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Abstract

Brain dynamic changes associated with schizophrenia are largely equivocal, with interpretation 

complicated by many factors, such as the presence of therapeutic agents and the complex nature of 

the syndrome itself. Evidence for a brain-wide change in individual network oscillations, shared 

by all patients, is largely equivocal, but stronger for lower (delta) than for higher (gamma) bands. 

However, region-specific changes in rhythms across multiple, interdependent, nested frequencies 

may correlate better with pathology. Changes in synaptic excitation and inhibition in 

schizophrenia disrupt delta rhythm-mediated cortico-cortical communication, while enhancing 

thalamo-cortical communication in this frequency band. The contrasting relationships between 

delta and higher frequencies in thalamus and cortex generate frequency mismatches in inter-

regional connectivity, leading to a disruption in temporal communication between higher-order 

brain regions associated with mental time travel.

Introduction

Schizophrenia is considered by many to be a state of ‘fractured mind’, with many 

researchers refining this definition in terms of pathological alterations in brain connectivity 

[1,2]. Collectively, the results of such studies do not point to a single, unequivocal 

difference: the situation is complicated by the different antipsychotic regimens used in 

different patients, the evolving nature of the syndrome, and the heterogeneity of symptom 

type, load, and putative precipitating factors. In addition, diverse brain-imaging techniques 

lead to diverse conclusions, perhaps owing to the highly dynamic nature of brain 

connectivity itself. Functional interactions between regions have been shown to alter in a 

state- and task-dependent manner more rapidly than the temporal resolution of current fMRI 

techniques [3].

Therefore, to understand brain-wide network activity changes, we need to first consider the 

dynamics of small, local populations of neurons: local network oscillations have been shown 

to provide a substrate for a rich and labile set of functional connectivity motifs based on 

dynamic interactions between the same and different frequencies (Box 1). Establishing 
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functional connectivity using multiple frequency bands concurrently is a ubiquitous feature 

of cortical activity (‘spectral processing’ [4]), but makes interpretation of functional 

connectivity data difficult, not least when attempting to extrapolate between biochemical 

processes underlying a specific rhythm and suspected primary pathology in schizophrenia. 

However, in some cases, the relationships, both dynamic and mechanistic, between 

concurrently expressed network oscillations are sufficiently deterministic to allow the 

correlation of molecular pathology with large-scale brain activity. In this review, we consider 

the pitfalls of looking at single network oscillations in single regions and then attempt to 

reconcile them by considering broader, pathway-specific cross-frequency activity patterns 

converging on a derangement of large-scale dynamic connectivity favouring thalamocortical 

over cortico-cortical pathways in schizophrenia.

Diverse Changes in Gamma Rhythm Generation Associated with 

Schizophrenia and Relevant Models

Perhaps the most widely touted dynamical substrate for cognitive deficits in schizophrenia is 

the gamma rhythm: an iterative interplay between principal cells and fast-spiking (FS) 

interneurons via AMPA and GABAA receptor activation in most cortical areas underlying 

primary sensory processing [5,6]. However, in thalamus, gamma rhythms in thalamocortical 

cells can arise purely from intrinsic conductances in the absence of synaptic inhibition [7]. 

Decreases in gamma power and associated cortical communication were first reported at the 

turn of the century [8,9]. Perhaps the first clear demonstration of a symptom-related 

reduction in gamma rhythms was the observation of decreased anterior-posterior coherence, 

manifest between ca. 30 Hz and 50 Hz, in patients with schizophrenia performing a visual 

Gestalt task [10]. Further studies by these authors also showed a gamma band-related deficit 

in auditory sensory processing [11]. Other work also supports a reduction in task-dependent 

gamma oscillations, but at higher frequencies (>50–60 Hz [12]) in schizophrenia, with no 

replication of the above findings in chronic, medicated patients [12] and drug-naïve, first-

episode patients [13].

Further studies add to the confusion by demonstrating that some patients demonstrate 

increased gamma oscillations and associated connectivity [14–16]. In addition, measurement 

of gamma rhythms in patients with specific polymorphisms associated with schizophrenia 

revealed that most correlated with elevated, rather than reduced, gamma power [17]. This 

equivocality in the literature may relate to the difference between baseline (‘resting state’) 

gamma rhythms and those activated specifically by task [18], but this is not always the case: 

both reduced gamma power during resting state [19] and, conversely, excessive gamma 

rhythms during tasks known to be highly sensitive to schizophrenia pathology [16] have 

been reported.

