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This essay discusses the relationship between the physiology of rhythms and potential functional
roles. We focus on how the biophysics underlying different rhythms can give rise to different
abilities of a network to form and manipulate cell assemblies. We also discuss how changes
in the modulatory setting of the rhythms can change the flow of information through cortical
circuits, again tying physiology to computation. We suggest that diverse rhythms, or variations of
a rhythm, can support different components of a cognitive act, with multiple rhythms potentially
playing multiple roles.
Keywords: brain rhythms, gamma, beta, oscillations

Introduction
It has been known since the work of E. D. Adrian (Adrian, 1950) that
cognitive states can be associated with brain rhythms and that specific spectral content can be localized to specific areas of the brain.
Since then, there have been numerous studies linking a variety of
cognitive tasks to more detailed data about brain rhythms and their
interactions. However, a fundamental issue is still mysterious: what
roles, if any, do rhythms play in cognition?
Two themes will be stressed in this paper. The first is that “function” is tightly tied to physiological and dynamical properties of
a given rhythm, not just its frequency. The second is that the connection between rhythms and function can be better understood if
the latter is construed in terms of “useful computation” rather than
the end-product of that computation, such as attention, memory,
learning, etc. For example, as discussed below, physiology matters
to the creation and manipulation of cell assemblies (Harris et al.,
2003). Since different rhythms are associated with different underlying physiology, they can participate differently in the computation of cell assembly creation. As a second example, we consider
interactions of different brain regions via oscillations (Fries, 2005).
As discussed more fully below, changes in the modulatory setting of
the rhythms can change the flow of information through cortical
circuits, again tying physiology to computation.

Cell assembly formation via gamma rhythms
By “cell assemblies”, we will mean subsets of pyramidal cells that fire
approximately synchronously in a transient manner, whether or not
those cells have recurrent excitatory connections. Models show that
gamma rhythms, especially the so-called “pyramidal-interneuron
network gamma” (PING; 40–90 Hz; Whittington et al., 1997) are
especially good at creating cell assemblies (Olufsen et al., 2003). The
PING rhythm is fundamentally an interaction between fast spiking
(FS) interneurons and excitatory pyramidal cells. The zeroth order
description of the mechanism is straightforward: the pyramidal
cells excite the FS cells, which then inhibit both the pyramidal cells
and themselves; when the inhibition wears off, the pyramidal cells
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fire again. Thus, the period of the gamma rhythm is tightly tied to
the decay time of the inhibition, though it is also affected by the
level of excitatory drive to the pyramidal cells.
There is another kind of gamma rhythm that is important in function: the persistent gamma rhythm (Traub et al., 2000), which can be
obtained in vitro by exposing neuronal networks to the neuromodulators kainate or carbachol. In this version of the gamma rhythm,
pyramidal cells fire sparsely, and the rhythm is maintained by the FS
cells, which fire on almost every cycle. Persistent gamma requires noisy
activation of the pyramidal cells, which is believed to be provided by
ectopic spiking of pyramidal cells and amplification by an axonal
plexus (Traub et al., 2000, 2003). Inhibition is critical in both kinds of
in vitro gamma (Whittington et al., 2000). The role of the inhibition
in gamma rhythms was discovered in vitro, but has been corroborated
in vivo (Atallah and Scanziani, 2009; Cardin et al., 2009).
The physiology of PING provides an excellent setting for the
creation and protection of cell assemblies. Increased tonic input
to a subset of pyramidal cells (either not previously activated or
participating in persistent gamma) can create (approximately)
synchronous firing in that subset in a PING rhythm, while other
pyramidal cells in the network are suppressed (Figure 1). Models
suggest that the essential reason for this competition is that the
stronger input defines the firing rate of the inhibitory cells and
entrains the target network; the stronger input then arrives just
before the next bout of inhibition, when the inhibition is lowest,
while the weaker input, which excites its targets more slowly, arrives
when inhibition is higher (Borgers et al., 2005, 2008). We think of
the persistent gamma as a background state in which further inputs
can create a PING rhythm (Borgers et al., 2005).
The physiology underlying the PING rhythms has immediate
implications for attention. It has been shown via modeling that the
windowing of inhibition in the persistent gamma oscillation makes it
easier for a weak input to create a cell assembly than if the same level
of inhibition is more spread out in time (Borgers et al., 2005). Another
connection to attention is the ability of a coherent oscillatory source
with a gamma frequency to create and lock to a gamma oscillation
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Figure 1 | Population gamma activity and competition among
excitatory cells. Upper left: A cartoon representation of two interacting cell
populations that generate a persistent gamma rhythm; circles labeled “E”
represent pyramidal cells and “I” represent FS cells. The two cell populations
are reciprocally connected with excitatory (green) and inhibitory (red)
synapses from each cell to all other cells. Upper right: Cartoon example of the
spiking activity of the two cell populations during persistent gamma activity.
Each tick mark represents an action potential (or spike) of an E (green) or I

in the target network, locking out the effects of other input sources,
even when the latter have somewhat greater amplitude (Borgers et al.,
2008). The lock-out effect comes from the fact that the feed-forward
inhibition produced by the more coherent input is active during the less
coherent other input; the importance of the gamma frequency input is
that the frequency of the rhythm in the target is tied to the decay time of
inhibition, and hence a gamma frequency input produces feed-forward
inhibition at an optimal frequency to keep all but the most coherent
input locked out. Since attention is associated with more coherence
in the gamma range in most reports (Tiitinen et al., 1993; Fries et al.,
2008; Jung et al., 2008; Dockstader et al., 2010; but see Chalk et al.,
2010), it can bias competition in the input at a downstream structure.
Finally, results about firing rate changes associated with selective attention (Reynolds et al., 1999) can be understood via changes in gammaproducing networks in response to cholinergic modulation (Borgers
et al., 2008). For other observations about gamma and attention, see
Buia and Tiesinga (2006) and Ardid et al. (2007).
The physiology of the gamma rhythm supports the ability of the
networks of excitatory and inhibitory neurons to produce gamma.
However, the properties of this rhythm, including the tendency of cell
assemblies to compete instead of cooperate, makes it difficult to use the
PING rhythm to coordinate and manipulate multiple cell assemblies,
as needed for some higher-order processing. We suggest below that
other rhythms may play these roles, and how the specific physiological
properties of other rhythms may contribute to that function.

