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Spatiotemporal coding in an electrochemical oscillatory network
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A network consisting oN relaxation electrochemical oscillators, mutually coupled by all-to-all inhibitory
connections, can haviN-1)! coexisting out-of-phase states, each state being a permutation of a periodic
spiking sequence. The modification of the out-of-phase states by shots of laser pulse perturbations is shown. In
such networks the phase relation of the oscillators is stored as a coded pattern. The ability of the network to
function as a rewritable memory gN-1)! different spatiotemporal patterns is demonstrated experimentally
for N=4.
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[. INTRODUCTION selectively excited by applying seed signals; it is thus rewrit-
able[18].

Synchronization is a ubiquitous phenomenon in nervous A[po]ssible scheme of associative memory and pattern
systems. The ability of coupled neurons to synchronize igognition in neural systems is temporal coding which as-
believed to be one of the possible ways for accomplishingsumes that information is coded in the relative timing of
sophisticated actions such as cognition or associative memdiring pulses[22,23. In order to study neural properties
rization. A number of models have been proposed whiclbased on the temporal coding scheme it is imperative to con-
treat the concept of associative memory and cognition as sider each element of the network as capable of oscillating.
collective property of large interconnected neural networksBased on this fact, our main interest is in oscillatory electro-
[1-10. In many of these models a given set of patterns ichemical systems where one of the dynamical variatites
embedded in the synaptic interactions between the neurom®tential difference of the electrode/solution interface
with their plasticity so as to make these patterns dynamicallg@lectric in nature similar to the membrane potential of neural
stable. cells [24—-26. When firing electrochemical cells communi-

There have been several attempts to mimic the memorgate through the electrolytic solution the electrode/solution
function in both experiments and simulations. Coupled nonPotential difference might become more negative or more
linear homogeneous chemical reactions were among the fir§0Sitive due to coupling. The first case corresponds to the
chemical systems capable of performing coding and patterﬁepoIar|zat_|or(_exc_|tat_ory connectionand the second to the
recognition while in the bistabll1], excitable[12,13, or  YPerpolarization(inhibitory connection of a neural mem-
oscillatory statd 14—17. Coupled multimode lasefd8-2Q brane.

. . . In a previous work it was demonstrated experimentally,
and _Coupled Josephson !unqtlc[tﬁ’ﬂ] are als_o nonllne_ar dy for a network consisting of two electrochemical oscillators,
namical systems with this kind of properties, coming from

that the action of the connections can be tuned by changing

the field of optics and electronics. In this framework aiso, & r|ative position of the working, counter-, and point ref-
given set of spatiotemporal patterns replays as stored infor-

mation and is induced by external stimuli; however, the nete e electrodes under potentiostatic operdagh Analy-

work's connections mav not change. These networks caSiS of the model equations revealed that the coupling func-
y ge. flon consisted of two terms; one does not have any influence

function as a prepatterned memory that stores information_nan the coupling dynamics whereas the other can be treated as
the form of spatiotemporal patterns without any synaptic

plasticity. Such networks exhibit multiple attractor states,an instantaneous excitatory or inhibitory connec{iaiil. As

each of which stores the memory of a specific stimulus as a result, the excitatory and inhibitory connections induce in-

unique persistent pattern. In particular, coupled laser syste Shase and out-of-phase synchronization, respectively. In the

have the interesting feature that information is stored as pepresent work a network consisting 8f=4 bidirectionally

riodic pulse oscillatory sequences. Such states are periodic i’%ll-to-all inhibitory coupled electrochemical oscillators of re-
time: however, each oscillator is shifted byN of the period axation type is considered. Additionally, one or more of the

from its neighbor, whereN denotes the number of modes N oscillators are considered to be capable of receiving an

. SR . . external excitatory signal, thus being unidirectionally
(oscillators. This implies the simultaneous existence (bf coupled with the external stimulus in an excitatory manner

—1)! attractors in the phase space where each state can lf’lgig. 1. It is demonstrated experimentally that the network
has a potentially large capability of storing information in the
form of spatially and temporally patterned spiking se-

