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Dear Editor,

The timing of spiking activity across neurons is believed to 
play an important role in information coding in brain cir-
cuits1[1]. At the cellular level, neurons can fire spikes with 
millisecond precision and the relative timing of pre- and 
postsynaptic spikes can determine the direction and extent of 
synaptic modification [2]. When such spike-timing-depend-
ent plasticity (STDP) and other physiological and anatomical 
properties are implemented in theoretical models, the simu-
lated networks of interconnected spiking neurons exhibit 
neuronal groups with stereotypical time-locked spatiotem-
poral firing patterns with millisecond temporal precision [3]. 
Combining STDP with the consideration of information cod-
ing in the spatiotemporal dynamics of neuronal populations, 
algorithms can be developed for spiking neural networks and 
energy-efficient neuromorphic devices to perform learning 
and problem-solving tasks [4, 5]. In a sense, such coding and 

learning schemes are in line with Hebb’s cell assembly the-
ory, in which information is represented in the spatiotempo-
ral pattern of reverberatory activity in the neuronal network 
[6]. However, direct experimental studies of reverberatory 
activity in cell assemblies in vivo have remained elusive. 
This is probably because neurons from a specific assem-
bly are likely to be intermingled with many more neurons 
outside this assembly. Thus, even with the state-of-the-art 
technology capable of simultaneously recording from tens to 
hundreds of cells, it is still difficult to capture many neurons 
belonging to the same assembly [7]. In an attempt to explore 
the biophysical feasibility of population temporal coding, 
we took advantage of the accessibility of neuronal cultures 
that form self-organized networks exhibiting reverberatory 
activity [8]. We further evaluated the temporal precision of 
such population dynamics by combining electrophysiologi-
cal recording with high-speed imaging to monitor the  Ca2+ 
activity of all neurons in a network.

We grew networks of 30–100 hippocampal neurons 
together with glial cells to form isolated islands confined 
by microfabricated polydimethylsiloxane structures (Figs S1 
and 1A). Consistent with previous reports [8], a brief 1-ms 
stimulus given to one glutamatergic neuron reliably elicited 
persistent network activity that lasted for several seconds 
(Fig. 1B, C). This activity was recorded as recurring poly-
synaptic current (PSC) clusters under voltage-clamp mode 
(Fig. 1D). Each of these clusters lasted for tens of millisec-
onds and consisted of multiple current components, indicat-
ing that a subpopulation of neurons in the network was firing 
in a bursting pattern with different time delays.

The well-defined culture system allows for close moni-
toring of the activity of all individual neurons in the rever-
beratory network by imaging the fluorescence signals of the 
 Ca2+-sensitive dye Fluo-8 loaded into the cells (Fig. 1A). 
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Upon elicitation of reverberation by a stimulus pulse applied 
to a single neuron through a patch-clamp recording electrode, 
many neurons exhibited stepwise increases in fluorescence 
signals that resulted from spike-triggered rapid  Ca2+ influxes 
followed by a relatively slow clearance (Fig. S2A–C; Movie 
S1). The activation of individual neurons was then obtained 

by calculating changes in the fluorescence signal in adjacent 
frames of the raw fluorescence image series (Movie S2; also 
see Methods). Neuronal activation in this network aligns with 
simultaneously recorded PSCs (Fig. 1D).

In a typical reverberation episode (Fig. 1C, D), multiple 
bursts of network activation are punctuated by short, silent 
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periods of around 50–200 ms (Fig. S3). We name these semi-
rhythmic bursts “reverberation events”. After generating a 
raster plot of the activities of all identified neurons in the 
network during a period spanning several events, we found 
that six of the seven consecutive reverberation events dis-
played similar firing sequences that can be visually identified 
(Fig. 1E). In a reverberatory episode, only the first event was 
directly induced by an externally applied electrical stimulus, 
while all subsequent events were autonomously generated 
by intrinsic factors of cellular dynamics including asynchro-
nous transmitter release at the presynaptic termini of these 
neurons. The existence of a conserved firing sequence across 
reverberation events indicates that the spatiotemporal pattern 
of network dynamics can be used for information encoding. 
Therefore, it would be of value to know how precisely the 
spatiotemporal pattern could be preserved, and whether the 
preserved pattern could be reactivated in later episodes.

To further assess the temporal precision of the con-
served firing patterns across reverberation events, we took 
a template-matching approach to obtain “super-resolution” 
estimates of spike timing beyond the temporal resolution 
limited by the imaging frame rate (Figs 1F and S2D–F; 
also see Methods). When this approach was applied to our 
testing data set acquired from neurons under  Ca2+ imaging 
with simultaneous patch-clamp recording and stimulation, 

the inferred spike-timing values had a temporal precision 
of ± 2.3 ms with a 95% confidence interval of 4.9 ms (Fig. 
S2F). After ranking the neurons according to their average 
spike timings, we found that many reverberation events have 
similar firing patterns (Fig. 1G).