Genetic models of schizophrenia-like behavioural and cognitive deficits also show mixed 

effects on gamma rhythms. Neuregulin, erbB4, and calcineurin mutations all cause 

schizophrenia-like symptoms and increased gamma rhythm generation [20–22], whereas 

LPA1 knockout caused either no change or a decrease, depending on the region studied [23]. 

Different primary mechanisms for disrupted gamma may be at play in these schizophrenia-
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related control systems, with Neuregulin/erbB4 enhancing excitatory input onto FS 

interneurons, calcineurin enhancing postsynaptic GABAergic responses via a selective 

reduction in long-term depression at this locus, and LPA1 coupling NMDA responses to 

mechanisms of plasticity. However, each of these models has effects on NMDA receptor 

function (not only in FS interneurons), linking back to one of the earliest acute models of 

schizophrenia-like symptoms: ketamine administration [24]. More recent work has shown 

that, in vivo, ketamine enhances frontal cortical gamma power in a highly NR2A subunit-

dependent manner [25]. This subunit, in particular, has been implicated in linking deficits in 

excitation to interneurons with other postmortem markers of schizophrenia, such as 

parvalbumin immunopositive cell number and GAD67 expression levels (reviewed in [26]). 

However, GAD67 is also expressed in somatostatin and calretinin-containing interneurons 

[27], NR2A-containing receptors are also selectively involved in interhemispheric, not 

intrahemispheric cortical excitation of principal cells [28] and LTP in hippocampus, and 

GAD67 expression levels do not always change with experimental lesions of pathways 

reported to be adversely affected in schizophrenia pathology [29]. In addition, effects on 

NMDA receptor blockade on locally generated, adult cortical gamma rhythms have been 

shown to be dependent both on the region studied and the source of excitation leading to 

rhythmogenesis (Figure 1). In particular, in primary auditory cortex, different effects on 

gamma rhythms were seen with acute ketamine application depending on the presence of 

cholinergic neuromodulation associated with attention.

Changes in Theta and Delta Rhythms in Schizophrenia

A meta-analysis of data suggested that elevations in power of lower EEG frequencies during 

wakefulness (theta and delta band activity, 1–8 Hz) are a more robust electrophysiological 

marker for schizophrenia [30], a suggestion that fits well with the overt deficits in related 

sleep structure [31]. However, the literature is again equivocal. Decreases in delta rhythm 

power and coherence have been reported [14,32,33] almost as frequently as elevations [34–

36]. Observations of wake-state theta activity are similarly mixed. General increases in theta 

activity have been reported in a resting state and in a task/stimulus-dependent manner 

[34,37] as well as decreases [33,38].

Functionally, the delta rhythm appears to be as important in the wake state as in NREM 

sleep. For example, 1–4-Hz oscillations coordinate cortical activity during waking 

movement, ketamine-induced sedation, and natural sleep [39]. Cortico-cortical coherence at 

delta frequency is a correlate of decision-making [40], modulates responses to repetitive 

stimuli, and is vital for processing speech [41]. Conversely, thalamic delta rhythms, 

associated strongly with NREM sleep, appear to reduce communication between cortical 

areas [42], a signature of disrupted cortical connectivity in schizophrenia [43].

This apparent dichotomy in delta rhythm origin and effect on cortico-cortical versus 

thalamo-cortical communication may reflect the region-specific mechanism of local-circuit 

delta rhythm generation: the hippocampus appears not to generate its own, local delta 

rhythm. The thalamus generates delta frequency outputs at the single cell level in 

thalamocortical neurons [44]. Burst firing in this neuronal subclass is generated by interplay 

between intrinsic burst behaviour and a hyperpolarisation-activated conductance (Ih). In 
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neocortex, delta rhythms arise from intrinsically bursting (IB) layer 5 pyramidal cells, 

coordinated via mutual recurrent excitation and shared GABAB receptor-mediated inhibition 

(e.g., Figure 2B).

