Manuscript Details
Manuscript number

NEUBIOREV_2018_653_R1

Title

Extrinsic and default mode networks in psychiatric conditions: Relationship to
excitatory-inhibitory transmitter balance and early trauma.

Article type

Review Article

Abstract
Over the last three decades there has been an accumulation of Magnetic Resonance Imaging (MRI) studies reporting
that aberrant functional networks may underlie cognitive deficits and other symptoms across a range of psychiatric
diagnoses. The use of pharmacological MRI and 1H-Magnetic Resonance Spectroscopy (1H-MRS) has allowed
researchers to investigate how changes in network dynamics are related to perturbed excitatory and inhibitory
neurotransmission in individuals with psychiatric conditions. More recently, changes in functional network dynamics
and excitatory/inhibitory (E/I) neurotransmission have been linked to early childhood trauma, a major antecedents for
psychiatric illness in adulthood. Here we review studies investigating whether perturbed network dynamics seen
across psychiatric conditions are related to changes in E/I neurotransmission, and whether such changes could be
linked to childhood trauma.
Keywords

Keywords: Psychiatric disorders, Schizophrenia, Anxiety, Trauma, fMRI, Cortical
Networks, Connectivity, Excitatory transmitters, Inhibitory transmitters

Corresponding Author

Paul Allen

Corresponding Author's
Institution

University of Roehampton

Order of Authors

Paul Allen, Iris Sommer, Renaud Jardri, Michael Eysenck, Kenneth Hugdahl

Suggested reviewers

Jason Moser, Ulrich Ettinger, Stefan Borgwardt, Simon McCarthy-Jones,
Matthijs Bossong

Submission Files Included in this PDF
File Name [File Type]
R1_cover_letter.docx [Cover Letter]
Rebuttal_Letter_300119.docx [Response to Reviewers]
Allen_et_al_Highlights.docx [Highlights]
ABSTRACT.docx [Abstract]
ALLEN_et_al_NBR_Jan2019_r1.b.docx [Manuscript File]
Table 1 _MRS-fMRI studies .docx [Table]
To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE
Homepage, then click 'Download zip file'.

Research Data Related to this Submission
There are no linked research data sets for this submission. The following reason is given:
No data was used for the research described in the article

30th January 2019
Dear Dr. Easton,
Please find attached our revised manuscript “Extrinsic and default mode networks in
psychiatric conditions: Relationship to excitatory-inhibitory transmitter balance and early
trauma”. We thank you for inviting us to resubmit our manuscript with minor revisions.
These are outlined in the Rebuttal Letter attached to the resubmission. We hope these
revisions are satisfactory and we look forward to hearing from you soon.

Yours sincerely,

Paul Allen BSc MSc PhD FHEA
Professor of Cognitive Neuroscience and Director of Cognition, Neuroscience and
Neuroimaging Lab
Department of Psychology, University of Roehampton, London, UK
Visiting Professor, Institute of Psychiatry, Psychology and Neuroscience, King's College
London
Paul.allen@roehampton.ac.uk

www.kcl.ac.uk

RE: Revision requested for NEUBIOREV_2018_653

Dear Dr Easton,
We would first like to thank you for inviting us to resubmit our manuscript to NBR. We have
addressed each of the reviewers’ comments below and amended the manuscript accordingly.
Changes to the manuscript have been highlighted in the revised version attached. We hope
that these amendments are satisfactory and we look forward to hearing from you shortly.
Yours sincerely,
Paul Allen

Reviewer 1:
"Unless there is a compelling reason why a systematic review can't be done, I would strongly
recommend to use systematic review methods and to organise the review accordingly."
Response: We understand the concerns the Reviewer may have regarding a systematic
review. However, as stated in the Introduction (Page 5), the aim of the paper was to conduct a
"selective review" with the goal of developing a framework in which to advance a hypothesis
of cortical network interaction, and corresponding neurotransmitter interaction and
imbalances, as a mechanistic model for the understanding of mental disorders. This has been
clarified in an amendment on page 5.
By conducting this selective review we aim to advance a hypothesis of cortical network
interaction, and corresponding neurotransmitter interaction and imbalances due to childhood
trauma as a mechanistic model for cognitive dysfunction across psychiatric disorders.
Thus, a systematic review was never intended, and would go beyond the scope of the
submitted work. Importantly, it could also be argued that providing a systematic review at this
stage of the development of this new research field may be premature, because of very few
studies, which may lead to misleading conclusions, such that this should perhaps wait until
more empirical work has been conducted.
"Tables presenting details of the discussed studies would help the reader to get a brief
overview."
Response: We thank the reviewer for suggesting adding a table, summarising the results of
some of the studies. As explained previously, there is currently a lack of empirical work
pertaining to our primary hypothesis. However, there is an emerging empirical literature
reporting multimodal 1H-MRS-fMRI studies in psychiatric and psychiatric risk populations
(note: a systematic review of multimodal 1H-MRS-fMRI in non-psychiatric population is
provided by Duncan, et al. 2014). Thus we have added Table 1 to the manuscript which lists a
number of multimodal 1H-MRS-fMRI studies in psychiatric populations. We refer to this new
table in an amendment on Page 19

A systematic review of 1H-MRS-fMRI multimodal imaging studies reporting effects of
glutamate and GABA on network activation is provided by Duncan and colleagues (Duncan,
et al. 2014). 1H-MRS-fMRI multimodal imaging studies in psychiatric and psychiatric risk
populations are listed in Table 1.
Reviewer 2:
"Among 142 reviewed sources only 3 publication are really recent, i.e. published in 2018.
Taking into account a key importance of MRI/MRS in investigation of human brain, and
accelerating rate of methodological development and, I believe it is absolutely necessary to
extend/update the review with analysis of very recent publications."
Response: We have updated the review with 10 new references. These new references report
on MR/MRS and brain metabolites, fMRI or network interactions studies from 2018 and
2019. Newly added references are highlighted in the references section of the manuscript and
example of where new citations have been added to the main text is below (page 20). From
the very recent general review on MR/MRS by Dwyer et al. (ePub Dec 2018), these
references are the most recent studies available, as we can see from the literature. This is a
new and emerging field of research where many already published studies are not to be
expected.
These findings provide further support for E/I neurotransmitter imbalance in MDD and
schizophrenia, supported by more recent studies which all report aberrant metabolite levels
in schizophrenia and psychosis (Dwyer, et al. 2018; Jelen, et al. 2018; Psomiades, et al.
2018; Reid, et al. 2019; Kim, et al. 2018; Singh, et al. 2018). However, currently there is no
evidence for differences in GABA levels between healthy controls and patients with bipolar or
anxiety disorders (Schur, et al. 2016).

Minor:
1. Abstract: Currently abstract rather focused on general importance of MRI for study of
psychotic disorders, and on perspectives, which further methodological improvement
(MRS) provides. I would suggest to include at the end of the abstract a few sentences
which would summarize the authors’ opinion regarding current knowledge in the
field, which is, to my belief, a main goal of each review.
Response: We agree with the reviewer that the abstract could be improved in this way and
have amended the manuscript on Page 3.
"Whilst there is currently a paucity of studies relating early traumatic experiences to altered
E/I balance and network function, the research discussed here lead towards a plausible
mechanistic hypothesis, linking early traumatic experiences to cognitive dysfunction and
symptoms mediated by E/I neurotransmitter imbalances."
The formal style of the text is especially important for such type of scientific work as a review.
Thus, few imperfectness in the text must be improved:
a. Please take care that all abbreviations are described when used 1st time in the text: For

example, page 18 – BOLD; page 20 – glx; page 22 – SCZ.
b. Please take care that titles of all compounds are written in the same style: For example,
“ketamine” on page 19 is written with small “k”, however on page 20 with capital “K”.
c. Please make sure that all citations of original articles are made in the same style. For
example, on page 33 articles of Hugdahl, Raichle et. all, and Hugdahl & Sommer are cited
without providing the publication year.
Response: We thank the reviewer for drawing attention to these typographical errors. We
have specifically corrected the errors listed above and others that were noticed after thorough
proofreading.

Highlights:
•

Interaction between Extrinsic and Default Mode Networks are perturbed
in psychiatric conditions

•

Perturbed network interactions underlie cognitive deficits and
psychiatric symptoms

•

Perturbed network interactions related to excitatory/inhibitory
neurotransmitter imbalances

•

Childhood trauma can affect excitatory/inhibitory neurotransmitter
imbalances

ABSTRACT
Over the last three decades there has been an accumulation of Magnetic Resonance
Imaging (MRI) studies reporting that aberrant functional networks may underlie
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to perturbed excitatory and inhibitory neurotransmission in individuals with
psychiatric conditions. More recently, changes in functional network dynamics and
excitatory/inhibitory (E/I) neurotransmission have been linked to early childhood
trauma, a major antecedents for psychiatric illness in adulthood. Here we review
studies investigating whether perturbed network dynamics seen across psychiatric
conditions are related to changes in E/I neurotransmission, and whether such changes
could be linked to childhood trauma. Whilst there is currently a paucity of studies
relating early traumatic experiences to altered E/I balance and network function, the
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ABSTRACT
Over the last three decades there has been an accumulation of Magnetic Resonance
Imaging (MRI) studies reporting that aberrant functional networks may underlie
cognitive deficits and other symptoms across a range of psychiatric diagnoses. The
use of pharmacological MRI and 1H-Magnetic Resonance Spectroscopy (1H-MRS)
has allowed researchers to investigate how changes in network dynamics are related
to perturbed excitatory and inhibitory neurotransmission in individuals with
psychiatric conditions. More recently, changes in functional network dynamics and
excitatory/inhibitory (E/I) neurotransmission have been linked to early childhood
trauma, a major antecedents for psychiatric illness in adulthood. Here we review
studies investigating whether perturbed network dynamics seen across psychiatric
conditions are related to changes in E/I neurotransmission, and whether such changes
could be linked to childhood trauma. Whilst there is currently a paucity of studies
relating early traumatic experiences to altered E/I balance and network function, the
research discussed here lead towards a plausible mechanistic hypothesis, linking early
traumatic experiences to cognitive dysfunction and symptoms mediated by E/I
neurotransmitter imbalances.

Keywords: Psychiatric disorders, Schizophrenia, Anxiety, Trauma, fMRI, Cortical
Networks, Connectivity, Excitatory transmitters, Inhibitory transmitters
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1. Introduction
Mental health disorders make up thirty-five per cent of non-communicable diseases
and overall account for 12.3% of the total global burden of disease and this figure is
expected to rise to 15% by the year 2020 (World Health Forum 2011). In England
(the home country of the lead author) approximately one in six adults is already
affected by a psychiatric illness (Weich, et al. 2016). Given these statistics, there is
clearly a pressing need for scientists and clinicians to improve understanding of
mental illness, the underlying neurobiological mechanisms and how these are affected
by environmental factors such early trauma. Critically, one of the most important
research findings of the last decade is that psychiatric diagnoses should not be viewed
as entirely separate entities, but rather as different points on a spectrum. This is
because many risk factors, including childhood trauma and prolonged stress are
shared across common psychiatric illnesses (Paus, et al. 2008). Similarly, symptom
complexes, such as cognitive dysfunction and emotional dysregulation are also seen
across several disorders. There is also a large overlap in risk genes for major
psychiatric disorders (Psychiatric genome-wide association study 2015).
Functional neuroimaging, in particular functional magnetic resonance imaging (fMRI),
has been used for several decades and has helped to shed light on the workings of the
most complex organ known to humankind: the human brain. Moreover, functional
neuroimaging, in combination with cognitive and pharmacological science, has been
an important vehicle for the development of mechanistic models of psychiatric illness
(Cuthbert and Insel 2013; Badcock and Hugdahl 2014). As we have learnt more about
the functioning of the human brain, neuroscientists have developed a systems
approach by grouping human brain regions into functional networks (Power, et al.
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2011).