*Email address: sei@chem.saitama-u.ac.jp quences, which are expressed as specific phase relations be-
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FIG. 1. Schematic representation of a network consistinyl of g‘:;cetr‘;’;r “ ; <_S\tilge
=4 oscillators(gray circle$ connected through inhibitory connec- Z;’:crmilges <B» Reference
tions, together with an external mastevhite circle unidirection- Triginput | assembly—f—] (SCE)
ally coupled with one of the oscillators through an excitatory Delay
connection. Generator puls
| Pulse out + )_»
tween the oscillators. In order to explore the network’s cod- Gite ;‘tayz
ing ability an experimental setup is constructed in whith Lamp | | Q-Switch - £
. . . . " - ounter
electrochemical oscillators can be driven and monitored as ;;'55:' ;{ﬁe‘ 1.0M H,S0,
well as perturbed selectively. It is demonstrated that a per- E——— v
mutation of a spiking sequence can be selectively induced by |—F Laser Beam E
i i i i A=532nm
appl_ylng.ext.ernal excitatory perturbations in the form of la- S o, SC SR
ser illuminations. FWHM-~7ns
As an experimental tool the self-sustained current oscilla- beam diameter ¢7 mm

tions of relaxation type are utilized during Fe electrodissolu- FIG. 2. Schematic illustration of experimental set(@:Bottom

tion in H,S0, solution. The nonlinear dynamical properties view of the working electrode assembly consisting of four elec-

.Of electrochemical systems have been r_eviewed ex.tensivehlodes arranged in a square with sidesym long, and(b) illustra-
n th_e past[28], and more_recentli_29] with emphasis on tion and diagram of the electrochemical setup together with the
spatial coupling between different sites on electrode surfaceg, e, system.

On the other hand, detailed studies on coupled periodic elec-
trochemical oscillators were performed for the eleCtrOdissoaistance between electrodesand j was d;;. Prior to each
)"

IlrJ]tion (;)f ir_on [3:);3?’ cobalt[35—.3ﬂ, and nlickel[3ﬁ], and experiment, the electrodes were polished with a series of wet
the reduction of hydrogen peroxid@9,4d. Also a phenom- 5402000 grit silicon carbide sandpapers, then cleaned with
enological resemblance between electrophysiological anfjictilied water. and rinsed with ethanol.

electrochemica_l oscillators ha_s been suggested I_ong_ ado The electr()’de assembly was used as a working electrode
[41,42, and discussed also in more recent publication§, 5 standard three-electrode arrangement with respect to a
[43,44]. Based on this similarity it was recently reported thatg,iurated calomel reference electrd@€E) with a Haber-

th? dyqﬁlmmalhbeh?wor of cpu;l)led relaxa|t|c()jn eIIeCtrQChem'Luggin capillary. A schematic illustration of the experimental
cal oscillators has features similar to coupled relaxation neu§etup of the electrochemical cell together with the measuring
ral cells, from the dynamical point of viey24]. It is com-

| d that th hronization f f kand laser system is shown in Figh2 The tip of the capil-
monly accepted that the synchronization features of networ ry was located at a distanté&elow the plane of the assem-

of n_(ljlnllne_ar olfszlgatfrygﬁlls stronghly d_epe_nds ofn the typeko ly and as exactly as possible on the central axis of the
oscillator itself(45-48. Thus, synchronization of a network o ying assembly by using ary-z stage. The counterelec-

