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Negative symptoms

An absence of behaviour,
characterized by flat or blunted
affect and emotion, poverty of
speech (alogia), inability to
experience pleasure
(anhedonia) and lack of
motivation (avolition).

*Department of
Neurophysiology, Max-Planck
Institute for Brain Research,
Deutschordenstrasse 46,
Frankfurt am Main, 60528,
Germany.

*Laboratory for
Neurophysiology and
Neuroimaging, Department of
Psychiatry, Johann Wolfgang
Goethe-Universitat, Heinrich-
Hoffman-Strasse 10, Frankfurt
am Main, 60528, Germany.
SFrankfurt Institute for
Advanced Studies, Johann
Wolfgang Goethe-Universitiit,
Ruth-Moufang-Strasse 1,
60438 Frankfurt am Main,
Germany.

Correspondence to PJ.U.
e-mail: uhlhaas@mpih-
frankfurt.mpg.de
doi:10.1038/nrm2774

Abnormal neural oscillations and
synchrony in schizophrenia

Peter J. Uhlhaas** and Wolf Singer*$

Schizophrenia is characterized by prominent psychotic
symptoms that include the false attribution of perceptual
experience to an external source (hallucinations), grossly
distorted thinking (delusions), reduction in affect and
behaviour (negative symptoms) and disorganization of
thought and language (thought disorder). In addition,
patients with schizophrenia exhibit impairments in both
basic sensory processing and higher cognitive functions,
such as language, reasoning and planning.

Despite more than 100 years of research, the causes of
schizophrenia are still unknown. Efforts to understand
the pathophysiology of schizophrenia have concentrated
on the identification of abnormalities in specific cortical
regions that are related to the symptoms of the disorder. It
is becoming increasingly clear, however, that the psychotic
phenomena and cognitive dysfunctions that character-
ize this disorder are not due to a circumscribed deficit
but rather represent a distributed impairment involving
many cortical areas and their connectivity. Recent theories
therefore highlight the possible role of a disconnection
syndrome and/or disturbed dynamic coordination in the
pathophysiology of schizophrenia'?. Accordingly, mecha-
nisms that mediate the generation of coherent and coordi-
nated activity in cortical circuits are prime candidates for
understanding the pathophysiology of schizophrenia.

Neural oscillations are a fundamental mechanism
for enabling coordinated activity during normal brain
functioning®* and are therefore a crucial target for
schizophrenia research. Neural oscillations in the low
(theta and alpha) and high (beta and gamma) fre-
quency ranges establish precise temporal correlations

Abstract | Converging evidence from electrophysiological, physiological and anatomical
studies suggests that abnormalities in the synchronized oscillatory activity of neurons may
have a centralrole in the pathophysiology of schizophrenia. Neural oscillations are a
fundamental mechanism for the establishment of precise temporal relationships between
neuronal responses that are in turn relevant for memory, perception and consciousness. In
patients with schizophrenia, the synchronization of beta- and gamma-band activity is
abnormal, suggesting a crucial role for dysfunctional oscillations in the generation of the
cogpnitive deficits and other symptoms of the disorder. Dysfunctional oscillations may arise
owing to anomalies in the brain’s rhythm-generating networks of GABA (y-aminobutyric
acid) interneurons and in cortico-cortical connections.

between distributed neuronal responses. Oscillations
in the beta and gamma range establish synchroniza-
tion with great precision in local cortical networks”®
(FIG. 1), whereas lower frequencies preferentially establish
synchronization over longer distances’.

These temporal correlations are functionally relevant
as there is abundant evidence for a close relationship
between the occurrence of oscillations and cognitive
and behavioural responses, such as perceptual grouping,
attention-dependent stimulus selection, working mem-
ory and consciousness (TABLE 1) (for a recent review see
REF. 10). Schizophrenia is associated with disturbances
in all these functions'""* and over the past decade it
has been recognized that cognitive impairments, which
remain largely stable throughout the course of the disor-
der, could provide a more direct target for efforts to iden-
tify basic pathophysiological mechanisms than psychotic
symptoms. Importantly, cognitive deficits are not modi-
fied by current pharmacological treatments and underlie
the poor functional outcome in most patients'.

Furthermore, synchronized oscillations have been
shown to establish the precision in spike timing that
is crucial for use-dependent synaptic plasticity'>'8.
Although there is not yet direct evidence that synaptic
plasticity is impaired in schizophrenia, indirect evidence
for this hypothesis comes from studies that have demon-
strated impairments in motor circuit reorganization after
transcranial magnetic stimulation (TMS)-mediated distur-
bance of the motor cortex'’ and from impairments in
the mismatch negativity event-related potential (ERP)*, a
phenomenon thought to depend on synaptic plasticity?'.
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Figure 1| Neural oscillations and synchrony in cortical networks. a | The timing of
rhythmic activity in cortical networks influences communication between neuronal
populations. Three groups of interconnected neurons, each of which is rhythmically
active, are shown on the left. On the right are local field potential oscillations and action
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either
arrive at the postsynaptic neuron during a peak in its local field potential (arrows),
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The
timing of the activity of two groups of neurons is thus either aligned, enabling

effective communication (red and blue group), or not aligned (blue and grey group),
preventing communication. b | Synchronization between neurons in local cortical
networks depends on the occurrence of gamma oscillations’. The panels show auto-
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating
stimulus recorded at different times. Cross-correlograms are an index of the temporal
correlation between neuronal responses, whereas auto-correlograms reflect the
temporal structure of a single channel. Autocorrelograms in the upper and lower rows
respectively indicate phases with weak and strong oscillatory modulation of responses.
The cross-correlograms indicate synchronization only in the presence of oscillations of
~25Hz (bottom row). Part a is modified, with permission, from REF. 137 © (2005) Elsevier.
Datain part b are courtesy of D. Nikoli¢, Max-Planck Institute for Brain Research,
Frankfurt am Main, Germany.
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined
oscillatory activity and its synchronization in patients
with schizophrenia using electroencephalography
(EEG) and magnetoencephalography (MEG) (BOX 1).
Furthermore, we examine the possible neurobiological
causes of impaired oscillations and the involvement of
aberrant oscillatory activity in the neurodevelopment
of schizophrenia.

