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Abstract

Cortical oscillations in the theta (4-10 Hz) and gamma (30-100 Hz) frequency range have been
hypothesized to play important roles in numerous cognitive processes and may be involved in
psychiatric conditions including anxiety, schizophrenia, and autism. Here we will review
background information about these oscillations and their possible roles in psychiatric illness.
Then we will describe findings from recent studies that used optogenetic tools to demonstrate that
(1) a particular class of inhibitory interneurons expressing the calcium binding protein
parvalbumin plays a central role in gamma oscillations, (2) gamma oscillations can entrain
rhythmic firing in pyramidal neurons, and (3) rhythmic firing at theta and gamma frequencies can
enhance communication between neurons. Finally we will discuss how these findings may relate
to the pathophysiology of psychiatric conditions, as well as questions for future studies.
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Overview of cortical oscillations

Cortical oscillations are rhythmic patterns of neural activity that are synchronized across
many neurons within or across brain regions. These oscillations can be observed at many
levels including surface or intracranial EEG, local field potentials (LFPs), multiunit
recordings, single unit recordings, and subthreshold fluctuations in the membrane potentials
of individual neurons. Cortical oscillations are classified based on frequency, into delta
(0.5-4 Hz), theta (4-10 Hz), alpha (8-12 Hz), beta (10-30 Hz), and gamma (30-100 Hz)
oscillations (1). Oscillations at specific frequencies and in specific regions often occur
during sleep, cognitive tasks, or sensory stimulation. Oscillations also occur during specific
phases of cognitive tasks, and in many cases their amplitude or synchrony correlates with
the difficulty of the task, or performance on that task (2, 3). As described below, oscillations
also correlate with anxiety-related behaviors in rodents. This has led to the hypothesis that
these oscillations play important roles in cognitive functions or behavior states such as
anxiety.
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Theta oscillations and anxiety

Theta oscillations that are synchronized between the amygdala, hippocampus, and prefrontal
cortex (PFC) are thought to play a role in anxiety. Fear conditioning experiments in rats
have found rhythmic theta-frequency activity in the amygdala, that is elicited by the
conditioned stimulus and associated with freezing, and is synchronized with rhythmic
activity in the hippocampus (4). Anxiolytic agents decrease the frequency of hippocampal
theta oscillations (5), whereas mice which lack the 5-HT 14 receptor, exhibit increased levels
of anxiety-related behavior and increases in hippocampal and PFC theta oscillations,
specifically in anxiogenic environments (6, 7). More recent work has shown that in mice,
theta frequency synchronization between the medial PFC and ventral hippocampus predicts
avoidance of anxiogenic regions of an open field or elevated plus maze (7). These studies
are all consistent with the idea that periods of anxiety are associated with theta oscillations,
synchronized across the amygdala, hippocampus, and the PFC. Prefrontal theta oscillations
also play a major role in working memory (2, 3, 8), and may contribute to working memory
deficits in schizophrenia (9).

Gamma oscillations in normal cognition and schizophrenia

A large literature supports the idea that gamma oscillations play important roles in various
cognitive functions including attention (10-12), perception (13), and working memory (3,
14). An early hypothesis was that gamma oscillations serve to “bind together” information
encoded by dispersed sets of neurons, by for example, synchronizing spikes in neurons
responding to various aspects of the same stimulus (15, 16). Although experimental
evidence for such “perceptual grouping” is limited, an alternative is that by synchronizing
activity in different brain regions, gamma oscillations may facilitate interactions between
these regions. Support for this idea has come from the recent findings that the BOLD signal
measured by fMRI correlates strongly with the power of local gamma oscillations (17). By
contrast, the BOLD signal is less strongly correlated with spiking activity (18), and
negatively correlated with power in lower frequency bands (19). Thus, reports that networks
of brain regions can be defined by covariation in the BOLD signal may indicate that gamma
oscillations co-occur in these networks. Although the timescale of the BOLD signal is too
slow to demonstrate that gamma oscillations in these different regions are precisely
synchronized, these studies are consistent with the idea that gamma oscillations co-occur in
these regions, possibly to coordinate their interactions. Long range gamma synchronization
has also been observed during specific behaviors in humans (12, 13) and monkeys (20, 21).
The exact mechanism by which synchronized gamma oscillations in different brain regions
might facilitate interactions involving those regions are unknown, but we discuss some
possibilities below. Also note that other studies have found local, but not long-range, gamma
synchrony (22).