consisting Of. reIaxgtipn oscilla}tors is generglly arChivedtrode was a Cu ring wire parallel to the assembly’s surfaces
more rapldlly, €., V.V'th'n few o'scnllat(')ry cycles, in contrast to and at a distance of 6 cm. The potential was controlled by a
nonrelaxation oscillators. This f_|nd|ng, among others, wa otentiostat(Hokuto Denko, HA-15L The working elec-
found to be t_rue for electrochemical networks. I_n the Presentoges were connected to the potentiostat through individual
paper, we will also attempt to correlate the coding capability e jstors of 10) in order to measure the response of the elec-
with the relaxation character of the network. trodes independently. The potential drop on each resistor was
measured and stored by using a Memory Hicorder 8441 with
Il EXPERIMENTAL SETUP four channels analo_g units_894ﬁli0ki EE Co). The ex-
periments were carried out in &H,SO, diluted from con-
The configuration of an assembly consisting of four work-centrated sulfuric aci¢Wako Pure Chemical IndustriegAn
ing electrodes arranged in a square is shown in F{g). 2 additional description of the electrochemical cell arrange-
Each electrode of the assembly was made from pure Fe wirgsent can be found in a previous arti¢27].
(Nilaco Co., 99.5+% of 1 mm diameter. The electrodes A schematic block diagram of the laser system is also
were embedded in resin in such a way that reaction washown in Fig. 2b). In order to perturb the system, an elec-
taking place only at the end of the Fe wire. For each electrode was illuminated by frequency-doubled lighh
trode a cell number was assigned, i.e., 1, 2, 3, and 4. The532 nm from a neodymium-doped yttrium aluminum gar-
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net(Nd: YAG) laser(Spectra-Physics, GCR-1p0rhe pulse @ TTT 1-'(b)' LA
duration was 7 ns full width at half maximutRWHM). The T
energy of each pulse was about 15-65 mJxmulse?®. The 3 ~ o3 ]
laser was externally driven by a pulse generdi®t12A E % oF .
Pulse Generator, HPgenerating both a lamp trigger pulse 2 05k ]
and aQ-switch trigger pulse with frequency 20 Hz. The |
Q-switch trigger pulse transmitted a gate during a specific A1k g M.
time interval that was controlled by using a delay generato ¢ 5 10 15 20 25 30 105 0 05 1
(DG535, Stanford Research Systertrggered by the poten- «s) Re(z;)
tial response of the electrode with any desired delay, wheree ————————T
a flash lamp burned with frequency 20 Hz continuously. 4 « Ir@ ]
Thus, a giant pulse laser was illuminated at desired timing ost .
with 25 ms resolution. The laser spot was located on the 3 Sy ol ]
selected electrode as exactly as possible by using-gpn © 5 J
stage. The location of the beam spot was confirmed by usin 05 1
a charge-coupled device camera with long-pulse mode an 1 a1k ]
by monitoring the current response. o 5 10 15 20 25 30 s 0 o5 1
(s) Re(Z)
Il RESULTS
. «® 1o =]
A. Coupled behavior of the network 1
A system consisting of only one working electrode exhib-_ 3 & 03 .
its periodic oscillations of relaxation type within an applied S g or ]
potential window extending fronv=245 to 285 mV. The 2 05 .
relaxation limit cycle consists of two main states: a silent Pz ]
state while the electrode is covered by an oxide layer and th L L L L J) IS S S S
current flowing through the cell is small and an active state 2 4 ) 6 8 10 1 'O'SRC?Z)O'S !

while the electrode surface is almost oxide-free and a finite
current flows. ForvVz290 mV the system lies in a silent  r15 3 synchronization of four oscillatorsi=4. (a) In-phase

steady state whereas faf<<245 mV the system lies in an gynchronization andb) phase differences in the complex plane for

active steady state. =10 mm andV=275 mV. (c) Partial synchronization, andd)
Under the assumption that the phase of the Observablﬂjase differences in the complex plane forO mm and V

coincides with the phase of the oscillator, it is rather trivial to=275 mv. (e) Out-of-phase synchronization artf) phase differ-
define a phase for a single uncoupled oscillator. Thus, thences in the complex plane foF0 mm andV=262 mV. In all
value 6(t)=0 is attributed to the maximum of the relaxation casesd; ;,;=5 mm andd; ;,,=7 mm.

spike and a phase value is assigned to each point of the

observable according to the equation relaxation spikes taking place at timef’, k=1,2,...,
h=0 & i=1,2,...,N, are assigned to the phase vaIWg(q(k>):O and
’ for any arbitrary instant of time in the intervé(*,t**?) the
where() is the frequency of the oscillator atis defined in  phase is determined as a linear interpolation between these
the interval from O to 1. Thus, while the observable performsyalues,
a full cycle, the phaseé(t)=[ (0)+Qt] (mod 1) makes a full
rotation around the unit circle with constant speed. t -t

In the case of an assembly of two oscillators, the system 6= kD) (o (mod 3. (2)
response depends on bdtandd,,, as described in a previ- ! '
ous publicatior{27]; the two electrochemical oscillators can The other alternative would be to construct a complex pro-
be tuned to be either excitatory or inhibitory by changing thecess from the scalar time series, by implementing the Hilbert
relative position of working and point reference electrodles, transform[49], a procedure not implemented in the present
and this change of the electrodes’ action induces stable iRygrk.
phase or out-of-phase synchronized states, respectively. | et ys consider a network consisting bf=4 cells ar-
Analogously, the action of the connections between the eleqanged in a square with sideésmm long in which the oscil-
trOdeS can be tuned even |f the number Of Ce||S eXtendS t%tors are Coup|ed in nonlocal manner, i_e_’ the Coup“ng is
more than two. _ ~ both next and next-next neighbor. For fixddaind large val-

In the case of more than one coupled oscillator, it mightyes of|, where both next and next-next oscillators commu-
not be possible to define the phase according to(Besince  pjcate in an excitatory manner, all four oscillators synchro-
the instantaneous frequenéymight differ from (). For this  nize in phase for any initial conditions tested experimentally.
purpose, the phase of théh oscillator is determined by A representative example of all in-phase synchronization can
the method of “marker events49]; the maxima of the be seen in Fig. @ for d=5 mm,|=10 mm, andV
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=275 mV. Here, the binary representation depicts the silent 1 T T T
and active states as white and black regions, respectively. 08 L . w.-.
Thus, when one electrode is firing the others are excited | N
almost instantly and the phase difference between the oscil- % O'G.WMAMA“A ‘o 4
lators is almost zero. 04 r AM‘;

