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Linking Spontaneous Activity of
Single Cortical Neurons and the
Underlying Functional
Architecture

M. Tsodyks, T. Kenet, A. Grinvald,* A. Arieli

The relation between the activity of a single neocortical neuron and the dy-
namics of the network in which it is embedded was explored by single-unit
recordings and real-time optical imaging. The firing rate of a spontaneously
active single neuron strongly depends on the instantaneous spatial pattern of
ongoing population activity in a large cortical area. Very similar spatial patterns
of population activity were observed both when the neuron fired spontaneously
and when it was driven by its optimal stimulus. The evoked patterns could be
used to reconstruct the spontaneous activity of single neurons.

Cortical neurons are spontaneously active in
the absence of external input even in primary
sensory areas (/). Analogously, dynamic pat-
terns of ongoing population activity sweep
across the cortex, as recently demonstrated
by high-resolution optical imaging (2). The
spontaneous firing of neocortical neurons is
often considered to be a noisy, stochastic
process (3). A common assumption is that the
stochastic activity of neighboring neurons is
uncorrelated, which permits the averaging
out of this noise. However, local field poten-
tials and recordings from single neurons in-
dicate the presence of highly synchronous
ongoing activity patterns (4). Furthermore,
we have shown in anesthetized cats (5) that
the spontaneous activity of a single cortical
neuron is highly correlated with the popula-
tion activity in a large cortical area containing
millions of neurons. We inquired if there is a
relation between the ongoing patterns of cor-
tical population activity that occur simulta-
neously with the action potentials of a single
neuron, and the reproducible pattern of
evoked activity shaped by the presentation of
a well-defined optimal stimulus. We refer to
these patterns as the spontaneous and evoked
cortical states, respectively. A given evoked
cortical state can be experimentally deter-
mined if signal averaging is used to remove
the ever-changing ongoing activity from the
individual responses to repeated presentation
of that same stimulus. The pattern of evoked
cortical activity for a particular stimulus at-
tribute, such as a given orientation, and the
functional map (that is, functional architec-
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ture) related to this stimulus attribute are
identical. Real-time optical imaging based on
voltage-sensitive dyes is a useful tool for
imaging the membrane potential changes of
neuronal populations (6, 7). This technique
(Fig. 1A) provides an accurate real-time view
of neuronal activity spread across several
neocortical hypercolumns, whose task is to
process the visual input. Simultaneous re-
cordings of single-unit activity and real-time
optical imaging from a surrounding region
were performed in areas 17 and 18 of the
visual cortex of anesthetized cats (8). These
allowed us to study the relation between the
probability that a neuron will fire an action
potential, and the pattern of the population
activity in that region of the cortex, both in
the presence and in the absence of visual
input.

We first searched for neurons exhibiting a
relatively high rate of spontaneous activity
when the animal’s eyes were closed (9).
Next, we characterized the orientation tuning
properties of these neurons and selected the
neurons with sharp tuning preference and
robust response. We chose orientation tuning
as the specific functional property because
the majority of neurons in cat striate cortex
are tuned for the orientation of bars or grat-
ings (/0). Furthermore, the functional archi-
tecture and intracortical circuitry underlying
orientation tuning are well known (/7). We
then performed simultaneous optical imaging
and single-unit recordings for a period of 30
to 70 s during which a drifting grating of
optimal orientation was presented (/2). To
determine the pattern of the evoked cortical
state for which the neuron has a maximal
firing rate, we averaged over all patterns ob-
served at the times corresponding to action
potentials that were evoked by the optimal
stimulus (5). The spatial pattern thus ob-
served is illustrated in Fig. 1C. We refer to
such a spatial pattern as the neuron’s pre-

ferred cortical state (PCS) (/3). We then cal-
culated the single condition orientation map
from the same data by triggering the spatial
patterns of activity on the time of stimulus
onset. Not surprisingly, we found that the
neuron’s PCS pattern was very similar to the
functional architecture map of the orientation
columns illustrated in Fig. 1D (/4).

We evaluated the similarity between ev-
ery spatial pattern of population activity and
the neuron’s PCS. As a measure of the sim-
ilarity between the two patterns, we used their
correlation coefficient. We then compared
the observed spike train (green bars) and the
time course of the similarity (red trace, Fig.
2A). Each presentation of the optimal stimu-
lus evoked increased spiking activity (bursts)
and, as expected, the pattern of population
activity became more similar to the neuron’s
PCS, as reflected by higher values of corre-
lation coefficients (/5). Another way of as-
sessing the resemblance between the discrete
spike train (green) and the continuous corre-
lation trace (red) is to reconstruct a spike train
(blue) from the correlation trace (/6). Evi-
dently, the two spike trains are similar. This
procedure predicted well the occurrence of
bursts in the observed spike train rather than
the exact timing of single action potentials.
Even in the absence of a stimulus, the neuron
still tended to fire when the instantaneous
cortical state was most similar to the neuron’s
PCS (Fig. 2B). The observed and reconstruct-
ed spike trains were similar; the bursts and
sometimes even single action potentials con-
curred with the upswings in the value of the
correlation between these two patterns. Thus,
the spontaneous activity of the neuron could
to a large extent be reconstructed from the
time course of the similarity between the
population activity and the neuron’s PCS. It
is important to emphasize that the PCS of the
neuron was computed from an evoked re-
cording session. These results imply that the
spatial pattern revealed by computing the
PCS of a neuron, and the spontaneous corti-
cal state obtained by averaging over times
corresponding to spontaneous action poten-
tials, should be similar. Figure 2, C and D,
illustrate that these two spatial patterns are
indeed very similar (/7). An example from a
different animal is presented in Fig. 2, E and
F. Because the PCS obtained during activa-
tion is similar to the functional architecture
(Fig. 1, C and D), these results indicate that
the spontaneous activity of cortical neurons
depends on the underlying functional archi-
tecture associated with their tuning properties
(18). The fact that the same states appeared
during both spontaneous and evoked activity
of the neurons also suggests that even in the
presence of sensory inputs, the response of
cortical neurons is affected by dynamically
switching cortical states and is not only a
direct reflection of the input.
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We then investigated what fraction of spon-
taneous action potentials were related to the
patterns of population activity and to the func-
tional architecture (/9). We computed the his-
togram of correlation coefficients, showing the
number of frames occurring for any given value
of correlation coefficient, over an entire imaging
session (Fig. 3A). The symmetric shape of the
histogram, centered on 0, indicates that the state
of the network has no bias toward the PCS of
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any given neuron. We also calculated the anal-
ogous histogram only for the times at which the
monitored single neuron fired an action poten-
tial (Fig. 3B). We refer to this histogram as the
activity histogram. In contrast to the first sym-
metric histogram shown in Fig. 3A, the activity
histogram exhibits a significant bias toward pos-
itive correlation values. This implies that a ma-
jority of the spontaneous action potentials occur
when the population activity is positively corre-
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lated with the neuron’s functional architecture.
In order to obtain the probability that a neuron
will fire an action potential at any given value of
the correlation coefficient, we divided the bot-
tom histogram by the top one (Bayes rule),
which resulted in a steadily increasing function
past a certain threshold. To obtain the predicted
instantaneous firing rate of a neuron, we further
divided this probability by the duration of the
time frame (Fig. 3C). At low values of correla-
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