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Synchronization of coupled assemblies of relaxation oscillatory electrode pairs
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Spatiotemporal patterns emerging through coupling of identical relaxation oscillatory electrode pairs are
studied. Each pair, consisting of an iron anode and a copper cathode, oscillates periodically under fixed applied
potential difference conditions. It is shown that the system synchronizes rawidiyn few oscillatory cycles
and differences of natural frequencies as well as boundary effects are compensated. The effect of the geometri-
cal configuration on the dynamic modes is investigated for relatively large assemblies of such oscillatory pairs.
When oscillators are coupled through neighboring electrodes, the response is synchronized by a simultaneous
formation of groups. The formation of groups due to enhancement or inhibition of the oscillations depends on
the relative position of interacting anodes and cathodes. The behavior of the system is compared with the
response of coupled relaxation cells of neurophysiological interest.
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[. INTRODUCTION ing on the coupling strength and the time scale threshold. As
far as it concerns coupled fast inhibitory relaxation oscilla-
Neurons can be either excitatory or inhibitory dependingtors the typical response can be out-of-phase or antiphase as
on the response of their postsynaptic membrane potentialvell as more exoti¢13—-15.
Excitation facilitates the generation of an action potential on All the above features were observed also humerically for
the postsynaptic neuron whereas inhibition usually impedesimple models of neural oscillators. In the present paper, the
the generation of an action potential. Frequently, excitatiorsynchronization modes as well as the transition features to
and inhibition refers to the average action of a neuron, noin-phase or out-of-phase locking are studied experimentally
the action of an individual synap$&]. Collective synchro- for a system consisting of a number of coupled relaxation
nization, asynchronous, partially synchronous response, arakcillators which can mimic excitatory or inhibitory neurons,
oscillatory correlation of coupled neural oscillators are justdepending on the architecture of the network. The nature of
some types of dynamical behavior with implications in neu-the system is electrochemical; each oscillator is an electrode
robiological sciencef2-5|. pair which oscillates periodically within a region of applied
Phase models, in which synchrony is through phase pullpotential differences. The only medium of communication
ing, are often used as paradigms for coupled neural oscillabetween oscillators is the electrolytic solution, that is, the
tors[6,7]. Nevertheless, it was shown that the synchronizapossible ionic movement due to diffusion and migration and
tion mechanism for relaxation neurons can be a lot differenaissociated potential variations. The experimental system is
than the coupling of oscillators with a more sinusoidal charFegH,SO,, CuSQ|Cu, i.e., the anodes and cathodes are iron
acter [8—12]. It was actually proved analytically that for and copper electrodes, respectively, and the electrolytic me-
coupled relaxation oscillators and for sufficiently close initial dium is an aqueous solution of sulfuric acid and copper sul-
conditions, the properties of the oscillators determine the ratéate.
of approach to synchrony, almost independent of the size of The kinetic analogy between the spatiotemporal response
coupling[9,10]. The major result of the fast threshold modu- of electrochemical and electrophysiological oscillations and
lation theory by Somers and Kopell, concerning the in-phas@ervous stimulations has been observed and studied long ago
synchronized solution of coupled excitatory relaxation oscil{16,17] and discussed in the pd4i8,19. In the following, it
lators, can be summarized as follows: It is stable, it is perwill be shown that these similarities can be extended even
sistent in the presence of nonuniformity of natural frequen<urther. The first objective of this paper is to study whether
cies, and, it has a rapid rate of convergence. the present experimental system falls into the category of
Synchronization of relaxation neurons is accompanied byoupled relaxation oscillators described by the theoretical
several features of the in-phase synchronized behavior. Thugiork of Somers and Kope]©,10] and further elaborated by
(@) synchronization is achieved usually within a few oscilla- Izhikevich[12]. Indeed, we will demonstrate experimentally
tory cycles,(b) differences of natural frequencies are com-that assemblies of relaxation oscillators synchronize their
pensated(c) edge(boundary effects are compensate@) jumps even for big differences of natural frequencies. The
an increase of the relaxation character or the couplingompensation of differences is manifested also by an inde-
strength eliminates phase differenc@s,an almost synchro- pendence on boundary effects, i.e., natural frequencies of
nous response is expected for relaxation oscillators witledge oscillators under chain configurations. Additionally, the
more than two time scales, and) the almost synchronous synchronized response is achieved within a very small time
response can be order preserving or order reversing depenidterval (within a few oscillatory cycles The second objec-
tive of this paper is to investigate the spatiotemporal states
emerging through the coupling of large assemblies of such
*Email address: antonis@chem.saitama-u.ac.jp identical oscillatory electrode pairs and to determine how
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these dynamic modes are affected or controlled by the geo
metric configuration of the system. It will be shown experi-
mentally that the synchronized behavior and the associatet
spatiotemporal response is fully determined by the geometric
configuration of the assembly; the synchronization modes are
defined by the architecture of the network and a simple set of
rules.