Different rhythms allow temporal segregation of
multiple assemblies
That other possible computations involving cell assemblies might
be done with other rhythms is suggested by close study of the beta1
rhythm (15 Hz) in the rodent secondary somatosensory association
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(red) cell. In each cycle of the persistent gamma rhythm, a single pyramidal
cell spikes and delivers excitation to the FS cells. The FS cells then spike and
inhibit the pyramidal cells. When the inhibition decays sufficiently, one of the
pyramidal cells generates another spike, and the rhythm continues. Lower:
Increased depolarizing input to a subset of pyramidal cells (yellow box on the
left) increases their spiking activity. The population gamma rhythm continues
with the “driven” pyramidal cells (yellow box on the right) dominating the
excitatory activity.

cortex (S2) (Roopun et al., 2008). This rhythm can appear in vivo after
the stimulation that induces a gamma rhythm is over (Tallon-Baudry
et al., 1999; Haenschel et al., 2000). To mimic the basic features of this
phenomenon in vitro, Roopun et al. (2006) first produced a gamma
rhythm in S2 evoked by a bath application of kainate; subsequently,
after 1 h, the kainate-mediated excitation is reduced using a kainate
antagonist. In the initial, higher excitation regime, only the superficial
layers produce the gamma; the deep layer (Layer V) produced a beta2
rhythm (25 Hz). The gamma oscillation is the standard persistent
gamma described above; the beta2 oscillation is produced by intrinsic currents timed by the kinetics of the M-current (a subthreshold
potassium current modulated by muscarinic receptors) and synchronized by gap junctions. When the kainate antagonist was added, the
two independent rhythms both changed to the beta1 rhythm in a
manner that was coordinated between the superficial and deep layers. This required some plasticity in the network, since an immediate
removal of kainate did not produce the switch to beta1.
Experiments and modeling have shown (Kramer et al., 2008;
Roopun et al., 2008) that the coordination between the layers is
mediated by inhibitory rebound: excitation in Layer V intrinsic
bursting neurons (IB cells) excite superficial FS cells, which inhibit
regular spiking (RS) superficial pyramidal cells, which respond by
rebound and initiate a gamma cycle in the superficial layers. The
spiking of the RS cells excites the low-threshold spiking interneurons (LTS cells), another population of inhibitory cells in the
superficial layers, which inhibit the apical dendrites of the IB cells.
The IB cells then respond by inhibitory rebound and start another
beta2 cycle. The result is that the beta1 rhythm is a “concatenation”
of one superficial layer gamma cycle followed by one deep layer
beta2 cycle; the period of the beta1 is indeed a sum of the periods
of the gamma and beta2 (Figure 2). Thus, assemblies composed

www.frontiersin.org

November 2010 | Volume 4 | Article 187 | 2

Kopell et al.

Different rhythms for different functions

of superficial RS cells can co-exist with assemblies composed of
deep layer IB cells, and fire at different times in the beta1 cycle. The
fact that the beta1 operates through inhibitory rebound makes it
possible for this rhythm to continue in the absence of continuing
input, unlike the PING rhythm.
In hippocampus, where there is only a single pyramidal cell
lamina, theta rhythms may work to both coordinate and separate
cell assemblies formed within the gamma rhythm. For this we
consider the nesting of gamma rhythms in the theta rhythm in
the hippocampus (Bragin et al., 1995). The latter is believed to
make use of the so-called oriens-lacunosum moleculare (O-LM)
cell (Gillies et al., 2002; Goutagny et al., 2009), whose physiology
has been studied (Saraga et al., 2003; Lawrence et al., 2006; Goldin
et al., 2007). It is known experimentally that a theta rhythm can
be produced in purely inhibitory networks including the O-LM

Figure 2 | Different rhythms allow period concatenation. (A) Crosscorrelogram showing stable phase relationship between layer 2/3 and layer 5
field potentials in association cortex (S2). When excitation is high, layer 2/3
generates a gamma rhythm (c. 40 Hz) and layer 5 a beta2 rhythm (c. 25 Hz).
Reducing excitation then concatenates these two rhythms to generate a beta1
(c. 15 Hz) frequency oscillation in both layers. (B) The asymmetric phase
relationship seen for field potentials in (A) is also seen when comparing the
timing of layer 2 units with layer 5 units. (C) Intracellular recordings, relative to an
on-going beta1 frequency field potential, show the sequence of outputs from
different neurons. Each beta1 period begins with a brief burst from layer 5
intrinsically bursting (IB) neurons. This triggers single spikes in superficial fast
spiking interneurons (FS). Superficial regular spiking pyramids (RS) spike on the
rebound of the resulting IPSP, triggering superficial low-threshold spiking
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cells (Gillies et al., 2002), and modeling has suggested that the
inhibitory interactions among O-LM cells alone do not produce
a coherent theta rhythm because of the interaction of the inhibition with intrinsic currents in the O-LM cells, especially the mixed
cation, hyperpolarization-activated, inward h-current (Rotstein
et al., 2005). However, the interaction of the O-LM cells with FS
cells can produce a coherent rhythm (Rotstein et al., 2005), with
fast IPSPs produced by the FS cells coordinated with the slow
IPSPs produced by the O-LM cells, as in (Gillies et al., 2002). When
AMPA transmission is not blocked, the CA1 network in vitro is
capable of producing gamma, theta, or a nesting of the two (Gloveli
et al., 2005), depending on how well the O-LM neuronal processes
are preserved in the slice (determined by the angle of cut during tissue preparation). Modeling (Gloveli et al., 2005; Tort et al.,
2007) reveals that the nesting of the gamma in the theta rhythm

