
Behavioral/Systems/Cognitive

Induction of High-Frequency Oscillations in a Junction-
Coupled Network
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Rhythmic oscillations of up to 600 Hz in grouped neurons frequently occur in the brains of animals. These high-frequency oscillations can
be sustained in calcium-free conditions and may be blocked by gap junction blockers, implying a key role for electrical synapses in
oscillation generation. Mathematical theories have been developed to demonstrate oscillations mediated by electrical synapses without
chemical modulation; however, these models have not been verified in animals. Here we report that oscillations of up to 686 Hz are
induced by paired spikes of short spike intervals (SIs) in a junction-coupled network. To initiate oscillations, it was essential that the
second spike was elicited during the relative refractory period. The second spike suffered from slow propagation speed and failure to
transmit through a low-conductance junction. Thus, at the spike initiation site, paired spikes of short SIs triggered one transjunctional
spike in the postsynaptic neuron. At distant synaptic sites, two transjunctional spikes were produced as the SI increased during spike
propagation. Consequently, spike collision of these asymmetrical transjunctional spikes occurred in the interconnected network. The
remaining single spike reverberated in a network serving as an oscillator center. Paired-spike-induced oscillations were modeled by
computer simulation and verified electrophysiologically in a network that mediates the tail-flip escape response of crayfish.
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Introduction
Oscillatory behaviors such as locomotion and respiration are a result
of rhythmic excitations of the corresponding neural systems. Syn-
chronized rhythmic oscillations of neurons in brain regions have
been observed. Such oscillations occur at various frequencies of up
to 600 Hz (Watanabe and Grundfest, 1961; Buzsáki et al., 1992; Jones
and Barth, 1999; Marin et al., 2005; Spampanato and Mody, 2007).
For example, fast ripples in the frequency range of 200–500 Hz have
also been observed in the epileptogenic regions of patients (Bragin et
al., 1999; Urrestarazu et al., 2007). Studies of the mechanisms under-
lying oscillations in animals suggest that high-frequency discharge is
much easier to obtain from networks with special geometric archi-
tectures than from single bursting neurons, because of limitations
imposed by ion channel dynamics (Mann-Metzer and Yarom,
1999). In a special geometric architecture, synaptic modulations
purportedly play important roles in oscillation induction.

In terms of synaptic modulations, it is proposed that chemical
inhibitory synapses restrict the direction of the spike propagation
that is essential for oscillation initiation, whereas electrical synapses
assist in phase synchronization (Dzhala and Staley, 2004). However,
a variety of studies have shown that oscillations in the CA1 and CA3
regions of the hippocampus can be induced in the presence of
GABAA-, AMPA-, or NMDA-receptor antagonists, or in calcium-
free conditions, which rules out a role for chemical synapses in os-

cillation induction (Jefferys and Haas, 1982; Taylor and Dudek,
1982; Draguhn et al., 1998; Jones and Barth, 2002). In addition, very
fast electroencephalography in human hippocampal slices (Perez-
Velazquez et al., 1994; Traub et al., 2001) as well as oscillations in rat
hippocampal slices are blocked by the application of gap junction
blockers, implying that electrical synapses play important roles in
oscillation generation (Jefferys and Haas, 1982; Perez-Velazquez et
al., 1994; Draguhn et al., 1998; Traub et al., 2001; Jones and Barth,
2002). Various neural network theoretical models have been devel-
oped to explain these electrical synapse-dependent oscillations (Ab-
bott and van Vreeswijk, 1993; Skinner et al., 1997; Lewis and Rinzel,
2000; Tegnér et al., 2002; Traub et al., 2005). Unfortunately, these
models cannot be verified in animals. In this study, we found that a
spike elicited during the relative refractory period suffers from slow
propagation speed and failure of transmission through a low-
conductance junction. Thus, paired spikes of short spike interval (SI)
would trigger one transjunctional spike. The SI of a spike pair in-
creases during spike propagation in axon. Consequently, two tran-
sjunctional spikes are produced at distant synaptic sites. These trans-
mitted spikes collide in the junction-coupled network and leave a
remaining spike reverberating in the neurons that form a closed-
looped network. Thus, asymmetrical transmission of a paired spike
through a low-conductance electrical synapse induces high-
frequency oscillations in a junction-coupled network. Here we stud-
ied self-sustained oscillations by computer simulations and electro-
physiological experiments in a network responsible for the tail-flip
escape behavior of crayfish.