It must be noted that coupled electrochemical oscillators
have been studied extensively in the past. In most of these
works, the main objective was to relate the coupled response
of discrete oscillators to the spatially extended behavior,
since collections of coupled oscillators are considered as ¢
simplified intermediate tool between local and spatially ex-
tended systemp20]. Some systems studied under this per-
spective were iron arrays in sulfuric adigil—24, rotating or
nonrotating iron or cobalt disks embedded in the same insu- Blectrolytic solution
lating surface[25,26], coupled iron wireq27,28, chaotic IMH,S0; + 0.4M CuSO ,
iron oscillators[29], assemblies of nickel oscillatof80—
32], and coupled hydrogen peroxide oscillatory reduction on vy N Jo=Vi- Va2 15
platinum electrodeg33]. It is now evident from these studies P
that coupling in electrochemical systems takes place mainly

(a)

30 channel potential source

LA B CA. cell

due to migration currents34—37] (even though other possi- . - /V‘
bilities are still discussed in recent publicatidig®]). In the ,:IHI EEE { I AV=V,
present paper, we will not emphasize on the electrochemica LA 3
processes or the microscopic coupling mechanism. T
In order to facilitate the description of the phenomena, let o
us introduce some terminology. A pair of electrodes where
the one is acting as an anode and the other as a cathode, FIG. 1. (a) Schematic experimental setup for a set consisting of
under a fixed potential difference; will be designated as two cells N=2): The Fe and Cu electrodes are anodes and cath-
cell i, wherei=1,2, ... Nyax iS an arbitrary integer chosen odes, respectively. The reacting surface of the Fe electrodes has
to name the cell, andl ., the maximum number of cells. heighta. The distance between an anode and a cathode for isell
The distance between electrodes of a cell willdpavhereas di. The distance between adjacent electrodes js Electrodes

the distance of adjacent electrodes of different cells will bewithin a distance; ; define a node(b) Simplified schematic repre-
|, The natural period of the cellwill be T} . Electrodes sentation of one channel of the potential source. T: transformer, R:
’ " i .

lying within a distancdi,j are said to define aode A col- ;glrtage regulator, 1A: instrument amplifier, OA: operational ampli-
lection ofN cells will be named &et In the present case, the

maximum number of cells allowed by the instrumentation is  The position of the electrodéparameters; andl; ;) was
Nmax=30. The number of nodes for a given set depends ofixed with a specially designed acrylic plate where holes of 1
the geometrical configuration. A subset of cells oscillatingmm diameter were drilled thus forming a grid of minimum
with the same phase and period will be calledraup. The  distance 0.5 cm. The potential difference for each cell was
symbol T; will be used for the period of groupwhereas held constant by using a multi-channel potential source
At; ; will be the time delay and\¢; ; (mod 1) the phase (Huso Electrochemical System 905Zhe maximum num-
difference between groupandj. Obviously, the maximum ber of channels supported by this instrument Wag,=30.
number of possible groups I, in the case when all cells  The output circuit of each channel was electromagnetically

A----

are locked out of phase. isolated from the source and other channels using transform-
ers. The isolation resistance wasl00 M() at =10 V, and
Il EXPERIMENT the leaking current was:30 pA. The signals of current, po-

tential, and clock were fed into an analog-to-digital converter
The iron electrodes were made from Fe wifd#aco Co., and stored in a personal comput@éhEC, PC-9821Xa200/

99.5% of 1 mm diameter. The copper coil electrodes wereW30R) at sampling interval$t=0.01 s. A schematic repre-
made from 40 cm length Cu wirdslilaco Co., 99.9%) of  sentation of one channel of the potential source is shown in
1 mm diameter. Iron electrodes were completely covered b¥ig. 1(b).
an insulating film except for a cylindrical area af=2 mm Experiments were carried out in a mixture of 1 M$0O,
height at~2.5 cm from the bottom of the wire. Reaction is and 0.4 M CuS@ solution, diluted from concentrated sulfu-
expected to take place only on this ring-shaped area. Iroric acid and dissolved coppélt) sulfate pentahydrat@Vako
electrodes were used as anodes and copper electrodes Rage Chemical Industries Lid The diameter of the reaction
cathodes in a two-electrode electrochemical arrangement. Bath was 30 cm and its depth 6 cm.
schematic example of the experimental setup is shown in The process of a typical measurement was as follows: The
Fig. 1(a) for an arrangement consisting of two cells. solution was poured into the reaction bath up to 5 cm depth.
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The electrodes were arranged on the acrylic grid in the de- 100 T
sired configuration and the height of the reaction surfaces of
the iron electrodes were carefully made even. The set was 80 |~

