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he brain is never inactive. Neurons fire at leisurely rates most
of the time, even in sleep (1),
although occasionally they fire
more intensely, for example, when presented with certain stimuli. Coordinated
changes in the activity and excitability of
many neurons underlie spontaneous
fluctuations in the electroencephalogram (EEG), first observed almost a
century ago. These fluctuations can be
very slow (infraslow oscillations, ⬍0.1
Hz; slow oscillations, ⬍1 Hz; and slow
waves or delta waves, 1–4 Hz), intermediate (theta, 4–8 Hz; alpha, 8–12 Hz;
and beta, 13–20 Hz), and fast (gamma,
⬎30 Hz). Moreover, slower fluctuations
appear to group and modulate faster
ones (1, 2). The BOLD signal underlying functional magnetic resonance imaging (fMRI) also exhibits spontaneous
fluctuations at the timescale of tens of
seconds (infraslow, ⬍0.1 Hz), which occurs at all times, during task-performance as well as during quiet wakefulness, rapid eye movement (REM) sleep,
and non-REM sleep (NREM). Although the precise mechanism underlying the BOLD signal is still being investigated (3–5), it is becoming clear that
spontaneous BOLD fluctuations are not
just noise, but are tied to fluctuations in
neural activity. In this issue of PNAS,
He et al. (6) have been able to directly
investigate the relationship between
BOLD fluctuations and fluctuations in
the brain’s electrical activity in human
subjects.
He et al. (6) took advantage of the
seminal observation by Biswal et al. (7)
that spontaneous BOLD fluctuations in
regions belonging to the same functional
system are strongly correlated. As expected, He et al. saw that fMRI BOLD
fluctuations were strongly correlated
among regions within the sensorimotor
system, but much less between sensorimotor regions and control regions (nonsensorimotor). The twist was that they
did the fMRI recordings in subjects who
had been implanted with intracranial
electrocorticographic (ECoG) electrodes
to record regional EEG signals (to localize epileptic foci). In a separate session, He et al. examined correlations in
EEG signals between different regions.
They found that, just like the BOLD
fluctuations, infraslow and slow fluctuations in the EEG signal from sensorimotor-sensorimotor pairs of electrodes were
positively correlated, whereas signals from
sensorimotor-control pairs were not.
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0808310105

Moreover, the correlation persisted across
arousal states: in waking, NREM, and
REM sleep. Finally, using several statistical approaches, they found a remarkable correspondence between regional
correlations in the infraslow BOLD signal and regional correlations in the infraslow-slow EEG signal (⬍0.5 Hz or
1–4 Hz). Notably, another report has
just appeared showing that mirror sites
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of auditory cortex across the two hemispheres, which show correlated BOLD
activity, also show correlated infraslow
EEG fluctuations recorded with ECoG
electrodes (8). In this case, the correlated fluctuations reflected infraslow
changes in EEG power in the gamma
range [however, no significant correlations were found for slow ECoG frequencies (1–4 Hz)].
Where Do Infraslow Fluctuations
Come from?
The results of He et al. (6) highlight several issues of general relevance in neuroscience. Although infraslow fluctuations are a prominent, constant feature
of both BOLD and EEG signals, we still
do not know where they originate. One
possibility is that they reflect diffuse
input from a subcortical source that is
fluctuating in the infraslow range. For
example, the firing of neurons in the
midbrain reticular formation waxes and
wanes with a period of ⬇10 s during
both wakefulness and sleep (9). Alternatively, neurons may slowly modulate
their level of activity because of intrinsic
changes in excitability, in the activity of
ionic pumps, of neurotransmitter transporters, and of glial cells (2). Last, modeling the overall organization of corticocortical connectivity suggests that
infraslow, system-level fluctuations in
activity may be an emergent network
property, not reducible to properties of
individual neurons (10).