There is increasing evidence that dysfunction within and between these

functional networks is associated with psychopathology, particularly cognitive
impairments that are seen across a range of psychiatric diagnoses (i.e. schizophrenia,
anxiety and affective disorders; (Anticevic, et al. 2012; Skudlarski, et al. 2010;
Sylvester, et al. 2012). Here, we will first discuss evidence that network dysfunction
and imbalance are seen across a range of psychiatric diagnoses and in particular, may
be related to cognitive impairments that are common in psychiatric conditions. This
selective review will then consider if functional network imbalance is a consequence
of altered excitatory and inhibitory (E/I) neurotransmission (governed by glutamate
and gamma-aminobutyric acid (GABA)), and how E/I imbalances (Jardri, et al. 2016)
could result from early life trauma, a factors known to strongly predict adult
psychiatric illness (Paus, et al. 2008). By conducting this selective review we aim to
advance a hypothesis of cortical network interaction, and corresponding
neurotransmitter interaction and imbalances due to childhood trauma as a mechanistic
model for cognitive dysfunction across psychiatric disorders.
2. Networks in the brain
Functional networks are collections of brain regions in which activity tends to
increase or decrease together, both at rest and during cognitive tasks (Sylvester, et al.
2012). Activity in each of these different functional networks is believed to
implement unique aspects of human cognition. These networks are typically defined
by functional connectivity (i.e. activation correlations) at rest and/or during
cognitively demanding tasks (Sylvester, et al. 2012; Fox, et al. 2005). Moreover,
activity in some functional networks is believed to be anti-correlated, meaning that as
activity in one network increases in response to a particular behavioural demand,
activity in another network may be down-regulated (Fox, et al. 2005). Functional
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networks in humans include, but are not limited to, the cingulo-opercular network,
fronto-parietal network or dorsal attentional network, ventral attentional network,
default mode network, sensorimotor, visual and auditory networks (Sylvester, et al.
2012; Li, et al. 2018; Mills, et al. 2018; Mitra and Raichle 2018). In this review we
will focus largely on activity and interactions between two functional networks. A
task-dependent network that supports cognitively demanding tasks, often referred to
as the fronto-parietal network, executive or extrinsic mode network (Hugdahl, et al.
2015). The second network is the Default Mode Network, which is usually upregulated during periods of task absence (Fox, et al. 2005).

2.1 The Extrinsic Mode Network (EMN)
The EMN is conceptually similar to the multiple demand system (Duncan and Owen
2000), the fronto-parietal network (Dosenbach, et al. 2007), task-related/control
network (Corbetta, et al. 2008). Similar to these networks, the EMN includes bilateral
anterior portions of the dorsolateral prefrontal cortex (DLPFC) and the bilateral
inferior parietal lobule. The EMN is usually implicated in top-down attentional
control during cognitively demanding tasks and is similar in spatial anatomy to the
dorsal attention and cognitive control networks (Corbetta, et al. 2008; Hugdahl, et al.
2015). Importantly, EMN activation is seen during different cognitive functions and
tasks used across a range of studies e.g. spatial working memory, verbal working
memory, response inhibition, Stroop colour–words task, arithmetic task and oddball
detection tasks. All of these tasks activate a similar network of regions with a frontoparietal cortical distribution. Hugdahl et al. (2015) performed a conjunction analysis
across functional MRI data related to these tasks and revealed a common network
including the bilateral prefrontal cortex, the left inferior parietal lobe, angular gyrus,
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middle occipital gyrus, anterior cingulate gyrus and

supplementary motor area,

caudate nucleus, and the right inferior temporal gyrus, thalamus, precuneus and
hippocampus. This network was labelled the Extrinsic Mode Network (EMN).
Despite the commonality of this spatial network across tasks, the only obvious
commonality across the cognitive tasks used was that they all required allocation of
extrinsic intellectual capacity. Hugdahl, et al. (2015) suggest the EMN as an umbrella
term for networks that share a common activation pattern, and which are up-regulated
during task processing independently of the specific cognitive task structure. The
EMN is hypothesized as a dynamic network that may show individual differences in
core EMN regions between individuals to the same tasks, depending on the amount of
previous experiences with the task. The EMN is therefore a marker of the brain’s
extrinsic activity and is not simply responding to increased task difficulty, as this
would be task-specific, while the EMN is task non-specific.

Figure 1. The figure shows probability maps for significant activation and
deactivation across studies reported in Hugdahl et al. 2015 i.e. Extrinsic Mode
Network (EMN) in red/orange and Default Mode Network (DMN) in blue.
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2.2 The Default Mode Network (DMN)
Resting-state fMRI studies have allowed researchers to characterize the large-scale
organization of neural networks via the analysis of temporally correlated BOLDsignal (Biswal, et al. 1995). In the absence of any external stimuli or instruction, the
brain has been shown to have a unique activation pattern (Raichle 2015; Shulman, et
al. 1997; Raichle et al. 2001). This resting activation has been termed the Default
Mode Network (DMN) and includes parts of the subgenual anterior cingulate cortex,
posterior cingulate cortex, the precuneus, lateral parietal cortex, medial prefrontal
cortex, inferior temporal gyrus, parahippocampal gyrus, and the frontal pole/superior
frontal cortex (Shulman, et al. 1997) (see figure 1). External stimuli or instructions
will usually drive task-specific deactivations in the DMN, which is anti-correlated
with the task related networks (Raichle 2010; 2015). Thus the term “default mode”
denotes the brain’s default, or baseline state. It is presumed that during the resting
state subjects experience an on-going state of conscious awareness largely filled with
stimulus-independent thoughts (Qin and Northoff 2011) or mind wandering (Fox, et
al. 2015). The DMN is hypothesized to perform functions such as self-referential
activities (Northoff and Bermpohl 2004), self-inspection, and emotion regulation
(Qin and Northoff 2011), the role of which diminishes during traditional cognitive
tasks (Fox, et al. 2005). Furthermore, these functions are believed to be in opposition
to externally orientated goal-directed cognition (Anticevic, et al. 2012). There is also
emerging evidence that the DMN is associated with interoception and emotional
awareness (Smith, et al. 2017; Wiebking, et al. 2011) although viscero-sensory
representation may be more associated with anterior insula and cingulate activity.
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2.3 Network interactions
A considerable body of evidence has accumulated over recent years on the function of
the DMN.

This set of functions seems to be anti-correlated with oriented goal

directed thought supported by the EMN. Here, we focus on DMN suppression and
interaction with EMN (since EMN is considered up-regulated to such extrinsic goaldirected cognitive activity) and its functional role in health and disease. Collectively,
research has shown that lower DMN activity is associated with better cognitive
performance across a range of tasks (similar to those tasks described above; see
(Anticevic, et al. 2012; Daselaar, et al. 2004), although some functional heterogeneity
is likely (Leech, et al. 2011). This finding highlights the functional relevance of DMN
suppression for goal-directed cognition, possibly by reducing ‘distracting’ goalirrelevant functions supported by the DMN (e.g. mind-wandering or self-referential
processing), and illustrates the functional significance of DMN suppression. This
activation/deactivation dichotomy which is routinely observed in response to attention
demanding tasks is also represented intrinsically in the resting human brain,
demonstrable in the absence of any overt task or behaviour i.e. spontaneous
fluctuations within a network and anti-correlations between networks (Fox, et al.
2005). Anticorrelations in these two opposing networks provide a context in which to
understand brain function and suggest that both task-driven neuronal responses and
behaviour are reflections of dynamic processes and organization in the brain
(Sylvester, et al. 2012; Hugdahl, et al. 2015). Such states of network interaction are
likely to be important for emotion and cognitive regulation (Anticevic, et al. 2012).
Furthermore, group differences in the capacity to suppress the DMN may also be
meaningful. For example, older adults exhibit deficits in filtering external distraction
(Gazzaley, et al. 2008; Gazzaley and D'Esposito 2007) and less ability to suppress the
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DMN during cognitive tasks (Buckner, et al. 2008). The ability to suppress DMN
activation may be related to cognitive control ability (Leech, et al. 2011) and there is
evidence that personality dimensions such as trait anxiety and worry may influence
DMN connectivity (Forster, et al. 2015). Moreover, altered EMN/DMN interactions
are also observed in psychiatric conditions.

3. Psychopathology and network dynamics
Several decades of brain imaging studies in psychiatric populations have produced an
enormous body of work that reports a myriad of functional and anatomical brain
alterations associated with a range of psychiatric disorders. Whilst neuroimaging
studies in psychiatric populations have attempted to establish diagnosis- specific brain
alterations e.g. hypofrontality in schizophrenia (Weinberger, et al. 1986) a recent
meta-analysis of over 500 functional brain imaging studies across several diagnoses
found that whole brain studies were not able to identify specific functional effects of
diagnosis (Sprooten, et al. 2017) a finding that supports the new dogma that
psychiatric diagnoses are not entirely separate entities. Indeed, given that varying
degrees of cognitive impairment and emotional dysregulation are common across
psychiatric disorders, it is likely that common pathophysiological elements exist.
Dysfunction in limbic, hippocampal and prefrontal circuits may be a common and
overlapping substrate of psychiatric pathophysiology (Godsil, et al. 2013).
Accordingly, volumetric alterations in these circuits have been reported across a range
of psychiatric diagnoses in patients with high levels of childhood trauma (Paquola, et
al. 2016), suggesting that anatomical changes in these regions are at least partly
related to a common antecedent to psychiatric diagnoses, rather than to the diagnoses
themselves. Functionally, brain network connections and hubs have been shown to be
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abnormal across many brain disorders (Crossley, et al. 2013) implicating network
dysfunction as a common feature associated with psychopathology. Collectively,
there appears to be mounting evidence that several psychiatric conditions have
overlapping neural phenotypes, suggestive of common deficits at a systems level;
these common pathophysiological features may manifest in brain network dysfunction
and altered network interactions. It is well established that altered neural activation in
DMN is associated with psychiatric conditions, and that reduced DMN suppression
may represent a mechanism whereby cognitive deficits and symptoms are induced or
exacerbated in psychiatric illnesses (Anticevic, et al. 2012; 2013). However, less is
understood about how dysfunctional network interactions are related to underlying
excitatory/inhibitory neurotransmitter function, which is also known to be altered
across a range of psychiatric illnesses (Marin 2012). Here we will review evidence of
network dysfunction across common psychiatric disorders i.e. schizophrenia, anxiety
and Major Depressive Disorder.

3.1 Schizophrenia
Schizophrenia is a severe and debilitating mental illness characterized by psychotic
symptoms (hallucinations and delusions), negative symptoms and wide-ranging
cognitive deficits (Green 1998). In particular, impaired executive functioning (i.e.
inhibition, updating and set-shifting) is most widely observed in patients with
schizophrenia and is consistently associated with impaired function of the prefrontal
cortex e.g. (Weinberger, et al. 1986). Minzenberg and colleagues (Minzenberg, et al.
2009) examined if a ‘cognitive control network’ (analogous to the EMN) exhibited
alerted activity across functional neuroimaging studies of executive cognition in
schizophrenia (i.e. working memory, attention and interference tasks). Healthy
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controls and schizophrenia patients activated a similar network including the DLPFC,
ventrolateral prefrontal cortex, anterior cingulate cortex, and thalamus. However,
patients showed reduced activation in this cognitive control network and significantly,
increased activation was observed in midline cortical areas; regions within the DMN.
These findings are consistent with the view that executive function deficits in
schizophrenia may be associated with aberrant DMN activation (lack of suppression
during demanding tasks) in schizophrenia e.g. (Nygard, et al. 2012; Razavi, et al.
2013) and with altered network dynamics between cognitive control and default mode
networks. Hugdahl and colleagues (Hugdahl, et al. 2009a; Hugdahl, et al. 2009b)
suggest that the cognitive impairment and hypo-activation seen in schizophrenia
patients when exposed to challenging cognitive tasks could be caused by failure of
interactive regulation between the DMN and EMN networks, rather than a deficit with
regard to a specific brain region. In other words, in order for any goal-directed
activity to be up-regulated, default mode activity has to be correspondingly
suppressed or down-regulated, and that schizophrenia patients show increased
sustained activation in the posterior parts of the DMN during tasks (Kindler, et al.
2015).

