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Bayesian inference, dysconnectivity and
neuromodulation in schizophrenia

This scientific commentary refers to

‘Estimating changing contexts in

schizophrenia’, by Kaplan et al.

(doi:10.1093/brain/aww095).

The paper by Kaplan et al. in this

issue of Brain addresses one of the

most interesting questions in contem-

porary schizophrenia research: the

role of uncertainty during perception

(Kaplan et al., 2016). Uncertainty

enjoys much interest in schizophrenia

research as it may provide a crucial

link between core clinical symptoms

of schizophrenia—aberrant perceptual

inference (e.g. hallucinations) and ab-

normal beliefs (delusions)—and long-

standing neurobiological findings that

patients with schizophrenia display

widespread alterations in structural

and functional brain connectivity

(dysconnectivity).

These two cardinal features of

schizophrenia have been integrated in

disease theories, which have developed

in three waves. A first influential pro-

posal was that dysconnectivity in

schizophrenia arises from abnormal

regulation of NMDA receptor

(NMDAR)-dependent transmission by

neuromodulatory (dopaminergic and

cholinergic) influences (Friston, 1998).

Given the critical role of NMDARs for

synaptic plasticity and myelination,

this suggested that both neurodevelop-

mental aspects of schizophrenia

(cf. abnormal pruning of connections

by altered experience-dependent

plasticity) and structural dysconnectiv-

ity might arise from a primary disturb-

ance of NMDAR-dependent plasticity

due to aberrant neuromodulatory con-

trol. Second, these putatively abnormal

NMDAR-neuromodulator interactions

(NNI) were proposed to cause a cen-

tral computational impairment in

schizophrenia: abnormal hierarchical

Bayesian inference in the cortex

(Stephan et al., 2006). This proposal

was inspired by the notion that

the brain constructs a hierarchical

and probabilistic model of the world

in order to infer the environmental

causes of its sensory inputs (predictive

coding), and by the increasingly

discernible importance of NMDAR-

neuromodulator interactions for imple-

menting hierarchical Bayesian infer-

ence in the brain (Fig. 1). Under

generic conditions, belief updates in

Bayesian inference are driven by pre-

diction errors (the difference between

actual and predicted inputs) but, crit-

ically, weighted by how uncertain or

precise both predictions and sensory

inputs are. While prediction (error)

signalling relies on glutamatergic trans-

mission (NMDA and AMPA recep-

tors), uncertainty-weighting may draw

on tonic neuromodulatory signals, e.g.

dopaminergic or cholinergic volume

transmission. This view puts uncer-

tainty (or its inverse, precision) centre

stage in theories of schizophrenia. In a

third step, this computational view of

schizophrenia with its focus on

uncertainty or precision has enabled

the construction of bridges from

neurophysiology to clinical symptoms

and led to influential conceptualiza-

tions of perceptual aberrations and de-

lusion formation in schizophrenia

(Fletcher and Frith, 2009; Corlett

et al., 2010; Adams et al., 2013).

While these theories are appealing

in that they integrate physiological

and computational mechanisms and

link them to clinical symptoms, test-

ing their predictions has been a slow

process. This is partially because the

necessary tools have been under de-

velopment. Recent years, however,

have seen major methodological ad-

vances in computational neuroima-

ging. For example, trajectories of

individual belief updates, and how

they are driven by prediction errors

and uncertainty, can be inferred

from individual behaviour by hier-

archical Bayesian models (Nassar

et al., 2010; Iglesias et al., 2013).

Furthermore, dynamic causal model-

ling has made it possible to character-

ize effective (directed) connectivity

between neuronal populations based

on functional MRI or electrophysiolo-

gical data.

The article by Kaplan et al. pro-

vides a compelling demonstration of

how these techniques can be com-

bined to probe hypothesized abnorm-

alities of Bayesian inference and

neuromodulation in schizophrenia.

Using both hierarchical Bayesian
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modelling of behaviour (Nassar et al.,

2010) and dynamic causal modelling

of functional MRI, their work focuses

on one important aspect of uncer-

tainty in hierarchical Bayesian infer-

ence: disambiguating changes in

context from noise in sensory inputs.

Kaplan et al. compared medicated

patients with schizophrenia to healthy

controls, using a paradigm in which

numbers drawn from a Gaussian

probability distribution were pre-

sented sequentially to the individual.

With a certain probability (unknown

to the participants), the mean of this

distribution would shift on any given

trial, and the participants’ task was to

indicate when they believed that a

shift had taken place. Mastering this

task requires hierarchical inference,

where estimates of the distribution’s

mean are informed by estimates of

higher-order statistical structure (i.e.

probability of context changes).

Model-based analysis of the behav-

ioural data indicated that, compared

to healthy controls, patients with

schizophrenia overestimated context

change probability. Additionally,

they showed a greater sum of predic-

tion errors across the task and a

higher learning rate in response to

perceived change points than controls.

Neurophysiologically, these behav-

ioural differences were accompanied

by reduced activity of anterior

prefrontal cortex in patients at the

time they believed they had detected

a context change. Conversely, patients

showed increased midbrain activity on

those post-decision trials that featured

numbers suggesting that the previous

decision was likely to have been correct

(implicit confirmatory feedback).

These (and other) functional MRI

findings suggest that interactions be-

tween the dopaminergic midbrain and

a previously described hierarchical cor-

tical network comprising parietal

cortex, dorsolateral prefrontal cortex

(DLPFC), and anterior prefrontal

cortex (Badre and D’Esposito, 2009)

are critical to master the inferential

challenge posed by the task.

