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A B S T R A C T

High frequency oscillations (HFOs) constitute a novel trend in neurophysiology that is fascinating

neuroscientists in general, and epileptologists in particular. But what are HFOs? What is the frequency

range of HFOs? Are there different types of HFOs, physiological and pathological? How are HFOs

generated? Can HFOs represent temporal codes for cognitive processes? These questions are pressing

and this symposium volume attempts to give constructive answers. As a prelude to this exciting

discussion, we summarize the physiological high frequency patterns in the intact brain, concentrating

mainly on hippocampal patterns, where the mechanisms of high frequency oscillations are perhaps best

understood.

� 2012 Elsevier Ltd. All rights reserved.
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To deal with the main questions of the symposium, it is useful to
consider briefly how neurophysiologists have characterized
neuronal oscillations, in general, as reflected in local field
Abbreviations: HFO, high frequency oscillations; LFP, local field potentials; EEG,

electroencephalogram; MEG, magnetoencephalogram; SPW, sharp wave; SPW-R,

sharp wave ripple; O-LM cells, oriens-lacunosum-moleculare interneurons.
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potentials (LFP) and therefore in EEG and MEG signals. Since the
early days of human neurophysiology scientists have been
fascinated by the variety of oscillations that may be recorded
from the scalp and directly from within the brain (Buzsáki, 2006).
Empirically a classification of these oscillation in a series of
frequency bands emerged, which were designated by Greek letters
(d, u, a/m, b, g) a classification that was supported by multivariate
statistical analysis of EEG spectral values in the seventies (Lopes da
Silva, 2011). In the early descriptions of EEG high frequency
components did not occupy a prominent place; frequency
components higher than about 30 Hz (gamma band and higher)
was an unchartered continent.
uency oscillations in the intact brain. Prog. Neurobiol. (2012),
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Two main factors changed considerably this picture in the last
decades:

(i) the rise of broad-band digital EEG what made possible to record
signals in human beyond the traditional low-pass filtered EEG
at 70 Hz, extending the recordings to frequencies as high as
500 Hz and beyond;

(ii) novel findings in animal neurophysiology showing the exis-
tence of oscillations at frequencies in the range of 30–600 Hz in
several cortical and sub-cortical brain areas (for early literature
on this subject see Bressler and Freeman, 1980).

Among the latter factors, a number of specific phenomena
attracted particular attention: oscillations around 40 Hz in the visual
cortex associated with visual perception (reviewed in Singer and
Gray, 1995), and in the sensorimotor cortex related to motor activity
(Murthy and Fetz, 1992). The former was proposed to form the
mechanism by which various features of a visual scene may be
bound together (‘‘binding hypothesis’’) into a percept. Beyond this
observation, it was also shown that gamma oscillations may operate
as a general mechanism that is capable of binding together, by a
process of phase synchronization, not only the firing of neurons at
the local level, but also neural activities of spatially separate cortical
areas (Roelfsema et al., 1997). Several studies support the hypothesis
that the gamma rhythm may play a role in encoding information
(Lisman and Idiart, 1995; Tallon-Baudry et al., 1998; Sederberg et al.,
2007; Fell et al., 2006). Such studies demonstrate that oscillations in
the gamma range (30–90 Hz) are not only relevant to binding of
visual perceptions but have a broader connotation and appear to
underlie information processing, working- and long-term memory
(Jensen et al., 2007). As discussed by Buzsáki, 2006 and Fries (2009),
gamma-band synchronization should be considered a general
operational mode of cortical processing of information working
through a mechanism of entrainment of neuronal networks. This
would promote the transfer of relevant information between
distinct brain systems.
Fig. 1. Self-organized burst of activity in the CA3 region of the hippocampus produces a s

interneurons. The interactions between the discharging pyramidal cells and interneur

detected as a field potential in the somatic layer. The strong CA1 population burst brings

structures as well. These parahippocampal ripples are slower and less synchronous, co