Materials and Methods
Animal preparations. Both male and female juvenile crayfish (Procamba-
rus clarkii, 2.5– 4 cm) used in this study were raised in the laboratory.
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After animal anesthetization by placement in a 4°C water bath for 20 –30
min, the nerve cord was dissected and pinned dorsal side up on Sylgard
184 (Dow Corning) in a 4.5-cm-diameter Petri dish. The preparation was
kept at 22–24°C in crayfish saline (210 mM NaCl, 15 mM CaCl2, 5.4 mM

KCl, 2.6 mM MgCl2, and 5 mM HEPES, pH 7.4) throughout the experi-
ment. All chemicals were from Sigma-Aldrich.

Electrophysiology. A pair of bipolar electrodes made from Teflon-
coated silver wires (70 �m in diameter; A-M Systems) was placed on the
lateral giant (LG) axon to elicit spikes with a stimulating strength of 1.5–3
V and a duration of 0.1 ms. Intracellular microelectrodes used to record
LG spikes were filled with 3 M KCl and had resistances ranging from 10 to
15 M�. The electrode holders were encapsulated with copper foils whose
potentials were driven by the output of preamplifiers to reduce cross talk
between electrodes. Electrophysiological recording experiments were
performed according to the procedures described previously (Tsai et al.,
2005). After capacitance neutralization by negative capacitance compen-
sation (Guld, 1962), spike signals on all electrodes were recorded and
digitized at 160 kHz by a PCI-6251 data-acquisition card (National In-
strument) and saved on a PC for later numerical analyses.

Computer simulation. Standard Hodgkin–Huxley axons ( gNabar �
0.12 S/cm 2; gKbar � 0.036 S/cm 2; gleak � 0.3 mS/cm 2; ENa � 50 mV; EK

� �77 mV; EL � �53.4 mV) were used to simulate the properties of
spike propagations with NEURON software (Hines et al., 2007). The gap
junction used for simulation followed Ohm’s law: the current passing
through a gap junction was directly proportional to the potential differ-
ence between cells and the conductivity of the gap junction. Other sim-
ulation parameters included the following: cell length ( L), 25 �m; diam-
eter, 25 �m; membrane capacitance, 1 �F/cm 2; temperature, 25°C; and
cytoplasm volume resistance, 35.4 � � cm. The cell length L was replaced
by 50 mm for simulating spike propagation delay along the long axon. In
the three-cell model, L was replaced by 5 mm for network oscillation, and
gap junction conductivities of 1.05 �S were used.

Results
Spike interval increases during spike propagation
For computer simulation, an active Hodgkin–Huxley axon cable
was constructed to generate spikes (Hodgkin and Huxley, 1952).
Spike generation is associated with an increase in Na� channel
conductance followed by an increase in K� channel conduc-
tance. Activation of the Na� channels allows Na� ions to enter
the cell, depolarizing the membrane, which activates K� chan-
nels and allows the membrane to repolarize. The activation of K�

channels also generates an afterhyperpolarization (AHP), which
makes the firing of an additional spike impossible regardless of
the stimulation intensity. After the AHP, more current influx is
required to elicit additional spikes, because of the remaining ac-
tivation of K� channels. In our simulation studies, up to a 640%
increase of injected current was needed when we attempted spike
initiation soon after AHP (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

The activation of K� channels not only makes a spike hard to
fire but also affects the spike propagation speed in a long axon. To
study the propagation speed of spikes elicited during the refrac-
tory period, paired spikes were generated in which the second
spike of the pair (designated the “second spike”) was obtained at
various times after AHP. In pairs with a short SI, the SI at the
spike initiation site increased from 1.38 to 2.42 ms after 40 mm of
axonal propagation (Fig. 1A). SI values of paired spikes dramat-
ically increased at the onset of spike propagation and eventually
plateaued after propagation (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). This increase
arose from the lower propagation velocity of the second spike,
because the propagation time for the first spike of the pair (des-
ignated the “leading spike”) was the same as that of an isolated
single spike. In contrast, a longer initial SI (2.63 ms) of paired

spikes remained unchanged after the same distance of spike prop-
agation (Fig. 1A).