As described above, gamma oscillations are involved in cognitive processes that are
disrupted in schizophrenia, and are thought to facilitate interactions between brain regions,
which may be deficient in schizophrenia. This has given rise to the hypothesis that abnormal
gamma oscillations may contribute to cognitive dysfunction and other symptoms of
schizophrenia (23). Indeed, many studies have found that patients with schizophrenia exhibit
decreases in the power or synchrony of gamma oscillations during responses to sensory
stimulation or cognitive tasks (24-30). In some cases, these abnormalities correlate with the
severity of cognitive dysfunction or other symptoms (25, 28). Although patients with
schizophrenia as a whole typically exhibit decreased power or synchrony of gamma
oscillations (especially those evoked by sensory stimuli or cognitive tasks), within this
clinical population, auditory hallucinations seem to be associated with increased power or
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synchrony of beta and gamma oscillations (31-33). This suggests that in some cases,
increased beta or gamma oscillations may contribute to positive symptoms.

The relationship between cortical gamma oscillations and parvalbumin
interneurons

Altered gamma oscillations in schizophrenia are thought to result from dysfunction of a
specific class of inhibitory interneurons that express the calcium-binding protein
parvalbumin (PV). PV interneurons represent approximately 40% of cortical inhibitory
neurons. They are characterized by a unique “fast-spiking” electrophysiological phenotype,
i.e. they can fire at very high rates (>200 Hz) with minimal spike-frequency adaptation.
Several groups have found alterations in PV interneurons, particularly in the PFC, in post-
mortem brain tissue from patients with schizophrenia (23, 34-38). Specifically, in tissue
from patients with schizophrenia, these interneurons express virtually undetectable levels of
GADG67, which synthesizes the inhibitory neurotransmitter GABA, suggesting that these
neurons are hypofunctional. This tissue also exhibits increases in post-synaptic GABA
receptors, and decreases in GABA transporters, which may represent compensation for
deficient GABA release. PV interneuron dysfunction may relate to other factors implicated
in schizophrenia such as NMDA receptor hypofunction (39-41) or oxidative stress (42).

Previous studies on the role of parvalbumin interneurons in generating
gamma oscillations

Several observations have led to the hypothesis that PV interneurons play a critical role in
gamma oscillations. First, although pyramidal neurons and many types of interneurons fire
during gamma oscillations, only PV interneurons fire rhythmically on nearly every cycle of
gamma oscillations (43-45). Second, isolated networks of PV interneurons (as well as other
types of interneurons) can generate gamma oscillations, whereas blocking inhibitory
synapses disrupts gamma oscillations and rhythmic pyramidal neuron firing in brain slices
(46). Third, PV interneurons are interconnected via chemical and electrical synapses (47,
48), such that gamma frequency spiking in one PV interneuron will entrain rhythmic firing
in a second, connected PV interneuron (49). Fourth, PV interneurons target the perisomatic
region of pyramidal neurons, and field potential recordings and voltage sensitive dye
imaging suggests that this region is the origin for gamma frequency voltage fluctuations
(50). Fifth, genetically disrupting excitatory synapses on PV interneurons suppresses gamma
oscillations in brain slices (51).

Previous studies of mechanisms underlying gamma oscillations

For more information about mechanisms of gamma oscillations, or about computational
models of oscillations, the reader is referred to several recent reviews that extensively
discuss these topics (52-55). Besides the evidence for PV interneuron involvement in
gamma oscillations described above, we will mention a few other notable aspects of this
work. First, inhibitory connections between PV interneurons elicit synaptic currents with
relatively large conductances and fast kinetics, which reverse at potentials between the
resting membrane potential and spike threshold. All of these features play an important role
in synchronizing gamma oscillations (53). Second, there are at least two possible
mechanisms through which interactions between excitatory and inhibitory neurons might
generate gamma oscillations /in vivo (53-55). Specifically, some forms of gamma
oscillations in hippocampal brain slices persist even after blocking fast, AMPA receptor-
mediated excitatory synapses (46, 56), suggesting that gamma oscillations may be generated
by networks of inhibitory interneurons which fire and inhibit each other, until inhibition
decays and they fire again, initiating the next cycle of the oscillation. In this way,
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interneuron networks generate rhythmic inhibitory output that entrains excitatory neurons
(interneuron gamma, “ING”). By contrast, other forms of gamma oscillations in brain slices
require fast, AMPA receptor-mediated excitation (50, 57). In the latter cases, oscillations
result from interactions between excitatory and inhibitory neurons, in which excitatory
neurons fire, triggering interneuron firing, which, after a delay, suppresses excitatory neuron
firing. The next cycle of the oscillation begins when inhibitory synaptic currents in
excitatory neurons decay, allowing excitatory neurons fire again (“pyramidal-interneuron
gamma”, PING). Recordings /n vivo (44) and in vitro (45, 50) have shown how pyramidal
neuron excitation of PV interneurons may be relevant to gamma oscillations in intact
networks, although questions about the relative contributions of ING and PING to gamma
oscillations in vivo (55). Third, gap junctions between PV interneurons, or between
pyramidal neuron axons (58, 59), can enhance the synchrony of gamma oscillations, and
indeed, gamma oscillations are impaired in hippocampal slices from connexin-36 knockout
mice, which lack gap junctions between PV interneurons (60, 61).

