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This review from the International Consortium on
Hallucinations Research intends to question the pertinence
of the excitatory-to-inhibitory (E/I) imbalance hypothesis
as amodel for hallucinations. A large number of studies sug-
gest that subtle impairments of the E/I balance are involved
in neurological and psychiatric conditions, such as schizo-
phrenia. Emerging evidence also points to a role of the E/I
balance in maintaining stable perceptual representations,
suggesting it may be a plausible model for hallucinations.
In support, hallucinations have been linked to inhibitory
deficits as shown with impairment of gamma-aminobutyric
acid transmission, N-methyl-pD-aspartate receptor plastic-
ity, reductions in gamma-frequency oscillations, hyperac-
tivity in sensory cortices, and cognitive inhibition deficits.
However, the mechanisms by which E/I dysfunctions at the
cellular level might relate to clinical symptoms and cog-
nitive deficits remain unclear. Given recent data advances
in the field of clinical neuroscience, it is now possible to
conduct a synthesis of available data specifically related to
hallucinations. These findings are integrated with the latest
computational frameworks of hallucinations, and recom-
mendations for future research are provided.
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Introduction

Neural circuits are regulated by activity-dependent feed-
back systems that act to maintain a precise excitatory-to-
inhibitory (E/I) balance.! This E/I balance has been shown
to play an important role in the development and mainte-
nance of stable perceptual representations,? suggesting a
plausible link with hallucinations. In support, many stud-
ies have shown that inhibitory deficits are linked with hal-
lucinations. Inhibition, however, is a polysemic term with
multiple meanings and functions. For example, not all the
cognitive mechanisms falling under the rubric of inhibi-
tion may be meaningfully related to hallucinations.® In
this article, we first review evidence for potential inhibi-
tory dysfunction in (auditory and visual) hallucinations at
different scales of understanding (ie, molecular level, sys-
tem level, cognitive level). Given that hallucinations are
a clinical feature of schizophrenia (SCZ), that literature
is also reviewed so that deficits specific to hallucinations
may be separated from those general to SCZ. Evidence
drawn from studies in other conditions in which halluci-
nations occur is also provided. Second, we amalgamate
this understanding with the latest computational models.
Computational scale-free frameworks can provide power-
ful models for understanding hallucinations by allowing
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the integration of macroscale findings with microscale
factors that dictate the E/I balance. This knowledge car-
ries potentially important information for understanding
mechanisms of hallucinations, and recommendations for
future research and practice in the field are provided in
the last section.

Molecular and Pharmacological Evidence

Decreased inhibition or increased excitation is now a
consistent finding in SCZ. Genetic,* physiological,> and
postmortem’ evidence converge to show an impairment
of gamma-aminobutyric acid (GABA) transmission in
SCZ. Using rodent models, the experimental blockage
of parvalbumin interneurons,® or the suppression of
their activity using optogenetic methods,’ was shown to
induce significant reductions in y-oscillations, a finding
which was replicated in humans with SCZ3 (see also the
section on “neurophysiological evidence”). Interestingly,
such reduced GABAergic inhibition was related to per-
ceptual deficits,'’ such as reduced vulnerability to con-
trast-contrast illusions.!" Furthermore, global glutamate
(Glu) receptor hypofunction (notably of the N-methyl-D-
aspartate receptor or NMDA-R) in animal models was
shown to cause an increase in intrinsic pyramidal cell
excitability and a selective disruption of parvalbumin-
expressing interneurons. '?

Psychotomimetic models (eg, models that mimic the
symptoms of psychosis), especially those based on ket-
amine (an antagonistic agent of NMDA-R), also sup-
port the E/I imbalance hypothesis. SCZ-like symptoms
(eg, perceptual aberrations, delusional ideas, thought
disorder, and changes in affect) have been described in
healthy volunteers taking ketamine'® as well as in auto-
immune anti-NMDA-R encephalitis.'"* Moreover, ket-
amine affects the intensity and integrity of the sensory
experience.’* For both auditory and visual perception,
acuity is increased and background stimuli become more
salient.'>!'7 Specifically, the drug was shown to bind D2
receptors and induce striatal dopamine release,'® even
if blocking D2 receptors with haloperidol prior to ket-
amine administration does not block ketamine-induced
symptoms.'?

Furthermore, ketamine does not routinely induce hal-
lucinations, rather illusory percepts—alterations of stim-
uli that are actually present.” However, a recent report
suggests that ketamine administration inside the MRI
scanner (perhaps a form of sensory isolation) does induce
auditory verbal and musical hallucinations.” Contrary
to ketamine, LSD and other serotonergic hallucinogens
induce profound visual hallucinations, together with
altered sense of self and time* but no consistent delu-
sions.”? Serotonergic hallucinogens mainly act at 5-HT
receptors. However, they also impact upon glutamatergic
transmission® (and thus the E/I balance), especially in
the locus coeruleus* and in frontal cortex.?

Excitatory and Inhibitory Imbalance in Hallucinations

Brain Imaging Evidence

From Hyperactivation to Brain Dysconnectivity

Consistent with the notion of an E/I imbalance, meta-
bolic and functional changes in speech-related areas
have been widely reported in functional brain imaging
studies of SCZ patients with hallucinations.?® Two main
study categories can be distinguished: (1) trait studies
(ie, studies comparing hallucinators with nonhalluci-
nators) and (2) state studies (ie, studies conducted dur-
ing the occurrence of hallucinations in the scanner).
Increased activation within a bilateral frontotemporal
network was confirmed by coordinate-based meta-
analysis of the auditory hallucination (AH) state.”’
State studies conducted in nonclinical hallucinators
also confirmed the role of frontotemporal regions in
these experiences, independently of the SCZ status.?®
Parahippocampal signal fluctuations preceding the
occurrences of hallucinations,” as well as dyscon-
nectivity patterns of the hippocampal complex dur-
ing hallucinations,’*3! tend to indicate a possible link
between hallucinations and memory systems (see also
the “Cognition” section).

Trait studies mainly explored verbal self-monitoring,
verbal imagery, and source memory.?® These experiments
showed that SCZ patients with AHs exhibit decreased
activation within temporal, cingulate, premotor, and sub-
cortical regions thought to subserve the above-mentioned
functions.?? In a recent study using a predictive learning
task, aberrant resting activity was evidenced in audi-
tory cortex as well as weakened responses to unexpected
speech in patients with AHs,* suggesting auditory cortex
prediction error dysfunction.

Auditory hallucinations are also associated with
impaired connectivity of large-scale networks at both
the functional®* and structural level.* Functional con-
nectivity between Wernicke’s area and Broca’s areas, for
example, is shown to be disrupted during inner-speech
processing in SCZ patients who hear voices,* in line with
the “comparator model” theory, positing that AHs are
related to inner-speech self-monitoring impairments.*’-%
Overall, studies conducted in SCZ suggest that this dys-
connectivity may rely at the microscale on impaired
control of synaptic plasticity,* notably of NMDA-
dependent plasticity.*'*> Importantly, the dysconnectiv-
ity hypothesis was recently applied to specific symptoms
such as hallucinations, eg, comparing different SCZ
subgroups that only differ on their hallucination status
(ie, with or without hallucinations, but also with uni-
sensory or multisensory experiences),’** and to hallu-
cinators outside of this clinical spectrum.* Changes in
distributed functional connectivity networks were finally
obtained when targeting the left temporoparietal junc-
tion with noninvasive brain stimulation techniques such
as repetitive transcranial magnetic stimulation (TMS),*
or transcranial direct current stimulation (tDCS),* with
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substantial impacts on AH severity (see also the section
on “neuromodulation studies™).