The conductance of the gap junction also affected the spike
traveling speed. The spike transmission delay across a gap junc-
tion was calculated from the ratio of SI values of a paired spike
before (SIpre) and after (SIpost) electrical synapse transmission
(Fig. 1B, top). When the second spike was evoked after a relative
refractory period (RRP) of 2 ms, the SIpost/SIpre ratio remained
unchanged; this indicated that propagation of the second spike
was normal unless it was evoked during the RRP. Similar to the
propagation delay in the axon, paired spikes of shorter SIpre in
which the second spike was elicited very soon after the AHP
during the RRP had a greater increase in SIpost/SIpre (Fig. 1B). The
change in SIpost/SIpre occurred more readily when the paired
spikes were transmitted through a weaker conductance junction
(Fig. 1B, 25 nS vs 50 nS).

To investigate whether the spike propagation delay observed
in our computer simulations also occurred in real axons, we used
an electrically coupled LG network that mediates the tail-flip
escape behavior of crayfish. This LG network consists of six pairs
of LG neurons that receive excitatory inputs from the sensory
afferents innervating the abdominal exoskeleton surface hairs. In
each abdominal ganglion, two small axonal branches from the LG
neuron cord axons connect to each other through a commissural
junction, creating an “H” shape. The cord LG axons of the adja-
cent ganglia are also coupled with the septal junction; thus, six
H-shaped axons form a ladder-like network in the abdomen (Fig.
1C). Both the septal and commissural junctions of the LG net-
work are nonrectifying (Watanabe and Grundfest, 1961). There-
fore, once an LG spike is elicited, it produces both transseptal and
transcommissural spikes with a very short transmission delay.
Consequently, the paired spikes that propagate caudally collide
and disappear in the last abdominal ganglion. The paired spikes
that propagate rostrally excite the motor neurons that innervate
the abdominal flexor muscles, allowing the animal to escape from
predators (Furshpan and Potter, 1959; Ye et al., 2004).

To study the spike propagation speed, two direct electrical
shocks of various stimulus intervals were applied to the LG axon
to produce paired spikes of varying initial SIs. The propagation or
transmission delays of paired spikes along the axon and across the
junctions, respectively, were measured by recording electrodes at
various recording sites (Fig. 1C, R1, R2, R3, Rpre, and Rpost). The
LG spike elicited during the refractory period suffered from a
slow transmitting speed across the commissural junction, consis-
tent with simulation results (Fig. 1B). After commissural trans-
mission, in the fifth abdominal ganglion the SI values of the
paired spikes increased from 1.25 to 1.47 ms (Fig. 1D, middle
paired traces), whereas the SI of the presynaptic axon (1.77 ms)
remained unchanged (Fig. 1D, top paired traces). Paired spikes
in the presynaptic neuron with shorter SI values were associated
with longer SI time lags in the postsynaptic neuron (Fig. 1E).
Similar SI time lags after axonal propagation and septal transmis-
sion were also observed in all 17 preparations investigated (data
not shown).

The SIpost/SIpre ratio increased when the second spike was
elicited within 1.5 ms, because the refractory period of the LG
spike was �1.5 ms (Fig. 1E). The maximal increase in the SIpost/
SIpre ratio varied from animal to animal, with greater ratio in-
creases being consistently associated with a shorter SIpre (Fig. 1E).
However, the true maximal SIpost/SIpre ratio could not be mea-
sured for two reasons. First, when the SIpre became very short, the
second spike failed to transmit through the junction. Second,
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attempts to evoke the second spike very soon after the leading
spike sometimes failed, making measurement of SIpre impossible.

Although the RRP of the LG spike was quite constant, the
onset of the increase in SIpost/SIpre varied from animal to animal
(Fig. 1E). Our simulation results indicated that this increase oc-
curred more readily when the spike was transmitted across a
weaker conductance junction (Fig. 1B). However, the correlation
between the onset of the ratio increase and the junctional con-
ductance was studied indirectly; the extreme volume of the LG
axons made direct measurement of commissural conductance
between the LG neurons impossible. Thus, we estimated the con-
ductance of junctions by measuring the transcommissural delay
of a single spike in the 11 preparations in which we measured the
SIpost/SIpre ratio in Figure 1E. The transcommissural delays for a
single spike ranged from 0.4 to 1.2 ms (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). A longer
transmitting delay reflects a lower junctional conductance be-
tween these two junction-coupled LG neurons. In the two prep-
arations with 0.8 and 1.1 ms of transcommissural delays for a
single spike, SIs of 2.4 and 2.8 ms were needed for the second
spike to transmit through commissural junctions successfully
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Consistent with the simulation results in Figure

1B, the increase in the SIpost/SIpre ratio in two preparations was
obtained with a longer SIpre when paired spike transmitted
through a junction of lower conductance (Fig. 1E). For the other
nine preparations, the shorter transmitting time for a single spike
(�0.5 ms) (supplemental Fig. 2A, available at www.jneurosci.org
as supplemental material) reflected stronger junction coupling
that allowed paired spikes of short SI (1–1.5 ms) (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material)
to transmit successfully. In agreement with these observations,
the increases in the SIpost/SIpre ratio were observed in nine prep-
arations with shorter SIpre. In addition to spike transmission
through commissural junctions, similar SI time lags after axonal
propagation and septal transmission were observed in another 17
preparations investigated (data not shown).