Reprinted from Buzsáki and Chrobak (2005).
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What defines the identity of a rhythm? LFP frequency bands
have been traditionally and artificially defined by frequency
border criteria rather than mechanisms. From the pen-recorder
perspective of brain rhythm, virtually every pattern above 30 Hz
or so has been referred to as high frequency oscillation. The term
‘fast gamma’ (Csicsvari et al., 1999a,b) or ‘high gamma’ (Canolty
et al., 2006) has been introduced to describe the frequency band
between 90 Hz and 140 Hz in the cortex (or even up to 600 Hz;
Gaona et al., 2011). Recent findings suggest that although
multiple gamma oscillations may be interacting in the 30–
90 Hz band, they share numerous common features (Tort et al.,
2010; Belluscio et al., 2012). Frequencies above 90 Hz (epsilon
band) also occupy several distinct bands with different physio-
logical mechanism but they are quite different from the gamma
band proper (30–90 Hz; Buzsáki and Wang, 2012). A further
important note is that increased power in a given band does not
warranty the presence of an oscillation. In each and every case,
appropriate methods should be used to demonstrate the presence
of genuine oscillations. High frequency power increase above
100 Hz most often represents the power of increased frequency
and synchrononous neuronal spikes rather than synaptic
potentials or intrinsic membrane potential changes (Buzsáki,
1986; Ray and Maunsell, 2011; Belluscio et al., 2012).

Among the family of true HFOs, hippocampal ‘‘ripples’’ (O’Keefe
and Nadel, 1978; Buzsáki et al., 1983, 1992), kindled the interest
for a variety of reasons discussed below, followed by several other
HFOs in the intact cortex. Hippocampal ripples represent the most
synchronous physiological patterns in the mammalian brain.
Controlling such strong synchrony is a delicate process and any
interference with the physiological recruitment of neurons into
ripples may turn them into pathological patterns that can
compromise the circuits from which they emanate. Indeed, even
faster short transient oscillations, named ‘‘fast ripples’’ in the
temporal cortex of epileptic humans and rodents were discovered
subsequently (Bragin et al., 1999a,b,c). Our discussion below is
confined though to physiological ‘ripple’ type oscillations.
harp wave sink in the apical dendrites of CA1 pyramidal neurons and also discharge

ons give rise to a short-lived fast oscillation (‘ripple’; 140–200 Hz), which can be

 about strongly synchronized activity in the target populations of parahippocampal

mpared to CA1 ripples.

uency oscillations in the intact brain. Prog. Neurobiol. (2012),
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1. Hippocampal sharp waves and ripples

Large amplitude local field potentials (‘sharp waves’; SPWs)
occur irregularly in the hippocampal CA1 str. radiatum when the
animal has minimal or no interaction with its environment, such as
immobility, consummatory behaviors or slow wave sleep (Buzsáki
et al., 1983). SPWs reflect the depolarization of the apical dendrites
of CA1 and CA3 pyramidal cells, due to the synchronous bursting of
CA3 pyramidal cells (Fig. 1). The population bursts in the CA3
region are supported by the spread of excitatory activity in the
strongly recurrent CA3 collateral system at times when the burst-
suppressive effects of the subcortical inputs are reduced (Buzsáki
et al., 1983). The widespread axon collaterals of the CA3 pyramidal
cells, recruited into a SPW event, can broadcast their collective
excitation over a large volume of the CA3 and CA1 region (Ylinen
et al., 1995). The CA3 output also discharges various CA1 and CA3
interneurons (Csicsvari et al., 1999a,b, 2000; Klausberger et al.,
2004; Klausberger and Somogyi, 2008). In turn, the local
interaction between pyramidal cells and interneurons triggers a
short-lived ripple oscillation (O’Keefe and Nadel, 1978; Buzsáki
et al., 1992; Ylinen et al., 1995; Csicsvari et al., 2000; Brunel and
Wang, 2003; Foffani et al., 2007; Klausberger et al., 2004).
Additional mechanisms, such as gap junction-mediated effects
(Draguhn et al., 1998; Schmitz et al., 2001; Traub and Bibbig, 2000;
Ylinen et al., 1995) and ephaptic entrainment of neurons by the
large SPW field (Anastassiou et al., 2010), may also contribute to
the highly spatially localized ripple episodes (Chrobak and Buzsáki,
1996; Csicsvari et al., 2000). The main generators of the LFP ripples
are the synchronously discharging pyramidal cells responsible for
the negative peaks of the ripples (‘mini populations spikes’,
Buzsáki, 1986; Reichinnek et al., 2010) and synchronous IPSCs in
nearby pyramidal cells brought about by basket neurons. The
synchronously discharging dense axon terminals of basket cells in
the pyramidal layer may also contribute to the LFP ripple but this
possibility has not been tested rigorously. The spike content of the
ripple may explain why increasing the frequency (e.g., from fast
gamma to ripples) increases the amplitude of the ripple waves,
opposite to what one might expect from summation of increasing
frequency of PSPs. This may be so because at higher frequencies the
temporal overlap of the spikes of neighboring neurons increases.

