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Our understanding of brain function has
developed considerably since the advent of cog-
nitive neuroscience and functional neuroimag-
ing. Apparently, there are two central principles
that functional brain architectures conform to:
functional specialisation and functional integra-
tion. The former posits that brain systems are
specialised for various perceptual and cognitive
functions, and the latter emphasises interac-
tions among these specialised systems. This
integration is mediated by the functional equiv-
alent of anatomical connections, i.e. effective
connectivity (defined as the influence one neu-
ronal system exerts over another). The notion of
effective connectivity engendered the discon-
nection hypothesis, which represented an
attempt to understand schizophrenia in mecha-
nistic terms. This paper reviews the disconnec-
tion hypothesis and its implications for how one
might use the powerful tools that are emerging
from functional neuroimaging and genomics, to
pinpoint the mechanisms that might cause
schizophrenia.

WHAT SORT OF DISCONNECTION
SYNDROME?

The idea that dysfunctional integration
underlies schizophrenia is as old as its name,
coined by Bleuler (1) to denote the disintegra-
tion of psychic processes. The disconnection
hypothesis considered here states that schizo-
phrenia can be understood in cognitive terms,
and in terms of pathophysiology, as a failure
of functional integration within the brain. Func-
tional integration refers to the interactions of
functionally specialised systems (i.e., popula-
tions of neurons, cortical areas and sub-areas),
that are required for adaptive sensorimotor inte-
gration, perceptual synthesis and cognition.
Functional integration is mediated by the influ-
ence that the dynamics or activity of one neu-
ronal system exerts over another and therefore
rests on the connections among them. The pat-
tern of connectivity is, in turn, a function of epi-
genetic activity and experience-dependent plas-
ticity. The idea, developed below, is that the
pathology of schizophrenia targets the modula-

tion, facilitation or consolidation of changes in
connection strength. This is distinct from an
abnormality of plasticity per se and highlights
aberrant regulation of where and when synaptic
plasticity can occur. This dynamic regulation can
be attributed, in part, to ascending modulatory
neurotransmitter systems, like the dopaminergic
system.

The notion that psychosis can be explained
by a pathology of extrinsic connections (corti-
co-cortical and cortico-subcortical connections
that constitute white matter tracts) can be
attributed to Wernicke, who referred to disrup-
tions of these ‘organs of connection’. This
implies an anatomical disconnection. This is
not the sort of disconnection syndrome pro-
posed for schizophrenia. In schizophrenia, the
disconnection is thought of as explicitly func-
tional, not anatomical (2). More precisely, the
disconnection is in terms of effective connectiv-
ity (3) as opposed to anatomical connectivity.
The abnormal interactions among neuronal
populations will clearly have infrastructural cor-
relates, but these are likely to be expressed at
the level of synaptic specialisations, cellular
morphology and cytoarchitectonics, not neces-
sarily at the level of white matter fasciculi.

DYSFUNCTIONAL INTEGRATION
OR SPECIALISATION?

It is worthwhile considering disconnection in
relation to other formulations. The alternative is
that schizophrenia could be explained by
regionally specific pathophysiology in one or
more neuronal systems. In other words,
impaired functional specialisation as opposed
to dysfunctional integration. There is an impor-
tant distinction here between the pathological
interaction of two cortical areas and the other-
wise normal interaction of two pathological
areas.

The distinction between a regionally specific
insult to the brain and aberrant interactions is
fundamental. A regionally specific pathology,
such as stroke or a tumour, is a sufficient expla-
nation for the cognitive or sensorimotor deficits
of some patients. However, with the exception
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of psychomotor poverty syndromes, these lesion deficit
models are not generally useful in schizophrenia. In terms
of neuropsychology, many of the experiential symptoms
and positive signs of schizophrenia can only be explained
by considering one cognitive process in relation to anoth-
er. For example, hallucinations can be construed as a mis-
attribution of internally generated speech to an outside
agency (4). This speaks to a failure to integrate the attri-
bution of agency and inner speech. In other words, the
symptoms and signs of schizophrenia do not generally
represent a single deficit, but can be seen as resulting from
the abnormal integration of two or more processes. In a
similar vein, the disconnection hypothesis suggests that
the neuronal dynamics underlying these symptoms are not
due to a single regionally specific pathophysiology, but are
expressed when two or more regions interact. This is not
to say that the regions involved will not show region-spe-
cific abnormalities, but these abnormalities are secondary
to a more pervasive problem.

THE DISCONNECTION HYPOTHESIS

Connections and plasticity

The key assumption here is that the pathophysiology of
schizophrenia is expressed in terms of abnormal connec-
tions. Because synaptic connections are in a continual
state of flux, this implies an abnormality of changes in
connectivity, i.e. abnormal plasticity. The disconnection
hypothesis is therefore, implicitly, a dysplastic hypothesis
(5). The challenge is to identify the particular form of dys-
plasia that might underlie schizophrenia.

