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Synchronous Behavior of Two Coupled Biological Neurons
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We report experimental studies of synchronization phenomena in a pair of biological neurons that
interact through naturally occurring, electrical coupling. When these neurons generate irregular bursts
of spikes, the natural coupling synchronizes slow oscillations of membrane potential, but not the
fast spikes. By adding artificial electrical coupling we studied transitions between synchrony and
asynchrony in both slow oscillations and fast spikes. We discuss the dynamics of bursting and
synchronization in living neurons with distributed functional morphology. [S0031-9007(98)08008-9]

PACS numbers: 87.22.Jb, 05.45.+b

The dynamics of many neural ensembles such as cemstrength of coupling produces complete synchronization of
tral pattern generators (CPGs) or thalamo-cortical circuitdoth irregular slow oscillations and fast spikes (see below).
pose questions related to cooperative behavior of neuronfy) Compensating the natural coupling leads to the onset
Individual neurons may show irregular behavior [1], while
ensembles of different neurons can synchronize in order
to process biological information [2] or to produce regu-

lar, rhythmical activity [3]. How do the irregular neurons ARTIFICIAL E>L>ECTR'CAL SYNAPS
synchronize? How do they inhibit noise and intrinsic fluc- 'a 1a=9a(V1 V2) &'a
tuations? What parameters of the ensemble are responsible e are
for such synchronization and regularization? Answers to < Vi Vo
these and similar questions may be found through ex- z % PD,
periments that enable one to follow qualitatively the co- %~ =
operative dynamics of neurons as intrinsic and synaptic a % 5::'::'53
parameters are varied. Despite their interest, these prob- E 5 Egj
lems have not received extensive study. Results of such an ) L —
experiment for a minimal ensemble of two coupled, living 3 ELECTRICAL
neurons are reported in this communication. VZ COUPLING

The experiment was carried out on two electrically g(

coupled neurons (the pyloric dilators, PD) from the pyloric

CPG of the lobster stomatogastric ganglion [3]. Individu-FIG. 1. Schematic diagram of two coupled PD neurons. The
ally, these neurons can generate spiking-bursting activitgtomatogastric ganglion (STG) of the California spiny lobster,
that is irregular and seemingly chaotic. This activity Panulirus interruptuswas removed using standard procedures

RS and pinned out in a dish lined with silicone elastomer and filled
pattern can be altered by injecting dc currentdnd ) with normal lobster saline [4]. The STG remained connected to

into the neurons; see Fig. 1. In parallel to their naturalis associated anterior ganglia, which provide activating inputs
coupling, we added artificial coupling by a dynamic current[3]. Separate, glass microelectrodes (filled with 3 M KClI;
clamp device [7]. Varying these control parameters (offsetip resistancel0—20 MQ) were inserted in the soma of each
current and artificial coupling), we found the following neuron, for intracellular voltage recording or current injection.
regimes of cooperative behavior. Each microelectrode was served by a separate amplifier and

X ._current source. Measured voltage signals were digitized at
Natural coupling produces state-dependent synchronizaggg samplesec. The two PD neurons remained coupled

tion; see Fig. 2. (i) When depolarized by positive dc cur-to each other by their natural electrical synapses, but were
rent, both neurons fire a continuous pattern of synchronizegolated from the rest of the CPG by blocking chemical input
spikes (Fig. 2d). (i) With little or no applied current, the Synapses with picrotoxiri’(5 «M) and photoinactivating other,
neurons fire spikes in irregular bursts: now the slow OSci”‘,Jl_electncally coupled neurons [5]. Atrtificial electrical coupling

. . . . . was provided by injecting equal and opposite currgninto
tions are well synchronized while spikes are not (Fig. 2a)the two neurons, such that) — g,(V, — V,), whereg, is the

Changing the magnitude and sign of electrical couplintadded synaptic conductance avdis the membrane potential
restructures the cooperative dynamics. (iii) Increasing that the soma of PD[6].
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a regime of bursting spiking/ (= 0 nA, Figs. 2a—2c),
and, at more depolarized levels, a region of pure spiking
activity (I = 3 nA, Fig. 2d).

Our results indicated that spiking and bursting—spiking
regimes of activity arise from the autonomous dynamics
of individual PD neurons. In the experiment (Figs. 3a
and 3b) we recorded the membrane potential of one PD
cell PD; when its partner PP was deactivated by dc
hyperpolarization to-80 mV, effectively suppressing its
neural activity. The dc current injected into P was
varied. AtI; = 2 nA the activity consisted of aperiodic
slow oscillations surmounted by spikes (bursting spiking);
see Fig. 3a. Atl; = 5 nA, the neuron generated fast
spikes alone; see Fig. 3b. Thus, the voltage-dependent