Glutamate and MR Spectroscopy

Given that Blood-Oxygen-Level Dependent fMRI
(fMRI-BOLD) activations correlate with increases in
Glu concentrations,*” we could expect that Glu abnor-
malities overlap with the above-mentioned increases
in neuronal firing during AHs.?## Studies show Glu
concentration abnormalities in SCZ relative to healthy
controls,** but very few studies have made the link to
AHs. An exception is a recent study using a MR spec-
troscopy (‘H-MRS) approach. Hugdahl et al®' dem-
onstrated reduced GIx levels (ie, the sum of Glu and
Glutamine, Gln) in the posterior temporal lobe and
the inferior frontal gyrus of SCZ participants relative
to healthy controls. A significant positive correlation
was also found between frontal-temporal Glx levels and
hallucination severity (assessed with item P3 from the
Positive and Negative Syndrome Scale, PANSS), while
correlations with negative symptoms were close to zero.
Interestingly, the Glx levels were higher in patients that
scored in the upper range of the P3 symptom range,
which was interpreted as linked with a glutamater-
gic hyperactivity, not inhibited by the corresponding
increase in GABA release. This would mean that AHs
may be accompanied by Glu increase, rather than Glu
reduction. A recent meta-analysis of 'H-MRS in SCZ
also suggested that illness phases were associated with
different Glu profiles.® Increased metabolite concentra-
tion in the speech areas in the temporal lobe was also
reported by Homan et al®> when comparing hallucinat-
ing and nonhallucinating patients.

Neurophysiological Evidence

Phase Synchronization

Neurons have been shown to synchronize their oscillatory
phase (“phase synchronization”) in response to specific
stimulus contexts.”® This phenomenon depends critically
on E/I balance and is thought to provide a temporal code
that underpins coherent perception, thought, and action
(the “binding problem™), which has now been observed
within and between distributed brain structures during
rest, encoding, and higher-order cognition.’*36

State studies have typically observed increased phase
synchronization in the auditory cortices of SCZ subjects.
Initial case reports linked AHs to increased y-band activ-
ity in left auditory cortex,”*® while larger works have
reported increased a-band synchrony between right and
left auditory cortices,”® and more recently of 6-band
and y-bands in left frontal and auditory cortices.®' Ford
and colleagues®® found 150ms prior to and until speech
production that p-band synchronization (~15 Hz) was
larger over frontal cortex in HC compared to SCZ; the
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degree of synchrony in controls was positively correlated
with the degree of auditory N1 amplitude suppression
resulting from corollary discharge (N1 amplitude during
talking versus listening), while in SCZ lower synchroniza-
tion was related to AH severity.

Several trait studies have examined neural synchro-
nization using auditory steady-state response (ASSR)
paradigms. Spencer and colleagues® found that 40 Hz
stimulation elicited reduced y-band synchronization in
left auditory cortex of SCZ compared to HC, but was
modulated by 6-band (2 Hz) activity in SCZ. The degree
of y-band synchronization was also related to the life-
time experience of AHs in SCZ. Reanalyzing the same
data, Mulert and colleagues® found that greater syn-
chronization between bilateral primary auditory corti-
ces was correlated with AH severity in patients.

Using 20, 30, and 40 Hz stimulation, Koenig and
colleagues® found that a global measure of phase-
locking was increased during ASSR stimulation in
non-AH patients and healthy subjects (especially at
40 Hz), but was decreased in AH patients, notably in
the left hemisphere. Subsequently, these authors found
that the time to peak “late-latency” y-band amplitude
(early-gamma = 0-100ms, late-gamma = 200-300 ms),
irrespective of phase-locking, distinguished AH from
non-AH patients (ie, AH longer), and that longer time
to peak was positively correlated with AH severity.*
Using a similar paradigm, Hirano and colleagues® also
found that phase-locking was significantly reduced in
SCZ compared to controls at 40 Hz only, however, non-
phase-locked mean y-band power (amplitude) was not
different between the groups at rest and was increased
during 40 Hz ASSR stimulation in SCZ. Also in SCZ,
AH symptoms were positively correlated with induced
40 Hz y-band power in the left hemisphere and nega-
tively correlated with the ASSR stimulation phase-
locking factor.

Sensory Gating

Sensory gating, a form of preattentional inhibition when
facing repeated sensory stimulation, is usually exam-
ined with pairs of stimuli (S1 and S2) presented at some
stimulus-onset-asynchrony (SOA). In healthy subjects, a
positive wave peaking ~50ms after each stimulus (P50),
exhibits reduced amplitude to S2 compared to SI; the
S2:S1 “gating ratio” of P50 amplitudes is the dependent
measure in clinical studies. Acutely psychotic and non-
psychotic SCZ patients exhibit larger P50 gating ratios
than healthy controls (especially when SOA = 500ms),
irrespective of medication status.®*%” This deficit is also
observed in about half of SCZ relatives,®® indicating
that a P50 gating ratio deficit may be a endophenotypic
marker for vulnerability to SCZ.

Two studies have explored the role of impaired sen-
sory gating in AHs. Using a standard paradigm, Smith



and co-workers® observed greater P50 in SCZ with
drug-resistant hallucinations compared to healthy
controls, and SCZ ratios exhibited a positive correla-
tion with lifetime AH scores (from the PSYRATS) but
not current AH scores (from the PANSS). In contrast,
Hirano and colleagues™ found that the magnetic P50
(P50m) gating ratio analogue observed in response
to pairs of a Japanese vowel sound (SOA = 500 ms),
was larger in the left hemisphere in SCZ compared to
healthy controls, and was positively correlated with
current AH scores, however, not all SCZ had drug-
resistant hallucinations.

Neuromodulation Studies

Combining TMS with electroencephalography (EEG)
and electromyography constitutes a powerful tool to
assess the E/I balance in humans.”"”> Numerous studies
have investigated excitatory and inhibitory mechanisms
in medicated, unmedicated, first-episode patients with
SCZ and subjects at risk to develop SCZ,” but only few
studies have investigated their relationship with AHs.

Most of paired-pulse TMS paradigm applied over
the motor cortex investigating NMDA glutamate recep-
tor activity failed to demonstrate any difference between
SCZ patients and healthy controls.”*” No studies directly
explored the relationship between AHs and excitatory
mechanisms measured by paired-pulse TMS paradigm
applied over the motor cortex. Investigating the parieto-
motor connectivity with a subthreshold preconditioning
pulse over the posterior parietal cortex before the test
pulse over the ipsilateral motor cortex, a study reported
reduced paired-pulse facilitation in patients with SCZ.7
Even if such facilitatory interactions are thought to
depend on the superior longitudinal fasciculus integrity,
a white matter tract associated to AHs’ severity,”” patients
with lower negative symptoms had less impaired parieto-
motor connectivity.”s

Short-interval cortical inhibition (SICI) is a paired-
pulse paradigm with 1-4ms interstimulus intervals asso-
ciated with the GABA-A receptor-mediated inhibitory
neurotransmission.” A recent meta-analysis’ reported
that SICI was significantly reduced in SCZ patients when
compared with healthy subjects (d = 0.476). Daskalakis
and colleagues reported that the intensity of the SICI def-
icit correlated with the intensity of positive symptoms.”
Investigating integrity of the cerebello-thalamo-cortical
loop with a TMS pulse delivered over the cerebellum
5-15ms before a TMS pulse applied over the contralat-
eral primary motor cortex, a study also reported reduced
cerebellar inhibition in SCZ patients.*® Even if cerebel-
lar dysfunction has been linked with confusion between
reality and perceived reality, leading to positive psychotic
thinking,®' %3 the relationship between the severity of
AHs and the intensity of the cerebellar inhibition deficit
has yet to be explored.