The importance of GABAB receptors in generating neocortical delta rhythms suggests 

disruption in this facet of synaptic inhibition in schizophrenia and accompanying NREM 

sleep deficits. GABBR2 and GABBR1 subunit expression is significantly reduced in 

patients with schizophrenia [45]. In addition, the recurrent connectivity between IB neurons, 

required to generate neocortical delta rhythms, is NMDA receptor dependent. NMDA 

receptor antagonists almost abolish neocortical delta rhythms [46] in vitro. By stark contrast, 

systemic administration of NMDA receptor antagonists generated a pattern of increased 

delta rhythms in neocortex in vivo [47]. These neocortical delta rhythms were associated 

with a hugely elevated delta rhythm projected from thalamus. More recent work by Lisman 

and colleagues has shown that reduced NMDA function in thalamus, particularly via NR2C-

containing receptors known to be reduced in schizophrenia, shifted the excitability state of 

thalamocortical neurons to one favouring delta rhythm generation [48]. Other NMDA 

antagonists, such as phencyclidine (PCP), have been shown to have the opposite effect: a 

decrease in thalamic delta rhythms [49]. However, PCP acts via sigma receptors, which only 

form functional complexes with certain NMDA subunits. It also has a direct effect on 

nicotinic acetylcholine receptors (part of the spectrum of neuromodulators thought to be 

altered in schizophrenia [50]) and has additional effects on potassium channels and IP3 

receptors in neurons [51]. Thus, as with gamma rhythms in auditory cortex (Figure 1), a 

single experimental insult (selective NMDA receptor blockade) has opposing effects on delta 

rhythm generation in different brain regions.

Theta rhythms have a vital role in temporally coordinating hippocampal-dependent memory 

functions both within the hippocampus and between the hippocampus and entorhinal and 

prefrontal areas [52]. In prefrontal neocortex, theta rhythms are strongly associated with 

decision making and semantic processing [53]. As with gamma and delta rhythms, the theta 

rhythm arises from different mechanisms in different brain regions. In hippocampus, theta 

rhythms are not only dependent on theta frequency cholinergic and GABAergic inputs from 

medial septum/diagonal band, but can also be locally generated through the interplay 

between basket and oriens lacunosum moleculare (OLM) interneurons and principal cells 

[54] (Figure 3). In thalamus, thalamocortical neurons have an intrinsic theta rhythmicity that 

manifests particularly in neuromodulatory states [7]. In neocortex, theta rhythm generation 

appears to arise from interactions between the intrinsic properties of layer 5 regular spiking 

(RS) neurons and their superficial layer interneuronal targets [46].

Any direct relationship between theta rhythm generation and recognised primary 

pathological changes associated with schizophrenia is unclear. In hippocampus, the inherent 

theta frequency resonance of OLM interneurons is dependent on the expression of a Ih, 

although this does not appear to be directly associated with the syndrome. Conversely, large 

changes in markers for dendrite-targeting interneurons in general, such as OLM cells, have 

been reported in postmortem studies [55]. In general, however, it is difficult to directly relate 

underlying pathology to any alterations in power of theta rhythms in patients with 
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schizophrenia. To understand this further, we need to consider the relationship between theta 

rhythms and other locally co-expressed frequencies.

The Gamma–Theta–Delta Cross-Frequency Relationship Points to Essential 

Synergism in Spatiotemporal Communication

Cross-frequency interactions are common in cortex. Several types of inter-relationship 

between coexpressed frequency bands have been reported [56] and have been specifically 

implicated in the coupling of local network oscillations to large-scale cortico-cortical 

interactions [57] of the type often correlated with schizophrenia pathology (see below). The 

cross-frequency interaction most relevant to this review is that of nesting: the modulation of 

the amplitude of a higher frequency by the phase of a lower frequency. This has been studied 

in detail in hippocampus [52], where gamma rhythms are nested strongly in theta rhythms 

[58] (Figure 3). Other forms of cross-frequency interaction exist that may be relevant to 

schizophrenia, particularly involving alpha and gamma rhythms [59], but they are not 

considered here.

While it is difficult to see a direct relationship between hippocampal theta and known 

molecular risk factors for schizophrenia, a more robust interaction can be uncovered when 

considering this gamma–theta nested activity. FS interneuron function (implicated in 

changes in gamma rhythms, see above) has a positive influence on local theta generation. 

Gamma frequency FS inhibition of OLM interneurons serves to reset Ih and facilitate theta-

frequency spiking in this interneuron subtype [60]. In addition, local NMDA receptor 

function modulates theta rhythms [54] in a hippocampal subregion-specific manner, and 

entorhinal FS interneurons, powerfully driven by NMDA receptors, underlie gamma 

rhythms in this area [61] and send long-range inhibitory projections to hippocampus to 

facilitate theta rhythm generation therein [62].

