
ages, could be caused by either an intrinsic inability of neurons in
the immature visual cortex to respond rapidly to visual stimuli, or
by reverberating neural activity within immature feedback cir-
cuits14. To distinguish between these two possibilities, recordings
were obtained from each animal under light anaesthesia using the
same visual stimulation conditions as in the awake-behaving con-
text (Fig. 4a). Light anaesthesia significantly dampened neuronal
excitability, as demonstrated by a reduction in spontaneous activity,
whereas neuronal responsiveness to visual stimulation was main-
tained (see Supplementary Information). In contrast to awake
animals, temporal correlations, both during and in the absence of
visual stimulation, showed swift decorrelation by 50ms at all ages,
including the youngest P30 animals (Fig. 4b, top). Thus, the slope of
temporal correlation functions, computed for neural activity
between 50–200ms under all three stimulus conditions, was sig-
nificantly reduced at P30–32 and P44–45 (P , 0.05, t-test) to levels
matching those for control P83–90 animals (see Supplementary
Information). This indicates that cortical neurons are capable of
rapidly responding to sensory signals at all ages, and suggests that
temporal correlations extending to several hundred milliseconds in
the young awake animals may result from recurring activity gener-
ated within immature feedback circuits. In contrast, the spatial
correlation functions were not substantially different for the awake
and anaesthetized animal at any age (compare Fig. 4b, bottom, with
Fig. 3a, bottom, P . 0.05, t-test). This suggests that feed-forward
sensory evoked activity, which is maintained during anaesthesia, has
a prominent role in governing the correlated firing of neurons
between different cortical sites.
The strong correspondence between patterns of correlated

neuronal activity during and in the absence of visual stimulation,
indicates a tight relationship between spontaneous activity and the
cortical representation of sensory signals. Even when stimulated by
input signals with diverse statistical properties, the firing patterns of
visual cortical neurons are dominated by the intrinsic dynamical
properties of the cortical circuit rather than the signal statistics.
These results agree with previous reports in anaesthetized prepa-
rations and in vitro brain slices demonstrating that sensory evoked
responses are significantly modulated by ongoing spontaneous
neuronal activity, and that this spontaneous activity reflects the
intrinsic dynamical behaviour of neural circuits13,15–17. They also
agree with previous studies in nonhuman primates showing that the
firing rates of visual cortical neurons are modulated to a smaller
degree during free viewing of natural scenes than when the same
stimuli are statically flashed within the classical receptive field
during fixation18,19. However, our results are the first to demonstrate
that intrinsic circuit dynamics strongly govern the correlated firing
of neurons in primary visual cortex of freely viewing animals. These
results provide the most direct evidence that the intrinsic dynamical
behaviour of neural circuits might have a prominent role in visual
sensory coding. If the specific spatio-temporal structure of these
dynamics is important for normal sensory processing, then the shift
from slow asynchronous bursting at early ages to dominant syn-
chronous 4–8-Hz oscillations in the adult probably has a central role
in the emergence of sensory coding during brain development.

Our analysis has focused only on second-order spatio-temporal
correlations in spontaneous and visually driven activity, and it does
not address higher-order correlations in neural activity that may
also be used to encode input signals20–22. In addition, our results are

Figure 3 Developmental changes in the spatio-temporal pattern of stimulus-evoked and
spontaneous visual cortical activity in awake-behaving ferrets. a, Correlation functions
computed for dark spontaneous activity, as well as evoked activity to natural-scene and

random-noise films in awake ferrets at three different ages. Thin horizontal lines show

plots of correlation functions computed at each age for each condition using randomly

shuffled binned spikes. Random temporal shuffling of spike trains abolished all

correlations in all three age groups, demonstrating that the observed shifts in correlated

activity were not simply a result of the developmental increase in cell firing rates. Top row:

temporal correlation functions. Bin width, 20ms. Bottom row: spatial correlation

functions. Bin width, 50ms. Error bars represent s.e.m. b, Emergence of oscillations in
dark spontaneous activity during visual cortical development. Dominant 4–8-Hz

oscillations emerge between P44–45 and P83–90. At P83–90, visual stimulation

abolishes oscillations at these frequencies but triggers higher frequency oscillations.

Total active windows are the total number of 800-ms windows that contained at least 1

spike.
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