PV interneuron dysfunction may produce abnormal gamma oscillations in
psychiatric disease

Thus, a combination of neuropathological findings and studies of mechanisms that generate
gamma oscillations have led to the hypothesis that PV interneuron hypofunction produces
abnormal gamma oscillations which contribute to cognitive dysfunction in schizophrenia. A
similar mechanism may also play a role in autism. Numerous rodent models of autism
exhibit deficits in PV interneurons (62), and patients with autism spectrum disorders exhibit
decreases in gamma oscillations evoked by sensory stimuli (63, 64). Other studies have
found increases in baseline gamma power in patients with autism (65), which are
reminiscent of the association between relatively increased gamma power and positive
symptoms in schizophrenia.

Probing the role of PV interneurons in gamma oscillations using
optogenetic tools

Although the studies described above provide critical evidence for a major role of PV
interneurons in gamma oscillations, they nevertheless leave key questions unanswered. First,
although PV interneurons are clearly involved in gamma oscillations, are they necessary or
sufficient for these oscillations? More specifically, does inhibitory output from PV
interneurons suffice to generate gamma oscillations, or is rhythmic activity in other
interneuron subtypes also required? Second, although gamma oscillations are prominent
during cognitive tasks, how exactly might they affect neural activity and information
processing in a way that contributes to these tasks? Prior to the advent of optogenetic
technologies, it was difficult to answer these questions directly, because it was not possible
to selectively modulate either PV interneurons or gamma oscillations. Here we will describe
recent studies that overcome these barriers and answer these two questions using
optogenetic tools. Again, we will focus on the role of PV interneurons in gamma
oscillations, and refer the reader to recent reviews for other details about mechanisms of
gamma rhythms (52-55). Also, although theta oscillations clearly play an important role in
psychiatric illness, studies using optogenetic tools to probe mechanisms of oscillations have
thus far focused on gamma oscillations. Thus, most of the experiments described below
relate to gamma oscillations, although some experiments about possible functions of cortical
oscillations also considered theta oscillations.
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Two experiments have addressed this question using optogenetic tools to control activity in
PV interneurons in vivo. In first, Cardin et al. selectively expressed channelrhodopsin-2
(ChR2) in either PV interneurons or pyramidal neurons in somatosensory cortex (66).
Selective expression was achieved using PV::Cre or CaMKII::Cre transgenic mice along
with a virus to drive Cre-dependent expression of ChR2. This study then activated ChR2
with rhythmic trains of light flashes (8-200 Hz) while recording LFPs. Rhythmic stimulation
of PV interneurons increased LFP power at the corresponding frequency, but only for
stimulation frequencies in the gamma range (30-60 Hz). This rhythmic stimulation also
entrained firing in pyramidal neurons. Varying the stimulation intensity did not alter the
range of frequencies that exhibited increased LFP power, confirming that this effect did not
simply reflect an effect of 30-60 Hz stimulation to drive PV interneuron firing particularly
well (as compared to higher stimulation frequencies). By contrast, gamma frequency
stimulation of pyramidal neurons failed to increase LFP power at these frequencies (this
may relate to the observation that gamma-frequency stimulation of pyramidal neurons did
not elicit robust rhythmic firing in those neurons). These elegant findings show that
rhythmic stimulation of PV interneurons can generate LFP oscillations /7 vivo at gamma
frequencies, but not at other frequencies, and thus demonstrate a powerful role for these
interneurons in gamma oscillations.