The phase relation between the cells can be described by 0.2 400000 o
the phase difference— 6;. Clearly, all phase differences are . . .
not independent; thus we arbitrarily considgri=1,...,N, 0250 260 270 280
as V(mV)

i) =[6:(t) = 6,0)] (mod 1), (3) FIG. 4. Plot of phase differencgs(t) versus applied potenti®

under inhibitory connections for four oscillators during cathodic
where all other phase differences can be generated as coiftential sweepy;, i=1,2,3, correspond to the open circle, open
binations ofy;, i=1,...,N. Since the unit circle is regarded Wiangle, and solid circle, respectively. Scan rate 0.2 m\@{s,
as{e?™?| g R}, where @ is a coordinate modulo 1, botj =5 mm, and =0 mm.
andy; can be represented in the complex plane with coordi-
nates R&)=cog2=6) and In(Z)=sin(276,) (similarly for  significantly different from the range for a single oscillator.
Xi)- As can be seen in Fig(88), the phase differences of the This experimental observation indicates that the dynamical
oscillators are almost zerg;(t)=0, in accordance with the properties of the oscillators are not strongly affected by the
results presented in Fig(a. presence of the coupling. The oscillations star=290 mV;

For fixedd and smalll, where both next and next-next however, near the bifurcation point at which a transition
neighbors communicate in an inhibitory manner, the four osfrom the silent steady state to a limit cycle occurs, oscilla-
cillators never synchronize in phase. On the contrary, théions are not periodic; their apparent period is very large and
overall response of the network consists of a spiking sethe firing sequence might change. The firing sequence is pre-
quence which is always preserved during the course of me&erved as long as cells oscillate periodically within a wide
surement. For large applied potentiglthe phase difference range ofV, i.e., from 255 to 280 mV. For large values 6f
is not constant, a phenomenon that might have a nonlineayhile keeping other parameters fixeg(t) is fluctuating, as
dynamical origin or simply be caused by experimental im-in the case of Fig. @l).
perfections. An example of this kind of partial synchroniza- On the other hand, for small values 9f the phase dif-
tion can be seen in Fig.(® for d=5 mm,|=0 mm, andv  ferences remain fixed, as in Figf8 The corresponding re-
=275 mV. All cells oscillate with a phase difference, sponse ofx;(t) for N=4 can be seen clearly in Fig. 4. The
whereasy;(t) is slowly fluctuating in time. The fluctuation of typical value at which a transition from partial synchroniza-
the phase differences can be seen more profoundly in Figion to out-of-phase synchrony occurs is around 265 mV.
3(d) wherey;(t) tends to fill the unit circle. It must be noted Near the bifurcation point from the limit cycle to the active
that even thoughy;(t) is varying in time, it is nevertheless steady state, also the firing sequence might change. However,
bounded(the Sp|k|ng sequence is preseryemere is thus it must be noticed that over a wide pOtential range extending
some kind of coherence in the system. from 255 to 265 mV the out-of-phase synchronized state is

For smaller values 0¥, at which the silent state becomes Stable since such a state of constgft) has a duration of
less dominant, a cell is a periodic oscillator with a commonseveral hundreds of oscillatory cycles.
period T, but each oscillator is delayed by almdstN from In-phase synchronization corresponds to a state in which
its neighbor. Thusy;(t) are fixed during the course of the all oscillators fire almost simultaneously; thus only one firing
measurement and the network is Synchronized out of phasé_equence exists. However, under |nh|b|t0ry connections there
Arepresentative example of the spatiotemporal response dutr®(N—1)! out-of-phase states that are distinct. Each of these
ing out-of-phase synchrony is presented in Fi¢e)3or d  states corresponds to a circular permutation of a firing se-
=5 mm,|=0 mm, andV=262 mV. As can be seen, the cells quence, i.e.,
are synchronized _and a spiking sequence is preserved in s,=1{...123412341234.},
time. The phase differences are presented in Kig.\v@here
x1=0.5, x»,=0.75, andy;=0.25 (obviously, due to the defi-
nition of the phase differencg,=0).

