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As a complex neuropsychiatric disease with both hereditary
and environmental components, schizophrenia must be
understood across multiple biological scales, from genes
through cells and circuits to behaviors. The key to evaluating
candidate explanatory models, therefore, is to establish causal
links between disease-related phenomena observed across
these scales. To this end, there has been a resurgence of
interest in the circuit-level pathophysiology of schizophrenia,
which has the potential to link molecular and cellular data from
risk factor and post-mortem studies with the behavioral
phenomena that plague patients. The demonstration that
patients with schizophrenia frequently have deficits in neuronal
synchrony, including deficits in local oscillations and long-
range functional connectivity, offers a promising opportunity to
forge such links across scales.
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Introduction

Schizophrenia has long been hypothesized to be a ‘dis-
connection syndrome’, resulting from a discoordination of
activity within and between brain regions [1]. This hy-
pothesis, based originally on clinical symptomatology,
was conceived prior to extensive research on neurophy-
siology. Nonetheless, over the past two decades a body of
physiological evidence has emerged in support of dis-
connection as a prominent component of schizophrenia.
Connectivity in neural systems is commonly assayed with
measures of synchrony; temporal covariance in patterned
activity is taken as evidence of neural interactions, and
changes in synchrony that accompany shifting cognitive
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and behavioral states are seen as an indication of the
relevance of such interactions to these states. There is
now a substantial literature reporting schizophrenia-
related disturbances in neural synchrony of varying
frequency, anatomical regionalization, and cognitive
relevance [2]. Broadly, these findings can be divided into
deficits in local synchrony, characterized by alterations in
the power or amplitude of local oscillations within a brain
region, and deficits in long-rage connectivity, character-
ized by alterations in functional or anatomical connec-
tivity between distant brain regions. Here we review both
sets of findings, discuss two candidate mechanisms to
explain these disruptions, and review attempts to further
define circuit-level explanations using animal models. We
then propose ways in which future research could help
further link these circuit-level deficits across scales, both
downward, to specific molecular and cellular processes,
and upward, to behavior.

Disruptions in oscillatory activity, a measure
of local synchrony

Disruptions in local synchrony can be detected in oscil-
latory activity, which is thought to arise during normal
brain function from the synchronous activation of large
numbers of synapses [3]. Both evoked and spontancous
oscillations can be studied, and these do not necessarily
reflect the same underlying circuit dynamics. Evoked
oscillations are commonly interrogated by examining
steady-state evoked potentials (SSEPs), typically with
extracranial EEG electrodes. SSEPs are the responses
to trains of sensory stimuli (typically auditory clicks)
delivered at varying frequencies; they are typically wide-
spread, and build to steady-state amplitudes over several
hundred milliseconds. The gradual emergence, broad
spatial extent, resonance, and frequency-dependence of
SSEPs (strongest with 40-45 Hz stimuli) suggest they
reflect reverberant dynamics within recurrent cortical
circuitry and not merely the sum of isolated individual
responses characteristic of event-related potentials
(Figure 1a) [4°°]. This approach tests the ability of cortical
circuitry to support oscillatory activity regardless of the
underlying behavioral state, which may differ in patients
and controls. Schizophrenia patients show pronounced
deficits in the amplitude of SSEPs [4°°,5-7] which can be
present at the first psychotic episode [8]. The severity of
these deficits correlates with the severity of auditory
hallucinations, suggesting that the circuit-level and beha-
vior-level phenotypes may be related [9]. Inter-trial
coherence (the temporal precision of physiological
responses across presentations) is also disrupted in
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Disruptions in gamma synchrony in schizophrenia patients and in a genetic animal models. (a) A widespread SSEP response is seen to 35-45 Hz
stimulus trains; this response is larger in healthy controls compared to patients with schizophrenia [reprinted from 4]. (b) During a visual gestalt task,
the characteristic 40 Hz oscillation induced in controls (left) is lower in frequency (middle) and correlates with symptoms in schizophrenia patients
[reprinted from 8]. (c) Spectral power in the hippocampus of mice lacking the Erbb4 neuregulin receptor in PV+ interneurons (red) and control mice
(grey). Deletion mice show a significant, frequency specific increase in gamma power [reprinted from 54].

patients, and correlates with the severity of schizo-
phrenia-associated working memory deficits [10]. Collec-
tively these data are suggestive of an impaired cortical
circuitry that is unable to support normal oscillatory
rhythmogenesis in response to appropriately timed
stimuli.