In a complementary study (67), we used enhanced halorhodopsin (eNpHR or NpHR2.0) (68)
to inhibit PV interneurons /n vivo while recording LFPs in PFC. This study used the same
approach described earlier to achieve selective expression in PV interneurons. This study
also used the CaMKII promoter to simultaneously express ChR2 in pyramidal neurons in the
same mice, and found that single flashes of blue light to activate pyramidal neurons evoked
transient gamma oscillations. Delivering yellow light, to activate eNpHR and thereby inhibit
PV interneurons, suppressed the power of evoked gamma oscillations by ~20%. Power at
other frequencies was not affected. The incomplete suppression of power in the gamma
frequency range may be explained by noting that eNpHR was only expressed in ~40% of PV
interneurons, and that in these neurons, yellow light incompletely suppressed spiking.
Another possibility is that other types of interneurons were able to generate attenuated
gamma oscillations after PV interneuron activity was suppressed. Together, these results
from Cardin et al. and our work (67), suggest that PV interneurons can powerfully drive
gamma oscillations, and that this effect is a major contributor to gamma oscillations /n vivo.
One potential limitation of these studies is that gamma oscillations elicited by optogenetic
stimulation may differ from those observed during behavior.

The latter experiment, in which transient gamma oscillations were triggered by brief
stimulation of pyramidal neurons, suggests that excitatory synaptic activity may also play an
important role in gamma oscillations /77 vivo. Indeed, Cardin et al. found that glutamate
receptor antagonists suppressed gamma frequency LFP oscillations evoked by rhythmic
stimulation of PV interneurons (66). More recently, a study found that continuous
stimulation of cortical pyramidal neurons using ChR2 also elicits gamma-frequency LFP
oscillations (69), which are eliminated by blocking either glutamate or GABA receptors.
Thus, as suggested by the observations that some forms of pharmacologically induced
gamma oscillations in slices require excitatory synaptic activity (50, 57), rhythmic firing in
PV interneurons, which drives gamma oscillations, may arise via interactions with excitatory
neurons. To elucidate how this might come about, we studied a minimal circuit consisting of
one pyramidal neuron and nearby PV interneurons, by recording from one pyramidal
neuron, in a brain slice that selectively expressed ChR2 in PV interneurons (67). The
pyramidal neuron received noisy, non-rhythmic input under two conditions. In one
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condition, each pyramidal neuron spike triggered a light flash that activated nearby PV
interneurons. This delivered feedback inhibition from PV interneurons to the pyramidal
neuron. Comparing responses of the pyramidal neuron under this condition (spikes trigger
light flashes and feedback inhibition) to responses under control conditions (when light
flashes were absent), reveals how PV interneuron-mediated inhibition affects firing of the
pyramidal neuron. Delivering light flashes and recruiting feedback inhibition from PV
interneurons selectively enhanced gamma frequency firing. This confirms that a minimal
circuit consisting of pyramidal neurons and PV interneurons is sufficient to transform noisy
non-rhythmic input, into gamma-frequency rhythmic firing. Although these experiments
suggest that excitatory synaptic input can drive PV interneurons in a way that leads to
gamma oscillations, and that such excitatory input is necessary for optogenetically evoked
gamma oscillations, they leave open some detailed questions about the role of this excitatory
input, i.e. does the precise pattern of excitatory input to PV neurons influence the resulting
oscillation, or does only the overall level PV interneurons excitation matter (55).

Some of the preceding results about the role of excitatory neurons in gamma oscillations
may seem inconsistent. Specifically, Cardin et al. (66) found that gamma frequency
stimulation of pyramidal neurons fails to induce gamma oscillations. By contrast, we (67)
found that single light flashes to stimulate pyramidal neurons elicit transient gamma
oscillations, and Adesnik and Scanziani (69) found that weak, continuous stimulation of
pyramidal neurons induces gamma oscillations. A simple interpretation of these results is
that weak or transient pyramidal neuron excitation can recruit PV interneurons and initiate
gamma oscillations. By contrast, strong rhythmic excitation of pyramidal neurons may fail
to elicit network oscillations because such strong stimulation may engage additional network
mechanisms that suppress gamma oscillations, e.g. by recruiting activity in non-PV
interneurons.