Excitatory and Inhibitory Imbalance in Hallucinations

Combining TMS and EEG, Farzan and colleagues®
reported that patients with SCZ had significant deficits
in the inhibition of gamma oscillations in the dorso-
lateral prefrontal cortex, a phenomenon known to be
associated with an impairment in GABA-B receptor-
mediated inhibition. The severity of this deficit corre-
lated with the illness severity as measured by the Brief
Psychiatric Rating Scale (BPRS). However, the specific
link with AHs was not investigated. Interestingly, using
tDCS, a recent study also investigated the excitability
of the occipital cortex in healthy subjects, and reported
a correlation between the predisposition to anoma-
lous experiences/hallucinations score measured by the
Cardiff Anomalous Perceptions Scale (CAPS)* and the
number of visual distortions that occurred from viewing
aversive gratings during active and sham tDCS.% This
suggests a hyperexcitability of the brain in clinical and
nonclinical subjects predisposed to hallucinate.

Cognition

Inhibition is also a broad psychological construct which
refers to a particular form of prefrontal executive con-
trol that assists a range of cognitive skills (ie, attention,
learning, memory, and language) and behaviors. The
principal role of cognitive inhibition is to suppress irrele-
vant information and previously activated cognitive con-
tents, and resist interference from competing stimuli.?’
Cognitive inhibition can be further differentiated into
(1) interference control which refers to an initial percep-
tual stage of processing® (assessed on tasks such as the
Stroop task); (2) automatic (or unintentional) inhibition,
referring to automatic, preparatory, and prestimulus
processes® (assessed with tasks such as Negative Priming
paradigms®); and (3) intentional inhibition which applies
to goal-directed and poststimuli processes which may be
conscious or unconscious®®' (assessed with tasks such
as the Hayling Sentence Completion Task [HSCT] or
the Inhibition of Currently Irrelevant Memories Task
[ICIM]*).

By definition, AH in SCZ are sensory experiences over
which the person does not feel (s)he has direct and vol-
untary control.”*** Consequently, cognitive explanations
of AH have suggested that this reduced sense of control
arises from a breakdown in inhibition,” and that such def-
icits might result in the emergence of irrelevant material
from long-term memory into awareness.”*®’ In support,
studies have showed that hallucination frequency in SCZ
was associated with difficulties on tasks requiring the sup-
pression of irrelevant information and distracting infor-
mation, like the ICIM and HSCT tasks,’®* a Directed
Forgetting (DF) task,'® and the Dichotic Listening
task,'”! all pointing to deficits in intentional inhibition.
Such deficits were not correlated with delusions or other
symptom dimensions. Similar deficits have been found in
Alzheimer disease patients with hallucinations'®* as well
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as with nonclinical groups who score high on a measure
of hallucination proneness.!®*!%* Mental health condi-
tions that are characterized by unwanted and uncontrol-
lable cognitions, primarily obsessive compulsive disorder
(OCD)'%> 197 and posttraumatic stress disorder (PTSD),'%"
" also show similar deficits in inhibiting mental events.

Studies also show selective impairments in the domain
of intentional inhibition, but not in the other inhibi-
tion constructs referring to interference control and
automatic inhibition.!">!''> Such dissociations suggest
that deficits may be specific to the deliberate suppres-
sion of salient cognitive representations, in contrast to
motoric or unconscious responses. This notion is con-
sistent with early theories of hallucinations, proposing
that they involve “parasitic memories”!'%!''” or the intru-
sions of strongly activated (but irrelevant) representa-
tions in memory,’?’ especially when words are negative
or derogatory.!'!®

Two studies extended these results in nonclinical par-
ticipants scoring high on measures of hallucination-like
experiences. Paulik et al'® reported that these individu-
als made more false alarms on ICIM conditions requir-
ing intentional inhibition than comparison controls. This
finding was partially replicated by a recent paper,'®* which
showed correlations between ICIM scores and partici-
pants’ scores on one measure of hallucination proneness
(the Cardiff Anomalous Percepts Scale; r = .38) but not
with another (the Launay-Slade Hallucination Scale; r =
.10). Thus, in both clinical and nonclinical groups, there
is evidence to suggest that the predisposition to halluci-
nate is related to intentional inhibition abilities.

Considering These Findings Using Scale-Free
Computational Approaches

Building on the previous sections, the following con-
siders how both micro- and macroscale findings on
hallucinations can be convincingly articulated using
computational modeling. Several theoretical models have
already been proposed to account for hallucinations.!'*12
In this report, we will mainly focus on Bayesian inference,
but note that the different underlying hypotheses behind
these computational frameworks (eg, attractor states,
noise models, etc.) are not necessarily mutually exclusive
but perhaps complementary, in that they bring different
insights into the mechanisms behind hallucinations.!*!

The Predictive Coding Framework

Recent theories propose that hallucinations could be due
to altered inference mechanisms.!”>'** Originating from
Helmholtz’ idea of unconscious inference,'” these theo-
ries conceptualize the brain as an inference machine that
uses learned predictions (prior beliefs), combined with
sensory evidence, to infer the causes of the incoming sen-
sory data (“posterior probabilities”). Importantly, both
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the prior and the sensory evidence are weighted by their
precisions, which define their relative contributions on
the “posterior.”

A plausible implementation of Bayesian inference in
the brain is hierarchical predictive coding.'**'® The core
idea is that an internal model that represents the knowl-
edge about the outer world serves to generate a stable per-
ceptual experience despite noisy sensory data. Predictive
signals are thought to be fed back from higher to lower
levels of the cortical hierarchy. When these predictions
are violated by the sensory data, a precision-weighted
prediction error signal is fed forward to the next hier-
archical level to update the predictive model and drive
learning. If the precision of the sensory data is high rela-
tive to the precision of the prior belief, the prediction
error will be greater, and vice versa. It has been proposed
that psychosis is linked to increased prediction error sig-
naling'?*> which in turn leads to aberrant salience and the
formation of delusions, as proposed earlier.!23124.130-132

Disrupted predictive coding has also been invoked as a
mechanism underlying hallucinations per se.'?'** Different
predictive coding alterations have been proposed. One pos-
sibility is that hallucinations result from an overly strong
effect of top-down predictive signals on neural activity in
sensory cortices.!**!3* Others have linked hallucinations to
a failure to attenuate the sensory consequences of inner
speech, in analogy to the mechanism that is thought to
underlie delusions of control.**!24135 [n Bayesian inference
terms, the latter mechanism would correspond to increased
prediction errors, possibly resulting from neural signals that
encode inner speech in auditory cortex with relatively high
precision.'*>!3 Even if compatible with the E/I imbalance
hypothesis, how this expectation gives rise to voices rather
than other sounds remains to be established.'?’