Neural oscillations in schizophrenia

As noted above, neural oscillations are thought to be a
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism
for a pervasive network impairment in schizophrenia.
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table))
that have examined neural oscillations at different
temporal and spatial scales during cognitive tasks and
at rest. Studies investigating task-related oscillations
have measured both evoked oscillations, which reflect
sensory-driven oscillatory activity and self-generated
oscillations (induced oscillations) and their large-scale
synchronization.

Steady-state evoked potentials. Steady-state evoked
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms
can probe the ability of neuronal networks to generate
and maintain oscillatory activity in different frequency
bands. Consistent evidence for a deficit in the SSEPs
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies**, although
one study*® demonstrated impaired auditory SSEPs in
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in
the auditory SSEP to trains of clicks presented at gamma
frequency, in particular at 40 Hz, have been shown to
be pronounced, but deficits in SSEPs in response to the
presentation of stimuli at lower frequency bands have
also been shown??*. Deficits have also been reported
for visual SSEPs, in particular to stimuli in the beta
frequency range’'.

Initially, it was unclear whether the auditory SSEP
is an intrinsic oscillatory process or whether it reflects
the temporal overlap of potentials elicited by single
events®2. However, recent evidence does not support the
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced
by omitting a click in a stimulus series, an observation
that cannot be explained in terms of transient responses
to individual clicks®. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins
200 ms after stimulus onset and continues after stimu-
lus offset™, and the frequency-specific modulation of
the 40 Hz auditory SSEPs by attention® support the
notion that the 40 Hz response is indeed reflecting an
oscillatory process.
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Perceptual grouping

The ability of perceptual
systems to organize sensory
information into coherent
representations that can serve
as the basis of our phenomenal
experience of the world.

Transcranial magnetic
stimulation

(TMS). A non-invasive method
to excite neurons in the brain
by inducing weak electric
currents in the tissue using
rapidly changing magnetic
fields.

Mismatch negativity

An event-related potential that
is elicited when a sequence of
repeated stimuli (standards) is
interrupted by stimuli that
deviate in sensory
characteristics such as
intensity, frequency or duration
(deviants).

Table 1| Neural oscillations in cortical networks
Frequency band
Theta (4-7 Hz)

Anatomy
prefrontal cortex!*!

145

Alpha (8-12 Hz) Thalamus*, hippocampus

cortex'*’

Beta (13-30 Hz)
basal ganglia'*? and olfactory bulb**?

Gamma (30-200 Hz)
bulb™®

Evoked oscillations. Consistent with the evidence that
early sensory processes are impaired in schizophre-
nia", several studies®*** have demonstrated abnormali-
ties in the stimulus-locked activity that occurs within
50-150 ms after a stimulus is presented. For example,
reductions in the amplitude and phase locking of evoked
oscillations have been shown during the processing of
visual information®*, suggesting an impaired ability to
precisely align oscillatory activity with incoming sensory
information.

The evidence for deficits in evoked activity in the
auditory domain is less consistent. Several studies
have shown that patients with schizophrenia are char-
acterized by reduced amplitude and phase locking of
the early (50-150 ms) evoked beta- and gamma-band
response’®*®*, but a recent study*® did not confirm this
finding. In addition, another study*' observed reductions
in evoked gamma oscillations only in a latency range of
220-350 ms over frontal electrodes.

Reductions in evoked gamma-band oscillations have
also been demonstrated in frontal regions, an area that
has been a traditional focus of schizophrenia research,
through measurement of EEG responses following the
application of TMS to the premotor cortex*. Relative to
healthy controls, schizophrenia patients had a marked
decrease in gamma oscillations within the first 100 ms
after TMS, particularly in a cluster of electrodes located
in a fronto-central region. Source analyses revealed that in
schizophrenia patients the gamma-band oscillations
triggered by TMS did not propagate beyond the area of
stimulation, whereas in controls activity was found in
several motor and sensorimotor areas.

Induced oscillations. Patients with schizophrenia also
demonstrate reduced amplitude and synchronization of
self-generated, rhythmic activity in several cortical regions.
Preliminary evidence for a deficit in high-frequency
(60-120 Hz) gamma-band activity comes from a recent
study that tested gamma-band oscillations with MEG
during a perceptual organization task®. Impaired per-
formance in patients with schizophrenia was accom-
panied by a widespread reduction in the power of
gamma-band oscillations in the right temporal lobe in a
time window of 50-300 ms after stimulus onset.

The finding that there are intrinsic deficits in neural
oscillations in frontal circuits in schizophrenia is com-
patible with EEG studies that have tested frontal gamma

Hippocampus'**, sensory cortex!*® and

,reticular
formation'*, sensory cortex!*® and motor

All cortical structures, subthalamic nucleus**?,

All brain structures, retina®*® and olfactory

Function
Memory*21*3 synaptic plasticity'®, top-down
control’ and long-range synchronization®

149 150
)

Inhibition!*, attention'*’, consciousness
top-down control® and long-range
synchronization®!

154 155

Sensory gating'®*, attention'**, motor control**®
and long-range synchronization®*’

Perception’, attention*®, memory'®!,
consciousness'® and synaptic plasticity®

and theta oscillations during executive and working
memory tasks. Patients with schizophrenia were char-
acterized by a reduced amplitude of gamma and theta
oscillations in frontal regions*~* and an impaired stim-
ulus-induced phase resetting of ongoing oscillations at
low and high frequencies.

Reductions in the amplitude of neural oscillations
during cognitive tasks are accompanied by reduced
phase synchronization of induced oscillatory activity.
Phase synchronization has been proposed to provide
an effective mechanism for the integration of neural
responses in distributed local cortical networks* (see
figure part a in Supplementary information S2 (figure)).
Several studies have shown that in patients with schizo-
phrenia the phase synchronization of oscillations in
the beta and gamma frequency bands during visuo-
perceptual organization and auditory processing is
reduced®". These findings suggest that impaired syn-
chronization of beta- and gamma-band oscillations
underlies the proposed functional disconnectivity of cor-
tical networks in schizophrenia'? It is currently unclear,
however, to what extent impairments in local circuits
contribute to long-range synchronization impairments
or whether these are two independent phenomena.

Resting-state oscillations. Changes in neural oscillations
have also been demonstrated during rest in schizophre-
nia: studies have reported an increase in low-frequency™
activity and a reduction in high-frequency activity®. In
addition, a decrease in the amplitude of oscillations has
been shown to be accompanied by reductions in the
coherence of oscillations at theta frequency™*.