placed into the solution and the applied potentigl was
scanned towards the passive state up/te 1500 mV. Then

the applied potential was shifted to a desired value and a
simultaneous measurement of the current flowing through

each cell was performed.
In order to ensure that all oscillatory pairs were identical,

before each experiment the equilibrium potential of all elec- i

trodes was measured versus a reference electrode in a so
tion identical with the electrolyte of the system. Only elec-
trodes whose potential difference was-1 mV were used.

As a second check for the identity of oscillatory pairs, the

period of each uncoupled oscillator was measured for the R -
applied potential differences under study. The duration of the 60 |- 4

spatiotemporal patterns was30 min.

Ill. RESULTS

A. Synchronization, transitions, and boundary effects

A single cell consists of only an iron ring and a copper
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coil functioning as an anode and cathode, respectively. For _ _ _
reference, the distance between the anode and the cathode isFIG. 2. (a) Bifurcation curve for a single cellO): stable steady

d=5cm. Under fixed potential difference conditions, a
single cell oscillates in a potential window extending from
V=~215 to ~245 mV. ForV<215 mV the system is on a

steady state (S$ where the current attains a constant value,
I~7.5mA. For V>245mV the system lies on another

state (S9, (X): maximum amplitude of stable oscillations,
(= — —) schematic representation of unstable limit cyclés.
Stable oscillations fo/ =230 mV.

into the potential region over 218 mV, where the oscillations

steady state (S$ where the current is almost zero. Within are always of relaxation type and the stable steady stafe SS
the oscillatory region, the current oscillates periodically. Thedoes not coexist with the limit cycle.

amplitude as well as the period of the oscillations increase
for increasing values of.

A typical transition from S$to a limit cycle is shown in
Fig. 2@). By increasingV, a transition to full blown oscilla-
tions is observed a¥=218 mV. An example of the relax-
ation periodic oscillations fo =230 mV andT*=14.29 s
is presented in Fig.(®). Each oscillatory cycle consists of a

s The most simple set consists of two cellsl<€2) ar-
ranged in a linear configuration. Under this arrangement only
electrodes within a distandg , interact, thus, forming one
node. If the node consists of two electrodes of the same kind
(both anodes or both cathodeas shown in Fig. &), the

two cells oscillate with the same period and phase and thus
the system is synchronized. If the set is viewed as an ap-

silent (passivé phase, an active phase, a fast transition fromProximation of a spatially distributed system, then it can be

the silent to the active state, and a moderately fast transitio

said that the behavior of the set is homogeneous in space.

from the active to the silent phase. It must be noted also thath€ spatial homogeneity of the set can be seen in the binary
the cell always rests on the silent phase for a very long timéePresentation of Fig.(8), for V=227 mV, where dark re-

in comparison with the active phase, for any valu&/of.e.,
the cell is predominantly silent. By decreasiigrom within
the oscillatory region, a transition to §% observed av

=215mV and thus a small hysteresis region is observed. o | _
The existence of a hysteresis region is an indication of a s | N
subcritical Hopf bifurcation av ;=218 mV, even though _ -

in some cases small amplitude oscillatiozs20 mA) of £ o ]
small period were recorded just prior to the transition to the 0TI 7]

limit cycle. The transition from the limit cycle to $SSakes
place atv~245 mV, after a large increase of the period and
the direct characterization of the bifurcation is difficult.

The dependence of the periof%, of the oscillations on

V, ford=3 and 5 cm, is shown in Fig. 3. It can be seen that

the period increases drastically by increasihgEssentially
the same trend is observed for any valueddh the range
3=<d=<10cm. In the following, we will restrict our paper

0 T T T T T T

70 |

20 |

210 215 220 225 230 235 240 245 250
V(mV)

FIG. 3. Variation of the oscillations periof* with applied po-
tential V for two different values ofl.