We next quantitatively evaluated the similarity of spatiotem-
poral patterns. We defined a similarity index (SI) of a pair of 
reverberation events as the maximal cross-correlation coeffi-
cient of spike trains (convolved with a Gaussian kernel) from 
all active neurons in the events (Fig. 1H; also see Methods). 
Because this value can vary depending on the imaging speed and 
firing synchrony, we also calculated the SI for control data sets 
generated from the same experimental data after spatial shuf-
fling and temporal jittering (Fig. 1I). In all the 26 reverberatory 
networks examined for the existence and temporal precision of 
spatiotemporal patterns, the SIs of the experimental data sets 
were significantly higher than the corresponding control data-
sets (Fig. S3). Thus, the neuronal networks with spontaneously-
formed connectivity were capable of generating semi-rhythmic 
bursts of neuronal firing with truly conserved firing patterns at 
the millisecond level.

Intriguingly, not all reverberation events from a network share 
a common conserved activity pattern. An event can have high 
similarity with some other events, but low similarity with others 
in the same network (Fig. 2). Using cluster analysis with a stand-
ard dendrogram method [9], we found that multiple patterns 
of reverberation events coexisted in the same network, occur-
ring in no particular temporal order during the reverberation 
episodes (Fig. 2A, B). And these different patterns involve the 
activation of largely the same group of neurons (Fig. 2C). To 
better visualize the similarity of these event patterns, the order 
of reverberation events in the similarity matrix was reorganized 
according to the dendrogram clustering results (Fig. 2D). From 
29 networks examined, multiple clusters of reverberation pat-
terns were found in nine networks, while the other 20 exhibited 
only one primary pattern.

In summary, by combining high-speed  Ca2+ imaging and 
patch-clamp recordings, we have obtained direct experi-
mental evidence that reverberatory activity with precise 
spatiotemporal patterns can exist and persist within net-
works of recurrently connected neurons. The reverberation 
we recorded contained conserved sequential firing at the 
millisecond level that rhythmically repeated itself at fre-
quencies of 5–15 Hz, reminiscent of physiologically rele-
vant theta oscillations in the brain that are highly conserved 
across many species [10, 11]. Such rhythmic activity could 
be due to the synergistic action of the firing property of 
recurrently-connected neurons and short-term synaptic 
plasticity as suggested in a previous modeling study [12]. 
Conserved neuronal firing has been reported in various 
native circuits from several brain regions in a broad range 
of behavioral contexts [13–15], indicating that neuronal 
networks of different scales in vivo can preserve precise 

Fig. 1  Spatiotemporal dynamics of reverberatory activity in neu-
ronal networks. A  Ca2+ imaging of a complete neuronal network. 
Green pseudocolor shows saturated  Ca2+ fluorescence of all cells in 
the network activated by high  K+ treatment at the end of the experi-
ment. Red pseudocolor shows an average of background-subtracted 
 Ca2+ images (ΔF) acquired within 100 ms after the stimulus, indicat-
ing neurons that were initially activated during this period. Scale bar, 
200 µm. B Network reverberation evoked by single-pulse stimuli to a 
voltage-clamped neuron, indicated by an arrowhead in A. Stimulation 
pulses (100 mV, 1 ms) were given every 30 s at the time indicated 
by the black arrowhead. Color codes for the amplitude of polysyn-
aptic currents (nA). C Polysynaptic current trace recorded from the 
reverberatory network (trial 1 in B). Scale bars: 1 s, 300 pA. D An 
enlarged segment of the trace in B to show seven periodic reverbera-
tory events (upper) and a corresponding number of firing neurons 
(lower). Scale bars: 100 ms, 300 pA, 20 neurons. E Normalized 
activation signal (color-coded) of all 67 neurons in the network dur-
ing the period shown in D. Similar firing patterns are visualized. F 
Example traces showing the inference of spike timing. In another net-
work, during a reverberatory episode evoked by single-pulse stimula-
tion (upper), a short segment of simultaneously recorded  Ca2+ fluo-
rescence signals (ΔF/F0) from four neurons (middle; colored dots), 
which are fitted locally (colored curves). Precise spike timings were 
determined from fitting results (lower). Short vertical bars below the 
traces show the corresponding timing of detected spikes. Scale bars: 
500 ms, 0.5 nA (upper); 50 ms, 0.5 ΔF/F0 (middle). G All 27 con-
secutive reverberatory events from the reverberatory episode cor-
responding to the top panel shown in F sliced to 50-ms sections. 
Color codes for the normalized convolved spike trains of all neurons. 
H Similarity indexes (SI) of all reverberatory event pairs during the 
reverberatory episode. I Schematic showing how shuffling and jitter-
ing were applied. Spikes were shuffled or jittered before convolution 
was applied.
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spatiotemporal patterns, as seen in simpler culture systems. 
However, it is noted that these findings lack either high 
spatial or temporal resolution [15] or circuit integrity [13, 
15] due to technical limitations and the complexity of in 
vivo circuits. These temporal structures are reminiscent of 
synfire chains [13]. However, instead of maintaining activ-
ity in the continuous feedforward propagation of neuronal 
firing along the synfire chain or loop, the reverberation we 
recorded contained conserved sequential firing that rhyth-
mically repeated itself at theta frequency. Although not 
considered in classical models of network reverberation 
[16], the robustness and temporal precision of this unique 
dynamic mode suggest that it is capable of carrying infor-
mation, as further indicated by the coexistence of multiple 
firing patterns in the same network. It is thus reasonable to 
speculate that for larger networks consisting of thousands 
or millions of neurons in vivo, the same biophysical proper-
ties may help increase the information coding capacity and 
support learning and intelligence in the system.
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