Although the finding of impaired steady-state evoked
responses is robust, reproducible, and correlated with
symptomatology, it constitutes stimulus-locked, rather
than intrinsically paced activity and therefore may not
engage circuits in a way that mirrors normal functioning.
A complementary approach is to measure oscillations
evoked by specific tasks, though not time-locked to
specific stimuli. For example, during a Gestalt visual

stimulus response task in which patients had impaired
performance, control subjects display a prominent 40 Hz
oscillation that corresponds with the initiation of a beha-
vioral response. In schizophrenia patients, this oscillation
is lower in frequency, and its strength correlates with
symptom severity (Figure 1b) [11°°]. Similarly, tasks
dependent on working memory typically induce increases
in oscillation strength in prefrontal cortical circuits in
healthy controls [12]. Schizophrenia patients show
reduced gamma and theta-frequency oscillatory power
in frontal areas during such tasks [13], and this reduction
is correlated with impairments in task performance [14].
Using magnetoencephalography, which has improved
sensitivity and source localization compared to EEG,
impaired oscillatory activity at higher frequencies can
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be seen. For example, deficits in gamma (60-120 Hz)
power over visual cortex has been found in patients
during a visual face detection task [15]. Together, these
studies demonstrate an important link between oscil-
lations and behavior; they are correlated in healthy con-
trols and jointly impaired in patients. However,
differences between patients and controls might reflect
systematic differences in the way they perform the tasks,
rather than fundamental differences in circuit structure
or function.

By contrast, data on oscillations in a ‘resting state’, absent
a stimulus or task, has been used to demonstrate disease-
related functional abnormalities absent any particular
behavioral demands. Of course, the interpretation of
resting state date is still challenging, most notably
because it is unclear whether patients and controls are
in equivalent behavioral states when asked simply to
‘rest’. Perhaps as a result, there is some disagreement
as to whether the disorder affects resting state oscillatory
synchrony. Some studies [16°°] suggest an increase in
‘baseline’ or ‘resting state’ gamma-frequency (30-80 Hz)
activity in patients. However, one study found that rest-
ing-state gamma-frequency oscillatory power was
impaired in schizophrenia patients, as well as in their
unaffected siblings, suggesting a relationship to genetic
risk rather than disease state per se [17]. Notably, this
report localized the impairments in gamma to cortical
areas corresponding to the ‘default-network,” which is
more active in a resting or internally oriented state. Thus
the impairment could reflect engagement in some
alternative, active state (such as the experiencing of
hallucinations or other positive symptoms), resulting in
an inability to maintain a resting state. However, this is
perhaps unlikely given that gamma oscillations have been
shown to increase, not decrease, during hallucinations
[18].

Deficits in long-range synchrony

The strength of a locally generated oscillation is at best an
indirect measure of synchrony, a conflation of the size of
the rhythmically active neural population and the simul-
taneity of its firing. Synchrony across brain regions pro-
vides a direct measure of the functional connectivity
between distant neural populations. While lacking in
temporal resolution and therefore unable to speak to
oscillatory dynamics, functional magnetic resonance
imaging (fMRI) can be used to measure the covariance
in localized BOLD signals from multiple brain regions
more or less simultaneously. This allows one to examine
synchronous activation of far-flung brain areas during
tasks or in the resting state, albeit on a slower time scale
than with EEGs. Results from fMRI studies of functional
connectivity in specific circuits in schizophrenia patients
are varied, and have included both increases and
decreases relative to controls. For example, the examin-
ation of connectivity with medial prefrontal cortex
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(mPFC) found a reliable anticorrelation between mPFC
and dorsolateral prefrontal cortex (dIPFC) in healthy
controls that was absent in schizophrenia patients [19].
Meanwhile, a study of connectivity within and between
two large brain networks — the default-mode and fronto-
parietal networks — suggested that patients have
decreased synchrony within parts of the default mode
network, but increased synchrony between the default-
mode and fronto-parietal networks [20].