046213-3



KARANTONIS, MIYAKITA, AND NAKABAYASHI PHYSICAL REVIEW E 65 046213

(@ ®
1 T
™~
! =
d, e d, S
Cell 1 Cell 2 -
8 2
1 1 g/
20 40 60 0 100 =~
1(s)
(©
I ' 1 I ¢ v
100 | Cell 1]
——————— Cell 2
: T 107 1072 1074 1076 1078 108
— 1(s)
£
= FIG. 5. Effect of coupling strength on the phase difference dur-
ing synchronizationV;=228 mV. Solid line: cell 1, dashed line:
] cell 2,1,,=0.5cm, dotted line: cell 2, ,=1 cm, dashed-dotted
1 lines: cell 2,1, ,=2 cm.
i s
260 220 300 oscillate with period differences20%.
s) The examples presented in Fig. 4, clearly suggest that a

o . set of two cells becomes phase locked by synchronizing its
_FIG. 4. (@) Two coupled pairs in linear arrangement, with tWo ;;mps from the silent to the active phase. Nevertheless, the
interacting anodesblack circleg and (b) coupled response fov; response is not completelor identically synchronized.
=227 mV. (¢) Transition to synchronization fofy =8.6 s andT3  par0 is 4 phase difference between cells, which is always a
[;iié'?:éfgcigz ?1”202\"8 tshsmp?i%aln:bsmde is removed and COUot smaller than the order of 'ghe peri_od or the active phase. If

The ! ' the distance between cellg, is considered as a measure of

the coupling strength, it can be seen that the phase difference
between synchronized cells decreases as the coupling
strength increases. An example of this effect is shown in Fig.
5, for three sets consisting of two interacting cells. For weak
coupling strengthil  ,=2 cm, dashed-dotted lifethe phase

gions correspond to an active phdkegh current and white
regions correspond to silent phagero current Synchroni-
zation for N=2 is observed for all distances in the region
l;,<3cm. For 3<l,,<5cm, more complex synchroniza-

tion patterns appear and fbr,=5 cm, a drifting response is

observed. Once again, we will restrict our study in the regiorfmcference between_ synchron!zed cells is rather big. The set
|, ,<3 cm where identical or almost complete synchrony is!S almost synchronized, that is, the cells cross the threshold
olbzserved from the silent to the active phase at time differences which

It must be pointed out that synchronization of this set?® small compared to the period of the oscillatiptis, 3§,

seems to be independent of the initial conditions. Of cours hs thﬁ coug};fng becort?es strong(égyzllzl (I:Em’ d(f:)ttedtllnﬁg
the validity of this statement is difficult to be verified experi- € phase ditterence becomes smaller. Even for strong cou-

mentally but a very big number of experiments supports thié’Iing (I1,,=0.5cm, dashed ling cells synchronize almost

observation. Thus, exactly the same features are observ&@MPletely their jumps, but there is still a small delay to this

when Cells 1 and 2 are shifted simultaneously from the past_ransnmn.

sive to the oscillatory region, or if Cell (Cell 2) is turned
first to the oscillatory region and then Cell(€ell 1). Also,

Since the coupled response is almost synchrony, it is in-
teresting to explore whether the behavior is order preserving
the set is synchronized for any value of the applied potentia?r order.reve.rsmg. In the order_preservmg case, it Cell 1 is

the one jumping first from the silent to the active phase and

within the oscillatory region. ; . . .
y Teg ell 2 is the one following, this sequence is repeated

The transition from uncoupled response to synchrony car(\:1 h he fi uti £ th In th q
be explored by inserting an acrylic plate between the tw roug out the ?lme evo ution 0 the system. In the order
deversing case, if Cell 1 is the first and Cell 2 follows, then,

interacting electrodes. The length of the acrylic plate was ; o ; .
g d ylie p S'durlng the next firing, Cell 2 is the first and Cell 1 follows,

cm, its hight 6 cm and its width 0.2 cm. The presence of thi - .

long physical obstacle ensures complete electric and ma&dt: In a set pon3|st|ng of t\_/vo cells, both order preserving and
isolation of the two cells. As can be seen in Figc)4in the order reversing response is observed. Hence, for strong cou-
presence of the acrylic plate, cells oscillate independentipling (I; ;<1 cm) and lowV; values ;=225 mV the al-
with different periods, T} =8.6 s andT; =125 s. Att most synchronous response is order reversing. An example
=250 s the acrylic plate is removed, coupling becomes efof the orientation reversing behavior is shown in Figa)6
fective and cells are synchronized. It can be seen also thder |, ,=0.5 cm andv;=219 mV. It can be seen that Cell 1
synchronization is achieved within the first oscillatory cycle.fires first but dies last during the first event. During the sec-
Also, cells compensate the differences of their period andnd event, Cell 2 fires first but dies last. This sequence of
oscillate with a common period;;=10 s. The compensa- events repeats itself in time. On the other hand, for weaker

tion of the period differences is observed even when cellsoupling (; ;>1 cm) or high values o¥; (V;>225 mV) the
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" FIG. 7. (@ A chain of three cells|; ,=1,3=1.5cm,d;=5cm

and(b) transition to synchrony. The natural periods of the cells are
T3 =16.65,T5=13.2 s, andr} =15.8 s. At the arrow, the physical

7 obstacles are removed and coupling is effect{egA ring of three

& cells,l; j=1.5 cm,d;=5 cm, and(d) synchronized respongaces

] overlappedl

KmA)

68 77 T2 T4 776 TI8 chain is rapidly synchronized, and period differences are
© completely diminished. The synchronized set oscillates with
i periodT,;=14.3 s.