Using optogenetic tools to study putative functions of cortical oscillations

Gamma oscillations have been hypothesized to facilitate interactions between brain regions
in a variety of ways. One possibility is that gamma oscillations in local populations of
neurons represent a clock, and that the timing of spikes relative to this clock carries some
meaning. In particular, cells that receive strong input might fire earlier in the gamma cycle,
whereas cells that receive weaker input fire later or not at all (70). A second possibility is
that spikes which occur in different sets of neurons but at corresponding phases of a
common gamma oscillation might form a distributed representation (16). Specifically,
gamma-frequency synchronization among these neurons might facilitate communication
between them, by ensuring that inputs from one neuron arrive at another neuron in the same
representation during a favorable portions of the gamma cycle (characterized by low levels
of inhibitory current) (71, 72). A third possibility is that by synchronizing inputs to a neuron,
gamma-frequency oscillations enhance the gain of that neuron, i.e. synchronized inputs will
be more likely to elicit a spike than the same number of desynchronized inputs (73, 74). This
might explain why long-range gamma-frequency synchrony can increase for neural activity
associated with attended stimuli (10) (11, 12, 21) (but (12, 75) suggest that in primary visual
cortex, attention may suppress gamma synchrony). Attention-induced increases in gamma-
frequency synchrony might increase the impact of neural activity corresponding to attended
stimuli on downstream targets.

To test these ideas, the studies described above also measured how gamma oscillations
synchronize firing, and how synchronized rhythmic firing influences neural information
processing. First, Cardin et al. found that as hypothesized, optogenetically evoked gamma
oscillations synchronize neural responses in somatosensory cortex (66). Specifically, during
whisker stimulation, 40 Hz optogenetic stimulation of PV interneurons, which elicits gamma

Biol Psychiatry. Author manuscript; available in PMC 2013 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sohal

Page 7

oscillations, also suppresses pyramidal neuron firing at specific phases of the induced
oscillation. This tends to concentrate spikes at those specific phases of the oscillation which
have low levels of inhibition. Furthermore, 40 Hz stimulation of PV interneurons increases
the spike timing precision of responses to whisker stimulation.

Second, we showed that as hypothesized, this kind of rhythmic synchronization of activity at
theta (~ 8 Hz) or gamma (~ 40 Hz) frequencies could increase the amount of information
that neurons transmit about those inputs (67). These experiments were carried out in brain
slices from PFC, using random trains of light flashes to activate ChR2 in pyramidal neurons.
During each train, the rate of light flashes varied, producing varying rates of pyramidal
neuron firing. Some trains were non-rhythmic, whereas others were modulated at 8 or 40
Hz, and produced rhythmic modulation of pyramidal neuron firing at the corresponding
frequencies. By recording responses of pyramidal neurons and downstream neurons to the
same trains of light flashes, we quantified how well firing in downstream neurons encoded
their inputs (which were spikes in pyramidal neurons). Rhythmic modulation of pyramidal
neuron firing at theta (~ 8 Hz) or gamma (~ 40 Hz) frequencies increased the information
that downstream neurons transmitted about the rate of spikes in pyramidal neurons. Thus,
neurons may transmit more information about rhythmic inputs than about non-rhythmic
inputs, consistent with the hypothesis attention-induced increases in rhythmic synchrony
(mediated in some cases by attention) might make certain neural signals more salient to
downstream targets.

Implications for psychiatric illness

As described above, theta-frequency synchronization between the amygdala, hippocampus,
and PFC may relate to anxiety. The results described above suggest that theta-frequency
synchronization between these structures may enhance the influence that anxiety-related
signals originating in the amygdala have on decision-making processes in the PFC.

In schizophrenia and autism, PV interneuron dysfunction is thought to contribute to deficient
gamma oscillations and cognitive deficits, whereas increases in beta or gamma oscillations
may contribute to positive symptoms. The experiments described above confirm that PV
interneurons play a critical role in gamma oscillations, and thus support the hypothesized
link between PV interneuron dysfunction and disrupted gamma oscillations in
schizophrenia. Furthermore, these studies demonstrate that PV interneuron-driven gamma
oscillations can entrain rhythmic pyramidal neuron firing, and that such rhythmic
modulation can enhance the impact of pyramidal neuron firing on downstream neurons (Fig.
1). The latter effects may explain why decreases in gamma oscillations are associated with
cognitive deficits in schizophrenia. Schizophrenia (and autism) is often conceptualized as a
disorder of communication between brain regions. As described above, neural oscillations
represent a mechanism that can enhance communication between neurons in a dynamic and
flexible way (Fig. 2). For example, during a visual task, gamma oscillations appear in higher
order visual regions and the PFC (12). Moreover, these gamma oscillations in different
regions are synchronized, which may facilitate communication between these regions (12).
If the requirements of the task suddenly shift, and involve auditory rather than visual
information, gamma oscillations would be expected to decrease in visual areas but increase
in auditory areas. Correspondingly, the PFC should become less synchronized with visual
areas, but more synchronized with auditory regions, allowing the PFC to attend to auditory,
rather than visual information. Thus, deficits in gamma frequency synchronization could
contribute to failures of communication between brain regions that are hypothesized to
contribute to cognitive deficits and other symptoms of schizophrenia. In particular, corollary
discharges, signals between brain regions that indicate self-generated stimuli, are thought to
be deficient in schizophrenia causing deficits of self-monitoring that may manifest as
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symptoms including auditory hallucinations (76). Corollary discharge may be mediated by
oscillations (77), such that deficient synchronization may contribute to auditory
hallucinations in schizophrenia (28).