interneurons (LTS) to fire. (D) A cartoon representation of the important cell
types in the beta1 rhythm. To the PING model in Figure 1, we add a population
of low-threshold spiking (LTS) interneurons and intrinsically bursting (IB)
pyramidal cells. We note that the LTS cells inhibit the IB cells, and that the IB
cells form excitatory synapses onto all inhibitory cells. A cartoon rastergram is
on the right. The beta1 rhythm results from a process of period concatenation.
Briefly, the beta1 rhythm propagates through the different cell types as follows.
First, the IB cells spike (1) and cause the basket cells to spike (2). The basket
cells inhibit the superficial pyramidal cells (3), which recover and spike after one
gamma cycle. The superficial pyramidal cell spikes cause the basket and LTS
cells to spike (4) which inhibit the IB cells. The IB cells then recover and spike
after one beta2 cycle (interval indicated with beta2 label at bottom of this panel)
and the rhythm repeats. (A–C) Adapted from Roopun et al. (2008).
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can be explained from the O-LM – FS interneuronal interaction
to form theta, and the overlapping network of pyramidal – FS cell
interaction to form the gamma.
The coordination of cell assemblies in the nesting of these
rhythms depends on the underlying physiology. Cell assemblies
are formed when a subset of pyramidal cells is given more input.
Gamma rhythms can form in transverse slices, in which the O-LM
axons project fairly locally. We considered multiple transverse slices
(“modules”) connected only by O-LM axons projecting to pyramidal cells of other modules. Modeling using multiple compartment
(Tort et al., 2007) or single compartment (Kopell et al., 2010) biophysical neurons showed that the O-LM input, with its long-lasting
IPSPs, can synchronize cell assemblies created by the pyramidal – FS
interaction in different modules; for synchronization of subsets
of pyramidal cells to happen, it is necessary that those subsets be

Figure 3 | Gamma assemblies prefer different theta phases depending on
local synapses. (A) Theta phase of gamma spikes, for a single module. Top, a
module in the excitation-dominated (ED) regime; red crosses mark the pyramidal
cell spikes. The black diamonds mark the O-LM spikes at zero theta phase in all
panels. Bottom, a single module in inhibition dominated (ID) regime; light blue
crosses mark the pyramidal cell spikes. Theta phases of gamma spikes cluster more
in ED regimes. (B) Two coupled modules, in identical ED regimes, receiving different
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involved in the gamma oscillation (Tort et al., 2007). More recent
work (Malerba, 2010) has shown that the phases of the gamma
rhythm within the theta oscillation can depend on the connections
within a module: if the synapses from the pyramidal cells to the
O-LM cells are relatively stronger than those from the FS cells to
the O-LM cells (excitation-dominated or ED regime), the phases
of the pyramidal cells cluster more highly than if the reverse is true
(inhibition-dominated or ID regime), leading to more coordination of cell assemblies (Figure 3A). Modules in the ED regime can
be well-synchronized if they are not too far apart in drive (Tort
et al., 2007); if they are sufficiently far apart in drive, separate cell
assemblies co-exist (Figure 3B). There can be coordination of cell
assemblies in the ID regime, but cell assemblies formed in the ED
regime do not easily coordinate with those in the ID regime, providing a mechanism to separate cell assemblies (Figure 3C). We note

gamma drives. The spike phases on top are for the pyramidal cell of the module that
receives stronger gamma drive. The two cell assemblies do not synchronize (Tort
et al., 2007). (C) Two coupled modules, receiving identical gamma drive, in different
excitation regimes. The red crosses mark activity of the module in ED regime, the
light blue marks report activity of the module in ID regime. The theta phases of the
gamma spikes in the ID regime do not cluster, so the two gamma signals in the two
different modules have the same frequency but have different theta phases.
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that there is a similar dichotomy in firing patterns of pyramidal cells
in hippocampal slices (Senior et al., 2008). These computational
results suggest an alternative to the idea of sequential gamma slots
within a theta cycle, each corresponding to a separate cell assembly (Jensen and Lisman, 1996). Instead, the cell assemblies can be
separated, while each one participates in multiple gamma cycles
within a theta cycle.

Time-variant assembly modification
The physiology of concatenated gamma and beta2 rhythms
(see Different Rhythms Allow Temporal Segregation of Multiple
Assemblies) has important consequences for the formation and
manipulation of cell assemblies in the context of the beta1 rhythm
(Kopell et al., 2009). For example, if a subset of superficial pyramidal cells already participating in the beta1 rhythm is given more
input, those cells can form a gamma-frequency cell assembly nesting inside the beta1 rhythm, without affecting the deep-layer cell
assemblies (Figure 4A). Thus, there are cell assemblies existing
simultaneously that code for past and current input: the past is
represented by the cell assemblies formed in the beta1 oscillation,
and the present by the cell assembly nesting inside the superficial
layer beta1 assembly. If two such subsets are given different amounts
of input, they can form synchronizing assemblies with reduced
competition (Figure 4B) when compared to PING (Borgers et al.,
2005, 2008). Thus, the beta1 rhythm is, in principle, suitable for
higher-order processing in which it is necessary to compare new
and old information, or put together information arriving from
different modalities (Tallon-Baudry et al., 2001; Weiss et al., 2005;
Buschman and Miller, 2007; Lalo et al., 2007; Pesaran et al., 2008).
Models suggest that the beta1 rhythm also allows assemblies of
deep layer cells firing at beta1 to build up over time as more input