While the spatially widespread SPWs and the locally confined
ripples (and the related fast gamma bursts, 90–140 Hz; see below;
Sullivan et al., 2011) are strongly linked in the intact brain, they are
distinct physiological events and can be dissociated in both normal
Fig. 2. Place cell sequences experienced during behavior are replayed in both the forward

track are shown before, during and after a single traversal. Sequences that occur during tr

rat stays immobile. Forward replay (left inset, red box) occurs before traversal of the envi

is shown on top and the animal’s velocity is shown below.

Reprinted from Diba and Buzsáki (2007).
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tissue and pathology (Csicsvari et al., 2000; Leinekugel et al., 2002;
Bragin et al., 1999a,b,c, 2002; Buhl and Buzsáki, 2005; Engel et al.,
2009; Nakashiba et al., 2009; see chapters of this volume). Their
separation is amply demonstrated during development. Whereas
sharp waves and associated population bursts of pyramidal
neurons represent the first hippocampal pattern after birth in
the rat (Leinekugel et al., 2002), ripples are among the latest
maturing network patterns (Buhl and Buzsáki, 2005). The strong
coincidence of SPWs and ripples (often called SPW-ripples, SPW-R)
represent one of the most robust examples of cross-frequency
coupling in the brain, with relatively well-understood coupling
mechanisms.

SPWs and associated ripples (SPW-R) have been observed in
every mammalian species investigated so far, including humans
(Buzsáki et al., 1992, 2003; Bragin et al., 1999a,b; Le Van Quyen
et al., 2010). SPW-Rs are the most synchronous events in the
mammalian brain, associated with a robustly enhanced transient
excitability in the hippocampus (Buzsáki, 1986). SPW-Rs are
emergent population events; indeed observing single neurons
separately does not indicate their occurrence, since in a given SPW-
R event a single pyramidal neuron typically fires a single spike or a
single burst (Buzsáki et al., 1992). However, the temporal
coordination of firing across many neurons transpose the single
neuron events into a robust population event. In the time window
of SPW-R (50–150 ms), 50,000–100,000 neurons (10–18% of all
neurons) discharge synchronously in the CA3-CA1-subicular
complex-entorhinal cortex of the rat (Chrobak and Buzsáki,
1996; Csicsvari et al., 1999a,b), representing a several-fold increase
of population synchrony compared to theta oscillations (Csicsvari
et al., 1998). Largely because of this strong excitatory gain, SPW-Rs
are an ideal mechanism for transferring information and inducing
plasticity (Chrobak and Buzsáki, 1994, 1996).

2. Neuronal content of SPW-Rs and their role in memory
consolidation

Neuronal participation in the population discharge of SPW-R is
not random but shaped by previous experience of the animal
(Buzsáki, 1989; McClelland et al., 1995; Kudrimoti et al., 1999;
Nádasdy et al., 1999; Skaggs and McNaughton, 1996; Wilson and
McNaughton, 1994; Lee and Wilson, 2002; Foster and Wilson,
2006; Diba and Buzsáki, 2007; O’Neill et al., 2006, 2008;
Ponomarenko et al., 2008; Dupret et al., 2010; Foster and Wilson,
2006; Diba and Buzsáki, 2007; Karlsson and Frank, 2008, 2009;
 and reverse direction during awake SPW-Rs. Spike trains for 13 place fields on the

ack running are reactivated during SPW-Rs both prior to and after the run, when the