Just as deficits in gamma oscillations might impair communication between brain regions,
conversely, abnormally increased gamma oscillations might transmit information with
heightened salience. Thus, in the context of abnormally increased gamma oscillations,
auditory signals which are normally ignored may instead be misinterpreted as hallucinations.
Increased gamma oscillations in schizophrenia might also cause a ceiling effect that prevents
gamma recruitment during cognition. An open question is whether mechanisms that disrupt
gamma oscillations in schizophrenia, e.g. PV interneuron hypofunction, might sometimes
contribute to increased spontaneous beta or gamma oscillations, e.g. in the context of
positive symptoms. Specifically, PV interneuron hypofunction might cause high frequency
gamma oscillations that are important for cognition, to shift to lower frequencies, producing
pathological beta or low gamma frequency oscillations. Alternatively, increases in
spontaneous gamma oscillations might represent compensation for PV interneuron
hypofunction and overall decreased gamma oscillations. Or PV interneuron hypofunction
might itself represent compensation for some other process which increases gamma
oscillations.

Future directions for optogenetic studies of cortical oscillations

As noted earlier, it will be important for future work to address mechanisms that generate
theta oscillations, and to target non-PV interneurons in order to determine their role in
gamma oscillations. Future experiments might also target distinct subpopulations of PV
interneurons (e.g. basket vs. axo-axonic cells), which likely play different roles in gamma
oscillations. Optogenetic tools might also be useful for exploring how oscillations are
synchronized, rather than just how they are generated. For example, one might use ChR2 to
entrain oscillations in one brain region, then measure the effects on a connected region in
Vivo.

Optogenetic tools are also increasingly being used in behavioral studies (78-83), and it will
be interesting to see how future studies use optogenetic tools to control gamma oscillations
in order to reproduce or amerliorate behaviors related to symptoms of schizophrenia and
other conditions. In particular, a recent study used a modified version of ChR2 to increase
gamma power in the medial prefrontal cortex, and found disruptions in social behavior (84).
Another study stimulated PV interneurons using ChR2, and found impaired gamma
oscillations in mouse with deficient NMDA-R signaling on PV interneurons (66). Future
studies could use similar approaches to study gamma oscillations in mouse models of
schizophrenia and autism in order to understand how abnormal PV interneurons might
generate increased or decreased gamma oscillations under various conditions.
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Figure 1. Optogenetic studies confirm many ideas about gamma oscillationsillustrated in this
diagram

1. Parvalbumin (PV) interneurons play a critical role in generating gamma oscillations. 2.
Gamma oscillations, specifically rhythmic inhibition generated by PV interneurons, can
entrain and synchronize firing in pyramidal (PY) neurons. 3. Interactions between excitatory
and inhibitory neurons produce emergent gamma oscillations. 4. Rhythmic, gamma-
modulated firing in PY neurons can enhance the flow of information from these neurons to
their post-synaptic targets.
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A During a visual task, synchronized
gamma oscillations facilitate communi-
cation between visual areas and PFC

B When the task changes, patterns of
oscillations also change, favoring
auditory inputs to PFC

AVAVA
AVAVA

Figure 2. Diagram illustrating one mechanism by which long-range gamma synchrony might
facilitate communication between brain regionsin a dynamic fashion

In this example, during a visual task, gamma oscillations occur in visual regions and PFC,
and are synchronized across these regions. If requirements of the task shift, such that visual
information is no longer required, but auditory information is, then changes in the patterns
of oscillations can facilitate a rapid shift that favors the flow of auditory information into
PFC.
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