Figure 4 | (A) Increased depolarization of a subset of superficial pyramidal
cells (yellow box on the left) produces a gamma rhythm nested in the beta1
activity. The depolarized pyramidal cells, which are connected by all-to-all
excitatory synapses, receive enough excitation to generate two bouts of
spikes: once after recovering from basket cell input (matching Figure 1) and a
second time before receiving basket cell input (yellow shaded regions on the
right). (B) Different levels of excitation to subsets of superficial pyramidal cells
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becomes available (Kopell et al., 2009), useful for tasks in which
information must be temporally integrated before a decision can
be made (Donner et al., 2009). We note that these roles for beta
band oscillations are consistent with the suggestion (Engel and
Fries, 2010) that beta is a frequency useful for holding in place
certain signals; indeed, the beta1 rhythm discussed above persists by
virtue of interacting inhibitory rebound, without need for further
input. We suggest here that the beta1 oscillations can also be used
to manipulate the signals that have been held in place, to facilitate
further processing.

Dynamical routing with multiple rhythms
The interaction of different substructures of the brain depends on
both the dynamics in the different regions and how they react to
neuromodulators. The rest of this paper describes two interactions
that depend on the modulatory context.
The first of these concerns coordination between hippocampal CA3/CA1 and the entorhinal cortex (EC). It has been shown
(Middleton et al., 2008) that the EC is capable of two physiologically
different gamma rhythms. In normal ACSF, with some kainatemediated activation, the EC produces a persistent gamma rhythm,
using a subnetwork of pyramidal cells and FS cells (Cunningham
et al., 2003). These FS cells, predominantly located in layer 2, require
NMDA currents to be active (Jones and Buhl, 1993); addition of an
NMDA-receptor blocker eliminates these cells from the network.
This uncovers a different gamma rhythm, with a lower frequency
(25–35 Hz), created from a subnetwork of pyramidal cells and
another kind of interneuron, called a “goblet cell” (Middleton
et al., 2008). The NMDA-receptor blockade changes the subset of
interneurons that dominates the full network, and thereby determines the frequency generated by the local circuit.

still produces gamma activity nested in beta1. A population of superficial
pyramidal cells, with all-to-all excitatory synapses, receives two levels of
increased input, one stronger (yellow) and the other weaker (blue). Both
subsets of cells merge to create a gamma rhythm nested in beta1. The subset
receiving larger input (shaded yellow on the right) tends to spike more, while
the subset receiving weaker input (shaded blue) continues to spike, unlike
in PING.
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Functional implications of this mechanism make use of observations concerning the frequencies of neural rhythms in CA3
and CA1: In the same ACSF that produces the higher frequency
gamma rhythm, the natural frequency of the active CA3 local
circuit in hippocampus is very similar to that of the NMDAblocked gamma, while the frequency of CA1 local circuits is very
similar to the normal higher frequency of persistent gamma in
EC. Models have shown that, when a phasic input (driver) to an
oscillator (target) has approximately the same frequency as that
oscillator, the two can phase-lock, creating coherent oscillations
at which the relative phases of the input and output stay constant
(Kopell and Ermentrout, 2002). Although networks need not
behave like single oscillators, the results for the single oscillators
suggest that the higher frequency, NMDA receptor-dependent
gamma rhythm in medial EC (mEC) can drive that of CA1, and
the slower, NMDA receptor-independent gamma rhythm can
drive that of the CA3. For single oscillators, if the frequencies are
too different, it takes a much larger drive to lock phasic inputs to
the target region’s intrinsic frequency, if at all; in the absence of
locking, the relative phases of the driver and target change cycle
by cycle, implying that the effects of the driver on the target are
also not reproducible cycle by cycle. Thus, modulation of the
NMDA drive to EC during gamma rhythm generation may serve
to change the path of information flow from EC through the
hippocampal circuit; the two physiologically different gamma
rhythms support different pathways for processing (Figure 5). A
more recent report shows a similar phenomenon in vivo (Colgin
et al., 2009).
In addition to the possibility of choosing the direction of information flow from a single source, it is possible for different rhythm
mechanisms to dictate the direction of information between pairs
of sources. However, in some cases there is a clear directionality to this communication (e.g., Supp et al., 2007; Williams et al.,
2009). Using an in vitro model of dynamical interactions between
association cortex and primary auditory cortex (Roopun et al.,
2010) it is possible to see how different mechanisms underlying
the same frequency of local network rhythm may impart directionality in communication. We have discussed above the mechanism underlying gamma and beta2 frequency rhythms in S2 (an
association area in rodent). In adjacent primary auditory cortex
(A1) an almost spectrally identical pair of frequencies is also generated in superficial and deep layers but by a very different physiological and dynamical mechanism. While glutamatergic excitation
generates only a superficial gamma rhythm in A1, the presence of
cholinergic excitation reproduces the gamma/beta2 rhythms seen
in adjacent S2. This differential response to mode of excitation
is even more marked when considering the converse: cholinergic
drive alone, while generating gamma/beta2 in A1, produces no
rhythm generation in S2. In auditory cortex the cholinergic beta2
rhythm is highly sensitive to blockade of GABAergic and glutamatergic fast synaptic neurotransmission, whereas the glutamate
receptor driven S2 beta2 rhythm is almost completely inert to such
manipulations (Roopun et al., 2010). This differential sensitivity to
synaptic input for two spectrally identical rhythms results in highly
directed coherence estimates favoring information flow from layer
5 of S2 to layer 5 of A1 via long-range cortico-cortical synaptic
connections (Figure 6).
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Figure 5 | Different rhythms may allow routing of cortical information
flow. (A) Medial entorhinal cortex (mEC) generates two different frequencies
of gamma rhythm depending on the degree of NMDA receptor-mediated
excitation present. In control conditions a c. 40 Hz gamma rhythm is mediated
by activity in layer 2 basket cells. In the absence of NMDA receptor-mediated
excitation these interneurons become relatively hyperpolarized. The reduction
in this source of phasic inhibition allows a second type of interneuron (layer 3
goblet cells) to become active, mediating a lower frequency (c. 30 Hz) gamma
rhythm. Examples of reconstructed interneurons of both types and 1 s epochs
of intracellularly recorded activity during local gamma rhythm generation are
shown. (B) The two gamma rhythms in mEC have modal peak frequencies
which correspond to the main resonant frequency of either the hippocampal
CA1 or CA3 subnetworks during gamma generation. Spectra show that, in
control conditions (NMDA present), mEC frequency matches that of area CA1.
In the absence of NMDA drive mEC frequency matches that of area CA3.
Below are cartoons illustrating the possible consequences for information
flow into hippocampus. Figure from Middleton et al. (2008).