ronment and reverse replay (right inset, blue box) after. The CA1 local field potential

uency oscillations in the intact brain. Prog. Neurobiol. (2012),
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Davidson et al., 2009; Singer and Frank, 2009). Such replay of
experience-related sequence can occur during both waking
immobility and slow wave sleep. Fig. 2 illustrates that the replay
of neuronal activity during SPW-Rs may depend on the behavioral
events that surround the SPW-R. Prior to the journey on a linear
track, the sequence of neuronal activity during SPW-Rs is similar to
the sequence of the place-related firing while the rat traverses the
track. After traversing the track, the sequences of place cells are
often reactivated in the reverse of the order experienced
behaviorally, as if the network was ‘backtracking’ the visited
places. This reverse replay of events may serve to link behavioral
trajec tories to their reward outcomes (Foster and Wilson, 2006). In
contrast, forward replay that occur preferentially at the beginning
of runs may serve to ‘rehearse’ the planned movement trajectories
(Diba and Buzsáki, 2007).

During slow wave sleep, SPW-Rs occur at relatively high density
and intensity. Typically, the spike sequences are forward, meaning
that the temporal order of spikes reflect the order of the events
experienced in the waking state animal (Nádasdy et al., 1999;
Skaggs and McNaughton, 1996; Lee and Wilson, 2002). Currently, it
is not clear why in the waking state the sequences can move both
forward and backward in time, whereas during sleep the direction
is mainly forward. In fact, no current neurophysiological mecha-
nism can explain satisfactorily how neurons in the complex matrix
of the CA3 recurrent system can generate a forward trajectory at
one moment and reverse the direction of activity propagation at
another moment. Furthermore, no study has examined the content
of SPW-Rs during sleep rigorously enough to dismiss the
possibility of reverse replay during sleep.

Direct evidence for a causal role of SPW-Rs in memory
consolidation comes from studies in which ripples were selectively
suppressed after learning. In those experiments, the animals were
trained daily in a hippocampus-dependent reference memory task,
after which they were allowed to sleep. During post-learning sleep,
CA1 ripples were detected bilaterally in the CA1 pyramidal layer.
Whenever a ripple was detected, it was aborted by timed electric
stimulation delivered to the hippocampal commissure. Such
targeted interference did not affect other aspects of sleep but
produced large performance impairment in daily performance,
comparable to that observed after surgically damaging the
hippocampus (Girardeau et al., 2009). The causal role of SPW-Rs
assisting learning and memory was demonstrated in another
experiment as well (Ego-Stengel and Wilson, 2010). It should be
point out thought that while these pattern perturbation and
elimination experiments demonstrates the vital importance of
SPW-Rs, they do not provide information about the nature of the
physiological processes that underlie their role in memory transfer
and plasticity. A main problem is that eliminating SPW-Rs
interferes not only with the spike contribution of wake-active
neurons but with the entire dynamic of the population events with
many neuronal contributors. No experiments have yet been
performed to ‘erase’ waking SPW-Rs. Such experiments may
elucidate whether the physiological functions of waking and sleep
related ripples are similar or different. They may also elucidate for
example whether SPW-Rs are essential modifying hippocampal
networks during exploration of novel environments.