Thalamocortical neurons can generate either theta rhythms in a manner dependent on their 

neuromodulatory state (metabotropic glutamate- or acetylcholine-mediated inputs [7]), or 

gamma rhythms under conditions of intense excitation (Figure 2). While both rhythms could 

be generated concurrently in different thalamic nuclei, it is hard to see with this mechanism 

how local co-activation might occur. By contrast, neocortex generates all three frequencies 

of interest in a hierarchically nested fashion [63]. The degree of interdependence is high, 

with delta rhythms, originating from layer 5 IB-containing local circuits, driving intrinsic 

theta rhythmogenesis in layer 5 RS neurons, which, in turn, send ‘backward-projecting’ 

inputs to superficial layer FS interneurons to generate bursts of gamma activity (Figure 2 

[46]). This pattern of local-network, cross-frequency interaction has been shown to 

powerfully control information transfer in neocortex [64]. The inherent, bidirectional 

interlaminar nature of this neocortical nesting motif has also been shown to be important for 

temporally segregating formation and retrieval of memories [64].

Multiple potential mechanisms for disruption of this triple-frequency nesting behaviour have 

been shown. Of particular relevance to schizophrenia are the following: reduced GABAA 

receptor-mediated inhibition potentiates neocortical delta rhythm power, but effectively 

uncouples the delta rhythm from the nested gamma rhythm [46]. By contrast, reduced 
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GABAB receptor-mediated inhibition almost abolishes this rhythm [46]. The balance 

between delta and theta rhythm expression is critically dependent on superficial layer 

inhibitory circuits and, thus, is highly dependent on α7-containing nicotinic acetylcholine 

receptors [65]. In addition, the backward projection from deep to superficial layers 

underlying the interlaminar nature of this dynamic signature is largely dependent on NMDA 

receptor-mediated synaptic excitation.

From the above, we suggest that the variable observations of power of the above individual 

frequencies reflect different region-specific magnitude changes in individual patients. In 

addition, observed changes in one frequency may not directly reflect pathology in the core 

mechanism of that rhythm, but rather an alteration in the degree of nesting with lower 

frequencies. This is particularly apparent for neocortex (Figure 2), which is the primary 

source for most EEG/MEG measurements in patients. For example, whether an increase or 

decrease in delta rhythm power is seen globally would depend on the relative pathology-

induced increases in thalamic delta rhythms or decreases in neocortical delta rhythms. 

Increases or decreases in theta rhythm generation would also depend on the relative 

magnitude of the neocortical delta rhythm, nesting theta rhythms there, and hippocampal/

entorhinal theta generators. Furthermore, changes in gamma rhythm expression would be 

expected to be positively correlated with neocortical theta rhythms, but negatively correlated 

with hippocampal theta rhythms. In addition, the exclusive, state-specific nature of the 

generation of each of these rhythms in thalamocortical cells indicates a mutually 

antagonistic relationship between each of these frequency bands in the contribution of this 

region to the observed, brain-wide oscillatory power.

Relation to Brain-Wide Functional Connectivity Changes

The diverse array of changes in oscillations discussed above is also seen in connectivity 

studies. The field is complicated by the disconnect between structural and functional MRI 

measures (reviewed in [66]), the complexity of the relationship between classical EEG 

frequencies and the fMRI signal, and the absence of a clear relationship between structural 

connectivity and electrophysiological coherence measures. However, in some cases, both 

network oscillation and structural connectivity changes appear to coincide. This is 

particularly apparent when considering the default mode network (DMN), its internal 

connectivity, interaction with hippocampus, and relative connectivity with respect to primary 

sensory and attentional cortical areas [67,68] (Figure 4). The function of this network has 

been proposed to fit with many of the symptoms of ‘thought disorder’ in schizophrenia [69]. 

The DMN is active in patients with schizophrenia, but both functional and structural 

connectivity is altered [1,70]. The normal, delta rhythm-related cortico-cortical connectivity 

between DMN regions is significantly reduced [71], as is task-related deactivation in favour 

of sensory and executive areas [72]. This ‘persistence’ of DMN activity is also seen in 

connectivity between frontal DMN loci and the hippocampus [73], but, interestingly, it is 

negatively correlated with hippocampal theta power in at-risk subjects.