A less directed approach to examining long-range syn-
chrony is to measure global connectivity rather than ana-
lyzing specific networks of interest. Groups employing this
approach have generally found lower connectivity in
schizophrenia. For instance, a recent resting state fMRI
study of schizophrenia and bipolar patients found lower
global connectivity in both patient groups compared to
healthy controls; connectivity correlated with symptom
severity [21]. Another recent whole-brain examination
found increased fronto-parietal connectivity and decreased
parietal-temporal and bilateral temporo-temporal connec-
tivity. The increase in front-parietal connectivity corre-
lated with positive symptom severity, while the decreases
in connectivity correlated with negative symptom severity
[22]. Yet another study demonstrated that pairwise func-
tional connectivity throughout the brain is globally and
significantly decreased in schizophrenia, while variance is
increased; the brain-wide organization of weak connections
in schizophrenia patients correlated with negative symp-
tom scores, allowing for a diagnostic accuracy of 75% [23°°].
The relative consistency of these whole-brain connectivity
studies suggest that long-range connectivity is indeed
globally disrupted in schizophrenia.

Possible neurobiological mechanisms of
altered synchrony

As described above, studies of local synchrony with EEG
or MEG suggest an inability of local circuits to support
normal oscillations in schizophrenia, and examination of
BOLD signal covariance indicates a global reduction in
functional connectivity as well as specific disruptions in
coordinated activity in critical schizophrenia-associated
pathways. These two sets of findings are related in that
they both suggest disrupted synchrony. But do they
follow from the same underlying pathophysiology? Does
either finding provide a causal link between schizo-
phrenia risk and disease symptomology? Addressing these
questions requires finding plausible mechanisms by
which disruptions of cellular function produce the
observed circuit and systems-level abnormalities. T'wo
strong candidate mechanisms are hypofunction of fast-
spiking parvalbumin-positive (PV+) interneurons, and
disruption of myelination.

The critical role of GABAergic interneurons, particularly
fast-spiking PV+ interneurons, in the generation of cortical
oscillations, particularly gamma-frequency oscillations, is
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well established by direct manipulation of these cells i
vivo; from such studies we have learned that optogeneti-
cally silencing PV+ interneurons impairs gamma [24] and
that optogenetically driving them induces gamma [25].
The literature on impairments in GABAergic interneurons
in schizophrenia is long-standing and sizable [26]. Post-
mortem studies have demonstrated reduced mRNA
expression for GAD67, the enzyme that catalyzes gluta-
mate into GABA [27,28]. Such a decrease could result in
less GABA or, alternatively, could reflect a downregulation
of GABA precursors in response to impaired GABA metab-
olism. The GADG67 expression deficit is most pronounced
in PV+ cells — in fact, GADG67 is not detectable in half of
PV+ cells in schizophrenia patients [29]. Moreover, expres-
sion of parvalbumin itself is reduced in patients compared
to controls, though the total number of these neurons may
be normal [30]. Because the strength of parvalbumin
expression is activity-dependent [31], this expression def-
icit could be a signature of hypoactivity. This hypoactivity
may in turn result from an impairment of NMDA receptor
signaling, as disruption of NMDA receptor signaling in PV+
cells reproduces a range of schizophrenia-related pheno-
types, including decreased parvalbumin expression and
behavioral impairments [32]. Finally, computational mod-
eling work has suggested a potential link between observed
GAT-1/GAD67 deficiencies in PV+ cells and prolonged
IPSCs that could account not only for the impairment of
40 Hz entrainment to auditory clicks but also the prefer-
ential entrainment to slower 20 Hz stimuli [33].

While there exists ample evidence linking PV+ inter-
neurons, gamma oscillations, and schizophrenia, gamma
is thought to be generated in highly localized circuits [3].
And while mechanisms have been proposed to explain
long-range gamma synchrony across distant brain regions
[34,35], it is questionable whether disruption of fast-
spiking interneuron networks can fully account for the
observed impairments in long-range synchrony. An
alternative candidate link between cellular deficits and
observed synchrony deficits is a schizophrenia-related
disruption of myelination [36]. Myelination of long-range
pathways permits for rapid signaling across long distances;
disruptions in myelin might thus be expected to disrupt
long-range synchrony.