The increase in SIpost after spike transmission might be due in
part to the faster transmission speed of the leading spike or the
lower transmission velocity of the second spike. Therefore, a sin-
gle LG spike was evoked, and the spike transmission time across a
junction was measured and compared. Both the spike propaga-
tion time and transmission time delay of the leading spike were
the same as that of an isolated single spike. Thus, increases in the
SIpost/SIpre ratio arose from the lower propagation velocity of the
second spike. The second spike, but not the leading spike, failed

Figure 1. A–E, Spike propagation delay in simulation (A, B) and in the LG network (C–E). A, Current pulses of 20 nA/100 �s were injected (S) to initiate a paired spike that was recorded at various
propagation distances (Ep). B, Paired current injection (S) into a presynaptic neuron connected to a postsynaptic neuron with gap junctions of either 50 or 25 nS in conductance. The SIs of paired spikes
in presynaptic and postsynaptic axons (SIpre and SIpost) were measured. C, The LG neurons on the left side of ganglia (from LLG1 to LLG6) couple with septal junctions. Six pairs of LG neurons (from
LLG1, RLG1 to LLG6, RLG6) are each connected with commissural junctions. Two biphasic pulses (0.8 –3 V, 0.1 ms of duration) on an LG axon (S1 or S2) initiated the paired spikes. Recordings were
made by microelectrodes (R1, R2, R3, Rpre, and Rpost) located near each side of septum. Ligations were made on the connectives of LG neurons in the fifth ganglia (RLG5, LLG5) and the sixth ganglia
(RLG6, LLG6) for the measurements of commissural transmission. D, Paired spikes recorded in precommissural and postcommissural axons (Rpre and Rpost) for SI measurements. E, The ratio of
SIpost/SIpre is plotted against SIpre to illustrate the change in SIs after commissural transmissions.
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to trigger a corresponding transcommissural spike when the SI of
a paired spike was short. For example, paired spikes with an SI of
1.19 ms were evoked successfully in the RLG5 neuron. Under this
condition, the second spike failed to transmit through the com-
missural junction, and the SIpost was unable to measure (Fig. 1D,
bottom paired traces). This is because the SI of the paired spike in
the presynaptic neuron approached the absolute refractory pe-
riod of the leading spike. Thus, the maximal SIpost/SIpre ratio was
plotted from the shortest SIpre evoked in the presynaptic neuron
against the successful SIpost measured in the postsynaptic neuron
in each animal (Fig. 1E).

Transmission failures through gap junctions were also ob-
served in our simulation studies (Fig. 1B). An SI of 1.05 ms was
the shortest SI value that would allow the paired spikes to suc-
cessfully transmit through a gap junction of 50 nS in conduc-
tance; an SI of 1.44 ms was the shortest SI value for transmission
through a gap junction of 25 nS in conductance (Fig. 1B). These
results suggest that both the spike interval of paired spikes and the
conductance of a junction are major limiting factors for success-
ful spike transmission through a gap junction. In summary, spike
transmission across weaker conductance junctions failed more
readily, suggesting that a gap junction provides “gating” to filter
out spikes elicited during the refractory period.

Induction of high-frequency oscillations
It has been documented that asymmetrical spike transmission is
required for oscillation induction in an electrically coupled net-
work. Our simulation studies indicate that a single spike in a
neuron of an electrically coupled network would transmit bidi-
rectionally. However, the gap junction conductance determines
the success of spike transmission but not the direction of spike
propagation; inhibitory modulation is needed to restrict the di-
rection of spike propagation for oscillation induction. Therefore,
mechanisms other than chemical modulation are needed to in-
duce oscillations in a pure electrically coupled network. We pro-
pose that “gating” by the gap junction in an electrically coupled
network restricts the propagation direction of a spike. We used
computer simulations to study this phenomenon with paired
spikes of short SI.