Are there medication effects? An important question is
to what extent the impaired neural oscillations seen in
patients with schizophrenia might be related to the effects
of medication. There is preliminary evidence that patients
treated with atypical antipsychotic medication may have
intact — that is, within the normal range — gamma-band
oscillations in the auditory SSEP paradigm®. In addition,
other studies have shown that deficits in neural oscillations
are present regardless of medication status**. For exam-
ple, preliminary evidence suggests that the reductions in
gamma-band oscillations in MEG data during perceptual
organization are also present in never-medicated, first-
episode patients with schizophrenia, albeit to a lesser
degree than in chronic, medicated patients*. Another
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study*' showed a reduction in evoked gamma-band  in the amplitude and phase of gamma-band oscillations in
activity during an auditory oddball paradigm in medi-  patients who were treated only for a brief period with
cation-naive first-episode patients with schizophrenia.  antipsychotic medication®”*'. Thus these data suggest that
In addition, several studies have reported abnormalities  dysfunctions in neural oscillations and synchronization are

Box 1| Measuring neural oscillations in EEG and MEG signals
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To measure the amplitude and synchrony of oscillations in electroencephalography (EEG) and magnetoencephalography
(MEG) data the electrophysiological signal must be transformed into the frequency domain**. Measures of the amplitude
of oscillations can be further differentiated into steady-state evoked potentials as well as evoked and induced components.

Measurement of steady-state evoked potentials

The left panelin part a of the figure illustrates a steady-state stimulation at a frequency of 20 Hz. Each vertical line
corresponds to a stimulus. Below this is a voltage trace recorded from an EEG or MEG electrode. The amplitude of the signal
is modulated by the stimulation frequency. The right-hand panel shows the spectral power of oscillations (indicated by the
colour scale). A peak of spectral power that corresponds to the stimulation frequency (20 Hz) and a harmonic response at
40 Hz are shown. Steady-state evoked potentials can probe the ability of neuronal networks to generate and maintain
oscillatory activity in different frequency bands.

Measuring evoked and induced oscillatory activity

Evoked oscillations occur at a consistent time lag after the onset of an external event and can be identified by averaging
the responses of several trials. By contrast, induced oscillations are not locked to the onset of a stimulus. Analysis of
induced oscillations must therefore be performed on a single-trial basis because averaging across trials would cancel out
oscillations owing to random phase shifts. The top left panel of part b of the figure shows the EEG or MEG signal recorded
across individual trials and the average of the signal across trials (the event-related potential (ERP) or event-related field
(ERF)). The bottom left panel is a time—frequency map of the ERP/ERF, showing the spectral power (indicated by the colour
scale). The peak of spectral power corresponds to the onset of the evoked oscillations. The top right panel shows three
single-trial time—frequency maps. This reveals two peaks of spectral power, corresponding to the evoked and the induced
oscillations. The bottom right panel shows an average of the single-trial time—frequency maps.

Evoked and induced oscillations thus reflect different aspects of information processing in cortical networks. Owing to
its close temporal relationship with the incoming stimulus, evoked activity reflects bottom-up sensory transmission.
Induced oscillations represent the internal dynamics of cortical networks and have been related to higher cognitive
functions. Images courtesy of F. Roux, Max-Planck Institute for Brain Research, Frankfurt am Main, Germany.
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Endophenotype

A neurophysiological,

neuroanatomical,

cognitive or

neuropsychological marker
that points to the genetic
underpinnings of a clinical
syndrome. An endophenotype

must be heritable
independent, and

and state
within

families the endophenotype
and illness must co-segregate.

Positive symptoms

A range of psychotic symptoms
that most individuals do not
normally experience. Typical
symptoms are hallucinations in
various modalities (auditory,
visual and tactile) and
delusions (paranoid delusions
and delusions of reference).

present at illness onset and are not due to the confounding
influences of medication. Nevertheless, more research is
necessary to address this important issue.

Oscillations as an endophenotype. Recent evidence indi-
cates that dysfunctional neural oscillations represent an
endophenotype of schizophrenia. Work in healthy twins
has demonstrated that the power and temporal correla-
tions of oscillations during the resting state are highly
heritable®®, indicating that neural oscillations can be
exploited in the search for genetic contributions to schizo-
phrenia. Indeed, a recent study*® has provided important
evidence for the relationship between impaired neural
oscillations and genetic predisposition to schizophrenia.
The authors examined the heritability of deficits in the
time-frequency-transformed ERP during sensory gating
in a large sample of patients with schizophrenia, their
first-degree relatives and healthy control participants.
Theta- and alpha-band oscillations were impaired in
patients and first degree-relatives and this impairment
was more heritable than the traditional P50 measure. The
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same group also reported a deficit in the auditory SSEP in
first-degree relatives of patients with schizophrenia®.

Neural oscillations and the core symptoms of schizophrenia.
There is also evidence that aberrant oscillatory activity
could be related to the core symptoms of schizophre-
nia, such as hallucinations, thought disorder and nega-
tive symptoms. Several studies have found that positive
symptoms of schizophrenia are correlated with enhanced
amplitude and phase synchronization of evoked and
induced beta- and gamma-band activity in circum-
scribed brain regions®?%74-5057% whereas disorganiza-
tion and negative symptoms have been related to both
enhanced” and reduced high-frequency oscillations**’.
This association is particularly robust for the presence of
auditory and visual hallucinations. There is evidence of
greater high-frequency activity during the resting state
as well as during auditory and visual sensory processing
in sensory areas in patients with hallucinations than in
those without?**>*”*8_These findings suggest that the
cortical areas involved in generating hallucinations might

Figure 2 | Neural oscillations and synchrony in
schizophrenia. a | Auditory steady-state responsesin
patients with schizophrenia (ScZ). The left-hand panels
show the spectral power over a midline frontal electrode
site in controls (n = 15) and patients with schizophrenia
(n=15) during the presentation of click trains at 40 Hz,

30 Hz and 20 Hz. Patients with schizophrenia show lower
power to stimulation at 40 Hz than control subjects, but no
difference at lower frequencies of stimulation. b | Sensory
evoked oscillations during a visual oddball task in patients
with schizophrenia. The coloured scale indicates the phase
locking factor (PLF; see figure part b Supplementary
information S2 (figure)) — a measure of the degree of
phase locking that can range from 0 (random distribution)
to 1 (perfect phase locking) — of oscillations in the