The Circular Inference Framework

The prediction coding hypothesis suggesting that SCZ
subjects give too much relative weight to their prior
beliefs may have some limitations, especially when con-
sidering the fact that patients with psychosis are /less
sensitive to many perceptual illusions than healthy indi-
viduals,':13-140 which is inconsistent with the proposition
that strong priors would be at the root of perceptual illu-
sions.'!142 To overcome these shortcomings, it could be
useful to come back to a mathematically rigorous for-
mulation of hierarchical causal inference. In a Bayesian
network, inference can be performed by a recurrent prop-
agation of messages between causal nodes in all possible
directions: top-down, bottom-up, and laterally. Inference
is only complete after all such messages have been sent
in the cortical hierarchy.'*® Since long-range connec-
tions in the brain are overwhelmingly excitatory, these
messages would be reverberated endlessly through feed-
forward/feedback excitatory loops if they were not con-
trolled by the presence of equivalently strong inhibitory



connections. Indeed such balance is tightly maintained
in cortical networks, and was shown affected in SCZ.'#
Scaling down inhibition (or scaling up excitation) in such
a computational model results in a pathological form of
inference called “circular belief propagation,” in which
“bottom-up” and “top-down” messages are reverberated
and taken into account multiple times.'*

Even when facing weak sensory evidence, circular
propagation generates strong perceptual beliefs: halluci-
nations occur where nothing relevant should have been
inferred. In the same way, circular inference introduces
spurious correlations between feed-forward and feedback
messages that are nonexistent in the real world. This leads
to the learning and consolidation of “unshakable” (but
false) causal relationships, resulting in delusional belief
systems. In this line, hallucinations have been proposed
to originate primarily from the reverberation of “bottom-
up” messages, leading to an overinterpretation of the
sensory evidence.'* This does not rule out the possibil-
ity that some individuals with hallucinations (within, but
also beyond the SCZ spectrum) may overinterpret their
priors.'**14 Importantly, these 2 hypotheses could be
tested experimentally by measuring how patients weigh
their likelihood and priors during decisions.

Further Experimental Support

Besides the clinical and cognitive predictions of these
models, several neural implementations have been pro-
posed. 2612714314710 Reoardless of its specific implementa-
tion, it is important to consider that belief propagation
relies on local inhibitory control to avoid circular infer-
ence. The presence of these corrective connections has
been shown to be highly compatible with the architecture,
connectivity, and dynamics of the cortical column.'' In
such a context, it can be interesting to reappraise the
effects of ketamine from an inferential point of view.
Corlett et al suggested that under ketamine, the sub-
ject may experience both perceptual aberrations (due
to AMPA [a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate receptor] upregulation) and a reduced capac-
ity to accommodate and ignore these aberrations (due to
NMDA blockade).'”® This suggests that ketamine and
phencyclidine (PCP) disturb the feed-forward mechanism
(prediction error signal) through AMPA upregulation
and the feedback constraint (priors) through NMDA
blockade. The impairment of NMDA function would
limit the extent to which priors could exert their effect
in explaining the mismatch that is carried by the upregu-
lated AMPA signaling. This would lead to persistence of
perceptual aberrations due in part to persistent AMPA
signaling and in part to an attenuation of the constrain-
ing effect that priors would normally afford on perception
(see also study by Powers et al*®). Intriguingly, contrary to
ketamine, LSD alters glutamatergic function but it does
not impair NMDA signaling®® and may actually enhance

Excitatory and Inhibitory Imbalance in Hallucinations

it.!"2 Thus, LSD induces more visual hallucinations, a phe-
nomenon that can be captured by circular inferences.'?!

Conclusion and Recommendations for Future Research

Overall, this report reviewed the applicability of multi-
scale approaches of hallucinations presenting the current
available data for an E/I imbalance in these experiences.
Bayesian inference frameworks were shown to be partic-
ularly efficient for integrating various degrees of under-
standing, from the molecular to anatomo-functional or
behavioral levels. Because of a specific lack of empirical
evidence, neurophysiological validation of computational
approach is urgently needed, notably to identify the pos-
sible neural implementations of belief propagation in
both hallucinations and unbiased perceptions.!** Three
main lines of recommendations emerged from the work-
ing group. First in terms of population studied, it would
be particularly useful if future research could devote con-
certed efforts in exploring these hypotheses transdiagnos-
tically, to adequately control for SCZ as an independent
factor: eg, comparisons of nonclinical individuals with
hallucinations against healthy controls (none of the par-
ticipants have SCZ, and they only differ on the presence
of AHs), or studies comparing SCZ participants with and
without AHs (all the groups have a SCZ diagnosis, but
still only differ on AH). Beyond simple group compari-
sons, future cognitive studies could, for example, examine
whether the magnitude of participant’s DF or ICIM effect
from different populations correlated with the number of
intrusions they experience. This would notably allow to
test whether intentional inhibition problems cause the
intrusive cognitions reported in OCD and PTSD. Second,
in terms of paradigms, multiscale approaches should be
privileged, eg, combining cognition with MRS. Some spe-
cific recommendations could notably be made regarding
emerging exploratory methods, like MRS. Indeed, GABA
measures from the same brain regions as are targeted for
measures of Glu could allow to sort out the specificity
of E/I interactions for the initiation and maintenance of
hallucinations. The validation of these experimental data
through computational model fitting, based on predictive
coding and circular inference frameworks, should finally
reinforce the biological plausibility of the computational
approach. This area of research is still in the early stages of
development, but has the potential to make real improve-
ment in our understanding of neurochemical causes of
hallucinations and to optimized interventions.

Funding

B.A.-D. and D.S. are supported by Wellcome Trust grant
WT098455 (“Hearing the Voice”). K.H. is supported
by RCN Center of Excellence grant #ES497458, RCN
FRIMEDBIO grant #221550, and an ERC Advanced
grant #249516. PL. is supported by a PSL Research
University PhD Fellowship.

1129



R. Jardri et al

Acknowledgments

Parts of this review have been presented at the
Melbourne 2015 ICHR meeting by the working group
on “Hallucinations and inhibition” (see Thomas et al'*).

The

authors have declared that there are no conflicts of

interest in relation to the subject of this study.

References

1.

2.

10.

11.

12.

13.

14.

15.

1130

Denéve S, Machens CK. Efficient codes and balanced net-
works. Nat Neurosci. 2016;19:375-382.
Carcea I, Froemke RC. Cortical plasticity, excitatory-inhib-

itory balance, and sensory perception. Prog Brain Res.
2013;207:65-90.

. Waters F, Allen P, Aleman A, et al. Auditory hallucinations

in schizophrenia and nonschizophrenia populations: a review
and integrated model of cognitive mechanisms. Schizophr
Bull. 2012;38:683-693.

. Pocklington AJ, Rees E, Walters JT, et al. Novel findings from

CNVs implicate inhibitory and excitatory signaling com-
plexes in schizophrenia. Neuron. 2015;86:1203-1214.

. Uhlhaas PJ, Singer W. Abnormal neural oscillations

and synchrony in schizophrenia. Nat Rev Neurosci.

2010;11:100-113.

. Mulert C, Kirsch V, Pascual-Marqui R, McCarley RW,

Spencer KM. Long-range synchrony of vy oscillations and
auditory hallucination symptoms in schizophrenia. Int J
Psychophysiol. 2011;79:55-63.

Lewis DA, Hashimoto T, Volk DW. Cortical inhibi-
tory neurons and schizophrenia. Nat Rev Neurosci.
2005;6:312-324.