Since we are interested in the out-of-phase synchronized
state, the transition from partial synchronization to complete
synchrony by varying/ should be further explored. The de-
pendence ofy;(t) on V can be seen more clearly if the ap-
plied potential is slowly swept toward decreasing values
while the network is partially synchronized. A representative
graph showing the time course gf(t) for i=1,2,3 during a _
cathodic potential sweefdecrease ol from high to low S5={...143214321432.}. )
valueg is presented in Fig. 4. The range of applied potentialin the following, cell 1 is arbitrarily assumed to be the first
at which current oscillations are observed fdr4 is not firing cell in the sequence; hence the repeating patterns cor-

s,={...142314231423.},
s3={...134213421342.},
s,=1...124312431243.},

ss={...132413241324.},
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TABLE |. Patterns corresponding to six firing sequences of a 0 e
four-oscillator network. @
0.01 | -
Sequence Pattern Phase differefigge x», x3, xa) '::, 002k ]
s {1234 (0.75, 0.5, 0.25, D 0.03
S, {1423 (0.25, 0.75, 0.5, D
S {1342 (0.5, 0.75, 0.25, D 0
Sy {1243 (0.5, 0.25,0.75, 0 -0.01
S5 {1324 (0.75, 0.25, 0.5, 0 S 002
Ss {1432 (0.25, 0.5, 0.75, 0 o
-0.03
responding to all six firing sequences for a network of four 0
oscillators are those presented in Table |, together with the
corresponding phase differences. All other patterns are - oot
equivalent to those shown in this table.g., sequences 2 002
{2341 and{1234 both correspond ts, since the phase dif- =
ferences are the samdhus, the result presented in Fidf)3 -0.03
corresponds to the patte{i342. Since each pattern corre-

sponds to only one sequence, the two terms will be used
without distinction for the rest of the paper. Experimental
evidence shows that the firing sequence during stable out-of- FIG. 5. Effect of a single laser perturbation on an isolated os-

phase synchrony depends only on initial conditions or extergjjjator. Time is normalized with respect to the autonomous period
nal perturbations. All4~-1)! =6 firing sequences coexist for 1 (5 For a perturbation within the refractory regicv 0.3, a spike

a network whereN=4 and were observed by repeating theis induced but there is no increase of the peride=0. (b) For a
experiments under the same parameter values but differeperturbation within the excitable regioA=0.57, a spike is induced
initial conditions. On the other hand, a small perturbationand the period is increase7=0.16 and(c) #=0.85,A7=0.72.

was able to alter the firing sequence; for example, when the

network was synchronized out of phase, the firing sequencge response of the cell is mainly determined by this time
was changing by simply stirring the solution for several secinsiant. Above a critical value of pulse energy, no significant

onds. difference is observed in consistency with earlier wiBg].
The typical threshold energy is 15-35 mJ@émpulse?. Ex-
B. Permutation of the spike train by laser perturbations perimental evidence suggests that within an oscillatory cycle,
two regions exist: a refractory and an excitable region.

In the present section, the response of the network undejithin the refractory region small sharp current peaks are
external perturbations is studied in a more systematic way by,quced and the period of the cycle remains more or less
utilizing a pulse laser beam. Since the iron oxide film haspaffected. If the laser pulse is applied while in the excitable
n-type semiconducting propertl_es a photocreated hole in th?egion, a large peak of almost the same amplitude to the
valence band destroys the lattice of the filB0] and thus  3t0nomous peak is induced and the period of the autono-
eliminates the silent state. The elimination of the silent statg,g s cycle is increased kyt, within the cycle in which the
corresponds. to'a decrease pf the double layer potential a"lﬁerturbation is applied. Thus, the main effect of the pertur-
thus to excitation. The action of the laser beam can bgation is to delay the oscillator and this delay is determined

viewed also as unidirectional excitatory coupling between g, the phase of the perturbed oscillation at the instann
slave(the electrochemical oscillatoand a maste(the laser example of the effect of perturbation for a single cell is

sourcg. The use of a laser beam allows us to introduce eXshown in Fig. 5. As can be seen in this figure, when the
ternal perturbations into the network in a systematic waypertyrbation is applied while the phase of the oscillator is
A[so the timing of such pulse Ia§er beams can be controlledy 5 5 sharp spike is induced but the period of the per-
with good accuracy; thus a desired cell can be perturbed f;rheq cycle remains unaffected and a phase shift is not ob-
specific time instants. Additionally, the laser impact is Notserved[Fig. 5a) for #=0.3]. On the other hand, when the
expected to have any effect on other parameters of the SYphase is largefe.g., #=0.57 and 0.85 in Figs.(B) and 50)]
tem. ) i . . the perturbation induces a large spike, the period is increased
The response of single iron electrochemical oscnlatorsby A7=0.16 and 0.72, respectively, and the oscillator is de-

under laser perturbation has been investigated to some extqgled. The new phase after a single perturbation is given by
in the past[51,52. As a first step, let us consider the re-

sponse of a single cell under laser perturbations in the d(0)=60-Ar76) (mod D), (5)
present experimental conditions. As before, the instant of

autonomous activation is considered as the reference eventhered is given by either Eq(l) or (2). The dependence of
t=0. Alaser pulse is perturbing the cell at the time instgnt A7 on ¢ can be seen in Fig. 6. When the laser pulse is