Functional connectivity between DMN- and hippocampus-associated thalamic nuclei is also 

enhanced in patients [2,43]. This enhanced, and persistent connectivity correlates with 

enhanced thalamic delta rhythm generation via a predominantly NR2C receptor subunit-
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dependent mechanism (reviewed in [74]). Thus, the balance between the two key prefrontal-

hippocampal pathways may be biased away from the theta rhythm-coordinated direct 

pathway vital for sequential memory, which is reduced in animal models [75], and towards 

the indirect pathway via thalamic nucleus reuniens [76], coordinated at the slower delta 

frequency. Working memory maintenance is dependent on theta-frequency fluctuations in 

hippocampal activity; thus, replacement of this temporal signature with the slower delta 

rhythm may underlie the prolonged temporal discrimination window seen in patients [77]. 

This situation would also create a temporal disconnect between prefrontal and thalamic 

inputs to hippocampus and the strong gamma/theta frequency-dependent connectivity with 

entorhinal cortex also vital for memory formation and retrieval in humans [78].

In considering how the enhanced delta frequency-mediated functional connectivity between 

hippocampus and frontal neocortical regions fits with reduced DMN cortico-cortical 

connectivity, we need to consider regional differences in delta rhythm generation (see above; 

Figure 4). In models of symptoms of schizophrenia, the intrinsic thalamocortical neuronal 

delta rhythm is exposed by reduced NMDA receptor function [79]. By stark contrast, 

reduced NMDA receptor function in local association neocortical circuits almost abolishes 

delta rhythms and their nested theta oscillation [46]. Therefore, this single experimental 

manipulation would be expected to generate two of the main connectivity changes in 

patients discussed above: (i) enhanced prefrontal-thalamic-hippocampal circuit function at 

delta frequency; and (ii) reduced cortico-cortical DMN connectivity at delta frequency. This 

brain-wide bias may, in part, also explain three of the other connectivity disruptions 

associated with schizophrenia: (i) reduced cortico-cortical, long-range coupling along the 

frontoparietal attention axis [67]; (ii) reduced sensory cortical activity spread generated by 

ascending thalamic delta rhythms [42]; and (iii) disrupted interhemispheric connectivity 

[80]. This latter facet of disrupted brain function in patients is one of the oldest connectivity 

theories and is supported by the link between schizophrenia pathology and expression of the 

NR2A NMDA receptor subunit (see above) and the selective dominance of this subunit in 

transcallosal excitatory synaptic connectivity [28]. However, care is needed here in 

distinguishing cause and effect, given that NR2A expression levels are highly dependent on 

prior sensory experience and early life stress [81].

Concluding Remarks

Evidence for specific, brain-wide disruptions in individual network oscillation frequencies is 

not robust in patients with schizophrenia. This perhaps is not surprising given that the same 

frequency of oscillation may arise through different combinations of mechanisms in 

different brain regions. Furthermore, individual oscillations are differentially interrelated in 

different brain regions. Therefore, attempting to uncover an electrophysiological signature 

for network oscillation as solid as, for example, basic mismatch negativity deficits, may 

appear a thankless task (see Outstanding Questions). However, by considering the 

underlying mechanisms and inter-relationships of just three cardinal rhythms (gamma, theta, 

and delta), and their role in coordinating activity within and between neocortex, thalamus, 

and hippocampus, some progress can perhaps be made. Using this focus, the altered 

temporal communication of DMN activity and the enhanced strength and persistence of its 

functional connectivity to hippocampus can be seen as a putative substrate for linking 
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cognitive deficits with dysfunction of network rhythms and, ultimately, with primary 

pathology.

Finally, differences in the dominance of the DMN, particularly in the degree of coupling to 

hippocampus and medial temporal cortex, are seen in healthy individuals correlated with 

aspects of mind-wandering termed ‘mental time travel’ (MTT [82]). Mind wandering is 

defined as a disconnect between brain function causally related to current external sensory 

input in favour of recall of episodic and semantic memories. The DMN is active in this 

mental state, serving as a hub for wider cortical networks involving temporal cortical 

structures, including hippocampus. From this, it is tempting to suggest that mechanisms 

underlying the well-documented deficits in cognitive task performance involving working 

memory in schizophrenia are also, in part, responsible for the more numinous aspects of 

disordered thought that more specifically characterise this syndrome.
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Trends

Evidence for a brain-wide, syndrome-wide deficit in higher frequency [particularly 

gamma (30–80 Hz)] network oscillations in schizophrenia is equivocal.