The above results suggest that chains and rings consisting
of the same number of cells must synchronize in a similar
manner, since boundary effects are not important. In order to
verify this hypothesis, a ring consisting of three cells is in-
vestigated, under the configuration presented in Fig).7
Under this arrangemerfho boundarigsthe system is syn-
chronized in exactly the same manner with a chain, as can be

FIG. 6. (a) Two consecutive firing pairs of the order reversing seen in Fig. ). The natural periods of the cells are chosen
response fOtVi.=219 mV, (b) two consecutive firing pairs of the to be almost the same as in the example of F@),ﬂ'f
irgi:: c;:rrltleservmg response faf;=230 mV. In both cased,, :15_5 S,T’2‘=14 s, ar_1dT§_=lS s. Cells are rapidly syn-

chronized and the period differences are compensated. The
response is order preserving. An example of the order preSynchronized set oscillates with peridd=14.4 s, almost
serving response is shown in Figb for |, ,=0.5 cm and the_ same with the synchronized set under the chain configu-
V;=230 mV. In this case, Cell 1 fires first but also dies first ation.

during the first event. During the second event the same se- Synchronization of rings is also observed for-3, e.g,,
guence is observed, which repeats itself in time. in the case of a regular hexagon configuration. Under this

The experimental results concering a set of two cellsJ€ometry six cells are used6). The distance between
indicate that the system is synchronized rapidly albeit largélectrodes belonging to the same cell is sedite 5 cm, that
differences in natural frequencies. Here we show that differiS, di=d;=---=ds. The distance between adjacent elec-
ences of the cells at the en@®undariesof a linear arrange-  trodes is set td; ;=1 cm, as can be seen in FigaB Under
ment versus the cells at the middle are also compensateHnis configuration only electrodes lying within a distarice
The arrangement consist of three cellé<3), as shown in

I(mA)

96.4 96.6 96.8 97 97.2 97.4
#(s)

0 10 2 30 40 50
1(s)

Fig. 7(a). In order to ensure that interactions are mainly (b)

through neighboring electrodes we dgt,=1,3=1.5cm. @ K7 S\ <L

Under this configuration the distance between Cells 1 and 3 Jear N :

is 3 cm, so interactions between the two boundary electrodes ‘A 2, 3.,

must be minimal. Also, the middle cell interacts both with Cens N 1, » /; -

Cells 1 and 3, whereas the boundary cells interact mainly \ / 'Ku}a/z ~TTHTT .
\
\ / Cell4 /

with Cell 2. An example of the transition to synchrony for
this set is shown in Fig. (B). In the presence of obstacles
isolating the three cells, cells oscillate independently with  F|G. 8. (a) Regular hexagon set with one node. The node con-
different periods, T1=16.6 s, T;=13.2's, and T; sists of anodes onlyb) Binary representation of the spatiotemporal
=15.8 s. Att=210s the coupling is made effective; the responsed,=5cm, |; ;=1 cm, andV;=225mV.
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(a) o) phase is observed which persists while the other cell is ac-
l o 1 ' tive. This decrease of the current is of the order of 1 mA.
4, 4, 3 Representative examples of the out-of-phase response for
Cell 1 Cell 2 3 l; ,=0.5cm andd;=5 cm are shown in Figs.(B) and 9c).
= As can be seen, fov; =225 mV, cells oscillate out of phase
© d 1L 1. and cellj jumps to the active phase soon after ¢ebaches
oo 3 the silent phase. Cells develop a constant phase difference,
© (@ A ¢y ,=0.14, and become synchronized. A similar pattern is
N FTTTTI T JJTTTTTTTTT followed in Fig. 9b) for V;=230 mV, where now the con-
3 3 stant phase difference &¢,,=0.18. An example of the
antiphase synchronization is shown in Figd)9 for V;
= = =230 mV where the phase differenceAg); ,=0.48. In all
hs L L L © cases presented in Fig. 9, it can be stated that the behavior is
200 220 240 260 280 300 200 220 240 260 280 300

inhomogeneous in space, if the set is viewed as an approxi-
mation of a spatially distributed system.