3. Constructive role SPW-Rs

While most studies discuss SPW-R replays in terms of place cell
activation of spatial navigation, ample evidence is available to
demonstrate that such off-line activity is not simply a replay part of
a memory consolidation. Several recent experiments point to the
direction that the spike content of SPW-Rs does not exclusively
relate to the current situation. For example, when the rat sits in the
home cage or the home base of a training apparatus, spike
Please cite this article in press as: Buzsáki, G., Silva, F.L., High freq
doi:10.1016/j.pneurobio.2012.02.004
sequences rarely correspond to the place cells active in that
environment but to those sequences experienced during the
course of recent learning in a different environment (Dupret et al.,
2010; cf., Carr et al., 2011; Derdikman and Moser, 2010). Thus, new
experience rather than simple repetition might be critical for the
selections of neurons for SPW-Rs. These and other experiments
(Mehta, 2007; Gupta et al., 2010) also indicate that recency is also
not the most critical ingredient of the neuron selection mechanism.
Finally, new evidence is accumulating, which shows a constructive,
in addition to the replay role of SPW-Rs. The reverse replay of is
already an indication that the pattern of activity during SPW-Rs is
not simply a compressed version of the experienced sequence of
cell assembly firing. Many more sequences occur in SPW-Rs than
could be accounted for by the forward or reverse sequences of
experienced place cells (Nádasdy et al., 1999). Sequences that
predict the place cell sequences on not-yet experienced tracks have
been detected during both waking (Gupta et al., 2010) and sleep
prior to the visits to the novel routes (Dragoi and Tonegawa, 2011).
These findings can be interpreted in multiple new ways. First, that
during exploration the experienced places are anchored by the
emerging place cells but the flexible routes among all possible
places are laid down by the combinatorial sequences that occur
during SPW-Rs, in line with the graph theory of map-based
navigation (Muller et al., 1996). The other possibility is that the
SPW-R-constructed neuronal paths during sleep constrain the
combinatorial possibilities in the large recurrent system of CA3
pyramidal cells (Wittner et al., 2007) and consequently the
possible neuronal sequences during exploration of novel environ-
ments. Such constructive or anterograde role of SPW-R is also
supported by the observation that SPW-Rs are the first organized
patterns in the hippocampus, present at birth (Leinekugel et al.,
2002), that is much before the emergence of place cells and
entorhinal grid cells (Wills et al., 2010; Langston et al., 2010).
Importantly, it should be emphasized that while most of these
experiments have been discussed in the framework of spatial
navigation, they may equally apply to ‘cognitive navigation’ during
episodic memory recall and planning (Pastalkova et al., 2008). The
constructive nature of SPW-Rs can be tested by ‘inserting’
synthetic sequences of neurons during sleep using optogenetic
methods.

4. SPW-Rs are embedded in slow events and affect wide cortical
areas

SPWs emerge in the recurrent collateral system of the CA3
hippocampal region as results of releasing these excitatory fibers
from the relatively tonic subcortical suppression during theta
oscillation states (Buzsáki et al., 1983). However, the exact timing
of the population events can be biased by various inputs impinging
upon the hippocampus. When the CA3 subregion is isolated from
the rest of the brain and kept in vitro, SPW-like bursts occur super-
regularly at 2–4 Hz (Papatheodoropoulos and Kostopoulos, 2002;
Kubota et al., 2003; Maier et al., 2003), in contrast to the irregular
SPW-R intervals typical in vivo. Thus, the in vitro observations
imply that a low frequency oscillator can trigger SPW-related
population events. In contrast, in the intact brain the occurrence of
subsequent SPW-R events can be advanced by the hippocampal
inputs. Both the dentate gyrus and the entorhinal cortex can
effectively bias the CA3-CA1 events by transferring neocortical
patterns. As a result, the occurrence of SPW-Rs is phase-modulated
by sleep spindles (12–16 Hz; Siapas and Wilson, 1998), both of
them by slow oscillations (0.5–1.5 Hz; Steriade et al., 1993), and
each of the three rhythms by the ultraslow (0.1 Hz) oscillation
(Sirota et al., 2003; Isomura et al., 2006; Mölle et al., 2006; Isomura
et al., 2006; Sullivan et al., 2011). Such multiple time scale, cross-
frequency coupling can effectively generate irregular patterns
uency oscillations in the intact brain. Prog. Neurobiol. (2012),
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because of the interference between the hypothesized SPW-pacing
oscillator in the CA3 network and the entorhinal cortex-mediated
amplitude varying inputs, and possibly subcortical afferents.

At the output side, the super-synchronous SPW-Rs can affect
large territories of the neocortex. These effects are mediated
largely by the entorhinal cortex and the medial prefrontal cortex
(Chrobak and Buzsáki, 1994, 1996; Battaglia et al., 2004;
Wierzynski et al., 2009). The exact impact of SPW-Rs on neocortical
activity is hard to assess because there appears to be a functional
topographical organization between the hippocampus and neo-
cortex (Royer et al., 2010). CA1 ripples are strongly localized
(Chrobak and Buzsáki, 1996; Csicsvari et al., 2003) and therefore
ripples, e.g., in the ventral hippocampus may not affect entorhinal
neurons in its medial dorsolateral part, a region that does not
receive inputs from the ventral hippocampus. Conversely, ripples
confined to the dorsal hippocampus may not strongly affect
neurons in the prefrontal cortex since hippocampo-frontal cortex
afferents arise from the posterior-ventral segments of the
hippocampus.