. Bartos M, Vida I, Frotscher M, et al. Fast synaptic inhibi-

tion promotes synchronized gamma oscillations in hip-
pocampal interneuron networks. Proc Natl Acad Sci USA.
2002;99:13222-13227.

. Sohal VS, Zhang F, Yizhar O, Deisseroth K. Parvalbumin

neurons and gamma rhythms enhance cortical circuit perfor-
mance. Nature. 2009;459:698-702.

Yoon JH, Maddock RJ, Rokem A, et al. GABA concentra-
tion is reduced in visual cortex in schizophrenia and cor-
relates with orientation-specific surround suppression. J
Neurosci. 2010;30:3777-3781.

Dakin S, Carlin P, Hemsley D. Weak suppression of
visual context in chronic schizophrenia. Curr Biol.
2005;15:R822-R824.

Gandal MJ, Sisti J, Klook K, et al. GABAB-mediated rescue
of altered excitatory-inhibitory balance, gamma synchrony
and behavioral deficits following constitutive NMDAR-
hypofunction. Transl Psychiatry. 2012;2:e142.

Krystal JH, Perry EB Jr, Gueorguieva R, et al. Comparative
and interactive human psychopharmacologic effects of keta-
mine and amphetamine: implications for glutamatergic and
dopaminergic model psychoses and cognitive function. Arch
Gen Psychiatry. 2005;62:985-994.

Dalmau J, Gleichman AJ, Hughes EG, et al. Anti-NMDA-
receptor encephalitis: case series and analysis of the effects of
antibodies. Lancet Neurol. 2008;7:1091-1098.

Krystal JH, Karper LP, Seibyl JP, et al. Subanesthetic effects of
the noncompetitive NMDA antagonist, ketamine, in humans.

Psychotomimetic, perceptual, cognitive, and neuroendocrine
responses. Arch Gen Psychiatry. 1994;51:199-214.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Oye I, Paulsen O, Maurset A. Effects of ketamine on sen-
sory perception: evidence for a role of N-methyl-p-aspartate
receptors. J Pharmacol Exp Ther. 1992;260:1209-1213.

Vollenweider FX, Leenders KL, Oye I, Hell D, Angst J.
Differential psychopathology and patterns of cerebral glu-
cose utilisation produced by (S)- and (R)-ketamine in healthy
volunteers using positron emission tomography (PET). Eur
Neuropsychopharmacol. 1997;7:25-38.

Smith GS, Schloesser R, Brodie JD, et al. Glutamate modula-
tion of dopamine measured in vivo with positron emission
tomography (PET) and 11C-raclopride in normal human
subjects. Neuropsychopharmacology. 1998;18:18-25.

Corlett PR, Honey GD, Krystal JH, Fletcher PC.
Glutamatergic model psychoses: prediction error, learning,
and inference. Neuropsychopharmacology. 2011;36:294-315.
Powers AR 3rd, Gancsos MG, Finn ES, Morgan PT, Corlett
PR. Ketamine-induced hallucinations. Psychopathology.
2015;48:376-385.

Geyer MA, Vollenweider FX. Serotonin research: contribu-
tions to understanding psychoses. Trends Pharmacol Sci.
2008;29:445-453.

Young BG. A phenomenological comparison of LSD and
schizophrenic states. Br J Psychiatry. 1974;124:64-74.
Aghajanian GK, Marek GJ. Serotonin model of schizophre-
nia: emerging role of glutamate mechanisms. Brain Res Brain
Res Rev. 2000;31:302-312.

Rasmussen K, Aghajanian GK. Effect of hallucinogens on
spontaneous and sensory-evoked locus coeruleus unit activity
in the rat: reversal by selective 5-HT2 antagonists. Brain Res.
1986;385:395-400.

Aghajanian GK, Marek GJ. Serotonin induces excitatory
postsynaptic potentials in apical dendrites of neocortical
pyramidal cells. Neuropharmacology. 1997;36:589-599.

Allen P, Modinos G, Hubl D, et al. Neuroimaging auditory
hallucinations in schizophrenia: from neuroanatomy to neu-
rochemistry and beyond. Schizophr Bull. 2012;38:695-703.
Jardri R, Pouchet A, Pins D, Thomas P. Cortical activa-
tions during auditory verbal hallucinations in schizophre-
nia: a coordinate-based meta-analysis. Am J Psychiatry.
2011;168:73-81.

Diederen KM, Daalman K, de Weijer AD, et al. Auditory
hallucinations elicit similar brain activation in psy-
chotic and nonpsychotic individuals. Schizophr Bull.
2012;38:1074-1082.

Diederen KM, Neggers SF, Daalman K, et al. Deactivation
of the parahippocampal gyrus preceding auditory
hallucinations in schizophrenia. Am J Psychiatry.
2010;167:427-435.

Amad A, Cachia A, Gorwood P, et al. The multimodal con-
nectivity of the hippocampal complex in auditory and visual
hallucinations. Mol Psychiatry. 2014;19:184-191.

Lefebvre S, Demeulemeester M, Leroy A, et al. Network
dynamics during the different stages of hallucinations in
schizophrenia. Hum Brain Mapp. In press. doi:10.1002/
hbm.23197.

Kiihn S, Gallinat J. Quantitative meta-analysis on state and
trait aspects of auditory verbal hallucinations in schizophre-
nia. Schizophr Bull. 2012;38:779-786.

Horga G, Schatz KC, Abi-Dargham A, Peterson BS. Deficits
in predictive coding underlie hallucinations in schizophrenia.
J Neurosci. 2014;34:8072—-8082.

Alderson-Day B, McCarthy-Jones S, Fernyhough C. Hearing
voices in the resting brain: a review of intrinsic functional



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

connectivity research on auditory verbal hallucinations.
Neurosci Biobehav Rev. 2015;55:78-87.

Geoffroy PA, Houenou J, Duhamel A, et al. The arcu-
ate fasciculus in auditory-verbal hallucinations: a meta-
analysis of diffusion-tensor-imaging studies. Schizophr Res.
2014;159:234-237.

Curcic-Blake B, Liemburg E, Vercammen A, et al. When
Broca goes uninformed: reduced information flow to Broca’s
area in schizophrenia patients with auditory hallucinations.
Schizophr Bull. 2013;39:1087-1095.

Frith CD. The Cognitive Neuropsychology of Schizophrenia.
Hillsdale, NJ: Lawrence Erlbaum; 1992.

Ford JM, Roach BJ, Faustman WO, Mathalon DH. Synch
before you speak: auditory hallucinations in schizophrenia.
Am J Psychiatry. 2007;164:458-466.

Allen P, Amaro E, Fu CH, et al. Neural correlates of the
misattribution of speech in schizophrenia. Br J Psychiatry.
2007;190:162-169.

Friston KJ, Frith CD. Schizophrenia: a disconnection syn-
drome? Clin Neurosci. 1995;3:89-97.

Stephan KE, Baldeweg T, Friston KJ. Synaptic plastic-
ity and dysconnection in schizophrenia. Biol Psychiatry.
2006;59:929-939.

Stephan KE, Friston KJ, Frith CD. Dysconnection in schizo-
phrenia: from abnormal synaptic plasticity to failures of self-
monitoring. Schizophr Bull. 2009;35:509-527.

Rolland B, Amad A, Poulet E, et al. Resting-state func-
tional connectivity of the nucleus accumbens in auditory
and visual hallucinations in schizophrenia. Schizophr Bull.
2015;41:291-299.