As expected, a spike elicited during the RRP (SI of 2.5 ms) was
filtered by low-conductance (1.05 �S), but not by high-
conductance (5 �S), gap junctions (Fig. 2A). The same paired
spikes elicited only one spike in the postsynaptic neuron when the
gap junction was close to the site of spike initiation. The SIs of
these paired spikes increased after spike propagation. Therefore,
two transjunctional spikes were produced when the junction was
located some distance (i.e., 5 mm in Fig. 2B) away from the spike
initiation zone. Such asymmetrical spike transmission leads to
spike collision when the two spikes are propagated in a three-cell
loop (Fig. 2C, N1, N2, and N3). Spike collision occurred in a loop
and left the remaining spike reverberating in this closed-loop
network (Fig. 2C). An oscillation of 297 Hz was induced by evok-
ing paired spikes of 2.53 ms SI in the N1 neuron of this three-cell
loop (Fig. 2D).

This spike reverberating model was verified in the LG network
by impaling recording microelectrodes to monitor the propaga-
tion of spikes in the 6 LG neurons in the second, third, and fourth
abdominal ganglia (Fig. 2E, LLG2, RLG2, LLG3, RLG3, LLG4,
and LLG4). An oscillation of 686 Hz was induced by a pair of LG
spikes with an SI of 1.03 ms (Fig. 2E). Similar oscillations with
varying frequencies were induced by paired spikes of 1.0 –1.9 ms
SI in 19 preparations. The frequencies of these paired-spike-

induced oscillations ranged from 425 to 686 Hz, and their dura-
tions ranged from 15 to 179 ms (data not shown).

Oscillating frequency determined by spike propagation time
In the LG network, a single spike was found to take 0.41 � 0.05
ms (n � 12) to transmit through a commissural junction (Fig.
1C, Rpre to Rpost) and 0.22 � 0.05 ms (n � 10) to travel through
the connective between two ganglia (Fig. 1C, R1 to R3). According
to our spike reverberation model, the SI of oscillation was the
same as the spike’s traveling time throughout the network (Fig.
2C). In the 19 preparations studied, paired-spike-induced oscil-
lations with SIs of 1.44, 1.70, 2.0, 2.26, 2.65, and 2.99 ms were
obtained. These SI values correlated linearly with the estimated
time for a single spike to run through an oscillating loop of 4, 6, 8,
10, 12, or 14 neurons, respectively (Fig. 2F).

Analysis of spike reverberation in the network
The evoked paired spikes in the left LG axon of the fourth gan-
glion (LLG4) produced two transseptal spikes in the LG neurons
on the left side of the third ganglion (LLG3) (Fig. 3A). In contrast,
the second spike failed to transmit across the commissural junc-
tion, and only one transjunctional spike was triggered in RLG4.
This single spike was 0.38 ms behind the leading spike and 0.65
ms ahead of the second spike in LLG4 (the spikes of the first and
fourth traces in the dashed polygon). The short SI value of the
second spike (0.65 ms) meant it was unable to transmit across the
commissural junction. A single spike in RLG3 led the second
spike in LLG3 by 0.87 ms, because of propagation delay of the
second spike in LLG4. The second spike in LLG3 transmitted
through the commissural junction to trigger a new action poten-
tial in RLG3 (Fig. 3B). As a result, this transcommissural spike
backpropagated to RLG4 and then reverberated in a closed loop
consisting of the RLG3, RLG4, LLG4, and LLG3 (Fig. 3C, dashed
circle). Although both the single transcommissural spike in RLG5
and the transseptal paired spikes in LLG5 propagated toward the
LG neurons in the sixth ganglion and collided there, the remain-
ing spike in RLG5 failed to reexcite RLG4, because oscillating
spikes were already induced in RLG4. Under this condition, the
oscillating spike in RLG4 prevented spike transmission from
RLG5 to RLG4. Once an oscillator loop had formed, the oscilla-
tory spikes produced by this loop transmitted through septal
junctions and contributed to the oscillating spikes recorded in
LLG2 and RLG2 (Fig. 3A,C).

Figure 3C summarizes how spikes reverberate in the oscillator
center formed by four LG neurons and how these oscillating
spikes transmit to the neurons outside the oscillator loop. In
contrast, a pair of spikes with a SI of 2.5 ms evoked in the same
neuron (LLG4) failed to induce oscillatory spikes, as symmetrical
spikes were successfully transmitted through both the septal and
commissural gap junctions in the fourth ganglion (data not
shown). These results confirm the prediction that the asymmet-
rical transmission of paired spikes through electrical synapses
leads to the generation of high-frequency oscillations in a
junction-coupled network.