Evidence for changes in lower frequency (delta/theta) network oscillations is stronger, but 

also plagued by inconsistencies.

Different oscillations are generated by different underlying mechanisms in different brain 

areas and can even emerge through different mechanisms in the same brain area.

Region-specific differences in the interdependence of, and dynamic relationship between, 

different frequency bands complicate interpretation of non-invasive recordings in 

schizophrenia.

The variability in clinical electrophysiological findings likely represents a move away 

from spatiotemporally balanced network oscillations to a state where bias exists through 

regional deficits (e.g., for delta rhythms in neocortex) and enhancements (e.g., delta 

rhythms in thalamic nuclei).
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Box 1

Local Network Oscillations Control Larger-Scale Regional Interactions via 
Multiple Dynamic Mechanisms

Networks oscillating at approximately the same frequency can communicate through 

coherence (Figure I), iteratively altering their excitability (probability of outputs) with 

finite phase relationships [86], with these phase relationships determining the timing of 

pre- and postsynaptic events upon which changes in synaptic weight critically depend 

[87]. A ‘special case’ in the coherence state is when all active networks align their phases 

precisely. This synchronous state among co-active networks provides a strong, collective 

input to common down-stream regions that is amplified by inherent properties of synaptic 

transmission in cortex [88]. Regional interactions between locally generated oscillations 

may also subserve more complex communication strategies: for inhibition-based rhythms 

(e.g., the gamma rhythm), competition between interconnected networks is potent, with 

faster frequencies of activity effectively silencing slower partners [89], while the 

generation of a local network oscillation provides a form of resonance filter allowing 

selection of the most coherent inputs [90]. An extension of these phenomena is seen in 

selective ‘routing’ of connectivity, whereby only those downstream network targets 

sharing the source frequency establish functional connectivity [91]. Finally, single, modal 

frequencies are rarely seen in cortex. The coexistence of multiple frequencies of 

oscillation provides a means of multiplexing information within single networks and, 

thus, allowing multiple, different functionally connected, large-scale networks to exist 

concurrently.
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Outstanding Questions

Given the large number of genetic mutations associated with symptoms of schizophrenia, 

it is unlikely that a single locus for pathology exists at the cellular or synaptic level. 

However, how complex a substrate do we have to consider? Or does this syndrome 

represent genuinely ‘brain-wide’ aberrant function?

Many of the cognitive deficits seen in patients can be directly related to altered 

spatiotemporal activity patterns, but are not exclusively associated with the syndrome, 

nor are they particularly labile to effective antipsychotic drug therapies. Is a focus on 

readily quantifiable primary sensory and memory dysfunction then likely to tell us 

anything useful about specific pathology at the neural dynamics level?

Dynamic connectivity motifs associated with altered affect, and deranged ‘theory of 

mind’ aspects of the syndrome may provide a more specific means to understand the link 

between molecular disease processes and symptoms more directly related to 

schizophrenia. However, do we have the tools to study this? Many brain regions involved 

are ‘deep’ and, thus, while amenable to MRI techniques, are hard to access in terms of 

spatiotemporal data sets using current non-invasive electrophysiological techniques.

A better understanding is needed of the relationship between EEG-frequency neuronal 

network oscillations and fMRI measures of activity. Is a more direct association between 

region-specific, cortical lamina-specific brain rhythms and accompanying BOLD signals 

in multiple neuromodulatory states likely quantifiable in the near future?
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Figure 1. Gamma Frequency Oscillations Respond to Reduced NMDA Receptor-Mediated 
Excitation Differently Depending on Brain Region and Mechanisms of Generation
Data from in vitro experiments using isolated slices of individual cortical regions (indicated 

by the circles in the top panel). Gamma oscillations were evoked by either kainate (gluR-

driven gamma) or carbachol (AchR-driven gamma) except in perirhinal and medial or 

‘ormital’ = orbitalital cortices, where neither excitation-generated gamma rhythms occurred 