Diffusion tensor imaging (D'TT) allows for detection and
quantification of fiber tracts using the measure of fractional
anisotropy (FA), which detects the degree to which the
diffusion of water molecules is confined to a particular
direction in any given voxel of brain tissue. While FA
represents a conflation of axon number, thickness and level
of myelination, it favors detection of white matter, due to
the constraint of water molecules by multiple myelin layers
[37]. Studies of DTI in schizophrenia patients reveal
decreases in FA in both local and long-range connections.
Regarding local connectivity, widespread decreases in FA
have been found in frontal and occipital regions in patients

despite preserved white matter volume, suggesting axon
number and thickness do not account for the difference
[38]. In long-range projection pathways, schizophrenia
patients have been found to have lower FA in the splenium
of the corpus callosum and in the cingulum [39]. Post-
mortem tissue studies also support the idea that the myelin
system is disrupted. Microarray analysis of DLPFC tissue
from patients reveals impaired expression of genes related
to myelination and oligodendrocyte function [40]. Electron
micoscopy of post-mortem tissue reveals a higher density
of concentric lamellar bodies, which signal damage to
myelinated fibers, in caudate nucleus of patients relative
to healthy controls [41]. There is also evidence of increased
necrosis and apoptosis and decreased overall density of
oligodentrocytes in prefrontal layer 4 in post-mortem tissue
from patients [42].

Understandably, deficits in myelin have been proposed to
underlie long-range connectivity abnormalities. Similarly,
deficits in interneuron function have been proposed to
underlie the abnormalities in local synchrony seen in
schizophrenia. But direct evidence for such a division
is minimal, and the impact of the two cellular deficits and
could overlap (Figure 2). Long-distance synchrony can
involve locally generated oscillations [43] and may thus
require interneurons to maintain this oscillation-based
connectivity; moreover, it is becoming increasingly clear
that there are inhibitory projection neurons that may be
directly involved in long-range synchrony [44]. With
regard to the role of myelination, findings of hetero-
geneous distributions of myelin within and across neo-
cortical neurons suggests more nuanced and potentially
pathway-selective contributions to cortical communi-
cation [45]. Modeling work has found that biologically
relevant conduction delays on a scale consistent with
changes in myelination can account for substantial attenu-
ation of the amplitude of gamma oscillations [46]. Thus
heterogeneity of myelination could have implications
for even local cortical synchrony, just as interneuron
dysfunction could potentially disrupt long-range
synchrony; the two deficits might even synergize.

Mechanisms: linking synchrony to behavior

Animal models of schizophrenia predisposition play a
critical role in sorting out the complex relationships be-
tween cellular mechanisms, circuit synchrony, and beha-
vior. Animal models allow for direct genetic, molecular and
circuit manipulation, and for testing the effects of such
manipulations on local and long-range synchrony as well as
behavior. Indeed, disruption in synchrony is recapitulated
in multiple rodent models of schizophrenia, including
pharmacological, immunological and genetic models.
Pharmacological models have chiefly focused on the glu-
tamate hypothesis, employing NMDA antagonists such as
ketamine and MK801 to block NMDA receptors. Systemic
administration of ketamine increases baseline spontaneous
gamma-range activity and decreases auditory-evoked
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Figure 2
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Possible mechanisms underlying disruptions in synchrony. Local
synchronous oscillations are thought to arise from interactions between
local interneurons (red circles) and pyramidal neurons (green triangles)
within a local circuit (a, a'); thus, deficits in interneuron function would
lead to deficits in local synchrony. Long range synchrony is thought to
rely on projections between brain regions that are predominantly
glutamatergic (b); many of these projections are myelinated. Thus,
deficits in myelination would lead to deficits in long-range synchrony.
However, it is also possible that myelination deficits lead to local
synchrony deficits if proper timing of long-range inputs also plays a role
in rhythmogenesis (d). Conversely, interneuron deficits could lead to
long-range synchrony deficits if local rhythms (a, &) or inhibitory
projections (b) play an important role.

(paired clicks, as opposed to steady-state) responses,
similar to some findings in patients, as described above
[47]. Stimulation of maternal immune response during
pregnancy is another well-studied rodent model of schizo-
phrenia predisposition, based on clinical evidence that
early immune stress confers schizophrenia risk. Following
maternal immune activation, impairments are seen in
broad-spectrum hippocampal-prefrontal (HPC-PFC) syn-
chrony [48]. Finally, several genetic mouse models of
schizophrenia predisposition have replicated deficits in
synchrony. In a mouse homologue to the 22q11.2 micro-
deletion syndrome, there is evidence of impaired long
range HPC-PFC synchrony in the thetaand gamma ranges;
the long-range synchrony deficits correlate with cognitive
impairment [49]. Moreover, a mouse heterozygous for a
22q11.2 component gene, Dger8, shows an inability to
follow trains of 50-Hz stimulation in prefrontal layer
[1-V projections, a finding reminiscent of SSEP data from
schizophrenia patients [50]. Mice heterozygous for the
schizophrenia-associated gene Disc/ gene also show
reduced HPC-PFC synchrony in the 30-50 Hz gamma
range [51]. Recently, a mouse homologous for the human
15q13.3 deletion, which is associated with schizophrenia
and epilepsy, was found to exhibit the SSEP gamma
deficits and elevated baseline gamma (prefrontal and
hippocampus) often seen in schizophrenia patients [52].