L]
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1 T T

preserved under the influence of perturbations, even though
the perturbation induces a phase shift. Zone 1 corresponds to
0.75 f==========mmm————m- those values of for which y, <A7<y; and perturbation on

cell i causes this cell to advance over the next cell. Zone 2

05 F--mmmmeee o corresponds t@ values for whichy, <Ar< y, and perturba-
At tion on celli causes this cell to advance over the two next
025 bomcm oo cells. Zone 3 presents nothing new, since advancing over all

the following cells leads to the same firing sequence due to
symmetry. Finally, zone 4 corresponds to those value8 of
for which a phase shift is not observéefractory region

If we assume that for zanl a mappingry(s) exists due
6 to the action of a perturbation on a single éethe following

transitions are expected:
FIG. 6. Dependence df7on 6. Zones 1, 2, and 3 correspond to

the advance of the perturbed cell over one, two, and three cells,
respectively. Zone 0 corresponds to no advance and zone 4 to the
refractory region.

ol LT ———

a1 a1 a1

S1—=$H =SSy,

0'1 0'1 0'1
S4—Ss—S5—Ss, zone 1. (7)
illuminating under a critical phase valdm this case around
0=0.5, At is approximately equal to 0, whereas above t >
critical value of phaseAr monotonically increases on in- transitions are
creasingé. In this graph, the regio®=0.5 is fitted by a oy 03 03
linear function for convenience, even though the relation S1—= =SSy,
might be nonlinear.

The response of a network consisting of more than one
cell under single perturbation can be predicted to some ex-
tent by the above relation. Hence, the following sequence 0By comparing Egs.(7) and (8) it can be observed that
events is expected to occui) The cells oscillate out of  ,(s)=0y(04(s))=0%(s). It must be noticed also that the
phase and the advance of celbver cellj corresponds to a ajtering of firing sequences is expected to occur rapidly
phase shift equal ta;—x;=0.25. (b) At a specific time in-  (within a few cycle$ due to the relaxation character of the
stant celli is perturbed. As a result its period within the gscillators.
perturbed cycle is extended by an amonnté). (c) Due to In Fig. 7(a) an example is presented for a perturbation
the extension of the period, cells delayed according to Eq. applied within zone 0. As can be seen, initially the sequence
(5). (d) Cell i fires an autonomous delayed spike. A newis s, corresponding to the pattefi243. At 6=0.89 a per-
phase relation is determined between the cells, depending aorbation is applied and as a result a large spike is induced
#i(6). (e) Due to inhibition, all cells arrange their phase in (dashed region Nevertheless, the firing sequence is not al-
order to preserve the 0.25 phase shift. This arrangement ogered since for this value of the time delay corresponds to
curs rapidly due to the relaxation character of the oscilla-Ar>0.75 (see Fig. 6. This is in contrast to the result pre-
tions. sented in Fig. ) where the perturbation is applied &t

Let us consider a network synchronized out of phase=0.8. In this case, the initial pattern {$324, that is, the
where the firing sequence {&Im} with phase differences sequence iss. By inspecting Fig. 6 it can be seen that this
xi=0.75,x=0.5, x,=0.25, andy,,=0. By using Egs.(3)  value of # belongs to zone 1 and according to EH{),
and (5), the phase difference after a single perturbation oru;(ss)=s;. This is indeed the case, since the resulting pattern
cell i will be is {1432. Finally, an example of a perturbation causing the

% =x—Ar (mod 6) advance over two cells is presented in Fic)7In this case
Xi=Ximar : 6=0.71 and thus belongs to zone 2. Initially the sequence is
Equation(6) indicates the following. ss (pattern{1324). According to Eq.(8), o,(s5)=S4. Indeed,
(@ If 0.75<A7<1 theny;<Xi<xm Celli fires ade- once the perturbation is applied the resulting sequence is
layed autonomous spike aften and beforek. The phase {1243.