In the above in vitro model, more subtle changes in directionality
of interactions are seen for the coexistent gamma rhythms in superficial layers. With kainate receptor-mediated drive alone, both A1 and
S2 superficial layers generate gamma. However, there is a small but
robust difference in frequency of a few Hz, with S2 gamma being
faster than A1 gamma. This results in a coherence estimate directed in
favor of S2 influencing A1 (Roopun et al., 2010). When both kainate
and cholinergic drive are present, the additional drive from cholinergic receptors increases the frequency of A1 gamma selectively, and
gamma frequencies match. In this situation directionality is lost and
information flow, at gamma frequencies, is mutual (Figure 6).
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Conclusions and further directions

Figure 6 | Different rhythms allow for directionality in functional
connectivity. (A) Cross‑correlogram showing a highly stable phase relationship
between association cortex (S2) and primary auditory cortex (A1) when both
generate beta2 frequency (c. 25 Hz) oscillations driven by kainate in the
presence of cholinergic neuromodulation. (B) While the beta2 frequency
rhythms in each area are spectrally the same, the mechanisms underlying
them at the local network level are not. S2 beta2 rhythms are almost
completely resistant to blockade of fast glutamatergic (SYM = SYM2206,
20 μM) or GABAergic (gabazine, 500 nM) synaptic transmission, whereas the
same frequency generated by A1 requires both these components of synaptic
transmission. The resulting combination of a rhythm dependent on chemical
synaptic activity and one resistant to it results in highly significant partial
directed coherence estimates (Granger scores) within the beta2 frequency
band: The relatively synaptically inert S2 beta2 rhythm is able to dominate over
the synaptically labile A1 beta2 rhythm. Note that in both regions, the
accompanying superficial layer gamma rhythm is abolished by synaptic
blockade and that, for the gamma rhythm, interactions are bi-directional. Figure
from Roopun et al. (2010).

References
Adrian, E. D. (1950). The electrical activity of the mammalian olfactory bulb.
Electroencephalogr. Clin. Neurophysiol.
2, 377–388.
Ardid, S., Wang, X. J., and Compte, A.
(2007). An integrated microcircuit
model of attentional processing
in the neocortex. J. Neurosci. 27,
8486–8495.
Atallah, B. V., and Scanziani, M. (2009).
Instantaneous modulation of gamma
oscillation frequency by balancing
excitation with inhibition. Neuron
62, 566–577.
Borgers, C., Epstein, S., and Kopell,
N. J. (2005). Background gamma
rhythmicity and attention in cortical
local circuits: a computational study.
Proc. Natl. Acad. Sci. U.S.A. 102,
7002–7007.

Frontiers in Human Neuroscience

Borgers, C., Epstein, S., and Kopell, N.
J. (2008). Gamma oscillations mediate stimulus competition and attentional selection in a cortical network
model. Proc. Natl. Acad. Sci. U.S.A.
105, 18023–18028.
Bragin, A., Jando, G., Nadasdy, Z., Hetke,
J., Wise, K., and Buzsaki, G. (1995).
Gamma (40–100 Hz) oscillation in the
hippocampus of the behaving rat. J.
Neurosci. 15(Pt 1), 47–60.
Bruns, A., and Eckhorn, R. (2004).
Task-related coupling from high- to
low-frequency signals among visual
cortical areas in human subdural
recordings. Int. J. Psychophysiol. 51,
97–116.
Buia, C., and Tiesinga, P. (2006). Attentional
modulation of firing rate and synchrony in a model cortical network. J.
Comput. Neurosci. 20, 247–264.