25 spiking and bursting properties of a single PD resembled
JJMM MJMMU\UM those of the active pair (although the values Ipfare
-35 hd | shifted relative to those of a symmetrical pair, due to
4 L@ , 9.=0nS 1=3nA the shunting action of the deactivated neuron) (Figs. 2a
0.0 05 1.0 and 2d). Similar, voltage-dependent activity regimes
time [sec] were also seen after isolating a single PD neuron by
FIG. 2. Regimes of oscillations in two coupled neurons. photoinactivating its partner.
The records presented in Fig. 2a clearly indicate the
synchrony of bursts in the naturally coupled neurons. For
of independent irregular pulsations (Fig. 2b). (v) With netmore detailed analysis of synchronization of these aperi-
negative coupling, the neurons burst in antiphase, in a regudic bursts we adopt the technique developed for the ex-
larized pattern (Fig. 2c). perimental studies of chaos synchronization in electronic
Figure 1 summarizes the functional geometry of thiscircuits [10]. To study the synchronization of slow bursts
pair [8]. Each PD cell is a motor neuron, consisting ofwe suppress the spikes in the recorded signals using low—
a soma, a primary neurite and a neuropilar region, angass filter with cutoff frequency 5 Hz and analyze the
an axon which conducts spikes to target muscles. Withitislow trajectories” given by the filtered signalgp(¢)
this extended structure there is (1) frequency-dependemind Vg,(t). The projections onto the planes of vari-
filtering of voltage signals, and (2) spatial localization of ables(Vr;(¢), Vr2(¢)) and (Ve (2), Ve (r + t4)) shown in
active membrane currents [8]. First, the neurites constiFig. 4 characterize the level of synchrony of bursts in the
tute a cable. When coupled to its partner, each neuroneurons and the complexity of the bursts dynamics, re-
shows an input resistance and capacitance of drdéf)  spectively. To quantify synchronization, we calculate the
and5 uF, respectively [8]. Second, the fast sodium anddifferenceVep () = Vr((f) — Vga(¢), and study the nor-
potassium channels underlying threshold-dependent spikealized standard deviationy = ov,,/ov,, and normal-
generation (action potentials: amplitudel 00 mV; dura-  ized maximal deviatiomy = |Vgp|™*/(VET™ — V™)
tion =1 msec) are concentrated in the membrane of thas a function of,; see Fig. 5.
axon, whereas the sodium, calcium, and potassium chan- The dynamics of slow oscillations changed as the ef-
nels supporting slow voltage oscillations (10—30 mV, 0.3—fective coupling conductance was altered by adding arti-
1.0 sec) are located in the neuropil [8]. Cable properdficial coupling, g,. With natural coupling £, = 0 nS)
ties affect the passive spread of voltage signals within the
neuron. Slow voltage oscillations experience little attenu-

ation in spreading from the neuropil to the axon, where -30
they drive bursts of spikes. However, fast spike poten- -40 W
tials suffer significant low-pass filtering as they spread S gl

from the axon to the neuropil and soma [8]. The neuropil PG l=2nA

is also the site of natural electrical coupling (nonrectify- 25 L

ing and moderately weak: steady-state voltage attenuation h Hﬂ

~0.25) [9].
In the studies of synchronization in the coupled PD (b) 1:=5nA

neurons both cells were active under symmetrical dc “*%0.0 1.0 2.0 3.0

current injection [ = I, = I). Long records ofV(r) time [sec]

and V,(¢) were obtained, from which we show segmentsg|G. 3. Time series for an isolated PD for different values of

(Fig. 2). For different values of the paramefewe see I;,. PD, is inactivated by large negative current injection.
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FIG. 4. Phase portraits of the slow components of oscil-
lations in coupled neurons plotted in the planes’ variable
(Ve (1), Vo (1)) —left; and (Ve (1), Ve (2 + t0))—right. 1, =
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Next we describe the synchronization of the fast,
spike oscillations. The standard criterion for identical
synchronization fails here because of small fluctuations in
spike timing. Therefore, we applied a different analysis.
For each membrane voltage we located the times of
spike peakszfl) for PDy andt,@ for PD,, and calculated
the intervalsT; = tf?l — tfl) and 7; = t}z) - tfl). T;
measures interspike intervals in BDwhile 7; tells us
about the difference in spike timing in P¥ersus PD.

If |;| did not grow with time and mdkr;|} < min{T;},

we concluded that the neurons spike synchronously. We
also analyzed the level of synchronization by measuring
the phase relation between spikes. In this analysis we
plotted a histogram of the phasa®;, of the ith spike

of PD, within the interval formed by the neighboring pair
of spikes in PDQ (designatedjth and kth, respectively),
using the functionA®; = 180°(tf2) — t;l))/ltj(-l) — t,(cl)l.

The results of these analyses are shown in Fig. 6.