FIG. 9. (a) Two coupled pairs in linear arrangement, with inter-  Generally, antiphase response is observed for high values
acting anodeblack circlg and cathoddwhite circle, (b) out-of-  of \; (i.e., long periodsT*) while out-of-phase behavior is
phase synchronization fdv; =224 mV. Bistability between(c)  gpserved for low values of;. This observation, supported
out-of-phase synchronization, atd) antiphase synchronization for by a big number of experiments, has also exceptions, as can
Vi=230mV.1,,=0.5cm,d;=5 cm. be noticed by comparing Figs.(® and 9d). Thus, even

thoughV; is the same in both experiments, either out-of-

are expected to interact since the rest of the electrodes ag?‘uase or antiphase synchronization can be observed, possibly
considerably far away from each other. Thus, the number ofe e ding on the initial conditions. Nevertheless, for high

nodes in this regular polygon arrangement is one. The poteny o response presented in Figc)dis very rare.

tial of each cell is set to a valu¥; within the oscillatory Out-of-phase synchronization can lead to groupiog

region, andV,=V,=-:-=V. This configuration can be | stering when the set consists of more than two cells. A

cons:]jere?] as all-to-all poupl;ngl of the six fcellg_ e K simple symmetric set arrangement fde>2, is the regular
When the node consists of electrodes of a single kild o400 configuration. Once again, six cells are uged (

anod_es or all cathodes, Fig(a] a.‘” cells OSCi_”ate perioo_li- . =6) and the distance between electrodes belonging to the
cally in phase. An example of this synchronized behavior IS ame cell is set td;=5 cm. The distance between adjacent

shown in Fi.g. $b? for V.i:..225 mV. It is obvious from t_his electrodes is set tig ;=1 cm, as shown in Fig. 18). Similar
figure that in spite of initial differences, all cells oscillate '

; ) - to the caseN=6 presented in the previous section, the six
homogeneously with the same period and phase thus formm&;eIIS are all-to-all coupled.
one group wherd,=2.92's. Initially, all cells are expected to oscillate with slightly
o _ different periods and different phases due to different initial
B. Synchronization modes induced by geometry local electrolytic conditions and experimental imperfections.
In the previous section it was shown that when relaxatiorPuring the course of oscillations, cells interact through the
oscillatory cells are coupled through electrodes of the samelectrolytic solution within the node. Once again, the result-
nature, i.e., the nodes consist of only anodes or cathodes, tfieg response of the set is determined by the electrochemical
response is almost synchronized. Cells tend to synchronizerigin of the neighboring electrodes, similar to the cébe
their jumps from the silent to the active phase and the time=2 presented in Fig. 9. Hence, the set is divided into two
difference of the jumps is always smaller than the period. Irgroups; within each group, cells oscillate with the same pe-
this section, it will be shown that the coupled responsegiod and almost the same phase, but different groups oscillate
changes drastically if nodes consist of electrodes of differenut of phase. Typical examples of this behavior are shown in
nature. In this case, interactions impede the generation dfigs. 1@b)—10(d). For V;=224 mV [Fig. 1Qb)] the period
oscillations and stable in-phase synchronous response is not each group i§f;=T,=3.02 s. In this example the phase
observed. difference A ¢, ;~0.24, is constant corresponding to a delay
A typical configuration of a set consisting of two cells is At; ,=0.72 s. Clearly, Cells 1, 3, and 5 constitute one group
shown in Fig. 9a). The only node of this set consists of an whereas Cells 2, 4, and 6 belong to another group. Similar
anode and a cathode. Under this configuration two differentrend is observed fol;=228 mV [Fig. 10(c)] where T,
kinds of synchronized response are observed which are both T,=9.47 s and\t; ,=1.18 s A ¢, ,~0.12). The set is di-
out of phase. During the first kind of synchronization, gell vided into two groups for even higher values\gf. As can
and cellj are out of phase but cgljumps to the active phase be seen in Fig. 1@), Cells 1, 3, and 5 continue to form one
as soon as cellturns to the silent phase. The second kind ofgroup whereas Cells 2, 4, and 6 form a second group but the
synchronization is antiphase; cells oscillate with the sameystem tends to antiphase synchronization in a slower rate.
period but with a phase differendeg; ;=~0.5. An additional The effect ofV; on the rate of convergence to synchrony
feature is that while celi is on the active and cejlon the  can be seen in Fig. 16, where the time delayt, , corre-
silent phase, a small decrease of the current of the siler#iponds to the peak-to-peak time interval between Group 1

1(s) 1(s)
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FIG. 11. (a) Star set with 13 nodesN=24), (b) Group 1,(c)
n (oscillation) Group 2, andd) Group 3.