hell @ similar manner ifo,(s;) corresponds to zone 2, then the

a2 a2 a2

S4—Sg—S5—Sy,  zone 2. (8)

relation is preserved. Let us explore further the response of the network for a

(b) If 0.5<A7<0.75 theny,,<Y;<x;. Celli fires a  perturbation belonging to zone 1. For smhlnd smallV
delayed autonomous spike afteaind beforem. Hence, celi within the oscillatory region the network is synchronized out
is advancing ovem. of phase and the time delay between the cellE/id. Under

(0) If 0.25<A7<0.5 theny;<Xi<xw Celli fires a these conditions a network consisting of four oscillators has
delayed autonomous spike afteand beford. Hence, celi (4-1)! stable states, manifested as a permutation of a spik-
is advancing over botim andl. ing sequence. The spiking sequence depends only on the

Hence, according to the above, the graph of Fig. 6 can baitial conditions and external perturbations. A laser pulse
divided into several distinct zones. Zone 0 corresponds tdlumination perturbing only a specific cell at a specific time
phase value® for which A7> y; and the firing sequence is instant can modify the permutation of the spiking sequence if
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FIG. 8. Sequential transitions to different firing sequences under
the influence of repeated single laser perturbations on celltl at
=18.9, 48.9, 78.9, and 108.9(s) Initial sequences; corresponding
to a pattern{1432, (b) transition o1(Sg) =S4, (C) transition o(s,)
=ss, (d) transitiono(ss) =sg, () transition oy(sg) =S4, and(f) cor-
responding time evolution of; wherei=1,2,3 correspond to the
tRJ", dashed, and dotted curves, respectively.

FIG. 7. (a) Zone 0: Perturbation on the sequerse(pattern
{1243) at #=0.89; the sequence is preservéy.Zone 1: Perturba-
tion on s; at #=0.8 and resulting sequensg the pattern{1324
transforms td1432. (c) Zone 2: Perturbation on the sequesseat
0=0.71 and resulting sequensg the pattern{1324 transforms to
{1243. The dashed region corresponds to an induced spike due
the laser pulse, shown at the bottom of each graph.

it is applied within the excitable region of the oscillatory =S4 i observed and the firing pattern beconfie843 [Fig.

cycle and within zones 1 and 2. In the specific case of zon8(€)], which is the same as the one presented in Fig).8

1, the spiking sequence can be altered by a series of pertuthe overall variation of the phase differenggsn the course
bations within different oscillatory cycles as shown in Fig. 8.0f time under the influence of single perturbations of cell 1 at

A graph showing the initial sequensg corresponding to the t=18.9, 48.9, 78.9, and 108.9 s can be seen also in Fig. 8
pattern{1432, is presented in Fig.(&. Whent=18.9s a Apparently, in Fig. 8 only three different firing sequences
perturbation is applied to cell 1 while its phase&)is0.78. As  are present in accordance with E@). Apparently, transi-

a result the transitiowr,(sz) =s, is observed and the pattern tions between al[N-1)!=6 states require multiple pertur-
transforms td1243 [Fig. 8b)]. As the network continues to bations on at least two different cells. However, it can be
oscillate with this firing sequence, a perturbation is applied astated that a permutation of the firing sequence can be in-
t=48.9 s while the phase of cell 1 #=0.79. Due to the duced selectively by applying laser perturbations on the ap-
perturbation the transitiomr;(s,) =ss takes place and the re- propriate cells. In this network, a given set of synchroniza-
sulting sequence, presented in Fi¢c)8is {1324. From this  tion modes coexistdifferent firing sequencgsvhich can be

time on, the system fires with this time sequence until an€onsidered as coded sequences of prestored symbols. The
other perturbation is applied &:78.9 s while the phase of sequences can be induced by external inputs and thus the
cell 1 is 6=0.77. The perturbation induces a transition network functions as a memory of those prestored patterns.
o1(ss)=sg and the patter§1432 is introduced as shown in
Fig. 8(d). This sequence is exactly the same as the initial one,
Fig. 8@). Finally, when a perturbation is applied to cell 1 at  Pioneering work on coupled bistable or oscillatory chemi-
t=108.9 s, when the phase #=0.79, the transitionr;(sg) cal reactiond11,14-17 revealed that indeed such systems