With natural coupling, spikes were synchronized during
tonic firing. Figures 6a and 6b show such a synchronous
regime ( = 3 nA and g, = 0) where all values oA®
are within the interval—40°, 130°), and the value ofr;
oscillates but remains smaller th@p see Fig. 2d. In the
spiking-bursting regime, natural coupling did not synchro-
nize the spikes (unlike the slow oscillations) (Figs. 6¢c and
6d). In this condition{ = 0 nA andg, = 0: cf. Fig. 2a),
he constant drift ofr; indicated a difference in spike

%requencies; nevertheless, the nonuniform distribution of

A®; indicated that the neurons were not far from the
threshold for spike synchronization. Indeed, the spikes

the slow oscillations stayed synchronized (Fig. 4a) deof bursting neurons became synchronized when artificial

spite very complex dynamics (Fig. 4b) (cf. Fig. 2a). Ad- (positive) coupling was added (Figs. 6e and/6f- 0 and
ditional dissipative couplingg, > 0 nS) increased the g. = 190 nS).

level of synchrony between the neurons, while compen-
sation of natural couplingg(, < 0 nS) led to desynchro-
nization (Fig. 5). The desynchronized, slow oscillations
remained complex and aperiodic (Figs. 4c and 4d; see also
Fig. 2b). Adding further, negative coupling conductance
(go < —240 nS: probably overcompensating the natural
synapse) caused the neurons to become synchronized
again, but in antiphase (Figs. 4e and 5). This regime of
antiphase synchronization was characterized by the onset
of more regular, “almost periodic” bursts (Fig. 4f).
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FIG. 6. Analysis of synchrony in the fast spiking activity

measured for three different regimes of neuron activity de-
scribed in the text. Distributions of the phase lags between
the spiking of the neurons (left). The evolution of interspike
intervals; andT; (right).
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fast spikes of these two neurons have different thresholddSF Grant No. IBN-9122712, and U.S. Department of
for the onset of synchronization. This can be understoodnergy Grants No. DE-FG03-90ER14138 and No. DE-
in terms of the different sites of origin of the two types of FG03-96ER14592.
voltage signal, the different mechanisms of synchroniza-
tion, and the different conduction pathways and attenuation
factors involved (cf. Fig. 1 and associated text). The slow
voltage oscillations that underlie bursting activity arise as
a result of voltage-dependent ion channel activity in the
membrane of neuropilar processes. The summed voltagéll L. Glass, inThe Handbook of Brain Theory and Neural
signal will suffer some attenuation as it spreads by local ~ Networks,edited by M. Arbib (MIT Press, Cambridge,
current flow in the leaky cable array of the neuropil. ~ MA. 1995), p. 186; M.I. Rabinovich and H.D.l. Abar-
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tween the neurons: the location of electrical coupling sites
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close to the site of slow wave generation, and the slow 3] R.M. Harris-Warricket al., in Dynamic Biological Net-

time course of the voltage signal itself. In combination, works: The Stomatogastric Nervous Systexdited by

these should allow a relatively strong and continu-  R.M. Harris-Warricket al. (MIT Press, Cambridge, MA,

ous interaction between the irregular slow oscillators.  1992).

This mechanism resembles the synchronization seerj4] The STG received separate superfusion with saline whose

in dissipatively coupled chaotic electrical circuits [10]. temperature variation was maintained witkiri °C during

In contrast, fast spike signals suffer strong attenuation  recording sessions (ranges between experimedtC to

as they spread between the spike initiation zone at the 17°C). See for details B. Mulloney and A.1. Selverston,
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. . in T. Bal, F. Nagy, and M. Moulins, J. Comp. Phys-
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: . . jol. 163 715 (1988); J.P. Miller and A.l. Selverston,
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from the coupling pathway may drive it to phase-locked [g] The artificial synapse was implemented by an analog
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synchronization is known as threshold synchronization clamp as in A.A. Sharp, M.B. O'Neil, L. F. Abbott, and
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can synchronize spike activity in tonic firing but not in the [7] A.A. Sharp, L.F. Abbott, and E. Marder, J. Neurophysiol.
bursting regime. When the neurons generate slow voltage 67, 1691 (1993). _ o
oscillations, ion channels open in neuropilar processes/8] D-K. Hartline and K. Graubard, irbynamic Biological
decreasing the membrane resistance: This shunts the ’S';“’;Tkzgie ztroarﬂggga;g:jc geévoﬁzrixzcagéi[g])ées
spike-evoked currents as they flow in their pou_pllng 557 241 (1991): D.H. Edwards, Jr. and B. Mulloney.
pathway, causing a failure in threshold synchronization.

. J. Physiol.348 89 (1984).
As the strength of net coupling is decreased, the SIOW[9] Measurements of the magnitude of the natural coupling

oscillations remain irregular with littte change in wave- conductance is complicated by axial and shunting (leak)
form, but make a sharp transition from synchronous t0  conductances that intervene between the sites of electrode
asynchronous behavior; see Figs. 4 and 5. When the net insertion (somata) and electrical coupling (fine neurites).
coupling reaches an expected, negative conductance, the Estimates center around 100—-200 nS: cf. M. Gola and
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. . . 1874 (1994); N.F. Rulkoet al., Int. J. Bifurcation Chaos
into account slow, intracellular Cd dynamics. Two such 2, 669 (1992).
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five types of behavior found in our experiments and the ~ (1993): T.L. Carroll, Biol. Cyberne3, 553 (1995).
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