Altered network dynamics have also been associated with specific psychotic
symptoms. Northoff and Qin (2011) propose that hallucinations in schizophrenia may
be caused by aberrant resting state activity in the DMN and in the auditory cortex,
possibly explaining the often self-reflective nature of auditory hallucinations.
Neuroimaging studies have reported altered DMN activity and connectivity in
schizophrenia patients with hallucinations. A study by Jardri and colleagues (Jardri, et
al. 2013) used fMRI to ‘capture’ neural activity during hallucinations in adolescents
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with a brief psychotic disorder. Whilst, primary-sensory-cortex activity was shown to
be associated with increased vividness of the hallucinatory experiences,
disengagement of the DMN was concomitant with hallucinations. Leroy and
colleagues (Leroy, et al. 2017) have recently replicated this finding and also report
spatial and temporal instabilities of the DMN correlated with the severity of
hallucinations. These results suggest that hallucinatory experiences emerge from a
spontaneous DMN withdrawal. Furthermore, Lefebvre and colleagues (Lefebvre, et al.
2016) report that ignition and extinction of the hallucinatory experiences are
associated with different interactions within resting-state networks: notably that
ignition is associated with fluctuations of the hippocampal complex that may trigger
the DMN withdrawal, and that the end of the experience is associated with a ‘takeover’ of the EMN regions (over the DMN). Such findings may be compatible with the
view that a failure of inhibition and attentional focus, mediated via top-down control,
contribute to the hallucinatory experience (Waters, et al. 2012) i.e. hallucinations
accompany hyper activation in sensory region that is not inhibited, due to impaired
prefrontal function. Although speculative, it is possible that increased activity in
prefrontal region during cessation of hallucinations is a consequence of restored
EMN/DMN balance. However, it should be noted that Lefort-Besnard and colleagues
(Lefort-Besnard, et al. 2018) report in a large cohort of patients with schizophrenia
(using data-derived network atlases and multivariate pattern-learning algorithms) that
the DMN was not the primary driver of brain dysfunction in schizophrenia. Instead,
functional and structural aberrations were frequently located outside of the DMN.
3.2 Anxiety, trait anxiety and affective disorders
Anxiety disorders defined by excess worry, hyperarousal and debilitating fear are
some of the most common psychiatric conditions in the world and have an estimated
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lifetime prevalence of 14.3% (Kessler, et al. 2005). Furthermore, trait anxiety is part
of the ‘normally distributed’ personality dimension of neuroticism and describes
proneness to negative emotions, especially fears, worries and anxiety (Berggren and
Derakshan 2013a, 2013b). The effects of anxiety and trait anxiety on cognitive
performance have long been recognised (Berggren and Derakshan 2013a, 2013b).
Neurocognitive models have focused on how anxiety can affect cognitive control and
how this effect is mediated by brain mechanisms (Braver 2012; Eysenck, et al. 2007;
Forster, et al. 2015; Sylvester, et al. 2012). There is considerable evidence from
neuroimaging studies that anxiety affects (usually increases) task-related activity in
fronto-parietal and cingulo-opercular networks (Basten, et al. 2012; Basten, et al.
2011; Sylvester, et al. 2012). Precisely how activity in these networks is effected by
anxiety may depend on the demands of the task being undertaken however (Berggren
and Derakshan 2013a, 2013b), i.e., tasks requiring executive control may lead to
inefficient neural processing and/or the need for increased compensatory activation in
people with high levels of anxiety (Eysenck, et al. 2007). Moreover, experimental
work has shown that anxious individuals exhibit more mind wandering than lowanxious individuals during cognitive tasks (Robison, et al. 2017). Recently, studies
have begun to investigate how anxiety affects resting state activity in the DMN us
fMRI. There is evidence that worry, a cognitive component of trait anxiety (Gros, et
al. 2007), and mind wandering both involve the DMN (Fox, et al. 2015), and that
anxiety and worry are associated with increased DMN activation (Servaas, et al.
2014). Gentili and colleague (Gentili, et al. 2015) found DMN activity was correlated
positively with social anxiety and Maresh and colleagues (Maresh, et al. 2014) found
higher levels of social anxiety were positively associated with DMN activity during
task performance. In addition to these correlational studies, Pletzer and colleagues
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(Pletzer, et al. 2015) found less deactivation in DMN areas during task performance
for those high in math anxiety. However, not all brain-imaging findings are directly
compatible with the prediction of relatively increased DMN activity in people with
high trait anxiety. Fales and colleagues (Fales, et al. 2008) found increased
deactivation of DMN in high-anxious individuals during a working memory task.
Whilst the exact relationship between DMN activity and anxiety/worry is unclear, it
appears that anxiety is associated with altered activity in this network. Task-related
deactivation of DMN may depend to some extent on the type of task and its reliance
upon executive processes (Eysenck, et al. 2007). Whilst the studies oulined above
provide evidence for altered EMN and DMN activation in anxious individuals, it is
unclear how anxiety affects interactions between these networks. It has been shown,
however, that anxious individuals can maintain effective task performance when goaldirected attentional control is compromised, via increased compensatory activation in
the dorsal anterior cingulate (Braver 2012; Braver, et al. 2009).

Cognitive impairment across a range of tasks is also reported in people with
depression (see Bora, et al. 2013) and similar to studies in anxious cohorts, altered
network connectivity has also been reported in depression. Brakowski, et al. (2017)
reports that disrupted network connectivity has been found in the DMN, the central
executive network region (analogous to the EMN), and the salience network in major
depression disorder (MDD) cohorts. Both decreased and increased DMN activity and
connectivity has been reported in MDD groups (Brakowski, et al. 2017, Zhang, et al.
2016) and may be linked to negative rumination (Lemogne, et al. 2010). In particular,
a failure to suppress DMN nodes has been linked to negative internal thought rather
than cognitive impairment (Anticevic, et al. 2012). As such, rather than cognitive
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impairment in MDD being related to a primary inability to engage executive
resources, a hyperactive DMN in depression may have detrimental effects on
cognitive performance (Rose, et al. 2006) even if the primary abnormality is not with
cognitive control networks or the EMN. Pharmacological and psychological
treatments for MDD alter functional connectivity throughout multiple brain regions
notably the DMN and EMN regions (Brakowski, et al. 2017).

3.3 Intermediate summary
The research discussed above suggests that functional activation and connectivity in
the DMN is altered in schizophrenia, anxiety and depression and that altered DMN
interactions with EMN regions may impair cognition. However, differences in the
precise nature of DMN/EMN interactions in schizophrenia, anxiety and MDD may
explain the range and severity of cognitive impairments and emergence of other
symptoms seen across these different psychiatric diagnoses. For example, in people
with anxiety, altered DMN/EMN interactions may result in inefficient cognitive
control than can be ‘masked’ to some extent by compensatory processes. This is
because worry and mind wandering are associated with increased DMN activity and
connectivity that may compete for limited neural resources (Eysenck and Calvo 1992)
in EMN during cognitive tasks (Barker, et al. 2018). This may consequently affect
cognitive function, depending on the level of executive function required by the task.
Consistent with this view, Bishop (Bishop 2009) reports that DLPFC activation is
negatively associated with trait anxiety scores at low cognitive loads. However, when
greater executive control is required people with high levels of trait anxiety can
engage compensatory or reactive control networks i.e. anterior cingulate activity
(Moser, et al. 2013) that allows effective behavioural performance to be maintained,
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albeit inefficiently (Eysenck, et al. 2007). In patients with schizophrenia, however, it
is possible that compensatory mechanisms are more difficult to deploy and
consequently cognitive impairments are generally more severe than those seen in
people with anxiety. For example, in patients with schizophrenia, there is a large
literature reporting reduced engagement of the anterior cingulate cortex, a region
involved in error monitoring (Carter, et al. 2001; Palaniyappan and Liddle 2012) that
may be important for reactive cognitive control (Braver 2012).

Hence, reduced

engagement of EMN regions (particularly the DLPFC and inferior parietal cortex),
commonly reported in schizophrenia cohorts, may result in demonstrable cognitive
impairment due to a reduced capacity to engage ‘effective’ compensatory
mechanisms. In patients with depression, cognitive impairment may be due to DMN
over-activity to heightened rumination (Lemogne, et al. 2010), even in the absence of
a primary cognitive deficit (possibly akin to heightened worry in anxious people).
Whilst, the effects of DMN over-activity on EMN engagement and cognitive function
in people with depression may be similar to those in anxious cohorts, it is less clear
what, if any, compensatory neural mechanisms can be deployed by depressed patients
to maintain effective behavioural performance. Thus, whilst impaired DMN
suppression may be observed across different psychiatric diagnoses, the net effects on
cognition would depend on the precise nature of the DMN’s interaction with other
brain networks, particularly EMN regions. One study has explicitly examined
transdiagnostic changes in resting state (DMN and EMN regions) functional
connectivity in patients with schizophrenia and depression. Schilbach and colleagues
(Schilbach, et al. 2015) report common dysconnectivity patterns as indexed by a
significant reduction of functional connectivity between precuneus (a DMN region)
and bilateral superior parietal lobe (an EMN region) in schizophrenia and depression.
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However,

diagnosis-specific

connectivity

reductions

schizophrenia are seen relative to depression.

of

the

operculum

in

Given the operculum's role in

somatosensory integration, diagnosis-specific connectivity reductions may indicate a
pathophysiological mechanism for basic self-disturbances that are characteristic of
schizophrenia, but not depression (Schilbach, et al. 2015).

4. Network interactions and excitatory/inhibitory neurotransmitter balance
As outlined earlier, there exists an anti-correlated relationship in networks involved in
extrinsic cognitive control, and internally focused processes (Fox, et al. 2005; Raichle
2015), a relationship that is perturbed in psychiatric conditions (Anticevic, et al.
2012; Jardri, et al. 2013; Sylvestor, et al. 2012; Brakowski, et al. 2017). Dynamic
relationships between these networks are likely mediated at a synaptic level by
excitatory/inhibitor neurotransmission (Hugdahl and Sommer 2018). An important
question therefore is ‘how underlying neurotransmitter mechanisms modulate regions
within major brain networks such as the DMN and EMN’? The brain’s main
excitatory and inhibitory neurotransmitters, glutamate and gamma-Aminobutyric acid
(GABA) respectively, are important for maintaining a precise excitatory-to-inhibitory
(E/I) balance within the brain (Deneve and Machens 2016), which is particularly
important for the maintenance of stable network dynamics (Carcea and Froemke
2013). Changes in neuronal activation at network levels, must have a corresponding
change at the receptor and neurotransmitter level that causes the neurons to alter their
firing rate (see Hugdahl and Sommer 2018 for discussion). Computationally it has
been showed that disruption of E/I balance in favour of excitation causes aberrant
inferences in hierarchical networks (Jardri and Deneve 2013); for example the
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amplification of feed-forward messages correlates with hallucinations and delusions
severity in schizophrenia patients (Jardri, et al. 2018).
It has been proposed that the reciprocal relationship between networks such as the
EMN and DMN is mediated via ‘net inhibitory long-range projections’ and that local
disinhibition renders DMN hyperactive and less sensitive to long-range suppression
(Anticevic, et al. 2015; Hayden, et al. 2009) potentially disrupting EMN/DMN
interactions. The increasing use of 1H-MRS together with Blood Oxygen Level
Dependent (BOLD)-fMRI measures allows for quantification of levels of brain
glutamate and GABA, and how they relate to activity in cortical and subcortical
networks. A seminal study using 1H-MRS and functional MRI by Falkenberg and
colleagues (Falkenberg, et al. 2012) report that resting glutamate levels in the dorsal
ACC (a key hub in cognitive control networks) predicts the strength of the functional
activity during a cognitive control task. This relationship was observed in the
retrosplenial cortex, the orbitofrontal cortex, the inferior parietal lobe, all regions
within the DMN. A systematic review of 1H-MRS-fMRI multimodal imaging studies
reporting effects of glutamate and GABA on network activation is provided by
Duncan and colleagues (Duncan, et al. 2014). 1H-MRS-fMRI multimodal imaging
studies in psychiatric and psychiatric risk populations are listed in Table 1.
Glutamate transmission can also be experimentally mediated by the N-methyl-daspartate (NMDA) receptor antagonist ketamine. Anticevic and colleagues (Anticevic,
et al. 2015) showed that administration of ketamine disrupted the reciprocal
relationship between anticorrelated networks (i.e. DMN and task positive networks).
The degree of this disruption predicted working memory task performance and
transiently evoked symptoms characteristic of schizophrenia. Furthermore, prefrontal
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cortex hyper-connectivity in healthy volunteers who were administered ketamine
resembles prefrontal cortex connectivity patterns seen in individuals at high risk for
schizophrenia and patients in the early phase of the illness (Anticevic, et al. 2013;
2015). These findings highlight the role that glutamate and NMDA receptors play in
modulating intrinsic and extrinsic networks and subsequent cognitive control.
Regarding inhibitory neurotransmission, a recent meta-analysis of 1H-MRS studies
investigating GABA levels across psychiatric conditions (Schur, et al. 2016) report
reduced GABA levels in symptomatic depressed patients and in patients with
schizophrenia relative to healthy controls. These findings provide further support for
E/I neurotransmitter imbalance in MDD and schizophrenia, supported by more recent
studies which all report aberrant metabolite levels in schizophrenia and psychosis
(Dwyer, et al. 2018; Jelen, et al. 2018; Psomiades, et al. 2018; Reid, et al. 2019; Kim,
et al. 2018; Singh, et al. 2018). However, currently there is no evidence for
differences in GABA levels between healthy controls and patients with bipolar or
anxiety disorders (Schur, et al. 2016).
1H-MRS