20-100 Hz frequency range in the occipital cortex
(electrode O1) for healthy controls and patients with
schizophrenia. Control participants show an increase in
phase locking for gamma oscillations ~ 100 ms after
stimulus presentation. However, this is significantly smaller
in patients with schizophrenia, indicating a dysfunctionin
early sensory processes. ¢ | Dysfunctional phase synchrony
during Gestalt perception in schizophrenia. Mooney faces
were presented in an upright and inverted orientation and
participants indicated whether a face was perceived. The
top right panels show the average phase synchrony
(indicated by the coloured scale) over time for all
electrodes. In patients with schizophrenia, phase
synchrony between 200-300 ms was significantly reduced
relative to controls. In addition, patients with schizophrenia
showed a desynchronization in the gamma band

(30-55 Hz) in the 200-280 ms interval. The bottom panel
shows differences in the topography of phase synchrony in
the 20-30 Hz frequency range between groups. Red lines
indicate less synchrony between two electrodes in patients
with schizophrenia than in controls. Green lines indicate
greater synchrony for patients with schizophrenia. SD,
standard deviation. Part a is modified, with permission,
from REF. 24 © (1999) American Medical Association. Part b
is modified, with permission, from REF. 41 © (2004) Elsevier.
Part c is modified, with permission, from REF. 49 © (2006)
Society for Neuroscience.
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Phase synchrony

Phase synchrony and
coherence are estimates of the
synchrony of brain oscillations.
Phase synchrony provides an
estimate of synchrony
independent of the amplitude
of oscillations. This contrasts
with measures of coherence, in
which synchrony and
amplitude are intertwined.

Corollary discharge

The estimate of sensory
feedback that is derived from
the internal copy of the motor
signal (the efference copy).

Diffusion tensor imaging
(DTI). An MRI technique used
to map three-dimensional
diffusion of water in brain
tissue. It provides information
about the microstructural
integrity of the white matter,
including axonal density and
thickness, myelination and
axonal fibre direction.

be hyperexcitable, a hypothesis that is consistent with
the increased haemodynamic responses that have been
observed in the respective primary sensory areas®.

The local increase in neural oscillations seen in
patients with positive symptoms is accompanied by
a deficit in the precise synchronization of oscillations
between cortical areas, which might lead to an impair-
ment in corollary discharge. Several authors have argued
that a failure of corollary discharge underlies the
impaired ability of patients with schizophrenia to distin-
guish self-generated and externally generated percepts
and actions'>®*¢!. One study® examined the coherence
of theta oscillations between frontal and temporal lobes
in patients with and without auditory hallucinations
and in healthy controls as participants either listened to
their own played back speech or were instructed to talk
aloud. In the controls and patients with schizophrenia
without hallucinations, talking was associated with an
increase in theta coherence between left frontal and
temporal electrodes relative to the listening condition.
In patients with schizophrenia with hallucinations, this
modulation was absent, suggesting a failure in the prepa-
ration of temporal areas for speech production that could
lead to the misattribution of self-generated speech to an
external source. The same group also reported reduced
gamma-band oscillations before movement initiation in
schizophrenia®, suggesting that reduced neural oscilla-
tions could also underlie dysfunctions in sensorimo-
tor communication and associated impairments in the
initiation of willed action'.

These data highlight the fact that, although the power
and synchrony of neural oscillations are decreased in spe-
cific frequency bands in schizophrenia, positive symp-
toms may be associated with circumscribed increases in
oscillatory activity that may reflect the read-out of stored
experiences, consistent with the role of high-frequency
activity in the generation of internal representations®.
The increase in the power and synchrony of oscilla-
tions in local circuits may be accompanied by impaired
corollary discharge mechanisms, as described above.
However, more research is required to provide direct
evidence for this hypothesis.

Neurobiology of abnormal oscillations

The neuronal mechanisms responsible for generating
oscillatory activity and its synchronization have been
studied extensively both in vivo and in vitro (FIC. 3). This
has enabled the identification of anatomical deficits and
abnormalities in neurotransmitter systems in schizo-
phrenia (FIC. 4) that may underlie the abnormalities seen
in EEG and MEG studies (FIG. 2).

Anatomical deficits. Neural oscillations and their
synchronization are dependent on the integrity of the
synaptic contacts in local cortical circuits. Schizophrenia
is associated with widespread reductions in the volume of
grey matter® that are thought to reflect a reduction
of synaptic connectivity, whereas the overall number of
neurons is largely preserved®. This may explain the
observed reductions in the power of neural oscillations,
as previous studies have demonstrated relationships

REVIEWS

between the degree of grey matter reduction and
decreases in the amplitude of ERPs®-.
Synchronization of oscillatory activity in the beta and
gamma frequency range is dependent on cortico-cortical
connections that reciprocally link cells situated in the
same cortical area, in different areas or even in differ-
ent hemispheres””! (FIC. 3b). Accordingly, disruptions in
the volume and organization of anatomical connectiv-
ity should impair long-range synchronization. Evidence
from in vivo and post-mortem studies suggests that white
matter volume and integrity are altered in patients with
schizophrenia. These studies have found reduced vol-
ume of white matter in several brain regions as well as
reduced organization of cortico-cortical connections
as disclosed by diffusion tensor imaging (DTI)7>7 (FIC. 4a).

Neurotransmitter systems. Several neurotransmitter
systems that are abnormal in schizophrenia are also cru-
cially involved in the generation and synchronization of
cortical beta and gamma oscillations. Of particular impor-
tance is the network of GABA (y-aminobutyric acid)-ergic
interneurons that acts as a pacemaker in the generation
of high-frequency oscillations by producing rhythmic
inhibitory postsynaptic potentials (IPSPs) in pyramidal
neurons. IPSPs generated by a single GABAergic neu-
ron may be sufficient to synchronize the firing of a large
population of pyramidal neurons”, and the duration of
the IPSP can determine the dominant frequency of oscil-
lations in a network” (FIC. 3a). Interneurons that express
the Ca?*-binding protein parvalbumin are of particular
relevance as these are fast-spiking cells and their activ-
ity has been demonstrated to be causally related to the
generation of gamma oscillations in mice in vivo”.