The subcortical impact of SPW-Rs is rarely considered. This is
surprising since subcortical structures, such as the lateral septum,
hypothalamus and nucleus accumbens, are major targets of the
CA3-CA1-subicular systems. Although the important controlling
role of the hippocampus on the hypothalamic-pituitary system is
well-known, it is much less clear how under what physiological
conditions do hippocampal neurons exert their effects. The
strongly synchronous hippocampal SPW-Rs may be the appropri-
ate neuronal substrate to play such control (Buzsáki, 1998).

5. Ripples and fast gamma oscillations

Recent experiments demonstrate strong physiological similari-
ties between ripples (�140–220 Hz) and fast gamma (or ‘epsilon’
band; 90–150 Hz) oscillations in the rodent hippocampus (Sullivan
et al., 2011). These observations are important because different
hippocampal regions can oscillate at different frequencies during a
given SPW-R event and oscillations at adjacent frequencies can
occur in the same region (Sullivan et al., 2011; Le Van Quyen et al.,
2010). For example, during SPWs, the fastest (ripple; 140–220 Hz)
oscillations are present in the CA1 pyramidal layer, whereas slower
(fast gamma; 90–150 Hz) oscillations dominate the CA3 region and
parahippocampal structures (Chrobak and Buzsáki, 1996; Sullivan
et al., 2011). These findings illustrate that in the absence of theta
oscillations, the CA1 region can respond in two different ways to
CA3 inputs: either with a transient, fast gamma oscillation (�90–
150 Hz) or in the form of a ripple (�140–220 Hz). Such regional
and state differences can be understood in light of the different
resonant properties of the CA1 and CA3 networks (Sullivan et al.,
2011). The SPW-related population burst provides the necessary
depolarization force for network resonance and both CA3 and CA1
networks respond with oscillations. Both regions possess reso-
nance in two frequency ranges, centered at approximately 110 Hz
in CA3 and 170 Hz in CA1 (Sullivan et al., 2011). Under strong but
still physiological excitatory conditions, the CA3 region resonates
at <110 Hz while the CA1 at 170 Hz. When excitation is weaker, as
reflected by smaller SPWs, both regions resonate at approximately
110-Hz. This hypothesis also predicts that excessive excitation of
the CA3 network should also generate ripples at the same
frequency as in CA1, as has been shown under challenged
conditions in vitro, where both CA3 and CA1 regions generate
ripple or higher frequency oscillations (de la Prida and Gal, 2004;
Behrens et al., 2005; Draguhn et al., 1998; Dzhala and Staley, 2004;
Bragin et al., 1999a,b, 2000; Both et al., 2008; Liotta et al., 2011).

The presence of epsilon (or fast/high gamma; 90–150 Hz)
frequency patterns during non-theta and theta oscillations
(Csicsvari et al., 1999b; Colgin et al., 2009; Sullivan et al., 2011)
Please cite this article in press as: Buzsáki, G., Silva, F.L., High freq
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begs the question about the mechanisms of these oscillations in
different states. A distinct and puzzling difference between these
similar rhythms is that while during theta oscillations epsilon band
episodes occur near the trough of the CA1 pyramidal layer theta
cycle (Colgin et al., 2009; Belluscio et al., 2012), in the absence of
theta epsilon patterns occur at the peak of the underlying CA1
pyramidal layer wave (Sullivan et al., 2011), corresponding to a
smaller amplitude SPW. Thus, the mechanisms of cross-frequency
coupling, i.e., the inducing process may be different but the
mechanisms of the epsilon band oscillations in the two states may
be similar.