The paired-spike-induced oscillations terminated naturally at
the low-conductance commissural junction, where the initial
second spike was filtered out (Fig. 4A). In some preparations,
although spike transmission through the initial low-conductance
commissural junction failed, lower frequency oscillations re-
mained. We found that spikes transmitted through a new com-
missural junction in a neighboring ganglion contributed to the
sustaining of oscillation, usually with a longer SI (Fig. 2E). This
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phenomenon was observed in most preparations examined, and
occurred during the late phase of oscillation.

Oscillations could also be terminated by introducing an extra
spike between two oscillating spikes. Figure 4B illustrates how an
inserted spike in RLG3 propagated bidirectionally through septal
junctions to RLG2 and RLG4 (and then to RLG5). The transjunc-
tional spikes in RLG2 collided with the transcommissural spike
coming from LLG2. The transseptal spike in RLG4 failed to excite
an extra spike in LLG4 because of the very short SI that resulted
from the inserted spike (Fig. 4B). Figure 4B (bottom) summa-
rizes how an extra spike between oscillating spikes leads to a spike
collision and nontransmission through the commissural junc-
tion, thereby terminating the oscillation.

Chemical synapse-independent oscillations
The tail-flip response mediated by LG spike would lead to the
reexcitation of the sensory afferents that innervate the abdominal
exoskeleton surface hairs. The GABAergic tonic and recurrent
inhibitions on sensory afferents and interneurons have been
found to prevent the reexcitation of LG by LG spike itself (Ed-
wards et al., 1999). A long delay multiple spikes of irregular SIs
generally would obtain after the activation of interneurons in the
sixth abdominal ganglion by LG spike. In the presence of picro-
toxin, which blocks GABAergic inhibitions in LG network, mul-
tiple spikes of irregular SIs were induced by a single spike evoked
in LLG4 (Fig. 5A, the first spike of the third trace). These multiple
spikes in LLG6 transmitted through septal junction to LLG5 and

Figure 2. Spike reverberates in a junction-coupled network. A, Evoked paired spikes (middle axon) transmitted through high- ( g � 5 �S) but not low- ( g � 1.05 �S) conductance gap
junctions. B, The second spike of evoked paired spikes transmitted through a synapse 5 mm away from initiation site, but not through the synapse at the spike initiation site. C, Asymmetric paired
spike transmission and spike collision led to spike reverberation in a three-cell loop (N1, N2, and N3). D, Transmission failure of paired spikes (indicated by dashed circle) initiated spike oscillation.
Directions of spike propagation are indicated by arrows. E, Recordings of oscillatory LG spikes in the second, third, and fourth abdominal ganglia induced by paired-pulse stimuli. LLG4 represents the
LG neuron on the left side of the fourth ganglion. F, The SIs of paired-spike-induced oscillations plotted against the estimated time for an isolated spike to propagate through a network consisting
of 2, 4, 6, 8, 10, 12, and 14 neurons.
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then to LLG4 with �0.15 ms of septal de-
lay in each ganglion (Fig. 5B, labeled as 1a,
2a, and 3a). The first spike in LLG6 was 0.3
ms behind that in RLG6 because of
transcommissural delay (Fig. 5A, the first
spike of the fourth trace); however, the
multiple spikes in RLG6 were �60 �s be-
hind that in LLG6, because they both were
induced by the interneurons in the sixth
abdominal ganglion. From RLG6, the
spikes transmitted through septal junction
to RLG5 and then to RLG4 with �0.15 ms
of junctional delay in each ganglion (Fig.
5B, labeled 1b, 2b, and 3b). Figure 5B (bot-
tom) summarizes that, after the applica-
tion of picrotoxin, the multiple spikes in-
duced by a single spike were not a result of
spike reverberation in a closed-loop
network.

Additionally, in the presence of picro-
toxin, the multiple spikes induced by a sin-
gle spike evoked in LLG4 were abolished
when the LG network was incubated in
calcium-free crayfish buffer (Fig. 5C). This
result confirmed that the generation of
multiple spikes by a single LG spike was a
result of escape from the inhibitions,
which were mediated by GABAergic mod-
ulations. In addition to the blockade of
GABAergic inhibition, most chemical
transmissions in the LG network were also
abolished under the calcium-free condi-
tion (Miller et al., 1992; Araki and
Nagayama, 2003) (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material). However, under
calcium-free conditions, paired spikes of
short SI still induced rhythmic oscillation
(Fig. 5D). These results exclude the role of
chemical modulation in paired-spike-
induced oscillations, because the removal
of chemical inhibition is not likely the un-
derlying mechanism for these oscillations.