(red circles). Data show the power of local field potential gamma rhythms in the presence of 

ketamine relative to control gamma power. Note the overt regional differences in the effect 

of ketamine in each condition and the contrasting effects of ketamine in auditory cortex 

depending on the method of gamma rhythm generation. Adapted from [83].
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Figure 2. Gamma, Theta and Delta Rhythms Nest Robustly in Local Circuits of Neocortex but 
Are Mutually Exclusive in Thalamocortical Neurons
(A) Example thalamocortical neuronal recordings under different neuromodulatory 

conditions and levels of excitation. Delta rhythms are generated by thalamocortical cells in 

the absence of cholinergic neuromodulation. Theta rhythms occur under the influence of 

metabotropic glutamate or acetylcholine receptor activation. Fast rhythmic bursting (FRB) at 

gamma frequencies arises from these neurons under conditions of reduced BK channel 

activity in a similar manner to FRB activity underlying persistent gamma rhythms in 

neocortex [84]. (B) Example neuronal recordings during spontaneous delta rhythms in 
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neocortical slices under dopamine receptor blockade. In these conditions, delta rhythms arise 

from deep layer (5a) intrinsically bursting neurons (dIB). By contrast, deep layer regular-

spiking neurons (dRS) generate packets of theta frequency output temporally aligned 

(nested) with the dIB cell bursts. dRS neuron theta frequency outputs generate theta 

frequency and compound excitatory postsynaptic currents (EPSPs) in superficial fast-spiking 

neurons (sFS), leading to bursts of gamma-frequency output. (C) The coexistence of gamma, 

theta, and delta rhythms seen in vitro (B) is also commonly seen in invasive recordings from 

awake, behaving non-human primates. Reproduced, with permission, from [7,44] (A) and 

[46] (B). Adapted, with permission, from [92] (C).
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Figure 3. Gamma and Theta Rhythms Nest Robustly in Hippocampus
(A) In vitro recordings from neurons in rodent hippocampal area CA1 during 

pharmacologically induced theta rhythms. Note epochs of loosely timed gamma frequency 

spikes from fast-spiking (FS) interneurons (perisomatic-targeting interneurons) precede 

spikes on oriens lacunosum moleculare (OLM) interneurons (dendrite-targeting 

interneurons) and pyramidal cells. Individual intracellular recordings are shown time-locked 

to the filtered local field potential (LFP) theta rhythm (lower panel). (B) In vivo recordings 

in awake behaving rats during a spatial learning task showing distinct theta-nested gamma 

oscillations in two distinct frequency bands. Raw LFP data and a spectrogram are shown 

relative to the theta-filtered LFP average. Reproduced, with permission, from [54] (A) and 

[58] (B).
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Figure 4. Frequency Mismatches in Core Default Mode Network (DMN) Regions and Related 
Sub- and Temporal Cortical Areas May Disrupt Internal Memory Recall/’Mental Time Travel’ 
Networks
(A) Cartoon suggesting the core large-scale dynamic connectivity pathways and the relative 

contributions of locally generated delta (1–4 Hz, red lines), theta (5–8 Hz, green lines), and 

gamma (30–80 Hz, blue lines) rhythms to their functional interactions. The main neocortical 

regions of note form the core anterior and posterior components of the DMN (bilaterally 

represented), coupled predominantly with delta rhythms (see main text). In addition, the 

connectivity of these nodes with archi- and periallocortical areas (hippocampus and 
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entorhinal cortex), and relevant thalamic nuclei (anterior and midline) is shown. Note the 

overall balance between gamma/theta-mediated interactions and the dominance of ipsilateral 

cortico-cortical delta-mediated interactions. (B) Cartoon summarising the precedented 

functional connectivity changes and local network oscillation changes in the network 

summarised in (A). Note the overall deficit in direct cortico-cortical interaction frequencies 

in favour of indirect interactions mediated by excessive thalamic delta rhythm generation. 

Interhemispheric interactions are shown losing their faster frequency components in line 

with the deficits in NR2A receptors in schizophrenia, the higher temporal precision and 

selective role of this subunit in inter- versus intrahemispheric connectivity [28], and the 

observation of interhemispheric delta phase-modulated coupling during hallucinations [85]. 

Reported changes in primary sensory and attentional network are not illustrated here for 

clarity and brevity. Abbreviations: ERC, entorhinal cortex; Hipp, hippocampus; PFC, 

prefrontal cortex (cPFC, contralateral); Par/PCC, parietal cortex/posterior cingulate cortex 

(cPAR/PCC, contralateral); Thal, thalamus.
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Figure I. 
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