clear that both BOLD and ECoG fluctuations display a pattern of regional
correlations, or functional connectivity,
which closely reflects those regions’ anatomical connectivity (11, 12). Inverting a
well known adagio, what wires together,
fires together. Indeed, it seems that it
could not be otherwise. If neurons are
connected in a certain way, and if they
are spontaneously active, functional connectivity is bound to reflect anatomical
connectivity, just like traffic patterns
must reflect the underlying roadmap.
For example, because sensorimotor regions are more strongly connected to
regions within the sensorimotor system,
rather than without, if spontaneous activity in a sensorimotor area slowly fluctuates up for whatever reason, it will
tend to increase firing in other sensorimotor areas more reliably than elsewhere, leading to increased functional
connectivity. The wire together–fire together principle is bound to apply at
multiple spatial and temporal scales.
Consider neurons that are coactivated
during learning tasks and become more
strongly connected, in line with Hebbian
principles (fire together, wire together).
After learning, the same neurons show
an increase in correlated firing when
they are spontaneously active, both in
quiet wakefulness and during sleep (wire
together, fire together) (13, 14).
What Is Spontaneous Activity for, and Is
It a Distinct Mode?
Whatever the significance of infraslow
fluctuations, the He et al. study (6) once
more raises the question of what might
be the role of spontaneous activity in
the adult brain. The steady depolarization and firing of neurons, even when
the brain is supposedly ‘‘at rest,’’ also
called the ‘‘default mode’’ of activity
(15), consumes approximately two-thirds
of the brain’s already disproportionate
energy budget (16), so it better do
something useful. For instance, spontaneous activity may be important for the
brain’s trillions of synapses, perhaps by
keeping them exercised or consolidating
and renormalizing their strength. Another notion is that spontaneous activity
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may be necessary to maintain a fluid
state of readiness that allows the cortex
to rapidly enter any of a number of
available states or firing patterns—a
kind of metastability (17). Theoretical
work suggests that the repertoire of
available states is maximal under moderate spontaneous activity, and shrinks
dramatically with either complete inactivity or hyperactivity (18). But what
kind of neural states? One possibility is
that the cortex is like a sea undulating
gently, and that evoked or task-related
responses would be like small ripples on
its surface. This possibility is consistent
with fMRI studies, because spontaneous
slow fluctuations in BOLD are as large
or larger than those evoked by stimuli
(11). Also, it would fit nicely with the
trial-to-trial variability of behavioral responses (19). Another possibility is that
there are distinct modes of neuronal
activity, such as a READY mode and a
GO mode (and possibly an inhibited,
STOP mode). Spontaneous activity
would then be the READY mode of
neuronal firing signaling the absence of
preferred stimuli (an ongoing, low-level
buzz). By contrast, in the GO mode,
neurons, or local populations of neurons, would signal the presence of a preferred stimulus by firing at much higher

rates for short periods of time (a brief
and loud shout). Unit recording studies
have provided plenty of evidence that
neurons respond strongly and distinctly
to specific stimuli. In this view, the cortex would be more like a sea pierced by
sharp islands. On the other hand, the
slow hemodynamic response function
underlying the BOLD signal may make
fMRI partly blind to the distinction between slow, low-amplitude fluctuations
in firing and fast, high-amplitude bursts
of activity (4). If there are two modes of
neural activity, it bears keeping in mind
that neurons in the READY mode
would be as necessary as neurons in the
GO mode in specifying different cognitive states, just as the background is as
necessary as the foreground.
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Gamma and Consciousness
Gamma activity has often been singled
out as being especially relevant to consciousness, and just as often it has been
mired in methodological controversies
(20). In their article, He et al. (6), taking advantage of clean intracranial signals, report that correlations between
pairs of regions in terms of BOLD signal, and correlations in EEG power in
the gamma range (50–100 Hz), were
themselves correlated. However, they
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were correlated only in wakefulness and
REM sleep, but not in deep NREM
sleep. Because deep NREM sleep is the
time when consciousness tends to fade,
maybe the drop in gamma power correlations has something to do with the
drop of consciousness. However, it may
well be that the drop in gamma power
correlations is just a symptom of something more fundamental. During deep
NREM sleep, the spontaneous activity
of neurons throughout the cortex is repeatedly interrupted, after just a few
hundred milliseconds, by brief DOWN
states during which neurons become
profoundly hyperpolarized (1). This
bistability of neurons, due to changes in
neuromodulators, is likely to make it
difficult for correlations in gamma
power to establish themselves across
distant brain regions, hence accounting
for their symptomatic decrease. The
same bistability, by reducing the number
of available states, may be responsible
for the fading of consciousness during
deep NREM sleep, in contrast to the
metastability of wakefulness and REM
sleep. So, although the brain may always
be on, it may not always be ready.
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