6. Limiting the propagation of SPW-Rs by inhibition

An elaborate temporal coordination of inhibitory interneurons
secures the orderly recruitment of pyramidal cells into SPW-Rs. In
any given SPW-R event, approximately 10–15% of the local
pyramidal cells discharge, whereas the majority of pyramidal
neurons are suppressed by inhibition. Perisomatic basket, chan-
delier neurons and trilaminar cells are strongly recruited SPW-Rs
and their elevated discharge may be responsible for both
preventing the recruitment of a much larger fraction of pyramidal
cells and terminate the population event underlying SPW-Rs
(Csicsvari et al., 1999a,b). In contrast, other neurons, such as O-LM
cells, are transiently silenced, whereas bistratified inteneurons
show biphasic effects (Klausberger et al., 2003).

The strong population synchrony underlying SPW-R bursts can
propagate simultaneous into multiple directions, including the
subicular complex, cortical sites (Chrobak and Buzsáki, 1994,
1996; Battaglia et al., 2004; Wierzynski et al., 2009; Peyrache et al.,
2009) and subcortical structures (Buzsáki, 1998). In the hippo-
campus-entorhinal loop, the excitatory gain is dissipated by the
increased recruitment of inhibition at subsequent stages of the
hippocampus-entorhinal system. A main function of the SPW-R is
to transiently shift the balance of excitation and inhibition so that
the hippocampal output can have a large impact on its target
structures. In the time window of the SPW-R, CA1 pyramidal cells
increase their discharge rates by 5 to 6-fold, whereas interneurons
increase their rates only by 2–3-fold, creating an effective 2–3-fold
gain of excitation. This gain dissipates in the subiculum, largely
balanced in layer 5 of the entorhinal cortex and in layers 2 and 3 an
inhibitory gain dominates (Fig. 3). Such inhibitory gating or
filtering mechanism may serve to route the spread of hippocampal
excitation during SPW-Rs to various neocortical sites, return the
pattern to the hippocampus or prevent further propagation of
activity altogether.

The complex orchestration of SPW-Rs by the inhibitory
interneuron system demonstrates that large resources are
dedicated by the hippocampus to allow the recruitment of large
yet regulated fraction of pyramidal cells for an expected important
benefit for the brain. At the same time, this complex system is
highly vulnerable and may be affected in multiple pathological
diseases, such as epilepsy.

7. Physiological fast ripples in the intact neocortex

The fast field oscillations also are present also in the neocortex
and the evoking conditions are similar to those described in the
hippocampus. Prerequisite of the emergence of such oscillations is
strong depolarization of cortical pyramidal cells. Transient fast
oscillations (‘neocortical ripples’; 400–600 Hz) occur spontane-
ously during sleep spindles and especially during high voltage
spindles (HVS) in rodents (Fig. 4; Kandel and Buzsáki, 1997). HVSs
are thalamocortical rhythms, which involve strong depolarization
and discharge of neurons in both supragranular and infragranular
neurons. The maximum amplitude of the ripple oscillation occurs
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Fig. 3. Gain and loss of excitation in different hippocampal-entorhinal regions during SPW-Rs. Population means of ripple-unit cross-correlograms in CA1, CA3 and dentate

gyrus (DG) of the hippocampus and layers II, III and V of the entorhinal cortex (EC2, EC3, EC5). Principal cells and putative interneurons are shown in the left and middle

columns, respectively. Peak of the ripple episode is time 0. Right column, Relative increase of neuronal discharge, normalized to the baseline (�200 to 200 ms) for both

pyramidal cells (pyr, gray line) and interneurons (int, black line). The ratio between the relative peaks of pyramidal cells and interneurons is defined as ‘gain’. Note largest

excitatory gain in CA1, flowed by CA3 and EC5. Gain is balanced in DG and EC2, whereas in EC3 inhibition dominates.

Data from Mizuseki et al. (2009).
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Fig. 4. Spontaneously occurring fast ‘ripple’ oscillations (400–500 Hz) in the neocortex of the rat during high-voltage spindles. (A) Averaged high-voltage spindles and

associated unit firing histograms from layers IV–VI. (B) Wide-band (a and a0; 1 Hz–5 kHz), filtered field (b and b0; 200–800 Hz), and filtered unit (c and c0; 0.5–5 kHz) traces

from layers IV and V, respectively. (C) Averaged fast waves and corresponding unit histograms. The field ripples are filtered (200–800 Hz) derivatives of the wide-band signals

recorded from 16 sites. Note the sudden phase-reversal of the oscillating waves (arrows) but locking of unit discharges (dashed lines). These phase reversed dipoles likely

reflect synchronous discharge of layer 5 neurons in the vicinity of the recording electrode.