studies in patients with schizophrenia and individuals at clinical high risk

(CHR) for psychosis have also shown that glutamate concentrations are associated
with aberrant activation in cognitive control networks. Falkenberg, et al. (2014) report
that in patients with schizophrenia, there is a positive association between ACC
glutamate levels and activation in the bilateral inferior parietal lobe during a cognitive
control task, opposite to that seen in healthy controls. Using ACC Glx (a combined
measure of glutamate and glutamine), Cadena, et al. (2018) report similar findings of
an altered relationship between glutamatergic metabolites and BOLD in cognitive
control regions in schizophrenia patients that change after six-weeks of medication.
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Fusar-Poli and colleagues (Fusar-Poli, et al. 2011) report that during a verbal fluency
task (requiring executive control), CHR subjects showed greater activation than
healthy volunteers in the bilateral middle frontal gyrus. Thalamic glutamate
concentrations were lower in the CHR than in healthy volunteers and were negatively
associated with activation in prefrontal and left orbitofrontal cortex regions. These
findings suggest that psychosis risk is associated with a perturbed relationship
between subcortical glutamate concentrations and task related activity in EMN/DMN
regions. Furthermore, Allen and colleagues (Allen, et al. 2015) report that reduced
thalamic glutamate concentrations are associated with poor functional outcome in a
CHR group; a relationship mediated by perturbed activation in medial prefrontal
regions during an executive task. In the hippocampus (part of the DMN) glutamate
concentrations have also been shown to predict local activation during a word
memory task, an association that appears to be absent in a CHR cohort (Valli, et al.
2011).
TABLE 1 HERE
Taken together, these findings suggest that glutamate is crucial for functioning in
networks important for cognitive control. However, in both of these CHR studies
neither cortical glutamate nor GABA concentration were assessed, so hypotheses
relating to altered E/I balance in regions associated with EMN/DMN could not be
directly tested.

Whilst, increased cortical glutamate and Glx levels have been

reported in a small CHR cohort (Liemburg, et al. 2016), the complex dynamics
between EMN/DMN and how these may be perturbed in CHR cohorts due to E/I
neurotransmitter imbalances is yet to be fully examined. In addition to cognitive
impairment in CHR cohorts, aberrant beliefs or percepts, coincidence detections and
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feeling of strangeness are common experiences in the prodromal phase of psychosis
(Nelson, et al. 2009). Interestingly, the perturbation of NMDA receptor function using
antagonists such as ketamine can results in these experiences and has been proposed
to result from disruptions in the E/I balance in cortical microcircuitry (Deneve and
Machens 2016).
Altered glutamate levels and E/I imbalance may also underlie the experience of
hallucinations in people with schizophrenia. The BOLD response derived from fMRI
experiments can be viewed as an indirect marker of neuronal metabolic turnover,
which in turn would be related to glutamate transmission (Hugdahl, et al. 2015; Jardri,
et al. 2016). A well-established observation during the experience of hallucinations is
spontaneous activation in sensory cortices e.g. the speech sensitive auditory cortex
during auditory verbal hallucinations (Allen, et al. 2008; Allen, et al. 2012; Jardri, et
al. 2011). It has been proposed that spontaneous elevations in glutamate transmission
could initiate hallucinatory episodes, which in turn could explain the spontaneous
activation increase during hallucinations (Kompus, et al. 2011). Consistent with the
notion of an E/I imbalance as a precipitating mechanism for hallucinations (Jardri, et
al. 2016), metabolic changes in speech-related areas have been widely reported in
functional brain imaging studies of schizophrenia patients with hallucinations (Ford,
et al. 2012; Homan, et al. 2013). To test this hypothesis, Hugdahl and colleagues
(Hugdahl, et al. 2015) used MR spectroscopy to measure cortical Glx levels, and
found increased Glx levels in fronto-temporal regions in patients with auditory
hallucinations relative to patients without AVH. Furthermore, Glx levels are also
elevated in patients with a history of lifetime hallucinations as compared to patients
without (Curcic-Blake, et al. 2017a).
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It is also reported that hallucinations are associated with impaired connectivity of
large-scale networks at both functional (Alderson-Day, et al. 2015) and structural
levels (Geoffroy, et al. 2014). Functional connectivity between Wernicke’s area and
Broca’s areas, for example, is disrupted during inner-speech processing in
schizophrenia patients who hear voices (Curcic-Blake, et al. 2017a). Studies
conducted in schizophrenia patients suggest that network dysconnectivity may in part
be due to impaired control of synaptic plasticity (Friston and Frith 1995) notably of
NMDA receptor dysfunction (Stephan, et al. 2009) and cortical disinhibition due to
increased glutamate function (Stephan, et al. 2006). Meta-analysis of 1H-MRS in
schizophrenia patients however, suggested that illness phases are associated with
different glutamate profiles, both increased and deceased, and suggests a more
complex picture (Marsman, et al. 2013; Merritt, et al. 2016).
Hallucinations may also be related to reduced inhibition due to impaired prefrontal
control or hierarchical control (Waters, et al. 2012). Since long-range connections in
the brain are overwhelmingly excitatory (Jardri and Deneve 2013), inhibitory
messages may be ‘perturbed’, and excitatory signalling, if not controlled by the
presence of equivalently strong inhibitory signalling, might become dysfunctional.
There are very few studies however that have examined GABAergic concentrations in
schizophrenia (Egerton, et al. 2017) and none that have specifically focused on
patients with hallucinations. Regarding other disorders, there is currently a paucity of
multimodal neuroimaging studies examining how network interactions are mediated
by E/I neurotransmission in people with anxiety and affective disorders. However, a
small number of multimodal imaging studies in psychiatric and psychiatric risk
groups report alerted associations between cortical glutamate and GABA
concentrations and activity and connectivity in EMN and DMN regions in MDD
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patients (Horn, et al. 2010; Deligiannidis, et al. 2018; Zhang, et al. 2016), childhood
trauma (Duncan, et al. 2015) and depression risk cohorts (Wiebking, et al. 2014).
1H-MRS

studies have shown that anterior cingulate glutamate levels can predict

anxiety severity (Modi, et al. 2014) and there are a number of studies reporting that
MDD is associated with state dependent down-regulation of glutamate concentrations
in the anterior cingulate cortex (see Luykx, et al. 2012; Lener, et al. 2017). However,
studies of GABA in MDD patients have largely produced discepent findings
although the most replicated finding is an overall reduction in GABA in the occipital
lobe (Price, et al. 2009; Sanacora, et al. 2004). One multimodal (fMRI and 1H-MRS)
has shown, that relative to people with low trait anxiety, people with high trait anxiety
have an altered relationship between prefrontal cortex activity and glutamate levels
during a cognitive control task (Morgenroth, et al. 2018). Interactions with DMN
regions were not examined, however.

5. Effects of Trauma and Stress on E/I balance and network dynamics
Trauma, particularly early trauma, is a well-established risk factor for psychiatric
disorders (Paus, et al. 2008). Exposure to environmental risk factors for psychiatric
illness, such as trauma, may be especially influential during developmentally sensitive
periods such as childhood and adolescence when brain maturation is on-going (van
Os, et al. 2010). However, the mechanism through which trauma in childhood affects
brain development, and increases risk for psychiatric illness in adulthood remains
only partly understood. It has been proposed that early trauma can lead to ‘stress
sensitization’ (Gomes and Grace 2017) and recent work has shown alterations in
methylation of genomic areas responsible for the stress response (Houtepen, et al.
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2016; Adams, et al. 2016). However, the exact mechanisms via which these change
affect brain function and structure remains to be studied. One approach that can be
used to address this issue is to examine the relationship between neuroimaging
findings in adults with psychiatric diagnoses, and a measure of the extent to which
they experienced trauma in childhood. Studies using this approach report altered
structure (Paquola, et al. 2016) and function (Teicher, et al. 2016) in a range of
regions including the prefrontal cortex, crucial for cognitive function, and also part of
the EMN. Neurocognitive data are consistent with these functional findings, with a
range of cognitive deficits observed in childhood trauma cohorts (DePrince, et al.
2009; Pechtel and Pizzagalli 2011).