Ffytche DH. The hodology of hallucinations.
2008;44:1067-1083.

Vercammen A, Knegtering H, Liemburg EJ, den Boer JA,
Aleman A. Functional connectivity of the temporo-parietal
region in schizophrenia: effects of rTMS treatment of audi-
tory hallucinations. J Psychiatr Res. 2010;44:725-731.
Mondino M, Jardri R, Suaud-Chagny MF, Saoud M, Poulet
E, Brunelin J. Effects of fronto-temporal transcranial direct
current stimulation on auditory verbal hallucinations and
resting-state functional connectivity of the left temporo-pari-
etal junction in patients with schizophrenia. Schizophr Bull.
2016;42:318-326.

Falkenberg LE, Westerhausen R, Specht K, Hugdahl K.
Resting-state glutamate level in the anterior cingulate predicts
blood-oxygen level-dependent response to cognitive control.
Proc Natl Acad Sci USA. 2012;109:5069-5073.

Kompus K, Westerhausen R, Hugdahl K. The “paradoxical”
engagement of the primary auditory cortex in patients with
auditory verbal hallucinations: a meta-analysis of functional
neuroimaging studies. Neuropsychologia. 2011;49:3361-33609.
Poels EM, Kegeles LS, Kantrowitz JT, et al. Imaging gluta-
mate in schizophrenia: review of findings and implications for
drug discovery. Mol Psychiatry. 2014;19:20-29.

Marsman A, van den Heuvel MP, Klomp DW, Kahn RS,
Luijten PR, Hulshoff Pol HE. Glutamate in schizophre-
nia: a focused review and meta-analysis of 'H-MRS studies.
Schizophr Bull. 2013;39:120-129.

Hugdahl K, Craven AR, Nygard M, et al. Glutamate as a
mediating transmitter for auditory hallucinations in schizo-
phrenia: a (1)H MRS study. Schizophr Res.2015;161:252-260.
Homan P, Vermathen P, Van Swam C, et al. Magnetic reso-
nance spectroscopy investigations of functionally defined
language areas in schizophrenia patients with and without
auditory hallucinations. Neuroimage. 2014;94:23-32.

Cortex.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Excitatory and Inhibitory Imbalance in Hallucinations

Gray CM, Konig P, Engel AK, Singer W. Oscillatory
responses in cat visual cortex exhibit inter-columnar synchro-
nization which reflects global stimulus properties. Nature.
1989;338:334-337.

Uhlhaas PJ, Pipa G, Lima B, et al. Neural synchrony in corti-
cal networks: history, concept and current status. Front Integr
Neurosci. 2009;3:17.

Singer W. Neuronal synchrony: a versatile code for the defini-
tion of relations? Neuron. 1999;24:49-65, 111.

Fries P. Neuronal gamma-band synchronization as a funda-
mental process in cortical computation. Annu Rev Neurosci.
2009;32:209-224.

Ishii R, Shinosaki K, Ikejiri Y, et al. Theta rhythm increases
in left superior temporal cortex during auditory hallu-
cinations in schizophrenia: a case report. Neuroreport.
2000;11:3283-3287.

Ropohl A, Sperling W, Elstner S, et al. Cortical activ-
ity associated with auditory hallucinations. Neuroreport.
2004;15:523-526.

Angelopoulos E, Koutsoukos E, Maillis A, Papadimitriou
GN, Stefanis C. Cortical interactions during the experience
of auditory verbal hallucinations. J Neuropsychiatry Clin
Neurosci. 2011:;23:287-293.

Sritharan A, Line P, Sergejew A, Silberstein R, Egan
G, Copolov D. EEG coherence measures during audi-
tory hallucinations in schizophrenia. Psychiatry Res.
2005;136:189-200.

Koutsoukos E, Angelopoulos E, Maillis A, Papadimitriou
GN, Stefanis C. Indication of increased phase coupling
between theta and gamma EEG rhythms associated with the
experience of auditory verbal hallucinations. Neurosci Lett.
2013;534:242-245.

Spencer KM, Niznikiewicz MA, Nestor PG, Shenton ME,
McCarley RW. Left auditory cortex gamma synchroniza-
tion and auditory hallucination symptoms in schizophrenia.
BMC Neurosci. 2009;10:85.

Koenig T, van Swam C, Dierks T, Hubl D. Is gamma band
EEG synchronization reduced during auditory driving in
schizophrenia patients with auditory verbal hallucinations?
Schizophr Res. 2012;141:266-270.

Griskova-Bulanova I, Hubl D, van Swam C, Dierks T, Koenig
T. Early- and late-latency gamma auditory steady-state
response in schizophrenia during closed eyes: does hallucina-
tion status matter? Clin Neurophysiol. 2016;127:2214-2221.
Hirano Y, Oribe N, Kanba S, Onitsuka T, Nestor PG, Spencer
KM. Spontaneous gamma activity in schizophrenia. J4MA
Psychiatry. 2015;72:813-821.

Bramon E, Rabe-Hesketh S, Sham P, Murray RM, Frangou
S. Meta-analysis of the P300 and P50 waveforms in schizo-
phrenia. Schizophr Res. 2004;70:315-329.

Adler LE, Pachtman E, Franks RD, Pecevich M, Waldo MC,
Freedman R. Neurophysiological evidence for a defect in
neuronal mechanisms involved in sensory gating in schizo-
phrenia. Biol Psychiatry. 1982;17:639-654.

Siegel C, Waldo M, Mizner G, Adler LE, Freedman R.
Deficits in sensory gating in schizophrenic patients and their
relatives. Evidence obtained with auditory evoked responses.
Arch Gen Psychiatry. 1984;41:607-612.

Smith DM, Grant B, Fisher DJ, Borracci G, Labelle A, Knott
VJ. Auditory verbal hallucinations in schizophrenia correlate
with P50 gating. Clin Neurophysiol. 2013;124:1329-1335.
Hirano Y, Hirano S, Maekawa T, et al. Auditory gating deficit
to human voices in schizophrenia: a MEG study. Schizophr
Res. 2010;117:61-67.

1131



R. Jardri et al

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

1132

Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Canete
C, Catala MD. Study and modulation of human cortical
excitability with transcranial magnetic stimulation. J Clin
Neurophysiol. 1998;15:333-343.

Fitzgerald PB, Maller JJ, Hoy K, Farzan F, Daskalakis ZJ.
GABA and cortical inhibition in motor and non-motor
regions using combined TMS-EEG: a time analysis. Clin
Neurophysiol. 2009;120:1706-1710.

Hasan A, Falkai P, Wobrock T. Transcranial brain stimula-
tion in schizophrenia: targeting cortical excitability, connec-
tivity and plasticity. Curr Med Chem. 2013;20:405-413.
Radhu N, de Jesus DR, Ravindran LN, Zanjani A, Fitzgerald
PB, Daskalakis ZJ. A meta-analysis of cortical inhibition and
excitability using transcranial magnetic stimulation in psychi-
atric disorders. Clin Neurophysiol. 2013;124:1309-1320.
Rogasch NC, Daskalakis ZJ, Fitzgerald PB. Cortical inhibi-
tion, excitation, and connectivity in schizophrenia: a review
of insights from transcranial magnetic stimulation. Schizophr
Bull. 2014;40:685-696.