IV. DISCUSSION
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have the ability to mimic coding and memory functions. InN=4 the range of applied potential at which out-of-phase
the present paper, each element of the electrochemical netynchrony is observed is not very different from the range at
work is an oscillator instead of a bistable element in order tavhich periodic relaxation oscillations are observed. Addi-
satisfy the conditions of the temporal coding hypothesis actionally, out-of-phase synchrony within the oscillatory re-
cording to which information is coded in the relative timing gime is the only observable stable state for the present sys-
of firing pulses. Moreover, in a network of electrochemicaltem. The ability to observe sustain oscillations under
oscillators one of the dynamical variables is the electric pocoupling is also known to be an additional synchronization
tential of the electrode/solution interface, in analogy to theadvantage for relaxation oscillatd45]. In spite of the tech-
membrane potential of neural cells. This is in contrast tonical difficulties, it is intuitively expected that, up to some
previous publicationf14—17 where even though the chemi- value of N, (N-1)! firing sequences will coexist as long as
cal reactors were electrically coupled, the potential was exall N cells are coupled in an inhibitory manner. However, to
ternally imposed and none of the dynamical variables of theinswer the question precisely, further investigation, both ex-
system was electric in nature. perimental and theoretical, is needed.

The ability of a network ofN relaxation electrochemical In order to retrieve each of the firing sequences, one or
oscillators to prestoréN—-1)! firing sequences is based on more cells have to be perturbed while in the appropriate
the assembly’s ability to synchronize out of phase. This ighase. Here, cells were perturbed in an excitatory manner by
different from the coupled multimode laser system based omsing a laser beam. This perturbation increases the period of
antiphase synchronyi8]. the perturbed cell within the cycle where it is applied. As a

In order to observe stable out-of-phase synchrony, theesult, the perturbed cell is delayed. Since this delay is de-
cells should be all-to-all coupled in an inhibitory manner. Fortermined by the phase of the cell at the instant of perturba-
a network consisting dii=4 oscillators this can be achieved tion, the retrieved firing sequence can be predicted or pro-
if the reference electrode is located close enough to the agtuced at will. It is expected that a similar effect could be
sembly, for reasons discussed in a previous publicd®3@h  observed with an inhibitory instead of an excitatory pertur-
This interesting property has also been pointed out wheimation, if its effect were to alter the period of the oscillator
spatiotemporal pattern formation was studied in continuousnly within the cycle where it was applied and if the induced
electrochemical systeni85,53-58. In the case of a continu- period change were determined by the phase of the perturbed
ous electrochemical system, the position of a point referenceell.
electrode determines whether nonlocal coupling is positive The ability of the network to synchronize rather rapidly
(excitatory or negative(inhibitory). In the former case, cou- out of phase is attributed mainly to the relaxation character
pling tends to homogenize the surface whereas in the lattesf the oscillators. Due to these relatively fast transitions the
case it introduces an inhomogeneity. system responds rapidly to external input and adjusts the

In the present work, inhibitory coupling is utilized for a phase differences to new firing sequences within several os-
discrete network oN=4 oscillators in order to have a mul- cillatory cycles.
tistable system where each of tlid—1)! =6 stable states As a conclusion, the network of electrochemical oscilla-
represents a unique firing sequence. Each state of stable otbrs presented in this paper has the following propertias:
of-phase synchrony persists within a wide range of appliedhe oscillations are of relaxation typép) the coupling is
potential. A question arises of whether a network consistingll-to-all inhibitory, and(c) the external perturbation alters
of N>4 oscillatory cells can also hay®-1)! coexisting the period of one oscillatory cycle. Featus ensures rela-
stable firing sequences. The same question has also betwely fast transition to stable synchronized states and elimi-
discussed in the context of coupled multimode laser systemsation of small differences between the oscillators. Feature
[18,19. It was pointed out thatN-1)! antiphase states tend (b) induces stable out-of-phase synchronized states, ex-
to coexist with other attractors such as chaotic orbits angressed as distinct firing sequendspatiotemporal coded
clustered states when the number of mobless increased, patterns. Finally, feature(c) allows the retrieval of coded
due to the shrinking of the attraction basin of antiphase statggatterns and controllable transitions between different firing
and the expansion of the attraction basin of other orbits. Irsequences.
our system, the range of applied potentthe control param-
eten at which relaxation oscillations are observed for the
coupled system is not significantly different from that of the  The work was sponsored by the Greek Secretariat of Re-
uncoupled system. This is an indication that the dynamicasearch and Technology and the Op. P. “Com.” The constant
features of the oscillators are not strongly modified due tesupport and encouragement of Professor Y. Chryssoulakis to
coupling; thus other attractors such as fixed points and chaA.K. is specially acknowledged. One of the authors, Y.M., is
otic orbits might not be newly created in the phase spacesupported by the Japan Society for the Promotion of Science
This is in good agreement with the experimental fact that foffor Young Scientists.
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