Kaplan et al. scrutinized this idea

by constructing and comparing four

dynamic causal models, which cap-

tured the above hierarchy and its

interaction with the midbrain in dif-

ferent ways. They found that both the

detection of a perceived context

change and processing subsequent in-

formation in favour of this decision

led to a reduction of most cortico-

cortical connection strengths; by con-

trast, the latter condition enhanced

cortical connections from parietal

cortex and DLPFC to the midbrain.

Notably, the increase in the

DLPFC!midbrain connection was

related to clinical symptoms: it was

significantly more pronounced in

patients with strong delusions, com-

pared to patients with mild delusional

symptoms.

Prefrontal-midbrain connections

have been examined in detail by pre-

vious neuroanatomical and patho-

physiological studies, and represent a

particularly prominent case of

NMDAR-neuromodulator inter-

actions in the dysconnection theory

of schizophrenia. Prefrontal connec-

tions to the midbrain utilize NMDA

receptors in order to exert a potent

drive on dopaminergic neurons,

where the strength of these glutama-

tergic synapses is regulated by both

cholinergic afferents from the brain-

stem as well as autocrine dopamine

release (for review, see Stephan

et al., 2009). The dynamic causal

modelling results by Kaplan et al.

reveal that the DLPFC!midbrain

connection is enhanced in patients

with schizophrenia, both when con-

text changes are perceived and when

subsequent confirmatory information

is processed. This is consistent with

a dysregulation of glutamatergic pre-

frontal influences on the midbrain,

possibly leading to excessive and/or

ill-timed dopamine release (cf. ‘aber-

rant salience’; Kapur, 2003). The re-

sulting maladaptive plasticity induced

by aberrant dopamine release via ef-

ferent connections from the midbrain

might represent a key trigger for the

Figure 1 Summary of the general principles of hierarchical Bayesian inference in cortex and presently available evidence on

the relation between computational and physiological processes (Stephan et al., 2009; Corlett et al., 2010; Adams et al., 2013).

Prediction errors are thought to be signalled via ionotropic glutamatergic (AMPA and NMDA) receptors at forward or bottom-up connections,

while predictions are conveyed by NMDA receptors at backward or top-down connections (left). Importantly, estimates of uncertainty (or its

inverse, precision) weight these signals and determine the magnitude of belief updates (right). Precision-weighting corresponds to modulation of

postsynaptic gain and could be achieved by tonic neuromodulatory signals (e.g. volume transmission of dopamine or acetylcholine) or local

GABAergic influences.
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formation of abnormal beliefs and,

eventually, delusions (Stephan et al.,
2009; Adams et al., 2013). The rela-

tion between DLPFC!midbrain con-

nection strength and delusion severity

that Kaplan et al. report lends empir-

ical support to this previous proposal.

Overall, the study by Kaplan et al.

makes important contributions to char-

acterizing abnormalities of Bayesian in-

ference in schizophrenia and their

potential relation to altered neuromo-

dulation. Having said this, the present

study also has a number of limitations

that deserve consideration. First, the

functional MRI results derive from cat-

egorical analyses of task events, such as

post-decision trials that were labelled as

representing implicit confirmatory

feedback. This labelling was partially

based on applying binary thresholds,

which, although not implausible, essen-

tially represent an arbitrary cut-off.

Future work should exploit the inferred

computational quantities more directly

and examine how functional MRI ac-

tivity and connectivity relate to trial-

by-trial estimates of prediction errors

and uncertainty at different hierarchical

levels (e.g. trial outcomes and change

points). Second, while systematic

model selection was applied to dynamic

causal models of functional MRI data,

the analysis of behavioural data took

one specific model for granted, without

comparing it to alternative possibilities

of how full hierarchical Bayesian infer-

ence could be approximated in the

brain, and without considering how

this might vary across subjects.

Finally, the patients were receiving anti-

psychotic medication. This might repre-

sent a particular confound for the

neuroimaging results on activity and

connectivity of dopaminergic and

dopaminoceptive regions.

Despite these caveats, the study of

Kaplan et al. represents an important

step forward in schizophrenia re-

search. It demonstrates the potential

of computational neuroimaging inves-

tigations and contributes novel

evidence in support of theories posit-

ing a link between abnormalities

of NMDAR-neuromodulator inter-

actions and Bayesian inference in

schizophrenia. As our understanding

of the physiological implementation

of hierarchical Bayesian inference in

cortex advances (Fig. 1), one might

hope that suitably validated computa-

tional assays will become useful tools

to support differential diagnosis and

individual treatment predictions for

patients with schizophrenia.
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Glossary

Bayesian inference: The application of rules of probability theory in order to update beliefs (predictions or priors) based on new observations.

Under generic conditions (i.e. for all distributions from the exponential family), belief updating is driven by the mismatch between observation and

prediction (prediction error), weighted by their relative precision. In hierarchical Bayesian inference, the prediction error from one level forms the

observation or input for the level above.

Effective connectivity: The directed influence that one neuronal population exerts over another. This is in contrast to functional connectivity (the

statistical relation between activity in two populations) and structural connectivity (the presence of axonal connections).

NMDA receptor – neuromodulator interactions (NNI): An umbrella term for various pathways by which metabotropic (e.g. dopaminergic or

muscarinic) receptor activation can alter short- and long-term synaptic plasticity induced by NMDA receptor activation. This includes, for example,

phosphorylation of NMDA and AMPA receptors, changes in membrane potential, or altered receptor trafficking.
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