FIG. 10. (a) Regular hexagon set with one node. The node con-
sists of alternating anodetblack circles and cathodeswhite ~ Within each group cells oscillate with the same period and
circles. Binary representation of the spatiotemporal response fophase but groups oscillate out of phase. Thus, if Group 1
(b) Vi=224mV, (c) V;=228 mV, (d) V;=230 mV. (e) Time delay ~ (Cells 7-12 fires first its oscillatory pulse, Fig. 14), then
between Group 1 and 2 for vario¥§. di=5cm, l; ;=1 cm. Group 2(Cells 2, 4, 6, 13, 16, 17, 20, 21, and)24ill fire,

) . Fig. 11(c), and after that, Group &ells 1, 3, 5, 14, 15, 18,

and 2, anch corresponds to thath peak_of the time series. 19 22, and 2B will fire an oscillatory pulse, Fig. 1d).
For low values oV, groups oscillate with small phase dif- Then, Group 1 will oscillate again and this series of events
ference and are rapidly synchronized. Xsincreases, the || repeat itself in time.
rate of convergence is slow, the phase difference varies Typjical examples of the response of the “star” configu-
slowly in time but it is always bounded, i.e., groups neveryation are presented in Fig. 12. For low values\bf the
overlap. Using some definitio89,4Q it can be stated that spatiotemporal response is complex and groups are not
for the examples presented in Fig. 10, cells belonging to thgyrmed, as can be seen in Fig.(aLfor V,=227 mV. By
same group are synchronized almost identically, since theicreasing the applied potential difference, the set is divided
phase-space variables are almost identical. Also, groups ajgio groups according to the schematic of Fig. 11. Thus, for

lag synchronized. o V;=229, 230, and 232 mV three distinct groups are formed,
The examples presented in Fig. 10 reveal that the Synsc can be seen in Figs. (b2—12(d).

chronization modes and the resulting spatiotemporal patterns
are determined by the architecture of the network. This hy-
pothesis can be tested for rather complex, yet symmetric,
geometrical configurations, like a set in a “star” arrange- Assemblies of almost identical oscillatory electrode pairs
ment, consisting of 24 celldN=24). As can be seen in Fig. are synchronized when they are coupled through the electro-
11(a), the number of nodes in this set is 13, simte=5 cm  Iytic solution. Due to experimental limitations, natural fre-
andl; ;=0.5 cm. The central node consists of six electrodesguencies and initial phases are always different, but coupling
whereas the perimeter and outer nodes consist of five anldads to collective synchronization, similar to biological os-
two electrodes, respectively. Individual nodes lie far awaycillators which can spontaneously synchronize to a common
from each other, hence, we expect that cells interact onl§requency even if there is a distribution of natural frequen-
through electrodes belonging to the same node. cies among the populatidi2].

The response of the “star” set is very unique when elec- Here, we will attempt a comparison of the experimental
trodes belonging to the same node are alternating anodes arebults presented in the proceeding sections with the theoret-
cathodes, Fig. 1&). In this case, for high values &f;, the ical work concerning coupled relaxation oscillators of neu-
set is divided into three distinct groups. Group 2 and Groupolobiological interesf9,10,12,14,1% The main characteris-

3 consist of nine cells, whereas Group 1 consists of six cellsjc of coupled excitatory relaxation neural oscillators was
as can be seen schematically in Figgb1111(c), and 11d). proved to be their rapid transition to synchrony. This result

IV. DISCUSSION
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(E)J _ (b) ist, under which the almost synchronous response is the only
1 . SR ' ) ; L
3 1 stable solution for a pair of coupled relaxation oscillations
5 ? 111 1 g
i T b evolving in more than two time scalg¢41]. In the present
f I s aper, it was also experimentally shown that relaxation cells
22 I n X Yy . i
3 3 are actually almost synchronized. The jump time delay was
= é 1 T = é always smaller than the oscillations’ period and tended to
&) o . . .
6 16 smaller values as the coupling strength incregségl 5). In
3 P theory, the almost synchronous solution can be order pre-
o E serving or order reversing depending on the relative magni-
8 1 111 1 8 . .
SHYY - g tude of the time scale threshold and the coupling strength. Of
L e H 4 HH1- course, in the present experimental system there is not an
. . y . y
240260 280 300320340 3007320340 360 380400 direct way to control the time scale threshold but it was
systematically observed that for strong coupling and low val-
(©) (d) - )
! L8 - ! s T ues ofV; the almost synchronous response is order reversing,
3 3 ) I N
M i3 Fig. 6(@. On the other hand, highl; values and/or weaker
15 15 . Lo L
18 I8 coupling leads to order preserving synchronization, Hig).6
2 2 Coupling of identical periodic oscillators does not always
i _ i lead to identical synchronization. Even simple diffusive cou-
8 ;g 8 é pling of identical periodic oscillators can dephase the indi-
i 1 vidual oscillators and cause out-of-phase or even complex
A 3 oscillatory behavior. This kind of exact response was initially
é § predicted 20] and later confirmed by numerical experiments
10 10 of coupled neural oscillatorfgl1]. Recently, identical results
¥ 1 " : ¥]: s 111 n i i _
P R O T T e T80T 50~ 40 Te5 " Iso were obtained for a caricature model of coupled electro
1s) s) chemical oscillator§42]. The main cause of dephasing in

