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ynchronized spikes prevail in cortical
networks, and their modulations
are associated with attention, sensory
processing and motor behaviors, yet it
remained unclear how spikes can syn-
chronize at the millisecond precision in a
noisy network. Our new evidence shows
that neurons do not easily synchronize;
rather, in order to make them generate
synchronous spikes, “parent” presynap-
tic neurons commonly shared by them
are required to synchronize in advance.
Therefore, the conventional style of
neurophysiological research is unable to
reach the true origin of synchronization.

Neurons transmit spikes through a web
of neurites and synaptic junctions, in
which segregation and integration of mul-
tiple spike flow contribute to information
processing. Individual spikes are usually
orchestrated into synchronized events
consisting of various sizes of neuron pop-
ulations. The strength of synchronization
between any two neurons is often referred
to as a ‘functional’ connection, and their
large-scale network topology has been
examined by graph-theoretic studies.'*
On the other hand, anatomical studies
have addressed the ‘structural’ connectiv-
ity of synaptic wiring among neurons.’”
A fundamental question, however, is how
the functional and structural connectivity
are mutually correlated?

Unfortunately, due to a lack of appro-
priate experimental techniques, spiking
patterns and synaptic architectures have
not been directly compared in identical
neuronal networks and information is still
lacking about their relationship. The only
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possible approach is mathematical model-
ing of “in-silico” neuronal networks. The
numerical simulation can infer how pat-
terned activities emerge from specifically
structured circuits and how they in turn
lead to network reorganization, but this
conjecture has to be experimentally veri-
fied. To do this, it is essential to record
the spatiotemporal pattern of spikes from
neuronal networks in which the synaptic
connectivity was identified.

In our recent paper, we conducted
simultaneous patch-clamp recordings from
two or more CA3 pyramidal neurons in
organotypic cultures of hippocampal slic-
es.!” The CA3 region includes an autoas-
sociative network in which pyramidal
cells are unidirectionally or bidirection-
ally synapsed with a connection probabil-
ity of 20-30%, and thus, we sometimes
encountered synaptic coupling between
randomly selected pairs of pyramidal cells.
Importantly, the connected pairs exhibited
higher rates of synchronous firing than
uncoupled pairs did; in other words, the
functional connectivity becomes stronger
when two neurons are anatomically con-
nected. Thus, the functional connectivity
is a relatively good reflection of network
wiring topology.

Can the presence of synaptic connec-
tions fully explain spike synchronization
between the two neurons? The answer is,
of course, no. In general, cortical excit-
atory synapses are weak and unreliable,
and a single synapse is insufficient to
induce a suprathreshold depolarization to
emit an action potential of a postsynaptic
neuron (Fig. 1A). To make it fire, dozens
(or even hundreds) of presynaptic neurons
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Figure 1. Synchronization of presynaptic
neuron layer is required to synchronous
spikes of postsynaptic neuron pair. (A)
Synaptic connection between two neurons
by itself cannot synchronize them. (B) Com-
mon synaptic inputs from the presynaptic
neuron layer contribute to postsynaptic spike
synchronization to some extent but cannot
fully account for the degree of naturally oc-
curring synchronization. (C) Highly synchro-
nized presynaptic neurons efficiently lead to
postsynaptic synchronization.

have to send synaptic inputs to it within a
narrow time window such as tens of mil-
liseconds. But does this truly happen? The
most likely explanation seems that neu-
rons that emit more synchronized spikes
share more common presynaptic neurons
and receive correlated synaptic inputs
from them.

To address this, we conducted func-
tional multineuron calcium imaging
(fMCI). This optical technique can probe
the pattern of spiking activity and syn-
aptic wiring in a large neuron popula-
tion,'"!* providing a unique opportunity
to access the functional and anatomical
relationship with a single-cell resolution.
We have improved fMCI so as to image
from about 100 neurons at frame rates of
500-2,000 Hz. We also devised fMCI for
thoroughly mapping the synaptic connec-
tions among them. Then we compared
synchrony-based networks with synapti-
cally defined networks. As we expected,
we indeed found that more highly
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synchronized pairs of neurons share more
numbers of common presynaptic neu-
rons. Furthermore, targeted patch-clamp
recordings from highly synchronized neu-
rons revealed that they received highly
correlated synaptic inputs.

Then, are these correlated inputs
responsible for synchronized spike out-
put? The story is not straightforward. We
found that in silico generated correlated
inputs were unable to efficiently elicit syn-
chronized spikes even though their corre-
lation efficient was increased to a realistic
extent. This implies that spontaneously
occurring synaptic inputs convey more
information that cannot be captured by
the widely used cross-correlation measure-
ment, thereby efficiently producing syn-
chronized spikes in postsynaptic neurons
(Fig. 1B). Then what is the true source of
synchronization?

During further careful comparisons
between functional and anatomical con-
nectivity, we realized that common parent
neurons per se already synchronized in a
power-law scale, sending highly coherent
synaptic inputs to postsynaptic neurons.
Consistent with this, when in silico corre-
lated synaptic inputs were generated from
power law-scaled presynaptic spike trains
and injected into two pyramidal neurons,
we now found that they exhibited strongly
synchronized spikes, as comparable to
actual synchronization (Fig. 1C).

Overall, what our study finally unveiled
is that synchronized spike outputs require
highly synchronized synaptic inputs aris-
ing from “parent” presynaptic neurons,
but also vice versa. Moreover, the synchro-
nized parents naturally require synaptic
inputs from highly synchronized spikes
of “grandparent” neurons, which must
also be synchronized by further upstream
synchronized neurons, and so on. Now
we must return to the fact that CA3 neu-
rons are densely interconnected through
a recurrent network. Our journey for
searching the origin of synchronization
will eventually come back to the starting
point of synchronization. This functional
recursive loop, a feature often found in the
self-organizing complex system, can be
interpreted as a “recurrent network” ver-

sion of synfire chain.’1®
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In the brain, the degree of synchroniza-
tion is known to vary depending on the
behavioral state. Under awake conditions,
the network tends to be more asynchro-
nous.'*" Thus, a next-step study will be
required to elucidate the modulation of
the synchrony level.
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