrically inactivated (Colizza et al. 1983;
Glass et al. 1983). In line with our observations, Gue-
vara and coworkers (1981) described chaotic action
potential domains in these cardiac preparations.

Theoretical considerations already predict a dis-
tinguishable electrical behaviour in the presence or
absence of a fast current system. Reducing the multi-
dimensional describing Beeler-Reuter equations to
simple one dimensional models, phase transition
curves are obtained (see e.g. Guevara and Glass 1982;
Bélair 1986), where the membrane potential after the
stimulus n +1 (U, ) is expressed as a nonlinear func-
tion of U,, thus U,, ;= f (U,). The presence of the fast
Na* current system may cause an invertible (e.g. a
strictly monotone) phase transition function. On the
other hand, the absence of the Na™ current system
may be described by a non-invertible transition curve
(e.g. a function with a smooth extremum). If such one-
dimensional functions are examined using the known
results on circle maps, there are only two possible
patterns of behaviour, namely bifurcations/chaos or
devil’s staircase transition/suppression of chaos (see
Keener 1980; Arnold 1983; Bélair and Glass 1985;
MacKay and Tresser 1986). Thus, the present experi-
mental results support the view that one-dimensional
transition functions are sufficient to describe the
rhythmicity and arrhythmicity of the cardiac mem-
brane potential responses (see also Honerkamp 1983;
de Bruin et al. 1983; Strittmatter and Honerkamp
1984).

From a more general point of view, our results
obtained with cardiac cells may also have some im-



plications for the electrical activity of other excitable
cells, since the presence of both Na* and Ca** current
is ubiquitous. For instance, nerve cells may respond,
depending on their impult frequency and their resting
potential, with regular as well as with irregular outputs
(see e.g. Rapp etal. 1985; Babloyantz et al. 1985;
Haken 1985; Connor 1985; Matsumoto et al. 1987).
Holden (1982) and Holden et al. (1982) reported that
extracellular application of some chemical agonists
(e.g. tetra-ethylammonium) to a molluscen neuron
produced changes in the periodicity of discharges.
Such a processing of chemical or electrical information
might also be important in f-cells of the pancreas,
where, depending on the glucose concentration (and
therefore metabolic factors) chaotic or regular burst
patterns could be observed (Atwater etal. 1980;
Lebrun and Atwater 1985; see also Sherman et al.
1988).
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