Koch G, Ribolsi M, Mori F, et al. Connectivity between pos-
terior parietal cortex and ipsilateral motor cortex is altered in
schizophrenia. Biol Psychiatry. 2008;64:815-819.
Curti¢-Blake B, Nanetti L, van der Meer L, etal. Not on speak-
ing terms: hallucinations and structural network disconnectiv-
ity in schizophrenia. Brain Struct Funct. 2015;220:407-418.
Ziemann U, Lonnecker S, Steinhoff BJ, Paulus W. The effect
of lorazepam on the motor cortical excitability in man. Exp
Brain Res. 1996;109:127-135.

Daskalakis ZJ, Christensen BK, Fitzgerald PB, Moller B,
Fountain SI, Chen R. Increased cortical inhibition in persons
with schizophrenia treated with clozapine. J Psychopharmacol.
2008;22:203-209.

Daskalakis ZJ, Christensen BK, Fitzgerald PB, Fountain SI,
Chen R. Reduced cerebellar inhibition in schizophrenia: a
preliminary study. Am J Psychiatry. 2005;162:1203-1205.

Andreasen NC, Nopoulos P, O’Leary DS, Miller DD,
Wassink T, Flaum M. Defining the phenotype of schizo-
phrenia: cognitive dysmetria and its neural mechanisms. Biol
Psychiatry. 1999;46:908-920.

Molinari M, Chiricozzi FR, Clausi S, Tedesco AM, De Lisa
M, Leggio MG. Cerebellum and detection of sequences, from
perception to cognition. Cerebellum. 2008;7:611-615.
Bernard JA, Mittal VA. Dysfunctional activation of the cer-
ebellum in schizophrenia: a functional neuroimaging meta-
analysis. Clin Psychol Sci. 2015;3:545-566.

Farzan F, Barr MS, Levinson AJ, et al. Evidence for gamma
inhibition deficits in the dorsolateral prefrontal cortex of
patients with schizophrenia. Brain. 2010;133:1505-1514.

Bell V, Halligan PW, Ellis HD. The Cardiff Anomalous
Perceptions Scale (CAPS): a new validated measure of anom-
alous perceptual experience. Schizophr Bull. 2006;32:366-377.
Braithwaite JJ, Mevorach C, Takahashi C. Stimulating the
aberrant brain: evidence for increased cortical hyperexcitabil-
ity from a transcranial direct current stimulation (tDCS) study
of individuals predisposed to anomalous perceptions. Cortex.
2015;69:1-13.

Bjorklund D, Harnishfeger KK. The evolution of inhibition
mechanisms and their role in human cognition. In: Dempster
F, Brainerd C, eds. Interference and Inhibition in Cognition.
London, UK: Academic Press, Inc; 1995:141-173.

Friedman NP, Miyake A. The relations among inhibition and
interference control functions: a latent-variable analysis. J
Exp Psychol Gen. 2004;133:101-135.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Boy F, Husain M, Sumner P. Unconscious inhibition sepa-
rates two forms of cognitive control. Proc Natl Acad Sci
USA.2010;107:11134-11139.

Tipper SP. Does negative priming reflect inhibitory mecha-
nisms? A review and integration of conflicting views. Q J Exp
Psychol A. 2001;54:321-343.

Wilson SP, Kipp K. The development of efficient inhibi-
tion: evidence from directed-forgetting tasks. Dev Review.
1998;18:86-123.

Schnider A, Ptak R. Spontaneous confabulators fail to sup-
press currently irrelevant memory traces. Nat Neurosci.
1999;2:677-681.

Morrison AP, Baker CA. Intrusive thoughts and auditory
hallucinations: a comparative study of intrusions in psycho-
sis. Behav Res Ther. 2000;38:1097-1106.

Hoffman RE, Varanko M, Gilmore J, Mishara AL.
Experiential features used by patients with schizophrenia to
differentiate ‘voices’ from ordinary verbal thought. Psychol
Med. 2008;38:1167-1176.

Frith CD. Consciousness, information processing and schizo-
phrenia. Br J Psychiatry. 1979;134:225-235.

Hemsley DR. The schizophrenic experience: taken out of
context? Schizophr Bull. 2005;31:43-53.

Waters FA, Badcock JC, Michie PT, Maybery MT.
Auditory hallucinations in schizophrenia: intrusive
thoughts and forgotten memories. Cogn Neuropsychiatry.
2006;11:65-83.

Waters FA, Badcock JC, Maybery MT, Michie PT. Inhibition
in schizophrenia: association with auditory hallucinations.
Schizophr Res. 2003;62:275-280.

Badcock JC, Waters FA, Maybery MT, Michie PT. Auditory
hallucinations: failure to inhibit irrelevant memories. Cogn
Neuropsychiatry. 2005;10:125-136.

Soriano MF, Jiménez JF, Roman P, Bajo MT. Intentional
inhibition in memory and hallucinations: directed forgetting
and updating. Neuropsychology. 2009;23:61-70.

Hugdahl K, Nygard M, Falkenberg LE, et al. Failure
of attention focus and cognitive control in schizo-
phrenia patients with auditory verbal hallucinations:
evidence from dichoticlistening. Schizophr Res.2013;147:301—
3009.

El Haj M, Larei F, Gély-Nargeot MC, Raffard S.
Inhibitory deterioration may contribute to hallucina-
tions in Alzheimer’s disease. Cogn Neuropsychiatry.
2015;20:281-295.

Paulik G, Badcock JC, Maybery MT. Poor intentional inhi-
bition in individuals predisposed to hallucinations. Cogn
Neuropsychiatry. 2007;12:457-470.

Badcock JC, Mahfouda S, Maybery MT. Hallucinations
and inhibitory functioning in healthy young adults with
high and low levels of hypomanic personality traits. Cogn
Neuropsychiatry. 2015;20:254-269.

Bohne A, Keuthen NJ, Tuschen-Caffier B, Wilhelm S.
Cognitive inhibition in trichotillomania and obsessive-com-
pulsive disorder. Behav Res Ther. 2005;43:923-942.

Konishi M, Shishikura K, Nakaaki S, Komatsu S, Mimura
M. Remembering and forgetting: directed forgetting effect
in obsessive-compulsive disorder. Neuropsychiatr Dis Treat.
2011;7:365-372.

Tolin DF, Hamlin C, Foa EB. Directed forgetting in obses-
sive-compulsive disorder: replication and extension. Behav
Res Ther. 2002;40:793-803.



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Cottencin O, Vaiva G, Huron C, et al. Directed forgetting
in PTSD: a comparative study versus normal controls. J
Psychiatr Res. 2006;40:70-80.

Zwissler B, Hauswald A, Koessler S, et al. Memory control
in post-traumatic stress disorder: evidence from item method
directed forgetting in civil war victims in Northern Uganda.
Psychol Med. 2012;42:1283-1291.

Zoellner LA, Sacks MB, Foa EB. Directed forgetting follow-
ing mood induction in chronic posttraumatic stress disorder
patients. J Abnorm Psychol. 2003;112:508-514.

Baumann M, Zwissler B, Schalinski I, Ruf-Leuschner M,
Schauer M, Kissler J. Directed forgetting in post-traumatic-
stress-disorder: a study of refugee immigrants in Germany.
Front Behav Neurosci. 2013;7:94.

Peters ER, Pickering AD, Kent A, et al. The relationship
between cognitive inhibition and psychotic symptoms. J
Abnorm Psychol. 2000;109:386-395.