A large body of work suggests that schizophrenia
involves alterations in GABAergic neurotransmission’®
(FIC. 4b). One widely replicated finding is a reduction in
the mRNA of GAD67 (also known as glutamate decar-
boxylase 1), an enzyme that synthesizes GABA, in sev-
eral cortical areas in patients with schizophrenia”*.
The decrease is specific to layers 3-5 (REFS 79,80) and is
accompanied by reduced expression of the GABA mem-
brane transporter 1 (GAT1; also known as SLC6A1)*,
indicating that there is impaired synthesis and reuptake of
GABA in interneurons in schizophrenia. Further studies
revealed that these deficits are particularly pronounced
in parvalbumin-positive interneurons: GAD67 mRNA
was not detectable in 50% of these cells in patients with
schizophrenia, whereas the overall number of cells was
unchanged®.

Several studies have provided direct links between
abnormal GABAergic neurotransmission and altered
neural oscillations. A recent study® showed that in a net-
work simulation of the auditory cortex an increase in the
decay time of IPSPs produced a pronounced oscillatory
response at 20 Hz stimulation, whereas neural oscilla-
tions were reduced at 40 Hz. MEG data from patients
with chronic schizophrenia revealed a similar profile of
abnormal neural oscillations. The authors suggested that
the reduced availability of GAT1 is a candidate mecha-
nism of the extended IPSPs that in turn results in the
auditory SSEP deficits in schizophrenia.
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Data from two animal models of schizophrenia
further support a link between abnormal parvalbumin
expression and impairments in gamma-band oscilla-
tions. Treatment of rats with methylazoxymethanol
acetate led to decreased expression of parvalbumin
in interneurons in the medial prefrontal cortex and in
the ventral subiculum of the hippocampus that
was accompanied by a reduction in gamma-band

responses to a conditioned tone during a latent
inhibition paradigm® (FIC. 4¢). Similarly, lysophospha-
tidic acid receptor 1-deficient mice, which display a
range of cognitive and neurochemical deficits similar
to those seen in schizophrenia, are characterized by a
reduction in gamma oscillations and in the numbers
of parvalbumin-positive interneurons in the medial
entorhinal cortex®.
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Figure 3 | Mechanlsms underlymg the generation of gamma oscillations and synchrony. a | A neocortical circuit
involved in the generation of gamma-band oscillations. Generation of synchronized neural activity in neocortical circuits is
dependent on negative feedback inhibition of pyramidal cells by GABA (y-aminobutyric acid)-ergic interneurons that express
the Ca?*-binding protein parvalbumin. These receive glutamate receptor-mediated feedforward excitatory inputs, which
makes them susceptible to changes in glutamatergic drive. Transient excitation of parvalbumin-expressing interneurons
leads to a depolarization of many interneurons, which are themselves reciprocally interconnected through gap junctions and
chemical GABAergic synapses. Electrical synapses are important for the synchronization of network activity because they
rapidly propagate activity. Conversely, mutual inhibition through chemical synapses is a crucial determinant of the network
frequency, as the duration of inhibitory postsynaptic potentials determines the dominant oscillation frequency. The resulting
rhythmic inhibitory postsynaptic potentials can synchronize the firing of a large population of pyramidal neurons as the axon
of an individual GABAergic neuron makes multiple postsynaptic contacts onto several pyramidal cells. This phasic inhibition
leads to the synchronization of spiking activity that can be recovered with a cross-correlogram. A local field potential (LFP)
recorded with an extracellular electrode reflects the average of the transmembrane currents that fluctuate at gamma-band
frequency. Its extracranial counterpart can be reflected in electroencephalography (EEG) or magnetoencephalography
(MEG) signals. b | Cortico-cortical connections mediate long-distance synchronization. The relationship between the
integrity of the corpus callosum and interhemispheric synchronization of gamma-band oscillations in the cat visual cortex is
illustrated. Recording electrodes were placed in the vicinity of the border of areas 17 and 18 of the right (RH) and left (LH)
cortical hemispheres during stimulation with a light bar. In the bottom panels are cross-correlograms between responses
from different recording sites in the LH and RH that indicate the degree of interhemispheric synchronization. When the
corpus callosum was intact (left-hand panel), strong interhemispheric synchronization occurred with no phase lag between
the LH and RH recording sites. Sectioning of the corpus callosum (right-hand panel) abolished interhemispheric
synchronization while leaving synchronization within hemispheres intact. These data show that synchronization can occur
over long distances with high precision and is crucially dependent on the integrity of cortico-cortical connections. The upper
panelof part b is modified with permission, from REF. 163 © (1972) Elsevier. The lower panel of part b is modified, with
permission, from REF. 70 © (1991) American Association for the Advancement of Science.
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Figure 4 | Neurobiological correlates of deficits in neural oscillations and synchrony in schizophrenia.

a | Connectivity of the corpus callosum and its abnormalities in schizophrenia as reflected in diffusion tensor imaging
data. Changes in connectivity were measured by fractional anisotropy in the corpus callosum of 24 patients with
schizophrenia and 24 healthy controls. Fractional anisotropy values estimate the presence and coherence of oriented
structures, such as myelinated axons. Regions marked in dark red were significantly different between patients and
controls at Bonferroni corrected p < 0.0055. Regions marked with light red were significantly different only at the
uncorrected level of p < 0.05. Patients with schizophrenia show significantly less organization in subdivisions of the corpus
callosum than controls. b | Expression of parvalbumin (PV) mRNA in layers 3—4 of the dorsolateral prefrontal cortex is
reduced in patients with schizophrenia. Together with other data showing that the number of parvalbumin-positive
interneurons is unchanged in schizophrenia'*¢, these findings suggest that the ability of parvalbumin-positive interneurons
to express important genes is impaired in schizophrenia. ¢ | Reduction in gamma oscillations and parvalbumin-positive
neurons in the medial prefrontal cortex (mPFC) in an animal model of schizophrenia. Rats are treated with methyla-
zoxymethanol acetate (MAM) in utero at gestational day 17. This model reproduces the anatomical changes, behavioural
deficits and altered neuronal information processing observed in patients'®. Treated rats display a regionally specific
reduction in the density of parvalbumin-positive neurons throughout the mPFC and ventral subiculum (vSUB). As shown in
the middle and right-hand panels, the presentation of a tone induces a mild increase in prefrontal gamma (30-55 Hz)
oscillations in saline- but not MAM-treated rats. * indicates statistically significant difference from control (p=0.05).
Findicates significance level p=0.005. ACg, anterior cingulate cortex. dSub, dorsal subiculum. Part a is modified, with
permission, from REF. 73 © (2008) Academic Press. Part b is modified, with permission, from REF. 82 © 2003) Society for
Neuroscience. Part ¢ is modified, with permission, from REF. 83 © (2009) Society for Neuroscience.