Neurofunctionally, psychiatric patients with a history of childhood abuse, display
reduced activation in left inferior and dorsolateral prefrontal cortex relative to the
healthy and psychiatric controls during tasks requiring executive control (Lim, et al.
2016). Severe childhood abuse is also associated with abnormally increased activation
in prefrontal regions during an interference task (Lim, et al. 2015), similar to that seen
in anxious cohorts (Sylvester, et al. 2012). At a network level, there is evidence that
childhood abuse is associated with decreased functional connectivity in fronto-parietal
attention networks although this may be partly determined by genotype (Hart, et al.
2017). Taken together, these functional imaging findings suggest that during
cognitive tasks, activation and connectivity in EMN regions is affected by childhood
trauma, however, how these functional changes in EMN regions are related to
changes in DMN activity is unclear.
Emerging evidence suggests that early trauma and maltreatment can also affect the
development of sensory systems and functional networks responsible for emotional
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regulation (Teicher, et al. 2016). Sensory systems are particularly susceptible to
experience-dependent plastic response (Takesian and Hensch 2013). Voxel based
morphometry analysis of MRI scans of young adults show that episodes of parental
verbal abuse during childhood were associated with differences in grey matter density
in the primary auditory cortex within the superior temporal gyrus (Tomoda, et al.
2011). Intriguingly, given the strong association between childhood trauma and verbal
hallucinations in adulthood (Read, et al. 2005), differences were also seen in language
processing pathways that connect speech motor and sensory regions (Choi, et al.
2009); a network implicated in the experience of auditory hallucinations (Allen, et al.
2008; Allen, et al. 2012). Childhood abuse has also been reported to be associated
with altered grey matter volume in visual processing areas (Tomoda, et al. 2011).
With regards to EMN/DMN interactions, childhood trauma may affect the
development of functional network architecture. Teicher and colleagues (Teicher, et
al. 2016) report that in maltreated individuals, centrality (a measure of a given neural
regions network integration derived from graph theory) was reduced in the left ACC,
temporal pole and middle frontal gyrus and was increased in the anterior insula and
precuneus, regions within EMN/DMN. Increased centrality in the precuneus in
maltreated individuals is particularly interesting as this region is a key hub in the
DMN and may be a critical for self-referential thinking/processes (Northoff and
Bermpohl 2004) possibly linked to rumination and worry. Teicher and colleagues
speculate that increased precuneus centrality in maltreated individuals may be
analogous to the enhanced functional connectivity within precuneus based posterior
DMN in patients with depression (Li, et al. 2013), who often have histories of
maltreatment. Indeed, there is a growing body of research linking childhood trauma to
decreased DMN connectivity and increased DMN activity during cognitive tasks
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(Philip, et al. 2013; Sripada, et al. 2014), similar to the activation and connectivity
patterns observed in people with psychiatric conditions.
However, the mechanisms through which childhood trauma and maltreatment affect
anatomy, function and connectivity within DMN, EMN and in regions involved in
sensory processing are largely unknown. Work in experimental animals has revealed
that stress sensitization and increased stress responsivity, due to adverse adolescent
environments, can disrupt prefrontal activity (Gomes and Grace 2017; Gomes, et al.
2016). In particular, the medial prefrontal cortex, a key region of the DMN, is a
region known to be involved in regulating stress responses (Rosenkranz and Grace
2002). Medial PFC dysfunction can increases the vulnerability to stress in terms of
changes in the dopamine system (Gomes, et al. 2016), potentially increasing risk for
psychosis and affective disorders. Heightened stress responsivity in rodents is also
reported to lead to parvalbumin loss in GABAergic interneurons (Gomes, et al. 2016),
which in turn may affect E/I neurotransmitter balance. There are few studies in
humans that examine the relationship between early trauma and cortical glutamate
and/or GABA concentrations. Duncan and colleagues (Duncan, et al. 2015) report
that in non-psychiatric adults that have experienced childhood trauma, increased
glutamate concentrations in the medial PFC mediate BOLD response to adverse
stimuli in a network including the insula and motor cortex. Although not specifically
in a childhood trauma cohort, a recent study in patients with post-traumatic stress
disorder (Harnett, et al. 2017) reports that within dorsal ACC there was a positive
linear relationship between Glx concentrations (combined Glutamate and Glutamine
concentrations) and current stress disorder symptoms. Further, Glx concentrations
showed a positive linear relationship with future stress disorder symptoms (i.e.,
assessed

3

months

post-trauma).

Experimentally

induced

stress,

using
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cholecystokinin-tetrapeptide

(CCK-4),

significantly

increased

glutamine

concentrations in the ACC suggesting that disturbances in inhibitory-excitatory
equilibrium may be related to stress and panic (Zwanzger, et al. 2013). Recently it has
been shown that intrusive memories, images and hallucinations (all symptoms of
psychiatric disorders) can be controlled by GABAergic inhibition. Schmitz and
colleagues (Schmitz, et al. 2017) report that GABAergic inhibition of hippocampal
retrieval activity forms a key link in a fronto-hippocampal inhibitory control pathway
underlying thought suppression. Finally, and although only an indirect measure of
excitatory neurotransmitter function, hippocampal and prefrontal cortex resting
cerebral blood flow changes in people at CHR for psychosis, have been shown to be
related to levels of childhood trauma (Allen, et al. 2017).
These findings suggest that altered prefrontal glutamate, glutamine concentrations and
GABA concentrations may play a role in psychiatric (or psychiatric like) symptoms
following a traumatic experience. In particular, the relationship between early
traumatic experiences and vulnerability to psychiatric conditions such as
schizophrenia may be mediated via E/I neurotransmitter imbalance, disinhibition and
impaired EMN/DMN interactions. However, much more work is needed to establish
these relationships in humans.

6. Summary, conclusions and future research
We have discussed the functional importance of EMN/DMN dynamics and how
altered or inefficient interactions between these networks may underlie impaired
cognition and symptoms (i.e. hallucinations) across psychiatric conditions. Currently,
there is substantial evidence of altered engagement of EMN and DMN in the
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psychiatric conditions i.e. schizophrenia, anxiety and depression. However, there are
fewer studies that have explicitly examined the dynamics of EMN/DMN activation
and/or connectivity in psychiatric populations, and how altered network interaction
may affect cognition. Moreover, although altered EMN/DMN interactions are likely
to be central to cognitive changes in psychiatric conditions, the precise nature of the
network alterations appears to be different in different disorders. More research is
also needed to establish the neuropharmacology of EMN/DMN dynamics. Whilst
there is clearly a relationship between EMN/DMN activity and excitatory signalling,
the exact nature of this relationship is poorly understood. Further, how changes in
excitatory and inhibitory signalling and glutamatergic and GABAergic concentrations
impact on the E/I neurotransmitter balance and EMN/DMN interactions needs to be
researched in greater depth. The increased use of MR spectroscopy together with
BOLD-fMRI recordings will allow for a better understanding of how brain
metabolites and transmitters are related to network activation. Finally, there is a
burgeoning literature relating early traumatic experiences, a major antecedent of adult
psychiatric disorders, to altered function in EMN/DMN regions and sensory regions
known to be important for cognition and sensory processing. Taken together, the
research and findings discussed here lead towards a plausible mechanistic hypothesis,
linking early traumatic experiences to cognitive dysfunction and symptoms mediated
by E/I neurotransmitter imbalances.

6.1 Limitations and Future work
A potential limitation with the approach suggested here is that fMRI-BOLD and MRS
metabolites typically are acquired separately, with minutes between the signal uptakes.
This creates a problem when interpreting changes in E/I neurotransmitter balance and
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relation to DMN/EMN network interactions. Recent progress in MR spectroscopy
methods may be able to overcome these technical obstacles, where it will be possible
not only to acquire glutamate and GABA approximately simultaneously, but also
simultaneous BOLD-fMRI and MRS acquisitions. A second limitation is that we do
not discuss here recent and promising findings of a relationship between inflammation
and the immune system and psychosis (Khandaker, et al. 2015). Immune response
changes, due to stressful life events, may have implications for an understanding of
network dynamics and underlying transmitter balance. In particular, there is now
broad acceptance that psychosis related volumetric and functional changes in
hippocampus, a key DMN region, are related to an inflammatory response from an
aberrant immune system (Kim, et al. 2016). We see this line of research, bringing
together all of these modalities, as potentially important in future work. If a link
between network dynamics and transmitter balance can be established, this can have
implications for development of new intervention strategies, with more targeted
treatments, aimed at restoring functional dynamics and neurotransmitter balance.

30

REFERENCES
Alderson-Day B, McCarthy-Jones S, Fernyhough C. 2015. Hearing voices in the
resting brain: A review of intrinsic functional connectivity research on
auditory verbal hallucinations. Neurosci Biobehav Rev 55:78-87.
Allen P, Azis M, Modinos G, Bossong MG, Bonoldi I, Samson C, Quinn B, Kempton
MJ, Howes OD, Stone JM et al. 2017. Increased Resting Hippocampal and
Basal Ganglia Perfusion in People at Ultra High Risk for Psychosis:
Replication in a Second Cohort. Schizophr Bull.
Allen P, Chaddock CA, Egerton A, Howes OD, Barker G, Bonoldi I, Fusar-Poli P,
Murray R, McGuire P. 2015. Functional outcome in people at high risk for
psychosis predicted by thalamic glutamate levels and prefronto-striatal
activation. Schizophr Bull 41(2):429-39.
Allen P, Laroi F, McGuire PK, Aleman A. 2008. The hallucinating brain: a review of
structural and functional neuroimaging studies of hallucinations. Neurosci
Biobehav Rev 32(1):175-91.
Allen P, Modinos G, Hubl D, Shields G, Cachia A, Jardri R, Thomas P, Woodward T,
Shotbolt P, Plaze M et al. 2012. Neuroimaging auditory hallucinations in
schizophrenia: from neuroanatomy to neurochemistry and beyond. Schizophr
Bull 38(4):695-703.
Anticevic A, Cole MW, Murray JD, Corlett PR, Wang XJ, Krystal JH. 2012. The role
of default network deactivation in cognition and disease. Trends Cogn Sci
16(12):584-92.
Anticevic A, Corlett PR, Cole MW, Savic A, Gancsos M, Tang Y, Repovs G, Murray
JD, Driesen NR, Morgan PT et al. 2015. N-Methyl-D-Aspartate Receptor
Antagonist Effects on Prefrontal Cortical Connectivity Better Model Early
Than Chronic Schizophrenia. Biol Psychiatry.
Anticevic A, Repovs G, Barch DM. 2013. Working memory encoding and
maintenance deficits in schizophrenia: neural evidence for activation and
deactivation abnormalities. Schizophr Bull 39(1):168-78.
Anticevic A, Repovs G, Shulman GL, Barch DM. 2010. When less is more: TPJ and
default network deactivation during encoding predicts working memory
performance. Neuroimage 49(3):2638-48.
Badcock, J.C. & Hugdahl, K. 2014. A synthesis of evidence on inhibitory control and
auditory hallucinations based on the Research Domain Criteria (RDoC)
framework. Frontiers in Human Neuroscience, doi:10.3389/fnhum.2014.00180
Barker H, Munro J, Orlov N, Morgenroth E, Moser J, Eysenck MW, Allen P. 2018.
Worry is assoiated with inefficient functional activity and connectivity in
prefrontal and cingulate corticies during emotional interfernce. Brain and
Behavior 8(12):e01137.
Basten U, Stelzel C, Fiebach CJ. 2012. Trait anxiety and the neural efficiency of
manipulation in working memory. Cogn Affect Behav Neurosci 12(3):571-88.
Basten U, Stelzel C, Fiebach CJ. 2012. Trait anxiety modulates the neural efficiency
of inhibitory control. J Cogn Neurosci 23(10):3132-45.
Berggren N, Derakshan N. 2013a. Attentional control deficits in trait anxiety: why
you see them and why you don't. Biol Psychol 92(3):440-6.
Berggren N, Derakshan N. 2013b. The role of consciousness in attentional control
differences in trait anxiety. Cogn Emot 27(5):923-31.
Bishop SJ. 2009. Trait anxiety and impoverished prefrontal control of attention. Nat
Neurosci 12(1):92-8.
31

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional connectivity in the
motor cortex of resting human brain using echo-planar MRI. Magn Reson
Med 34(4):537-41.
Bora E, Harrison BJ, Yucel M, Pantelis C. 2013. Cognitive impairment in euthymic
major depressive disorder: a meta-analysis. Psychol Med 43(10):2017-26.
Brakowski J, Spinelli S, Dorig N, Bosch OG, Manoliu A, Holtforth MG, Seifritz E.
2017. Resting state brain network function in major depression - Depression
symptomatology, antidepressant treatment effects, future research. J Psychiatr
Res 92:147-159.
Braver TS. 2012. The variable nature of cognitive control: a dual mechanisms
framework. Trends Cogn Sci 16(2):106-13.
Braver TS, Paxton JL, Locke HS, Barch DM. 2009. Flexible neural mechanisms of
cognitive control within human prefrontal cortex. Proc Natl Acad Sci U S A
106(18):7351-6.
Buckner RL, Andrews-Hanna JR, Schacter DL. 2008. The brain's default network:
anatomy, function, and relevance to disease. Ann N Y Acad Sci 1124:1-38.
Cadena EJ, White DM, Kraguljac NV, Reid MA, Maximo JO, Nelson EA, Gawronski
BA, Lahti AC. 2018 A Longitudinal Multimodal Neuroimaging Study to
Examine Relationships Between Resting State Glutamate and Task Related
BOLD Response in Schizophrenia. Front Psychiatry. Nov 29;9:632.
Carcea I, Froemke RC. 2013. Cortical plasticity, excitatory-inhibitory balance, and
sensory perception. Prog Brain Res 207:65-90.
Carter CS, MacDonald AW, 3rd, Ross LL, Stenger VA. 2001. Anterior cingulate
cortex activity and impaired self-monitoring of performance in patients with
schizophrenia: an event-related fMRI study. Am J Psychiatry 158(9):1423-8.
Choi J, Jeong B, Rohan ML, Polcari AM, Teicher MH. 2009. Preliminary evidence
for white matter tract abnormalities in young adults exposed to parental verbal
abuse. Biol Psychiatry 65(3):227-34.
Corbetta M, Patel G, Shulman GL. 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58(3):306-24.
Critchley HD. 2004. The human cortex responds to an interoceptive challenge. Proc
Natl Acad Sci U S A 101(17):6333-4.
Crossley NA, Mechelli A, Vertes PE, Winton-Brown TT, Patel AX, Ginestet CE,
McGuire P, Bullmore ET. 2013. Cognitive relevance of the community
structure of the human brain functional coactivation network. Proc Natl Acad
Sci U S A 110(28):11583-8.
Curcic-Blake B, Ford JM, Hubl D, Orlov ND, Sommer IE, Waters F, Allen P, Jardri
R, Woodruff PW, David O and others. 2017a. Interaction of language,
auditory and memory brain networks in auditory verbal hallucinations. Prog
Neurobiol 148:1-20.
Curcic-Blake B, Bais L, Sibeijn-Kuiper A, Pijnenborg HM, Knegtering H, Liemburg
E, Aleman A. 2017b. Glutamate in dorsolateral prefrontal cortex and auditory
verbal hallucinations in patients with schizophrenia: A (1)H MRS study. Prog
Neuropsychopharmacol Biol Psychiatry 78:132-139.
Cuthbert BN, Insel TR. 2013. Toward the future of psychiatric diagnosis: the seven
pillars of RDoC. BMC Med 11:126.
Daselaar SM, Prince SE, Cabeza R. 2004. When less means more: deactivations
during encoding that predict subsequent memory. Neuroimage 23(3):921-7.