It is not clear if any of the dynamical mechanisms described above
are pertinent to the physiology of other rhythms, such as the alpha
rhythm or delta rhythm, both of which support nesting with other
rhythms (Palva and Palva, 2007; Schroeder and Lakatos, 2009).
The gamma/theta nesting appears to depend on the overlap of
cell types participating in the related rhythms. We do not know
enough about the physiology of the alpha or delta rhythm to
understand the mechanisms of nesting or cell assembly formation. As in other frequency bands, there are likely to be multiple
mechanisms that produce the rhythms. For the gustatory cortex
(Tort et al., 2010), there are (at least) two different rhythms in
the alpha band associated with different temporal stages of the
taste process, plus another associated with lack of engagement
in the task. They lie in different sub-bands of the alpha range,
and may have different mechanisms. It has been suggested that
some kinds of alpha-band rhythms may be a product of singlecell dynamics in the LGN (Lorincz et al., 2008) while others may
be network phenomena involving both the neocortex and the
thalamus (Lopes da Silva et al., 1980; Contreras et al., 1996);
such differences have implications for how the rhythm may be
deployed functionally.
The recent enthusiasm for measuring cross-frequency coupling (Bruns and Eckhorn, 2004; Lakatos et al., 2005; Palva et al.,
2005; Canolty et al., 2006; Jensen and Colgin, 2007; Tort et al.,
2008, 2009) has begun to reveal the subtlety of the relationship
between function and rhythms. These studies demonstrate that
the sub-bands within the theta, gamma and very high frequency
bands used to communicate between brain structures vary for
different pairs of structures (Tort et al., 2008), and that the
strength of the coupling can change in the course of a task. The
discovery of such structure lends further weight to the hypothesis that rhythms are functionally important, and that subtle
differences among rhythms in both frequency and physiology
may provide important clues to function. We suggest here that
diverse rhythms, or variations of a rhythm, can support different
components of a cognitive act, with multiple rhythms potentially
playing multiple roles.
Buschman, T. J., and Miller, E. K. (2007).
Top-down versus bottom-up control
of attention in the prefrontal and
posterior parietal cortices. Science
315, 1860–1862.
Canolty, R. T., Edwards, E., Dalal, S. S.,
Soltani, M., Nagarajan, S. S., Kirsch,
H. E., Berger, M. S., Barbaro, N. M.,
and Knight, R. T. (2006). High gamma
power is phase-locked to theta oscillations in human neocortex. Science
313, 1626–1628.
Cardin, J. A., Carlen, M., Meletis, K.,
Knoblich, U., Zhang, F., Deisseroth,
K., Tsai, L. H., and Moore, C. I. (2009).
Driving fast-spiking cells induces
gamma rhythm and controls sensory
responses. Nature 459, 663–667.
Chalk, M., Herrero, J. L., Gieselmann, M.
A., Delicato, L. S., Gotthardt, S., and
Thiele, A. (2010). Attention reduces

www.frontiersin.org

stimulus-driven gamma frequency
oscillations and spike field coherence
in V1. Neuron 66, 114–125.
Colgin, L. L., Denninger, T., Fyhn, M.,
Hafting, T., Bonnevie, T., Jensen,
O., Moser, M. B., and Moser, E. I.
(2009). Frequency of gamma oscillations routes flow of information
in the hippocampus. Nature 462,
353–357.
Contreras, D., Destexhe, A., Sejnowski,
T. J., and Steriade, M. (1996). Control
of spatiotemporal coherence of a thalamic oscillation by corticothalamic
feedback. Science 274, 771–774.
Cunningham, M. O., Davies, C. H., Buhl,
E. H., Kopell, N., and Whittington,
M. A. (2003). Gamma oscillations
induced by kainate receptor activation in the entorhinal cortex in vitro.
J. Neurosci. 23, 9761–9769.

November 2010 | Volume 4 | Article 187 | 7

Kopell et al.

Dockstader, C., Cheyne, D., and Tannock,
R. (2010). Cortical dynamics of selective attention to somatosensory events.
Neuroimage 49, 1777–1785.
Donner, T. H., Siegel, M., Fries, P., and
Engel, A. K. (2009). Buildup of
choice-predictive activity in human
motor cortex during perceptual
decision making. Curr. Biol. 19,
1581–1585.
Engel, A. K., and Fries, P. (2010). Betaband oscillations-signalling the status quo? Curr. Opin. Neurobiol. 20,
156–165.
Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communication through neuronal coherence.
Trends Cogn. Sci. 9, 474–480.
Fries, P., Womelsdorf, T., Oostenveld, R.,
and Desimone, R. (2008). The effects
of visual stimulation and selective
visual attention on rhythmic neuronal
synchronization in macaque area V4.
J. Neurosci. 28, 4823–4835.
Gillies, M. J., Traub, R. D., LeBeau, F. E.,
Davies, C. H., Gloveli, T., Buhl, E.
H., and Whittington, M. A. (2002).
A model of atropine-resistant theta
oscillations in rat hippocampal area
CA1. J. Physiol. 543(Pt 3), 779–793.
Gloveli, T., Dugladze, T., Rotstein, H. G.,
Traub, R. D., Monyer, H., Heinemann,
U., Whittington, M. A., and Kopell, N.
J. (2005). Orthogonal arrangement of
rhythm-generating microcircuits in
the hippocampus. Proc. Natl. Acad.
Sci. U.S.A. 102, 13295–13300.
Goldin, M., Epsztein, J., Jorquera, I.,
Represa, A., Ben-Ari, Y., Crepel, V.,
and Cossart, R. (2007). Synaptic kainate receptors tune oriens-lacunosum
moleculare interneurons to operate
at theta frequency. J. Neurosci. 27,
9560–9572.
Goutagny, R., Jackson, J., and Williams,
S. (2009). Self-generated theta oscillations in the hippocampus. Nat.
Neurosci. 12, 1491–1493.
Haenschel, C., Baldeweg, T., Croft, R. J.,
Whittington, M., and Gruzelier, J.
(2000). Gamma and beta frequency
oscillations in response to novel auditory stimuli: a comparison of human
electroencephalogram (EEG) data
with in vitro models. Proc. Natl. Acad.
Sci. U.S.A. 97, 7645–7650.
Harris, K. D., Csicsvari, J., Hirase, H.,
Dragoi, G., and Buzsaki, G. (2003).
Organization of cell assemblies
in the hippocampus. Nature 424,
552–556.
Jensen, O., and Colgin, L. L. (2007).
Cross-frequency coupling between
neuronal oscillations. Trends Cogn.
Sci. 11, 267–269.
Jensen, O., and Lisman, J. E. (1996). Novel
lists of 7+/−2 known items can be reliably stored in an oscillatory shortterm memory network: interaction