A crucial issue is whether the observed impairments
in GABAergic interneurons are primary or second-
ary to alterations in other neurotransmitter systems.
Parvalbumin-expressing interneurons receive excitatory
inputs through NMDA (N-methyl-p-aspartate) recep-
tors®, particularly the NR2A/NR2B subtype, which makes
them susceptible to changes in glutamatergic drive. Several
lines of evidence support the notion that NMDA receptor
dysfunction may be related to altered GABA neurotrans-
mission. Application of NMDA antagonists that produce
psychosis in healthy participants® also causes changes in
inhibitory synaptic transmission. Similarly, acute admin-
istration of ketamine to mice reduces the amplitude and
frequency of IPSPs*” and decreases the power of gamma-
band oscillations in superficial layers of the medial
entorhinal cortex®. Furthermore it seems that the acute
effects of NMDA antagonists on parvalbumin-positive
interneurons are mediated by oxidative stress®®.

Recent evidence from animal models suggests that
the effects of NMDA receptor blockade on neural oscil-
lations may be region specific and in some instances
can also lead to an increase in high-frequency oscilla-
tions®. For example, application of NMDA antagonists
produced an increase in gamma-band oscillations in
local circuits in the auditory cortex in humans® and in
the neocortex of rats®. This paradoxical result could be
due to the disinhibition of principal cells as a result of
reduced interneuron excitation®’, which would facilitate
the transient and uncoordinated generation of gamma
oscillations. NMDA receptors are candidates for the long-
range synchronization of local circuits as they are promi-
nent in the superficial cortical layers that are the main
recipients of long cortico-cortical connections. Thus,
disruption of NMDA receptors may lead to a decoupling
of local gamma oscillators from the controlling influ-
ence of extended networks, resulting in a pathological
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and short-term increase of gamma-band power. This
scenario resembles the changes observed during the
production of hallucinations in schizophrenia®*¢2.

In addition to the involvement of GABA- and
NMDA-receptor mediated neurotransmission, data
from animal models have suggested that alterations in
the dopaminergic and cholinergic systems may contrib-
ute to abnormal oscillations®*. However, this hypothesis
has not been thoroughly explored. Recent evidence indi-
cates that cholinergic modulation has a crucial role in the
fast, state-dependent facilitation of high-frequency oscil-
lations and the associated response synchronization in
animal models®™®. Accordingly, alterations in choliner-
gic neurotransmission may be relevant for dysfunctions
in neural oscillations in schizophrenia®. In particular,
there is evidence that the a7 nicotinic receptor that is
expressed by GABAergic interneurons® is abnormal in
patients with schizophrenia®!'®.

Dopamine is a neuromodulator that has tradition-
ally been implicated in the pathophysiology of schiz-
ophrenia. However, evidence for a direct impact of
dopaminergic transmission on neural oscillations in
schizophrenia is lacking. Interestingly, there is evidence
suggesting that dopamine agonists decrease pathologi-
cal beta-band oscillations and increase gamma-band
oscillations in cortical and subcortical networks'’!
in patients with Parkinson’s disease, highlighting the
impact of dopaminergic signalling on neural oscil-
lations. Dopamine could affect neural oscillations in
cortical networks by modulating frequency-dependent
signal transmission, as has been recently demonstrated
in the hippocampus!®.

Neurodevelopmental hypothesis and oscillations

Neurodevelopment and schizophrenia. Schizophrenia is
characterized by abnormal brain maturation at several
stages of development'®. Children who are later diag-
nosed with schizophrenia have cognitive and behav-
ioural impairments'®, suggesting that an early pre- or
perinatal event may contribute to the pathogenesis of
the disorder. Several environmental risk factors, such as
obstetric complication and viral infections, in addition to
the genetic contribution may lead to altered development
of neural circuits'®. Schizophrenia, however, typically
manifests during late adolescence and early adulthood,
raising the question of the contribution of later develop-
mental processes. For example, it has been proposed that
the appearance of psychosis is related to overpruning of
synaptic contacts during adolescence'®.

Oscillations and synchrony in the development of
cortical networks. Neural oscillations are involved in
the maturation and plasticity of cortical networks at
several developmental stages. During early pre- and
perinatal periods, spontaneous correlated neural activ-
ity is a hallmark of the developing nervous system!**-'%,
For example, patterned retinal activity synchronizes the
activity of neurons in the neonatal visual cortex'*'"* and
is essential for organizing connections in the visual cir-
cuitry"'»!"%. Similarly, whisker-triggered oscillations act
as a topographic template by synchronizing the activity

of neurons in columns in the neonatal barrel field of the
cortex before the emergence of cortical barrels'**.

At later stages, experience-dependent modification of
cortical circuits contributes to the shaping and develop-
ment of cortical networks. Modification of synaptic con-
tacts is dependent on the precise temporal coordination
of neural activity'"®. For spike timing-dependent plasticity
to occur, pre- and postsynaptic spiking is required within
a critical window of tens of milliseconds"®. Stimulation of
neurons during the depolarizing peak of the theta cycle
in the hippocampus favours long-term potentiation,
whereas stimulation in the trough causes depression’®.
The same relationship holds for oscillations in the beta
and gamma frequency range'®, indicating that oscillations
allow the precise alignment of the amplitude and tem-
poral relations of presynaptic and postsynaptic activity
that determine whether a synaptic contact is strength-
ened or weakened'. Accordingly, aberrant neural oscil-
lations during early critical periods may lead to imprecise
temporal coordination of neural activity and result in the
pathological modification of cortical circuits.