32

Deligiannidis KM, Fales CL, Kroll-Desrosiers AR, Shaffer SA, Villamarin V, Tan
Y, Hall JE, Frederick BB, Sikoglu EM, Edden RA, Rothschild AJ, Moore CM.
2019 Resting-state functional connectivity, cortical GABA, and neuroactive
steroids in peripartum and peripartum depressed women: a functional
magnetic resonance imaging and spectroscopy study.
Neuropsychopharmacology. Feb;44(3):546-554.
Deneve S, Machens CK. 2016. Efficient codes and balanced networks. Nat Neurosci
19(3):375-82.
DePrince AP, Weinzierl KM, Combs MD. 2009. Executive function performance and
trauma exposure in a community sample of children. Child Abuse Negl
33(6):353-61.
Dosenbach NU, Fair DA, Miezin FM, Cohen AL, Wenger KK, Dosenbach RA, et al.
2007. Distinct brain networks for adaptive and stable task control in humans.
Proc Natl Acad Sci U S A. 104:11073-11078.
Duncan J, Owen AM. 2000. Common regions of the human frontal lobe recruited by
diverse cognitive demands. Trends Neurosci 23(10):475-83.
Duncan NW, Wiebking C, Northoff G. 2014 Associations of regional GABA and
glutamate with intrinsic and extrinsic neural activity in humans—a review of
multimodal imaging studies. Neurosci Biobehav Rev. Nov;47:36-52.
Duncan NW, Hayes DJ, Wiebking C, Tiret B, Pietruska K, Chen DQ, Rainville P,
Marjanska M, Ayad O, Doyon J et al. 2015. Negative childhood experiences
alter a prefrontal-insular-motor cortical network in healthy adults: A
preliminary multimodal rsfMRI-fMRI-MRS-dMRI study. Hum Brain Mapp
36(11):4622-37.
Dwyer, G., Hugdahl, K., Specht, K., Grüner, R. 2018. Current practice and new
developments in the use of in vivo Magnetic Resonance Spectroscopy for the
assessment of key metabolites implicated in the pathophysiology of
schizophrenia. Current Topics in Medicinal Chemistry, ePub ahead of
publication, doi: 10.2174/1568026619666181130103559
Egerton A, Modinos G, Ferrera D, McGuire P. 2017. Neuroimaging studies of GABA
in schizophrenia: a systematic review with meta-analysis. Transl Psychiatry
7(6):e1147.
Eysenck MW, Calvo MG. 1992. Anxiety and performance: the processing efficiency
theory. Cognition and Emotion. 6, 409–434.
Eysenck MW, Derakshan N, Santos R, Calvo MG. 2007. Anxiety and cognitive
performance: attentional control theory. Emotion 7(2):336-53.
Fales CL, Barch DM, Burgess GC, Schaefer A, Mennin DS, Gray JR, Braver TS.
2008. Anxiety and cognitive efficiency: differential modulation of transient
and sustained neural activity during a working memory task. Cogn Affect
Behav Neurosci 8(3):239-53.
Falkenberg LE, Westerhausen R, Specht K, Hugdahl K. 2012. Resting-state glutamate
level in the anterior cingulate predicts blood-oxygen level-dependent response
to cognitive control. Proc Natl Acad Sci U S A 109(13):5069-73.
Falkenberg LE, Westerhausen R, Craven AR, Johnsen E, Kroken RA, L Berg EM,

33

Specht K, Hugdahl K. 2014 Impact of glutamate levels on neuronal response
and cognitive abilities in schizophrenia. Neuroimage Clin. Apr 2;4:576-84.
Ford JM, Dierks T, Fisher DJ, Herrmann CS, Hubl D, Kindler J, Koenig T, Mathalon
DH, Spencer KM, Strik W et al. 2012. Neurophysiological studies of auditory
verbal hallucinations. Schizophr Bull 38(4):715-23.
Forster S, Nunez Elizalde AO, Castle E, Bishop SJ. 2015. Unraveling the anxious
mind: anxiety, worry, and frontal engagement in sustained attention versus
off-task processing. Cereb Cortex 25(3):609-18.
Fox KC, Spreng RN, Ellamil M, Andrews-Hanna JR, Christoff K. 2015. The
wandering brain: meta-analysis of functional neuroimaging studies of mindwandering and related spontaneous thought processes. Neuroimage 111:61121.
Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. 2005. The
human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc Natl Acad Sci U S A 102(27):9673-8.
Friston KJ, Frith CD. 1995. Schizophrenia: a disconnection syndrome? Clin Neurosci
3(2):89-97.
Fusar-Poli P, Stone JM, Broome MR, Valli I, Mechelli A, McLean MA, Lythgoe DJ,
O'Gorman RL, Barker GJ, McGuire PK. 2011. Thalamic glutamate levels as a
predictor of cortical response during executive functioning in subjects at high
risk for psychosis. Arch Gen Psychiatry 68(9):881-90.
Gazzaley A, Clapp W, Kelley J, McEvoy K, Knight RT, D'Esposito M. 2008. Agerelated top-down suppression deficit in the early stages of cortical visual
memory processing. Proc Natl Acad Sci U S A 105(35):13122-6.
Gazzaley A, D'Esposito M. 2007. Top-down modulation and normal aging. Ann N Y
Acad Sci 1097:67-83.
Gentili C, Vanello N, Cristea I, David D, Ricciardi E, Pietrini P. 2015. Proneness to
social anxiety modulates neural complexity in the absence of exposure: A
resting state fMRI study using Hurst exponent. Psychiatry Res 232(2):135-44.
Geoffroy PA, Houenou J, Duhamel A, Amad A, De Weijer AD, Curcic-Blake B,
Linden DE, Thomas P, Jardri R. 2014. The Arcuate Fasciculus in auditoryverbal hallucinations: a meta-analysis of diffusion-tensor-imaging studies.
Schizophr Res 159(1):234-7.
Godsil BP, Kiss JP, Spedding M, Jay TM. 2013. The hippocampal-prefrontal
pathway: the weak link in psychiatric disorders? Eur Neuropsychopharmacol
23(10):1165-81.
Gomes FV, Grace AA. 2017. Prefrontal Cortex Dysfunction Increases Susceptibility
to Schizophrenia-Like Changes Induced by Adolescent Stress Exposure.
Schizophr Bull.
Gomes FV, Rincon-Cortes M, Grace AA. 2016. Adolescence as a period of
vulnerability and intervention in schizophrenia: Insights from the MAM model.
Neurosci Biobehav Rev 70:260-270.
Green MF. 1998. Schizophrenia from a neurocognitive perspective. Boston: Allyn
and Bacon Publishers.
Gros DF, Antony MM, Simms LJ, McCabe RE. 2007. Psychometric properties of the
State-Trait Inventory for Cognitive and Somatic Anxiety (STICSA):
comparison to the State-Trait Anxiety Inventory (STAI). Psychol Assess
19(4):369-81.

34

Harnett NG, Wood KH, Ference EW, 3rd, Reid MA, Lahti AC, Knight AJ, Knight
DC. 2017. Glutamate/glutamine concentrations in the dorsal anterior cingulate
vary with Post-Traumatic Stress Disorder symptoms. J Psychiatr Res 91:169176.
Hart H, Lim L, Mehta MA, Chatzieffraimidou A, Curtis C, Xu X, Breen G, Simmons
A, Mirza K, Rubia K. 2017. Reduced functional connectivity of fronto-parietal
sustained attention networks in severe childhood abuse. PLoS One
12(11):e0188744.
Hayden BY, Smith DV, Platt ML. 2009. Electrophysiological correlates of defaultmode processing in macaque posterior cingulate cortex. Proc Natl Acad Sci U
S A 106(14):5948-53.
Homan P, Kindler J, Hauf M, Walther S, Hubl D, Dierks T. 2013. Repeated
measurements of cerebral blood flow in the left superior temporal gyrus reveal
tonic hyperactivity in patients with auditory verbal hallucinations: a possible
trait marker. Front Hum Neurosci 7:304.
Horn D, Yu C, Steiner J, Buchmann J, Kaufmann J, Osoba, A. et al, 2010. Glutamatergic and resting-state functional connectivity correlates of severity in
major depression—the role of pregenual anterior cingulate cortex and anterior
insula. Frontiers in Systems Neuroscience 4, 20700385
Houtepen LC, Vinkers CH, Carrillo-Roa T, Hiemstra M, van Lier PA, Meeus W,
Branje S, Heim CM, Nemeroff CB, Mill J et al. 2016. Genome-wide DNA
methylation levels and altered cortisol stress reactivity following childhood
trauma in humans. Nat Commun 7:10967.
Hugdahl K, Sommer IE. 2016. Auditory Verbal Hallucinations in Schizophrenia From
a Levels of Explanation Perspective. Schizophr Bull 44(2):234-241.
Hugdahl K, Craven AR, Nygard M, Loberg EM, Berle JO, Johnsen E, Kroken R,
Specht K, Andreassen OA, Ersland L. 2015. Glutamate as a mediating
transmitter for auditory hallucinations in schizophrenia: a (1)H MRS study.
Schizophr Res 161(2-3):252-60.
Hugdahl K, Raichle ME, Mitra A, Specht K. 2015. On the existence of a generalized
non-specific task-dependent network. Front Hum Neurosci 9:430.
Hugdahl K, Loberg EM, Nygard M. 2009a. Left temporal lobe structural and
functional abnormality underlying auditory hallucinations in schizophrenia.
Front Neurosci 3(1):34-45.
Hugdahl K, Westerhausen R, Alho K, Medvedev S, Laine M, Hamalainen H. 2009b.
Attention and cognitive control: unfolding the dichotic listening story. Scand J
Psychol 50(1):11-22.
Jardri R, Deneve S. 2013. Circular inferences in schizophrenia. Brain 136(Pt
11):3227-41.
Jardri R, Duverne S, Litvinova AS, Deneve S. 2018. Experimental evidence for
circular inference in schizophrenia. Nat Commun 8:14218.
Jardri R, Hugdahl K, Hughes M, Brunelin J, Waters F, Alderson-Day B, Smailes D,
Sterzer P, Corlett PR, Leptourgos P et al. 2016. Are Hallucinations Due to an
Imbalance Between Excitatory and Inhibitory Influences on the Brain?
Schizophr Bull 42(5):1124-34.