Frontiers in Human Neuroscience

Different rhythms for different functions

with long-term memory. Learn. Mem.
3, 257–263.
Jones, R. S., and Buhl, E. H. (1993). Basketlike interneurones in layer II of the
entorhinal cortex exhibit a powerful
NMDA-mediated synaptic excitation.
Neurosci. Lett. 149, 35–39.
Jung, J., Mainy, N., Kahane, P., Minotti,
L., Hoffmann, D., Bertrand, O., and
Lachaux, J. P. (2008). The neural bases
of attentive reading. Hum. Brain Mapp.
29, 1193–1206.
Kopell, N., Borgers, C., Pervouchine, D.,
Malerba, P., and Tort, A. B. L. (2010).
“Gamma and theta rhythms in biophysical models of hippocampal circuits,” in Hippocampal Microcircuits:
A Computational Modeller’s Resource
Book, eds V. Cutsuridis, B. P. Graham,
S. Cobb, and I. Vida (New York:
Springer), 423–458.
Kopell, N., and Ermentrout, G. B. (2002).
“Mechanisms of phase-locking and
frequency control in pairs of coupled neural oscillators,” in Handbook
on Dynamical Systems: Toward
Applications, Vol. 2, ed. B. Fiedler
(Amsterdam: Elsevier), 3–54.
Kopell, N. J., Whittington, M. A., and
Kramer, M. A. (2009). “Beta 1 and
gamma frequency oscillations support cell assemblies in mechanistically
different ways,” Program No. 321.14.
2009 Neuroscience Meeting (Chicago,
IL: Society for Neuroscience),
Online.
Kramer, M. A., Roopun, A. K., Carracedo,
L. M., Traub, R. D., Whittington, M.
A., and Kopell, N. J. (2008). Rhythm
generation through period concatenation in rat somatosensory cortex.
PLoS Comput. Biol. 4, e1000169. doi:
10.1371/journal.pcbi.1000169.
Lakatos, P., Shah, A. S., Knuth, K. H.,
Ulbert, I., Karmos, G., and Schroeder,
C. E. (2005). An oscillatory hierarchy controlling neuronal excitability and stimulus processing in the
auditory cortex. J. Neurophysiol. 94,
1904–1911.
Lalo, E., Gilbertson, T., Doyle, L., Di
Lazzaro, V., Cioni, B., and Brown, P.
(2007). Phasic increases in cortical beta
activity are associated with alterations
in sensory processing in the human.
Exp. Brain Res. 177, 137–145.
Lawrence, J. J., Saraga, F., Churchill, J. F.,
Statland, J. M., Travis, K. E., Skinner,
F. K., and McBain, C. J. (2006).
Somatodendritic Kv7/KCNQ/M channels control interspike interval in hippocampal interneurons. J. Neurosci.
26, 12325–12338.
Lopes da Silva, F. H., Vos, J. E., Mooibroek,
J., and Van Rotterdam, A. (1980).
Relative contributions of intracortical and thalamo-cortical processes
in the generation of alpha rhythms,
revealed by partial coherence analysis.

Electroencephalogr. Clin. Neurophysiol.
50, 449–456.
Lorincz, M. L., Crunelli, V., and Hughes, S.
W. (2008). Cellular dynamics of cholinergically induced alpha (8–13 Hz)
rhythms in sensory thalamic nuclei
in vitro. J. Neurosci. 28, 660–671.
Malerba, P. (2010). Excitation Dominated
or Inhibition Dominated: Different
Mechanism B ehind Rhythmic
Interaction in a Hippocampal Model.
Ph.D. Thesis, Boston University,
Boston.
Middleton, S., Jalics, J., Kispersky, T.,
Lebeau, F. E., Roopun, A. K., Kopell,
N. J., Whittington, M. A., and
Cunningham, M. O. (2008). NMDA
receptor-dependent switching
between different gamma rhythmgenerating microcircuits in entorhinal
cortex. Proc. Natl. Acad. Sci. U.S.A. 105,
18572–18577.
Olufsen, M., Whittington, M. A., Camperi,
M., and Kopell, N. (2003). New functions for the gamma rhythm: population tuning and preprocessing. J.
Comput. Neurosci. 14, 35–54.
Palva, J. M., Palva, S., and Kaila, K. (2005).
Phase synchrony among neuronal
oscillations in the human cortex. J.
Neurosci. 25, 3962–3972.
Palva, S., and Palva, J. M. (2007). New vistas for alpha-frequency band oscillations. Trends Neurosci. 30, 150–158.
Pesaran, B., Nelson, M. J., and Andersen,
R. A. (2008). Free choice activates a
decision circuit between frontal and
parietal cortex. Nature 453, 406–409.
Reynolds, J. H., Chelazzi, L., and
Desimone, R. (1999). Competitive
mechanisms subserve attention in
macaque areas V2 and V4. J. Neurosci.
19, 1736–1753.
Roopun, A. K., Kramer, M. A., Carracedo,
L. M., Kaiser, M., Davies, C. H., Traub,
R. D., Kopell, N. J., and Whittington,
M. A. (2008). Period concatenation underlies interactions between
gamma and beta rhythms in neocortex. Front. Cell. Neurosci. 2:1. doi:
10.3389/neuro.03.001.2008.
Roopun, A. K., Lebeau, F. E., Ramell, J.,
Cunningham, M. O., Traub, R. D., and
Whittington, M. A. (2010). Cholinergic
neuromodulation controls directed
temporal communication in neocortex in vitro. Front. Neural Circuits 4:8.
doi: 10.3389/fncir.2010.00008.
Roopun, A. K., Middleton, S. J.,
Cunningham, M. O., Lebeau, F. E.,
Bibbig, A., Whittington, M. A., and
Traub, R. D. (2006). A beta2-frequency
(20–30 Hz) oscillation in nonsynaptic networks of somatosensory cortex. Proc. Natl. Acad. Sci. U.S.A. 103,
15646–15650.
Rotstein, H. G., Pervouchine, D. D., Acker,
C. D., Gillies, M. J., White, J. A., Buhl,
E. H., Whittington, M. A., and Kopell,