those cases is a strong deformation of the phase flow in the
?/icinity of the limit cycle which can lead to bursting oscilla-
tions as far as a homoclinic limit cycle exists. In the present
paper, we show a different mechanism leading to dephasing.
Cells oscillate out of phase if only the geometric configura-
was also shown to be valid in numerical calculations oftion of the system is changed. Thus, if the interacting elec-
simple neural oscillator model®,10]. The present experi- trodes are of a different kind the response will be dephased
mental system presents exactly the same characteristics. Ashereas if the interacting electrodes are of the same kind the
was shown in Figs. @) and 1b), couples or arrays of oscil- system will be synchronized in phase. The response of the
latory cells synchronize almost identically within only few system for interacting electrodes of a different kind re-
oscillatory cycles. Another important characteristic of sembles the behavior of coupled inhibitory neurpt3d—15.
coupled relaxation neurons is that they compensate their pe- This simple rule determines also the groupiog cluster-
riod differences. This compensation proved to be valid nuing) of the cells. Thus, the number of groups as well as the
merically even for period differences up to 5q49]. In the  cells participating in each group is fully determined by the
present paper, it was shown experimentally in Figs. 4, 7, andature of the electrodes in each node; neighboring cells in-
8 that this is also true for coupled relaxation electrode pairsteracting through electrodes of the same kind will belong to
cells tend to forget all initial differences and synchronize intothe same group and groups will oscillate out of phase. This
a common frequency. This trend was observed experimerallows us to predict the qualitative features of the spatiotem-
tally for differences exceeding 20%. Differences of edgeporal patterns or produce specific spatiotemporal patterns at
neurons (boundaries in chain configurations were also will.
proved to be eliminated during coupling. The same trend was Among the large amount of work concerning relaxation
observed in the present systéRig. 7) where the response of neurons, there are many examples where excitatory coupling
a chain and a ring set consisting of three cells were shown tieads to antiphase respon$é3] or fractured synchrony
be apparently the same. [10,12. On the other hand, there are several cases where
Identical synchronization, i.e., exact simultaneous jumpnhibition synchronizes neural firing,15,44. In the present
from the silent to the active phase, is expected to occur eithgraper, though, antiphase response is never observed when
for cells lying on their relaxation limit, satisfying the “com- cells are coupled through electrodes of the same néiuie
pression hypothesis” and under Heaviside-type excitatoryating excitatory connectionsAlso, in-phase synchroniza-
coupling[9,10] or for any kind of excitatory coupling, pro- tion is never observed when cells are coupled through elec-
vided that relaxation oscillators are very weakly coupledtrodes of different naturémitating inhibitory connections
[12]. Moving away from the relaxation limit or making the Nevertheless, the existence and stability of these states can-
coupling more ramplike, a phase difference is developed beiot be excluded. A systematic investigation of the effect of
tween relaxation neurons, leading to wave propagating rethe initial conditions, electrolyte composition, and external
sponse. Additionally, rigorous conditions were proved to exsperturbations is in progress in our laboratory, in order to

for the star configuration,di=5cm, I;;=0.5cm. (@ V,
=227 mV, (b) V;=229 mV, (¢) V;=230 mV, (d) V;=232 mV.
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reveal additional synchronization modes. relaxation cells can produce synchronization patterns at will
As a conclusion, it can be stated that coupled electrodey following simple configuration rules.

pairs of relaxation character closely resemble the response of
coupled relaxation neural oscillators. This was verified by a
series of comparisons between the present experimental sys-
tem and the theoretical predictions which revealed that
coupled relaxation cells of electrochemical origin can mimic  This work was supported by the Research for the Future
many of the features of coupled relaxation neurons. Also, itRFTF program of the Japan Society for the Promotion of
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was shown that networks consisting of assemblies of couple8cience.
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