35

Jardri R, Pouchet A, Pins D, Thomas P. 2011. Cortical activations during auditory
verbal hallucinations in schizophrenia: a coordinate-based meta-analysis. Am
J Psychiatry 168(1):73-81.
Jardri R, Thomas P, Delmaire C, Delion P, Pins D. 2013. The neurodynamic
organization of modality-dependent hallucinations. Cereb Cortex 23(5):110817.
Jelen, LA., King, S., Mullins, P.G., Stone, J.M. 2018. Beyond static measures: A
review of functional magnetic resonance spectroscopy and its potential to
investigate dynamic glutamatergic abnormalities in schizophrenia. Journal of
Psychopharmacol. 32, 497– 508
Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. 2005.
Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the
National Comorbidity Survey Replication. Arch Gen Psychiatry 62(6):593602.
Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R, Jones PB. 2015.
Inflammation and immunity in schizophrenia: implications for
pathophysiology and treatment. Lancet Psychiatry 2(3):258-270.
Kim S, Hwang Y, Webster MJ, Lee D. 2016. Differential activation of
immune/inflammatory response-related co-expression modules in the
hippocampus across the major psychiatric disorders. Mol Psychiatry
21(3):376-85.
Kim SY, Kaufman MJ, Cohen BM, Jensen JE, Coyle JT, Du F, Ongur D. 2018. In
Vivo brain glycine and glutamate concentrations in patients with first-episode
psychosis measured by echo time-averaged proton magnetic resonance
spectroscopy at 4T. Biological Psychiatry, 83, 484-491.
Kindler J, Jann K, Homan P, Hauf M, Walther S, Strik W, Dierks T, Hubl D. 2015.
Static and dynamic characteristics of cerebral blood flow during the resting
state in schizophrenia. Schizophr Bull 41(1):163-70.
Kompus K, Westerhausen R, Hugdahl K. 2011. The "paradoxical" engagement of the
primary auditory cortex in patients with auditory verbal hallucinations: a
meta-analysis of functional neuroimaging studies. Neuropsychologia
49(12):3361-9.
Leech R, Kamourieh S, Beckmann CF, Sharp DJ. 2011. Fractionating the default
mode network: distinct contributions of the ventral and dorsal posterior
cingulate cortex to cognitive control. J Neurosci 31(9):3217-24.
Lefebvre S, Demeulemeester M, Leroy A, Delmaire C, Lopes R, Pins D, Thomas P,
Jardri R. 2016. Network dynamics during the different stages of hallucinations
in schizophrenia. Hum Brain Mapp 37(7):2571-86.
Lefort-Besnard J, Bassett DS, Smallwood J, Margulies DS, Derntl B, Gruber O,
Aleman A, Jardri R, Varoquaux G, Thirion B et al. 2018. Different shades of
default mode disturbance in schizophrenia: Subnodal covariance estimation in
structure and function. Hum Brain Mapp 39(2):644-661.
Lemogne C, Delaveau P, Freton M, Guionnet S, Fossati P. 2010. Medial prefrontal
cortex and the self in major depression. J Affect Disord 136(1-2):e1-e11.
Lener MS, Niciu MJ, Ballard ED, Park M, Park LT, Nugent AC, Zarate CA, Jr. 2017.
Glutamate and Gamma-Aminobutyric Acid Systems in the Pathophysiology of
Major Depression and Antidepressant Response to Ketamine. Biol Psychiatry
81(10):886-897.

36

Leroy A, Foucher JR, Pins D, Delmaire C, Thomas P, Roser MM, Lefebvre S, Amad
A, Fovet T, Jaafari N et al. 2017. fMRI capture of auditory hallucinations:
Validation of the two-steps method. Hum Brain Mapp 38(10):4966-4979.
Li B, Liu L, Friston KJ, Shen H, Wang L, Zeng LL, Hu D. 2013. A treatmentresistant default mode subnetwork in major depression. Biol Psychiatry
74(1):48-54.
Li R, Zhang S, Yin S, Ren W, , Li J. 2018. The fronto-insular cortex causally
mediates the default-mode and central-executive networks to contribute to
individual cognitive performance in healthy elderly, Human Brain Mapping,
39, 4302-4311.
Liemburg E, Sibeijn-Kuiper A, Bais L, Pijnenborg G, Knegtering H, van der Velde J,
Opmeer E, de Vos A, Dlabac-De Lange J, Wunderink L et al. 2016. Prefrontal
NAA and Glx Levels in Different Stages of Psychotic Disorders: a 3T 1HMRS Study. Sci Rep 6:21873.
Lim L, Hart H, Mehta MA, Simmons A, Mirza K, Rubia K. 2015. Neural Correlates
of Error Processing in Young People With a History of Severe Childhood
Abuse: An fMRI Study. Am J Psychiatry 172(9):892-900.
Lim L, Hart H, Mehta MA, Simmons A, Mirza K, Rubia K. 2016. Neurofunctional
Abnormalities during Sustained Attention in Severe Childhood Abuse. PLoS
One 11(11):e0165547.
Luykx JJ, Laban KG, van den Heuvel MP, Boks MP, Mandl RC, Kahn RS, Bakker
SC. 2012. Region and state specific glutamate downregulation in major
depressive disorder: a meta-analysis of (1)H-MRS findings. Neurosci
Biobehav Rev 36(1):198-205.
Maresh EL, Allen JP, Coan JA. 2014. Increased default mode network activity in
socially anxious individuals during reward processing. Biol Mood Anxiety
Disord 4:7.
Marin O. 2012. Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci
13(2):107-20.
Marsman A, van den Heuvel MP, Klomp DW, Kahn RS, Luijten PR, Hulshoff Pol
HE. 2013. Glutamate in schizophrenia: a focused review and meta-analysis of
(1)H-MRS studies. Schizophr Bull 39(1):120-9.
Merritt K, Egerton A, Kempton MJ, Taylor MJ, McGuire PK. 2016. Nature of
Glutamate Alterations in Schizophrenia: A Meta-analysis of Proton Magnetic
Resonance Spectroscopy Studies. JAMA Psychiatry 73(7):665-74.
Mills, B.D., Miranda-Dominguez, O., Mills, K.L., Earl, E., Cordova, M., Painter, J.P.,
Karalunas, S.L., Nigg, J.T., Fair, D.A. 2018. ADHD and attentional control:
Impaired segregation of task positive and task negative brain networks,
Network Neuroscience, https://dx.doi.org/10.1162/netn_a_00034.
Minzenberg MJ, Laird AR, Thelen S, Carter CS, Glahn DC. 2009. Meta-analysis of
41 functional neuroimaging studies of executive function in schizophrenia.
Arch Gen Psychiatry 66(8):811-22.
Mitra, A., Raichle, M.E. 2018. Principles of cross-network communication in human
resting state fMRI. Scandinavian Journal of Psychology, 59, 83-90.

37

Modi S, Rana P, Kaur P, Rani N, Khushu S. 2014. Glutamate level in anterior
cingulate predicts anxiety in healthy humans: a magnetic resonance
spectroscopy study. Psychiatry Res 224(1):34-41.
Morgenroth E, Orlov N, Lythgoe D, Stone JM, Barker H, Munro J, Eysenck M, Allen
P. In Submission. Altered relationship between prefrontal glutamate and
activation during cognitive control in people with high trait anxiety.
Moser JS, Moran TP, Schroder HS, Donnellan MB, Yeung N. 2013. On the
relationship between anxiety and error monitoring: a meta-analysis and
conceptual framework. Front Hum Neurosci 7:466.
Nelson B, Sass LA, Thompson A, Yung AR, Francey SM, Amminger GP, McGorry
PD. 2009. Does disturbance of self underlie social cognition deficits in
schizophrenia and other psychotic disorders? Early Interv Psychiatry 3(2):8393.
Northoff G, Bermpohl F. 2004. Cortical midline structures and the self. Trends Cogn
Sci 8(3):102-7.
Northoff G, Qin P. 2011. How can the brain's resting state activity generate
hallucinations? A 'resting state hypothesis' of auditory verbal hallucinations.
Schizophr Res 127(1-3):202-14.
Nygard M, Eichele T, Loberg EM, Jorgensen HA, Johnsen E, Kroken RA, Berle JO,
Hugdahl K. 2012. Patients with Schizophrenia Fail to Up-Regulate TaskPositive and Down-Regulate Task-Negative Brain Networks: An fMRI Study
Using an ICA Analysis Approach. Front Hum Neurosci 6:149.
Palaniyappan L, Liddle PF. 2012 Does the salience network play a cardinal role in
psychosis?. An emerging hypothesis of insular dysfunction. J Psychiatry
Neurosci 37(1):17-27.
Paquola C, Bennett MR, Lagopoulos J. 2016. Understanding heterogeneity in grey
matter research of adults with childhood maltreatment-A meta-analysis and
review. Neurosci Biobehav Rev 69:299-312.
Paus T, Keshavan M, Giedd JN. 2008. Why do many psychiatric disorders emerge
during adolescence? Nat Rev Neurosci 9(12):947-57.
Pechtel P, Pizzagalli DA. 2011. Effects of early life stress on cognitive and affective
function: an integrated review of human literature. Psychopharmacology
(Berl) 214(1):55-70.
Philip NS, Sweet LH, Tyrka AR, Price LH, Carpenter LL, Kuras YI, Clark US,
Niaura RS. 2013. Early life stress is associated with greater default network
deactivation during working memory in healthy controls: a preliminary report.
Brain Imaging Behav 7(2):204-12.
Pletzer B, Kronbichler M, Nuerk HC, Kerschbaum HH. 2015. Mathematics anxiety
reduces default mode network deactivation in response to numerical tasks.
Front Hum Neurosci 9:202.
Power JD, Cohen AL, Nelson SM, Wig GS, Barnes KA, Church JA, Vogel AC,
Laumann TO, Miezin FM, Schlaggar BL et al. 2011. Functional network
organization of the human brain. Neuron 72(4):665-78.
Price RB, Shungu DC, Mao X, Nestadt P, Kelly C, Collins KA, Murrough JW,
Charney DS, Mathew SJ. 2009. Amino acid neurotransmitters assessed by
proton magnetic resonance spectroscopy: relationship to treatment resistance
in major depressive disorder. Biol Psychiatry 65(9):792-800.
Psomiades, M. Mondino, M. Fonteneau, C. Bation, R. Haesebaert, F. Suaud-Chagny,
M-F. Brunelin, J. 2018. N-Acetyl-Aspartate in the dorsolateral prefrontal