Discussion
In this study, we reported that high-frequency oscillations were
induced by paired spikes of short SIs in a junction-coupled net-
work. Asymmetrical transmission of paired spikes through a low-
conductance gap junction leads to a spike reverberation in a
junction-coupled network. This underlying mechanism for oscil-
lation was modeled by computer simulation and verified electro-
physiologically in a network that mediates the tail-flip escape
response of crayfish.

Oscillation induction in an electrically coupled network
High-frequency multiple spiking has been observed in various
electrically coupled neurons, such as the median giant neurons of
the earthworm and the LG neurons of crayfish (Kao and Grund-
fest, 1957; Kao, 1960). It has been proposed that both chemical
and electrical synapses play key roles in oscillation generation
(Kandler and Katz, 1995; Palva et al., 2000). However, oscillations
can be induced when chemical synapses are blocked in some
brain areas, ruling out a role for chemical synapses in certain

types of oscillations (Jefferys and Haas, 1982; Taylor and
Dudek, 1982; Draguhn et al., 1998). Nonsynaptic brain oscil-
lations during early brain development suggest that gap junc-
tion communication alone can lead to oscillations (Kandler
and Katz, 1995; Perez Velazquez and Carlen, 2000; Corlew et
al., 2004; Minlebaev et al., 2007). Our results also suggest that
chemical synapse modulation is unlikely to be the underlying
mechanism for oscillation induction in the LG network. With-
out modulations of chemical synapses, theoretical models of
electrically coupled networks have been developed to demon-
strate how oscillations are induced (Abbott and van Vreeswijk,
1993; Skinner et al., 1997; Traub et al., 1999; Lewis and Rinzel,
2000; Tegnér et al., 2002). Unfortunately, the mechanism by
which the direction of spike propagation in a network is re-
stricted without inhibitory neuromodulation remains un-
clear. In this study, the second spike in paired spikes of short
SI, filtered by a low-conductance gap junction that results in
asymmetrical spike transmission, was proven to play a key role
in oscillation induction in the LG network.

Figure 3. Initiation of paired-spike-induced oscillations in the LG network. A, Illustration of the initially evoked paired spikes
(indicated by dashed polygon), the direction of spike reverberation (indicated by arrows), and the sequence of propagation
(marked by numbers) during the early phase of oscillation. Failure of spike transmission is indicated by the dashed circle. B,
Summary of the propagation delay and failure of spike transmission of paired spikes of short SI. Propagation delay of the second
spike led to spike transmission from LLG3 to RLG3 (indicated by dashed arrow). C, The spike reverberated in the oscillator center
formed by LLG3, RLG3, RLG4, and LLG4 (indicated by dashed arrows). Multiple spikes generated by the oscillator center were
transmitted via septal junctions to the LG neurons outside this center (indicated by solid arrows).
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Asymmetrical transmission leads to spike reverberation
Gap junctions interconnect neurons and allow the exchange of
small molecules, ions, and electrical potentials between cells
(Bennett and Zukin, 2004; Söhl et al., 2005). High-conductance
gap junctions guarantee the propagation of an action potential,
whereas junctions of lower conductance might act as a filter to
gate spike transmission across a junction. Thus, gating by low-
conductance gap junctions provides asymmetrical spike trans-
mission without chemical synaptic modification. In addition to
the junctional conductance, the SI between spikes plays an im-
portant role in spike transmission across a junction. Therefore, a
pair of spikes with very short SI evoked in one neuron might
produce one spike in one postsynaptic neuron, whereas two tran-
sjunctional spikes might be produced in another strongly cou-
pled neuron or in a neuron that makes a synapse at some distance
away from the spike initiation site.

When a pair of spikes is evoked in a junction-coupled net-

work, asymmetrical transmission can lead to spike collision, leav-
ing repeated propagation of the remaining single spike if a closed-
loop network is formed. This closed loop can serve as an oscillator
to produce a self-sustained oscillation in the absence of chemical
modulations. Because spikes reverberate in a closed-loop net-
work, the number of neurons forming this closed loop deter-
mines the spike traveling time and therefore the oscillation inter-
val. The oscillation frequency could be very high in an oscillator
loop formed by only a few neurons. Additionally, the lack of a
chemical synaptic delay in a junction-coupled network also con-
tributes to the high frequency of the oscillations.