Peters ER, Pickering AD, Hemsley DR. ‘Cognitive inhibi-
tion” and positive symptomatology in schizotypy. Br J Clin
Psychol. 1994;33 (Pt 1):33-48.

Chen EY, Wong AW, Chen RY, Au JW. Stroop interference
and facilitation effects in first-episode schizophrenic patients.
Schizophr Res. 2001;48:29-44.

Szoke A, Méary A, Ferchiou A, Trandafir A, Leboyer M,
Schiirhoff F. Correlations between cognitive performances
and psychotic or schizotypal dimensions. Eur Psychiatry.
2009;24:244-250.

Hoffman RE. Verbal hallucinations and language production
processes in schizophrenia. Behav Brain Sci. 1986;9:503-548.
Hoffman RE, Oates E, Hafner RJ, Hustig HH, McGlashan
TH. Semantic organization of hallucinated “voices” in schiz-
ophrenia. Am J Psychiatry. 1994;151:1229-1230.

Johns LC, McGuire PK. Verbal self-monitoring and auditory
hallucinations in schizophrenia. Lancet. 1999;353:469-470.

Rolls ET, Loh M, Deco G, Winterer G. Computational mod-
els of schizophrenia and dopamine modulation in the pre-
frontal cortex. Nat Rev Neurosci. 2008;9:696-709.

Hoffman RE, Dobscha SK. Cortical pruning and the devel-
opment of schizophrenia: a computer model. Schizophr Bull.
1989;15:477-490.

Jardri R, Deneve S. Computational models of hallucina-
tions. In: Jardri R, Cachia A, Thomas P, Pins D, eds. The
Neuroscience of Hallucinations. New York, NY: Springer;
2013:289-313.

Adams RA, Stephan KE, Brown HR, Frith CD, Friston KJ.
The computational anatomy of psychosis. Front Psychiatry.
2013;4:47.

Corlett PR, Frith CD, Fletcher PC. From drugs to depriva-
tion: a Bayesian framework for understanding models of psy-
chosis. Psychopharmacology ( Berl). 2009;206:515-530.
Fletcher PC, Frith CD. Perceiving is believing: a Bayesian
approach to explaining the positive symptoms of schizophre-
nia. Nat Rev Neurosci. 2009;10:48-58.

von Helmholtz H. Handbuch der physiologischen Optik.
Leipzig, Germany: Leopold Voss; 1867.

Lee TS, Mumford D. Hierarchical Bayesian inference
in the visual cortex. J Opt Soc Am A Opt Image Sci Vis.
2003;20:1434-1448.

Friston KJ. A theory of cortical responses. Philos Trans R
Soc Lond B Biol Sci. 2005;360:815-836.

Clark A. Whatever next? Predictive brains, situated agents,

and the future of cognitive science. Behav Brain Sci.
2013;36:181-204.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Excitatory and Inhibitory Imbalance in Hallucinations

Rao RP, Ballard DH. Predictive coding in the visual cortex:
a functional interpretation of some extra-classical receptive-
field effects. Nat Neurosci. 1999;2:79-87.

Heinz A. Dopaminergic dysfunction in alcoholism and schiz-
ophrenia—psychopathological and behavioral correlates. Eur
Psychiatry. 2002;17:9-16.

Kapur S. Psychosis as a state of aberrant salience: a frame-
work linking biology, phenomenology, and pharmacology in
schizophrenia. Am J Psychiatry. 2003;160:13-23.

Heinz A, Schlagenhauf F. Dopaminergic dysfunction in
schizophrenia: salience attribution revisited. Schizophr Bull.
2010;36:472-485.

Friston K. Hallucinations and perceptual inference. Behav
Brain Sci. 2005;28:764-766.

Nazimek JM, Hunter MD, Woodruff PW. Auditory hallu-
cinations: expectation-perception model. Med Hypotheses.
2012;78:802-810.

Allen P, Aleman A, McGuire PK. Inner speech models
of auditory verbal hallucinations: evidence from behav-
ioural and neuroimaging studies. Int Rev Psychiatry.
2007;19:407-415.

Notredame CE, Pins D, Deneve S, Jardri R. What visual illu-
sions teach us about schizophrenia. Front Integr Neurosci.
2014;8:63.

Wilkinson S. Accounting for the phenomenology and
varieties of auditory verbal hallucination within a predic-
tive processing framework. Conscious Cogn. 2014;30:142—
155.

Tschacher W, Schuler D, Junghan U. Reduced perception
of the motion-induced blindness illusion in schizophrenia.
Schizophr Res. 2006;81:261-267.

Crawford TJ, Hamm JP, Kean M, et al. The perception of
real and illusory motion in schizophrenia. Neuropsychologia.
2010;48:3121-3127.

Seymour K, Stein T, Sanders LL, Guggenmos M, Theophil
I, Sterzer P. Altered contextual modulation of primary visual
cortex responses in schizophrenia. Neuropsychopharmacology.
2013;38:2607-2612.

Yuille AL, Bilthoff HH. Bayesian decision theory and psy-
chophysics. In: Knill DC, Richards W, eds. Perception as
Bayesian Inference. New York, NY; Cambridge University
Press; 1996.

Weiss Y, Simoncelli EP, Adelson EH. Motion illusions as
optimal percepts. Nat Neurosci. 2002;5:598-604.

Bishop FR. Graphical models. In: Bishop FR, ed. Pattern
Recognition and Machine Learning. Cambridge, UK:
Springer; 2006:359-418.

O’Donnell P. Adolescent onset of cortical disinhibition in
schizophrenia: insights from animal models. Schizophr Bull.
2011;37:484-492.

Jardri R, Denéve S. Circular inferences in schizophrenia.
Brain. 2013;136:3227-3241.

Chambon V, Pacherie E, Barbalat G, Jacquet P, Franck N,
Farrer C. Mentalizing under influence: abnormal dependence
on prior expectations in patients with schizophrenia. Brain.
2011;134:3728-3741.

George D, Hawkins J. Towards a mathematical theory of cor-
tical micro-circuits. PLoS Comput Biol. 2009;5:¢1000532.

Steimer A, Maass W, Douglas R. Belief propaga-
tion in networks of spiking neurons. Neural Comput.
2009;21:2502-2523.

Deneve S. Bayesian inference with recurrent spiking net-
works. In: Lawrence KS, Weiss Y, Bottou L, eds. Advances

1133



R. Jardri et al

150.

151.

152.

1134

in Neural Information Processing System, Vol 17. Cambridge,
MA: MIT Press; 2004:353-360.

Markov NT, Kennedy H. The importance of being hierarchi-
cal. Curr Opin Neurobiol. 2013;23:187-194.

Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P,
Friston KJ. Canonical microcircuits for predictive coding.
Neuron. 2012;76:695-711.

Lambe EK, Aghajanian GK. Hallucinogen-induced
UP states in the brain slice of rat prefrontal cortex: role

153.

154.

of glutamate spillover and NR2B-NMDA
Neuropsychopharmacology. 2006;31:1682-1689.
Deneéve S, Jardri R. Circular inference: mistaken belief, mis-
placed trust. Curr Opin Behav Sci. 2016;11:40-48.

Thomas N, Rossell SL, Waters F. The changing face of
hallucination research: the International Consortium
on Hallucination Research (ICHR) 2015 meeting
report. Schizophr Bull. In press. doi:10.1093/schbul/
sbv183.

receptors.