Neural oscillations and adolescent brain development.
Recent evidence'"” (FIG. 5a,b) points to profound changes
in neural oscillations during late adolescence and early
adulthood that could provide important clues to the
emergence of psychosis. During early adulthood theta-,
beta- and gamma-band oscillations and their long-range
synchronization increase dramatically. Interestingly, this
increase is preceded by a significant reduction of beta
and gamma oscillations during late adolescence, sug-
gesting that a transient destabilization occurs before the
emergence of mature cortical networks. This highlights
late adolescence as a critical developmental period that
is associated with a rearrangement of functional net-
works and with an increase in the temporal precision
and spatial focusing of neuronal interactions. We there-
fore suggest that in schizophrenia cortical circuits that
are characterized by imprecise temporal dynamics are
unable to support the neural coding regime that emerges
during the late adolescent period, leading to a break-
down of coordinated neural activity and the emergence
of psychosis and cognitive dysfunctions.

Several facts support the proposed expression of
high-frequency oscillations during late adolescence. One
is the continued maturation of cortico-cortical connec-
tions, involving increased myelination of long axonal
tracts''®'". As a result, transmission delays between
brain regions are reduced during adolescence'®’, sup-
porting precise temporal coordination of distributed
neural activity. Development of cortico-cortical connec-
tions” and maturation of grey matter have been found
to be abnormal in patients with schizophrenia'?"'?* and
may lead to abnormalities in the occurrence of neural
oscillations and synchrony at different spatial scales.

Recent evidence points to important changes in
GABAergic neurotransmission during the adolescent
period that could affect the development and synchro-
nization of gamma-band oscillations (FIG. 5¢). A pre-
dominance of GABA a, subunits was observed in the
monkey dorsolateral prefrontal cortex during early
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Figure 5| Emergence of high-frequency oscillations and synchrony during the transition from adolescence to
adulthood. a | The graph shows the spectral power of oscillations in the 30-75 Hz range 100-300 ms after the
presentation of Mooney faces at different ages. The right-hand panels show time-frequency maps for early adolescent,
late adolescent and adult participants. Gamma oscillations increase significantly during the transition from adolescence
to adulthood. b | The graph shows phase synchrony in the 13-30 Hz frequency range for all electrode pairs 100-300 ms
after stimulus presentation at different ages. The right-hand panels show phase synchrony (indicated by the coloured
scale) of oscillations in the beta and gamma bands averaged across all electrodes for early adolescent, late adolescent and
adult participants. The phase synchrony of beta-band oscillations increased until early adolescence and was then
substantially reduced during late adolescence, suggesting that cortical networks reorganize during the transition from
adolescence to adulthood. ¢ | Changes in GABA, (y-aminobutyric acid type A) receptor-mediated neurotransmission in
the monkey dorsolateral prefrontal cortex during adolescence. The left-hand panel shows postnatal development of
miniature inhibitory postsynaptic potentials (mIPSPs) recorded from pyramidal neurons of prepubertal and postpubertal
monkeys in the dorsolateral prefrontal cortex. The right-hand panel shows cumulative probability distribution curves of
the mIPSP decay time constant in prepubertal (blue) and postpubertal (green) animals. The left shift of the curve from
prepubertal to postpubertal animals indicates a higher fraction of shorter mIPSPs in postpubertal animals than

in prepubertal animals. As the decay time of IPSPs is a critical factor for the dominant frequency of oscillations in a
network®, these data provide one mechanism for the late maturation of high-frequency oscillations in electroencepha-
lography data'’. SD, standard deviation. Parts a and b are modified, with permission, from REF. 117 © (2009) National
Academy of Sciences. Part ¢ is modified, with permission, from REF. 123 © (2009) Elsevier.
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development, whereas in adult animals Q subunits are
expressed'”. This was accompanied by marked changes
in the kinetics of GABA transmission, including a sig-
nificant reduction in the duration of miniature IPSPs in
pyramidal neurons. The shift in a-subunit expression
could provide a direct correlate of the observed increase
in gamma-band oscillations, as a, subunits predominate
at synapses of parvalbumin-positive basket cells'?, which
are crucially involved in the generation of gamma-band
oscillations”. Recent data'® also suggest that there are
significant changes in the signalling properties of bas-
ket cells during later developmental periods, as indicated
by a decrease in action potential duration, propagation
time, duration of the release period and the decay time
constant of inhibitory postsynaptic currents.

Conclusions

Current evidence points to a crucial role for altered neural
oscillations and synchrony in the pathophysiology of
schizophrenia. Reductions of beta and gamma oscilla-
tions and their synchronization have been demonstrated
during cognitive tasks and at rest, suggesting that there
is an intrinsic deficit in the temporal coordination of
distributed neural activity. Correlations with the core
symptoms of schizophrenia furthermore highlight the
potential role of neural oscillations in the production
of psychotic symptoms. Finally, these impairments are
present at illness onset, are likely to be independent of
medication status and are highly genetically heritable,
raising the possibility that abnormal oscillations and
synchrony in schizophrenia directly reflect the biological
processes that underlie the syndrome.

We posit that the genetic vulnerability for schizophre-
nia is translated into imprecise temporal coordination
of neural activity. Several risk genes for schizophrenia,
including the neuregulin genes, CHRNA?7, dysbin-
din (also known as DTNBPI) and GADI, modulate
GABAergic, cholinergic and NMDA receptor-mediated
neural transmission®, and these transmitter systems are
in turn crucially involved in the generation of neural oscil-
lations. Recent evidence has furthermore provided direct
links between polymorphisms of risk genes and changes
in neural oscillations. Polymorphisms in neuregulin 1
strongly modulate the amplitude of gamma oscillations
in rat hippocampal slices'*®. Similarly, polymorphisms in
the genes that encode dopamine receptor D4 (DRD4) and
dopamine transporter (SLC6A3) modulate the pattern of
evoked gamma responses in humans'>”.

Abnormal temporal dynamics of cortical circuits may
result in impairments in synaptic plasticity (see REF. 21
for a similar perspective). Impaired plasticity is a candi-
date mechanism for the enduring cognitive deficits and
aberrant neurodevelopment observed in schizophrenia,
and there is evidence that neural oscillations and syn-
chrony may have a crucial role in synaptic modifications.
As behavioural impairments are already detectable in
children who later develop the disorder, dysfunctional
neural oscillations and plasticity are likely to cause aber-
rant early pre- and perinatal development, leading to
maladaptive formation of cortical networks and faulty
programming of synaptic connections. Accordingly,

we propose that this fundamental impairment remains
silent until the late adolescent period when cortical
networks fully exploit neural oscillations, in particular
in the beta and gamma range, for the coordination of
distributed brain processes.