38

cortex in men with schizophrenia and auditory verbal hallucinations: A 1.5 T
Magnetic Resonance Spectroscopy Study. Scientific Reports. 8, 4133.
Psychiatric genome-wide association study analyses implicate neuronal, immune and
histone pathways. 2015. Nat Neurosci 18(2):199-209.
Qin P, Northoff G. 2011. How is our self related to midline regions and the defaultmode network? Neuroimage 57(3):1221-33.
Raichle ME. 2015.The brain's default mode network. Annu Rev Neurosci 38:433-47.
Raichle ME. 2010. Two views of brain function. Trends Cogn Sci 14(4):180-90.
Razavi N, Jann K, Koenig T, Kottlow M, Hauf M, Strik W, Dierks T. 2013. Shifted
coupling of EEG driving frequencies and fMRI resting state networks in
schizophrenia spectrum disorders. PLoS One 8(10):e76604.
Read J, van Os J, Morrison AP, Ross CA. 2005. Childhood trauma, psychosis and
schizophrenia: a literature review with theoretical and clinical implications.
Acta Psychiatr Scand 112(5):330-50.
Reid MA, Salibi N, White DM, Gawne TJ, Denney TS, Lahti AC. 2019. 7T Proton
Magnetic Resonance Spectroscopy of the Anterior Cingulate Cortex in FirstEpisode Schizophrenia. Schizophrenia Bulletin.45(1), 182-189
Robison MK, Gath KI, Unsworth N. 2017. The neurotic wandering mind: An
individual differences investigation of neuroticism, mind-wandering, and
executive control. Q J Exp Psychol (Hove) 70(4):649-663.
Rose EJ, Simonotto E, Ebmeier KP. 2006. Limbic over-activity in depression during
preserved performance on the n-back task. Neuroimage 29(1):203-15.
Rosenkranz JA, Grace AA. 2002. Cellular mechanisms of infralimbic and prelimbic
prefrontal cortical inhibition and dopaminergic modulation of basolateral
amygdala neurons in vivo. J Neurosci 22(1):324-37.
Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, Rothman DL, Krystal
JH, Mason GF. 2004. Subtype-specific alterations of gamma-aminobutyric
acid and glutamate in patients with major depression. Arch Gen Psychiatry
61(7):705-13.
Schilbach L, Hoffstaedter F, Muller V, Cieslik EC, Goya-Maldonado R, Trost S, Sorg
C, Riedl V, Jardri R, Sommer I et al. 2015. Transdiagnostic commonalities
and differences in resting state functional connectivity of the default mode
network in schizophrenia and major depression. Neuroimage Clin 10:326-35.
Schmitz TW, Correia MM, Ferreira CS, Prescot AP, Anderson MC. 2017.
Hippocampal GABA enables inhibitory control over unwanted thoughts. Nat
Commun 8(1):1311.
Schur RR, Draisma LW, Wijnen JP, Boks MP, Koevoets MG, Joels M, Klomp DW,
Kahn RS, Vinkers CH. 2016. Brain GABA levels across psychiatric disorders:
A systematic literature review and meta-analysis of (1) H-MRS studies. Hum
Brain Mapp 37(9):3337-52.
Servaas MN, Riese H, Ormel J, Aleman A. 2014. The neural correlates of worry in
association with individual differences in neuroticism. Hum Brain Mapp
35(9):4303-15.
Shulman GL, Corbetta M, Buckner RL, Fiez JA, Miezin FM, Raichle ME, Petersen
SE. 1997. Common Blood Flow Changes across Visual Tasks: I. Increases in
Subcortical Structures and Cerebellum but Not in Nonvisual Cortex. J Cogn
Neurosci 9(5):624-47.

39

Skudlarski P, Jagannathan K, Anderson K, Stevens MC, Calhoun VD, Skudlarska BA,
Pearlson G. 2010. Brain connectivity is not only lower but different in
schizophrenia: a combined anatomical and functional approach. Biol
Psychiatry 68(1):61-9.
Smith SD, Katherine Fredborg B, Kornelsen J. 2017. An examination of the default
mode network in individuals with autonomous sensory meridian response
(ASMR). Soc Neurosci 12(4):361-365.
Sprooten E, Rasgon A, Goodman M, Carlin A, Leibu E, Lee WH, Frangou S. 2017.
Addressing reverse inference in psychiatric neuroimaging: Meta-analyses of
task-related brain activation in common mental disorders. Hum Brain Mapp
38(4):1846-1864.
Sripada RK, Swain JE, Evans GW, Welsh RC, Liberzon I. 2014. Childhood poverty
and stress reactivity are associated with aberrant functional connectivity in
default mode network. Neuropsychopharmacology 39(9):2244-51.
Stephan KE, Baldeweg T, Friston KJ. 2006. Synaptic plasticity and dysconnection in
schizophrenia. Biol Psychiatry 59(10):929-39.
Stephan KE, Friston KJ, Frith CD. 2009. Dysconnection in schizophrenia: from
abnormal synaptic plasticity to failures of self-monitoring. Schizophr Bull
35(3):509-27.
Sylvester CM, Corbetta M, Raichle ME, Rodebaugh TL, Schlaggar BL, Sheline YI,
Zorumski CF, Lenze EJ. 2012. Functional network dysfunction in anxiety and
anxiety disorders. Trends Neurosci 35(9):527-35.
Takesian AE, Hensch TK. 2013.
Balancing plasticity/stability across brain
development. Prog Brain Res 207:3-34.
Teicher MH, Samson JA, Anderson CM, Ohashi K. 2016. The effects of childhood
maltreatment on brain structure, function and connectivity. Nat Rev Neurosci
17(10):652-66.
Tomoda A, Sheu YS, Rabi K, Suzuki H, Navalta CP, Polcari A, Teicher MH. 2011.
Exposure to parental verbal abuse is associated with increased gray matter
volume in superior temporal gyrus. Neuroimage 54 Suppl 1:S280-6.
Valli I, Stone J, Mechelli A, Bhattacharyya S, Raffin M, Allen P, Fusar-Poli
P, Lythgoe D, O'Gorman R, Seal M, McGuire P. 2011. Altered medial
temporal activation related to local glutamate levels in subjects with
prodromal signs of psychosis. Biol Psychiatry. Jan 1;69(1):97-9.
van Os J, Kenis G, Rutten BP. 2010. The environment and schizophrenia. Nature
468(7321):203-12.
Waters F, Allen P, Aleman A, Fernyhough C, Woodward TS, Badcock JC, Barkus E,
Johns L, Varese F, Menon M et al. 2012. Auditory hallucinations in
schizophrenia and nonschizophrenia populations: a review and integrated
model of cognitive mechanisms. Schizophr Bull 38(4):683-93.
Weich S, Brugha T, King M, McManus S, Bebbington P, Jenkins R, Cooper C,
McBride O, Stewart-Brown S. 2007. Mental well-being and mental illness:
findings from the Adult Psychiatric Morbidity Survey for England. Br J
Psychiatry 199(1):23-8.
Weinberger DR, Berman KF, Zec RF. 1986. Physiologic dysfunction of dorsolateral
prefrontal cortex in schizophrenia. I. Regional cerebral blood flow evidence.
Arch Gen Psychiatry 43(2):114-24.

40

Wiebking C, de Greck M, Duncan NW, Heinzel A, Tempelmann C, Northoff G. 2011.
Are emotions associated with activity during rest or interoception? An
exploratory fMRI study in healthy subjects. Neurosci Lett 491(1):87-92.
Wiebking C, Duncan NW, Tiret B, Hayes DJ, Marjaǹska M, Doyon J, Bajbouj M,
Northoff G. 2014 GABA in the insula - a predictor of the neural response to
interoceptive awareness. Neuroimage. Feb 1;86:10-8.
World Health Forum WE. 2011. The Global Burden on non-communicable diseases
Zhang K, Zhu Y, Wu S, Liu H, Zhang W, Xu C, Zhang H, Hayashi T, Tian M. 2016.
Molecular, Functional, and Structural Imaging of Major Depressive Disorder.
Neurosci Bull 32(3):273-85.
Zhang X, Tang Y, Maletic-Savatic M, Sheng J, Zhang X, Zhu Y, Zhang T, Wang J,
Tong S, Wang J, Li Y. 2016 Altered neuronal spontaneous activity correlates
with glutamate concentration in medial prefrontal cortex of major depressed
females: An fMRI-MRS study. J Affect Disord. Sep 1;201:153-61.
Zwanzger P, Zavorotnyy M, Gencheva E, Diemer J, Kugel H, Heindel W, Ruland T,
Ohrmann P, Arolt V, Domschke K et al. 2013. Acute shift in glutamate
concentrations following experimentally induced panic with cholecystokinin
tetrapeptide--a 3T-MRS study in healthy subjects. Neuropsychopharmacology
38(9):1648-54.

41

42

Reference
MRS-fMRI
Falkenberg et al. MRS: ACC Glu
(2014)
fMRI: auditory
cognitive control
task

Diagnosis
Schizophrenia
(SCZ)

Sample
17 SCZ
17 HC

Cadena et al.
2018

MRS: ACC Glx/Cr
fMRI: Stroop Task

SCZ

22 SCZ
(scanned
twice)
20 HC

Fusar-Poli et al.
(2011)

MRS: Thalamic Glu
fMRI: Verbal Fluency
task (fMRI)

Psychosis
Clinical High
Risk (CHR)

24 CHR
17 HC

Valli et al.
(2011)

MRS: Hippocampal
Glu
fMRI: Word
Memory Task

Psychosis CHR

22 CHR
14 HC

Allen et al.
(2015)

MRS: Thalamic Glu
fMRI: Verbal Fluency
Task

Psychosis CHR

33 CHR
27 HC

Horn et al.
(2010)

MRS: pgACC and left
anterior Ins Glx
fMRI: resting state
functional
connectivity

Major
Depressive
Disorder
(MDD)

22 MDD
22 HC

Wiebking et al.
(2014)

MRS: L Ins GABA
fMRI: introceptive-

Depressed
Affect (Beck

24 HC

Findings
SCZ: (+) between ACC
Glu and BOLD in L/R
IPL
HC: (-) between ACC
Glu in L/R IPL
SCZ (baseline):
(-) between Glx/Cr and
BOLD in ACC, ins, prec,
PCC
HC (baseline): (+)
between Glx/Cr and
ACC, Ins, prec, PCC.
CHR: (-) between
Thalamic Glu and
BOLD in the R
dorsolateral PFC/L
OFC and (+) R
hippocampus and L/R
temporal cortex.
HC: (-) between
thalamic Glu in R/L
PFC, R hippocampus
and STG
CHR: No correlation
between hippocampal
Glu and BOLD.
HC: (+) between
hippocampal Glu and
MTL BOLD
CHR (poor function):
(-) between thalamic
Glu and PFC/striatal
BOLD
CHR (good function) &
HC:
No correlation
between thalamic Glu
BOLD
MDD: (+) between Glx
and resting-state
functional connectivity
(pgACC – anterior Ins).
HC: No correlation
between Glx and
resting-state
functional connectivity
in PgACC and anterior
Ins ROI
(+) between L Ins
GABA and BOLD

exteroceptive
awareness task

Hopelessness
Scale)

MRS: Medial PFC glu
and GABA fMRI:
amplitude of low
frequency
fluctuations (ALFF)
in resting state data
(fMRI)
MRS: pgACC and
occipital GABA/Cr
fMRI: resting state
functional
connectivity (RSFC)

MDD

11 MDD
(female)
11 HC
(female)

Post-partum
depression
(PPD)

45PPD
30HC

Duncan et al.
(2015)

MRS: medial PFC Glu
fMRI: resting state
and adverse stimuli

Childhood
Trauma (CHT)

12 HC

Morgenroth et
al. (2019)

MRS: R medial PFC
Glu
fMRI: Stroop Task

Trait Anxiety
(TA)

20 Low
TA
19 High
TA

Zhang et al.
(2016)

Deligiannidis et
al. (2018)

during interoceptive
stimuli. GABA and
interoceptive signal
changes in the insula
predicted the degree
of depressed affect
MDD: (+) between
medial PFC Glu and
resting state ALFF
(BOLD)
HC: no correlation
between medial PFC
Glu and ALFF
PPD: (+) between
PgACC GABA/Cr and
dorsomedial PFCinsula RSFC and
occipital cortex
GABA/Cr and
dorsomedial PFCamygdalae/parietal
RSPC
HC: As above
(+) between mPFC Glu
and motor cortex/left
insula BOLD during
aversive stimuli
associated with CHT
scores
Low TA: (+) between
mPFC Glu and left
dorsolateral PFC BOLD
during incongruent
trials
High TA: no
correlation between
mPFC Glu and BOLD in
dorsolateral PFC

Table 1: Multimodal imaging studies in in psychiatric/ risk populations
Abbreviations: MRS = 1H-Magnetic Resonance Spectroscopy. fMRI = Functional Magnetic
Resonance Imaging, (+) = positive correlation, (-) = negative correlation, Glu = glutamate,
Glx = glutamate/glutamine, Cr = creatine, L = left, R = Right, ACC = anterior cingulate, PFC =
prefrontal cortex, IPL = interior parietal lobe, Ins = insula, prec = precuneus, PCC = posterior
cingulate cortex, OFC = orbitofrontal cortex, STG = superior temporal gyrus, MTL = medial
temporal lobe, pgACC = pregenual anterior cingulate cortex,