Reprinted from Kandel and Buzsáki (1997).

G. Buzsáki, F.L. Silva / Progress in Neurobiology xxx (2012) xxx–xxx 7

G Model

PRONEU-1194; No. of Pages 9
in layer V, associated with phase-locked discharge of pyramidal
cells and putative interneurons. The physiological mechanisms
and significance of the fast network oscillation has yet to be
clarified. The critical role of the thalamus in driving neocortical
ripples is shown by the effectiveness of thalamic stimulation in
inducing ripples (Kandel and Buzsáki, 1997). Thus besides
excitatory connections, inhibitory processes probably play a major
role in the pacing of ripples (Grenier et al., 2001). High frequency
ripples can also be evoked in the somatosensory cortex by strong
whisker stimulation in the anesthetized rat (Staba et al., 2005) or
by stimulation of the median nerve in humans (Curio, 1999).

8. Fast oscillations in disease

Physiological population patterns in the brain are characterized
by their strict bounds of both duration and synchrony. Although
their dynamics occasionally bear features of scale-free behavior,
both their magnitude and recruitment speed are effectively
controlled by multiple physiological mechanisms. Hippocampal
SPWs vary in both parameters but SPWs in the rodent never exceed
3 mV s or involve more than 18% of the pyramidal neurons under
physiological conditions. Because of the effective buffer mecha-
nisms that curb scale-free dynamics, our brains can operate for
decades without a single supersynchronous event (Buzsaki, 2006).
This organization is in sharp contrast to epileptic patterns in which
scale-free behavior dominates and, therefore, event magnitudes
vary several orders of magnitude. In principle, such pathological
patterns can be brought about by two different classes of
mechanisms. In the first case, the homeostatic regulatory
mechanisms break down. For example, in the case of impaired
inhibitory control, recruitment of pyramidal neurons occurs much
faster and may involve excess number of neurons. These patterns
reflect an ‘exaggerated’ version of physiological activity. Alterna-
tively, an entirely novel mechanism(s) can give rise to e.g., a
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superfast oscillation. The emerging pathological patterns, in turn,
can bring about two kinds of changes in the brain. First, they
compete and interfere with the native patterns locally. For
example, they can interfere with the neuronal sequences brought
about by the normal SPW-Rs and add to them an arbitrary set of
neurons, which do not represent the previously experienced
patterns of activity. Second, the hypersynchronous events can
broadcast the arbitrary neuron content to wide areas of the brain.
Such mechanisms may underlie hallucinations and paranoid
behavior, often present in patients with complex partial seizures.
They may also affect hypothalamic and other subcortical circuits in
unintended ways, owing to their powerfully synchronizing
features. As the discussions of the various chapters of this volume
amply indicate, there is no shortage of mechanisms that can go
wrong in the network control of neuronal interactions. Controlling
the emergence of pathological patterns by drugs or other
therapeutic means, therefore, requires an understanding of the
physiological mechanisms that are responsible for organizing
population synchrony.
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effect of spatially inhomogeneous extracellular electric fields on neurons. J.
Neurosci. 30, 1925–1936.

Battaglia, F.P., Sutherland, G.R., McNaughton, B.L., 2004. Hippocampal sharp wave
bursts coincide with neocortical up-state transitions. Learn. Mem. 11, 697–704.
uency oscillations in the intact brain. Prog. Neurobiol. (2012),

http://dx.doi.org/10.1016/j.pneurobio.2012.02.004
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Buzsáki, G., Chrobak, J.J., 2005. Synaptic plasticity and self-organization in the

hippocampus. Nat. Neurosci. 8, 1418–1420.
Buzsáki, G., Wang, X.-J., 2012. Large-scale recording of neurons by movable silicon

probes in behaving rodents. Ann Rev Neurosci. (in press).
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