Impaired neural oscillations in schizophrenia may
lead to functional disconnections between and within
cortical regions, as previously proposed by several theo-
ries"?. Here, we note that most studies in schizophrenia
have used functional MRI (fMRI) to study functional
connectivity. fMRI, however, lacks the required temporal
resolution, as dynamic neural interactions occur in the
time range of milliseconds. EEG and MEG are appro-
priate tools with which to test functional connectivity
anomalies, and several groups have demonstrated the
feasibility of this approach. Recent advances in source
localization'? have also improved the spatial resolution
of EEG and MEG measurements.

Research into neural oscillations is likely to contrib-
ute to the further delineation of the biological causes
and mechanisms of schizophrenia and to the eventual
development of pathophysiologically based treatment
interventions. Neural oscillations and the molecular
mechanisms and circuits that underlie them are highly
conserved in insects, birds and mammals. This allows
hypotheses regarding the biological mechanisms that
underlie impaired neural oscillations to be directly
tested in animal models and in in vitro preparations.
Indeed, such work is already under way® and may
help to link data from EEG and MEG experiments
with patient populations to alterations in neurotrans-
mitter systems. This possibility may not be offered by
other imaging techniques, such as fMRI, for which the
biological mechanisms of signal generation are less
clear and the direct translation of findings from data
obtained with human experiments to animal models
is more difficult to accomplish. Neural oscillations
could therefore be considered an ideal intermediate
phenotype that potentially allows the direct map-
ping of genetic mechanisms of schizophrenia onto the
neurobiology'®.

Despite this enthusiasm, numerous unresolved issues
need to be addressed. One is the diagnostic specificity of
deficits in neural oscillations. A generalized impairment
of neural oscillations across diverse brain disorders will
strongly reduce their utility as a biomarker and inter-
mediate phenotype. Thus, at present we cannot discard
the possibility that altered neural oscillations and syn-
chrony are nonspecific features of several brain disorders
reflecting diverse pathophysiological processes. There is
already evidence that several disorders are associated
with abnormal neural oscillations', the genetic and
behavioural phenotypes of some of which overlap with
those of schizophrenia. For example, patients with bipolar
disorder display impairments in auditory SSEPs similar
to those of patients with schizophrenia'*'. Furthermore,
adults with autism spectrum disorders are also charac-
terized by an impairment in gamma oscillations during
perceptual organization'*2. However, comparison with
first-episode schizophrenia patients revealed differences
between the two disorders: gamma-band dysfunctions
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in participants with autism spectrum disorders extended
to low gamma-band oscillations (30-60 Hz), which were
intact in patients with schizophrenia.

These data highlight the need to carefully character-
ize neural oscillations in specific disorders across different
spatial and temporal scales. Further research into neural
oscillations should also take into account the possibility
that the impairments in high-frequency oscillations are
related to alterations in low-frequency activity, in partic-
ular in the theta-frequency range, which have been less
explored so far. Neural oscillations across different fre-
quencies form a hierarchical system in which different
frequencies interact by coupling the amplitude and phase
of ongoing oscillations'*. For example, the amplitude of
gamma-band oscillations is tightly linked to the phase
of theta oscillations'*, and this has been proposed to
provide a general coding scheme in cortical networks.

Although greater understanding of these aspects
of neural oscillations is needed to establish a complete

REVIEWS

picture of the nature of brain functions and their
impairment in schizophrenia, we firmly believe that
neural oscillations are a crucial factor in the patho-
physiology of schizophrenia and that further investi-
gation will eventually lead to an understanding of the
syndrome as a disorder of temporal coordination and
to evidenced-based pharmacological interventions that
correct these alterations. This reconceptualization of
schizophrenia is part of a wider paradigm shift in the
neurosciences in which the brain is increasingly viewed
as a self-organizing system with complex and nonlinear
dynamics in which cognitive processes arise out of the
dynamic interaction between multiple brain regions'®.
Thus, understanding the mechanisms that give rise to
this enigmatic disorder and that have now been elu-
sive for over a century may also provide important
insights into the biological mechanisms that underlie
the mental processes that are fundamentally altered in
schizophrenia.
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	Figure 4 | Neurobiological correlates of deficits in neural oscillations and synchrony in schizophrenia. a | Connectivity of the corpus callosum and its abnormalities in schizophrenia as reflected in diffusion tensor imaging data. Changes in connectivity were measured by fractional anisotropy in the corpus callosum of 24 patients with schizophrenia and 24 healthy controls. Fractional anisotropy values estimate the presence and coherence of oriented structures, such as myelinated axons. Regions marked in dark red were significantly different between patients and controls at Bonferroni corrected p < 0.0055. Regions marked with light red were significantly different only at the uncorrected level of p < 0.05. Patients with schizophrenia show significantly less organization in subdivisions of the corpus callosum than controls. b | Expression of parvalbumin (PV) mRNA in layers 3–4 of the dorsolateral prefrontal cortex is reduced in patients with schizophrenia. Together with other data showing that the number of parvalbumin‑positive interneurons is unchanged in schizophrenia138, these findings suggest that the ability of parvalbumin‑positive interneurons to express important genes is impaired in schizophrenia. c | Reduction in gamma oscillations and parvalbumin‑positive neurons in the medial prefrontal cortex (mPFC) in an animal model of schizophrenia. Rats are treated with methylazoxymethanol acetate (MAM) in utero at gestational day 17. This model reproduces the anatomical changes, behavioural deficits and altered neuronal information processing observed in patients139. Treated rats display a regionally specific reduction in the density of parvalbumin-positive neurons throughout the mPFC and ventral subiculum (vSUB). As shown in the middle and right-hand panels, the presentation of a tone induces a mild increase in prefrontal gamma (30–55 Hz) oscillations in saline- but not MAM-treated rats. * indicates statistically significant difference from control (p=0.05). ‡ indicates significance level p=0.005. ACg, anterior cingulate cortex. dSub, dorsal subiculum. Part a is modified, with permission, from REF. 73 © (2008) Academic Press. Part b is modified, with permission, from REF. 82 ©  2003) Society for Neuroscience. Part c is modified, with permission, from REF. 83 © (2009) Society for Neuroscience.
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