But while numerous studies have found impaired syn-
chrony in rodent models of schizophrenia risk, recapitula-
tion of the disruption in circuit dynamics does not
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complete the picture. A model that links risk with circuit
pathophysiology requires elucidation of the cellular and
molecular signaling components of the disruption; for the
models listed above, these mechanisms are unclear to
date, though work continues to define them. One prom-
ising model where the cellular mechanisms have been
more clearly defined involves neuregulin, a candidate
schizophrenia-related gene that facilitates glutamate re-
ceptor subunit expression and is involved in synapse
formation and stabilization. Neuregulin enhances cortical
gamma oscillations 7z vive and iz vitro, acting on GABA-
ergic interneurons and mediated by synapses (as opposed
to gap-junctions) [53]. Moreover, deletion of Erbb4, a
receptor for neuregulin, from PV+ interneurons results in
decreased HPC-PFC theta coherence under anesthesia
and increased HPC gamma power during running
(Figure 1c) [54°°]. Thus investigating the interactions
between neuregulin and Erbb4 and their downstream
consequences on synapse and circuit function is one
potential avenue by which we might begin to mechan-
istically link genetic risk with neural synchrony deficits.
Similar links upward from synchrony to behavior might be
forged with any of the models mentioned here.

Conclusions

One could reasonably argue that the observation of
abnormal circuit-level brain dynamics are a trivial sequi-
tur of the cognitive impairments and disorganized think-
ing associated with schizophrenia; if cognitive processes
are disrupted, so must be their neurophysiological sub-
strates. But a mounting body of research increasingly
points to a more selective disruption. Consistent findings
of an impaired capacity to sustain rhythmic (specifically
gamma-frequency) activity, a decreased response in this
frequency range to task-related stimuli, and diminished
global functional connectivity, lead to a common con-
clusion: the idea of schizophrenia as a ‘disconnection
syndrome’, originally based on evidence from clinical
symptomology, has a neurophysiological basis in impaired
temporal coordination of neural activity. Deficits in syn-
chrony can therefore be seen as a mid-level phenotype
that can be related to causal mechanisms as well as
behavioral consequences, and thus serve as a potentially
useful starting point for understanding the pathophysiol-
ogy of schizophrenia.

Much work remains to be done in elucidating the mech-
anisms of these disruptions at the level of microcircuits.
Pharmacological models must be increasingly targeted to
receptor and neuronal subtypes, in relevant brain regions,
perhaps making use of pharmacogenetics and optogenetics
to elucidate fine-grained circuit dysfunction. Genetic
models have done much to validate the phenotypic
homology resulting from targeted mutations by recapitulat-
ing synchrony deficits seen in human patients, but genetic
and pharmacological rescue experiments are needed to
demonstrate which cellular mechanisms downstream of
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these genes of interest are critical to the impairment.
Animal studies of myelin disruption typically model
severe, global myelin impairments involving peripheral
neuropathy and motor impairments not typically seen in
schizophrenia. The development of more subtle, neuroa-
natomically restricted models of myelin disruption (such as
inducible oligodendrocyte hypofunction), paired with 7z
vivo recordings, could prove valuable in linking clinically
observed myelin impairments with disruption of rhythmic
synchrony and functional connectivity. Finally, careful
clucidation of the effects of particular manipulations on
both local and long-range synchrony have to potential to
determine whether these are two separable phenomena
that happen to occur in the same syndrome, or whether
they share overlapping pathophysiological causes and
consequences.
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pairwise functional connectivity, which was found to be lower in schizo-
phrenia patients. Moreover, this measure allowed for classification of

disease state, which was 75% accurate and 85% sensitive.
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