According to the spike reverberation model, the frequency of
oscillations is determined by the traveling time of a spike running
through the oscillator loop. Based on measurements of spike
propagation time, an LG spike takes �1.26 ms to travel through
an oscillating loop of four LG neurons (Fig. 2F). However, this
estimated traveling time only fits the SIs of the first few oscillation
spikes, and not those of the successive spikes. This is because the
successive oscillatory spikes are elicited during the refractory pe-
riods of the previous spikes. Thus, the initial spike interval of
oscillation increases gradually during oscillation, because spikes
elicited during the refractory period all suffer from propagation
delay. Here, the mean spike interval for the entire oscillation in an
oscillator consisting of four LG neurons was 1.43 ms instead of
1.26 ms (Fig. 2F). This measured SI value of oscillation is better
correlated with the estimated spike traveling time through an
oscillating loop consisting of a larger number of neurons, because
the successive spikes are even further away from the absolute
period of the leading spike (Fig. 2F).

Physiological significance of high-frequency oscillations
In the LG network, spikes always transmit successfully through
septal junctions because of their high conductance. Spike trans-
mission is more likely to fail across commissural junctions be-
cause of their lower conductance. Because the conductance of the
septal junction is stronger than that of the commissural junction
in LG network, a key factor for oscillation induction is the cou-
pling strength of the junction, because both septal and commis-
sural junctions are known to be nonrectifying (Watanabe and
Grundfest, 1961). A rectifying junction would determine the di-
rection of spike transmission. Asymmetrical transmission
through a rectifying junction might occur and thus induce oscil-
lation. However, the oscillation induced by the asymmetrical
transmission through a rectifying junction would be unidirec-
tional rather than bidirectional. In this study, oscillations in LG
network were induced by spike in any neurons of this electrically
coupled network. Additionally, the direction of oscillations could
be either clockwise or counterclockwise, ruling out the involve-
ment of rectifying junctions in oscillation induction.

Based on our model, asymmetrical spike transmission is re-
quired for oscillation induction in an electrically coupled net-
work. Paired spikes of short SI traveling through weaker coupling
junctions readily trigger oscillation. A single spike evoked in a
presynaptic neuron fails to fire an action potential during the
period in which the excitability of postsynaptic neuron is inhib-
ited by the actions of inhibitory neurotransmitters or by a nega-
tive current injection (Watanabe and Grundfest, 1961; Traub and
Bibbig, 2000). A self-sustained oscillation could be induced if
such asymmetrical spike transmissions occur in an electrically
coupled network. As expected, high-frequency oscillations in the
LG network, similar to paired-spike-induced oscillations, were
obtained by evoking a single spike accompanied by a negative

Figure 4. Termination of paired-spike-induced oscillations in the LG network. A, Spike failed
to transmit (dashed circle) through the junction during the late phase of oscillation. B, An
inserted extra spike (indicated by dashed rectangle) causing the failure of spike transmission
(dashed circle) terminated oscillation. Bottom panels summarize the directions of spike propa-
gation in the oscillator centers (indicated by gray dashed arrows) before the termination of
oscillations. The propagations of the inserted spike are indicated by a solid black arrow.
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current injection to prevent the generation of a transcommissural
spike (Watanabe and Grundfest, 1961).

In some preparations with low coupling in commissural junc-
tion, we found that the asymmetrical transmission of a single
spike also led to the induction of high-frequency oscillations in
the LG network. Two to six spikes of high-frequency oscillation
were induced by a single LG spike in LG network. These high-
frequency oscillatory spikes might be physiologically significant,
because repetitive LG spikes give rise to the synaptic bombard-
ment that produces effective summation of the excitatory junc-
tional potentials in the flexor muscle neuromuscular junctions
(our unpublished data). This synaptic bombardment produced
by LG repetitive spikes is purportedly needed for the vigorous
contraction of the abdominal muscle during molting (our un-
published observations). These observations suggest that high-
frequency oscillations occur under physiological conditions.

Here, we demonstrate that a ladder-like network responsible
for the tail-flip escape behavior in crayfish forms a ring-like net-
work by changing the neurons’ interconnecting couplings. This
ring-like network could generate repetitive spikes with a very
high frequency. The simple mechanism for high-frequency oscil-
lation induction demonstrated in this study may be widely appli-

cable during early brain development or in the adult brain under
physiological or pathological conditions.
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