www.frontiersin.org

N. (2005). Slow and fast inhibition and
an H-current interact to create a theta
rhythm in a model of CA1 interneuron network. J. Neurophysiol. 94,
1509–1518.
Saraga, F., Wu, C. P., Zhang, L., and Skinner,
F. K. (2003). Active dendrites and spike
propagation in multi-compartment
models of oriens-lacunosum/moleculare hippocampal interneurons. J.
Physiol. 552(Pt 3), 673–689.
Schroeder, C. E., and Lakatos, P. (2009).
Low-frequency neuronal oscillations
as instruments of sensory selection.
Trends Neurosci. 32, 9–18.
Senior, T. J., Huxter, J. R., Allen, K., O’Neill,
J., and Csicsvari, J. (2008). Gamma
oscillatory firing reveals distinct
populations of pyramidal cells in the
CA1 region of the hippocampus. J.
Neurosci. 28, 2274–2286.
Supp, G. G., Schlogl, A., Trujillo-Barreto,
N., Muller, M. M., and Gruber, T.
(2007). Directed cortical information
flow during human object recognition:
analyzing induced EEG gamma-band
responses in brain’s source space. PLoS
ONE 2, e684. doi: 10.1371/journal.
pone.0000684.
Tallon-Baudry, C., Bertrand, O., and
Fischer, C. (2001). Oscillatory synchrony between human extrastriate areas during visual short-term
memory maintenance. J. Neurosci.
21, RC177.
Tallon-Baudry, C., Kreiter, A., and
Bertrand, O. (1999). Sustained and
transient oscillatory responses in the
gamma and beta bands in a visual
short-term memory task in humans.
Vis. Neurosci. 16, 449–459.
Tiitinen, H., Sinkkonen, J., Reinikainen,
K., Alho, K., Lavikainen, J., and
Naatanen, R. (1993). Selective attention enhances the auditory 40-Hz
transient response in humans. Nature
364, 59–60.
Tort, A. B., Fontanini, A., Kramer, M.
A., Jones-Lush, L. M., Kopell, N. J.,
and Katz, D. B. (2010). Cortical networks produce three distinct 7–12 Hz
rhythms during single sensory
responses in the awake rat. J. Neurosci.
30, 4315–4324.
Tort, A. B., Komorowski, R. W., Manns,
J. R., Kopell, N. J., and Eichenbaum,
H. (2009). Theta-gamma coupling
increases during the learning of itemcontext associations. Proc. Natl. Acad.
Sci. U.S.A. 106, 20942–20947.
Tort, A. B., Kramer, M. A., Thorn, C.,
Gibson, D. J., Kubota, Y., Graybiel,
A. M., and Kopell, N. J. (2008).
Dynamic cross-frequency couplings
of local field potential oscillations in
rat striatum and hippocampus during performance of a T-maze task.
Proc. Natl. Acad. Sci. U.S.A. 105,
20517–20522.

November 2010 | Volume 4 | Article 187 | 8

Kopell et al.

Tort, A. B., Rotstein, H. G., Dugladze, T.,
Gloveli, T., and Kopell, N. J. (2007).
On the formation of gamma-coherent
cell assemblies by oriens lacunosummoleculare interneurons in the hippocampus. Proc. Natl. Acad. Sci. U.S.A.
104, 13490–13495.
Traub, R. D., Bibbig, A., Fisahn, A.,
LeBeau, F. E., Whittington, M. A.,
and Buhl, E. H. (2000). A model of
gamma-frequency network oscillations induced in the rat CA3 region
by carbachol in vitro. Eur. J. Neurosci.
12, 4093–4106.
Traub, R. D., Cunningham, M. O., Gloveli,
T., LeBeau, F. E., Bibbig, A., Buhl, E.
H., and Whittington, M. A. (2003).

Frontiers in Human Neuroscience

Different rhythms for different functions

GABA-enhanced collective behavior
in neuronal axons underlies persistent gamma-frequency oscillations.
Proc. Natl. Acad. Sci. U.S.A. 100,
11047–11052.
Weiss, S., Mueller, H. M., Schack, B., King,
J. W., Kutas, M., and Rappelsberger,
P. (2005). Increased neuronal communication accompanying sentence
comprehension. Int. J. Psychophysiol.
57, 129–141.
Whittington, M. A., Stanford, I. M.,
Colling, S. B., Jefferys, J. G., and Traub,
R. D. (1997). Spatiotemporal patterns
of gamma frequency oscillations tetanically induced in the rat hippocampal
slice. J. Physiol. 502(Pt 3), 591–607.

Whittington, M. A., Traub, R. D., Kopell,
N., Ermentrout, B., and Buhl, E. H.
(2000). Inhibition-based rhythms:
experimental and mathematical
observations on network dynamics.
Int. J. Psychophysiol. 38, 315–336.
Williams, E. R., Soteropoulos, D. S., and
Baker, S. N. (2009). Coherence between
motor cortical activity and peripheral
discontinuities during slow finger movements. J. Neurophysiol. 102, 1296–1309.
Conflict of Interest Statement: The
authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

www.frontiersin.org

Received: 06 June 2010; accepted: 20
September 2010; published online: 02
November 2010.
Citation: Kopell N, Kramer MA, Malerba
P and Whittington M (2010) Are different rhythms good for different functions?
Front. Hum. Neurosci. 4:187. doi: 10.3389/
fnhum.2010.00187
Copyright © 2010 Kopell, Kramer,
Malerba and Whittington. This is an
open-access article subject to an exclusive
license agreement between the authors
and the Frontiers Research Foundation,
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original authors and source
are credited.

November 2010 | Volume 4 | Article 187 | 9