To understand functional disconnection, in its broadest
sense, one has to appreciate the diversity of mechanisms
that are responsible for establishing connections in the
normal brain. These result from an interplay between
genetic, epigenetic and activity or experience-dependent
mechanisms. The emphasis in utero is clearly on epigenet-
ic mechanisms, such as the interaction between the spa-
tiotemporal topography of the developing cortical sheet,
cell migration, gene expression and the mediating role of
gene-gene interactions and gene products such as cell
adhesion molecules (CAMs). Following birth, the broad
schema of connections is progressively refined and re-
modelled with a greater emphasis on activity- and use-
dependent plasticity. These changes endure into adult-
hood, with ongoing reorganisation and experience-
dependent plasticity that subserves behavioural adapta-
tion and learning throughout life. In summary, there are
two basic determinants of connectivity in the brain: a)
structural plasticity, reflecting the interactions between the
molecular biology of gene expression, cell migration and
neurogenesis in the developing brain (these processes are
expressions of plasticity at the cellular level and are usual-
ly neurodevelopmental in nature); b) synaptic plasticity,
i.e., activity-dependent modelling of the pattern and

strength of synaptic connections (this plasticity involves
changes in the form, expression and function of synapses
that endure throughout life; it subserves perceptual and
procedural learning and memory).

Structural or synaptic plasticity?

Schizophrenia is a disorder that evidences a degree of
specificity, in terms of functional, anatomical and neuro-
transmitter systems. This specificity could be explained by
selective damage to cellular or molecular systems mediat-
ing either structural or synaptic plasticity. However, there
are two simple facts that point to synaptic plasticity as the
most likely target in schizophrenia (Figure 1). The first is
that schizophrenic symptoms can be produced by psy-
chomimetic drugs (6). This tells us immediately that the
locus of abnormality is likely to be synaptic as opposed to
cellular. This is because neurotransmitters act at synapses,
not at the level of neurogenesis during development. Sec-
ondly, the fact that schizophrenia is expressed sympto-
matically in adulthood points to abnormal modulation of
experience-dependent synaptic plasticity, as distinct from
the induction and maintenance of connections though
epigenetic mechanisms or indeed activity-dependent plas-
ticity in utero. This does not preclude neurodevelopmental
explanations for schizophrenia (7-9), but suggests that the
mechanistic endpoint, of any putative aetiology, involves
processes that are expressed post-developmentally.

Short vs. long-term synaptic plasticity

Synaptic plasticity may be transient (e.g., short-term
potentiation, STP or short-term depression, STD) or
enduring (e.g., long-term potentiation, LTP, with early and
late phases). In contrast to the short-term plasticity, long-
term changes rely on protein synthesis, synaptic remodel-
ling and infrastructural changes in cell processes (e.g., ter-
minal arbours or dendritic spines [10]). These may be
induced by local dynamics and may be influenced by other
(modulatory) neurotransmitter systems (e.g., 11,12). It is

Structural plasticity
Epigenetic and
neurodevelopmental
gene-gene interactions,
CAMs, neurotrophins ...

Synaptic plasticity
Experience and activity-dependent
refinement of intrinsic connections;
learning and memory;
short-term and long-term potentiation

s

Psychomimetics

Regionally-specific pathophysiology Age of onset

Figure 1 Processes determining connectivity
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Figure 2 Synaptic plasticity: activity-dependent processes

useful to regard long-term changes as a consolidation of
short-term changes (Figure 2).

From the perspective of the disconnection hypothesis,
it is of no surprise that the neurotransmitter systems impli-
cated in schizophrenia are exactly those that are responsi-
ble for modulating short-term changes in synaptic plastic-
ity and their consolidation. The important role of N-
methyl-D-aspartate (NMDA) glutamate receptors in con-
ferring voltage sensitivity on post-synaptic responses
(short-term) and their necessary role in the induction of
LTP (long-term) sit comfortably with glutaminergic theo-
ries of schizophrenic pathology (13,14). Voltage-sensitivi-
ty and implicit nonlinear effects have been elaborated, at
a systems level, in terms of ‘contextual co-ordination’ (15).
Late developmental changes in the expression of gluta-
mate receptor subunits and concomitant changes in
synaptic function provide a potentially exciting focus for
molecular and cellular biology in schizophrenia research
(16). The role of the ascending classical neuromodulatory
transmitter systems such as dopamine (DA) and acetyl-
choline (ACh) in modulating short-term changes in effica-
cy at a synaptic and cell assembly level is well known (e.g.,
17,18). There are several compelling accounts of how
abnormal DA modulation might translate in cognitive
terms (e.g., 19,20). However, these ascending systems also
have a crucial role in modulating long-term associative
plasticity, that may be even more important in elaborating
and maintaining adaptive patterns of connections.

Synaptic consolidation and schizophrenia

There is considerable evidence to suggest that
monoaminergic - DA, norepinephrine (NE) and serotonin
(5HT) - and ACh neurotransmission facilitates either the
induction or maintenance of long-term changes in synap-
tic strength. The three most compelling lines of evidence
are modulation of a) experience-dependent changes in
synaptic efficacy, b) behavioural plasticity and c) experi-
mentally induced LTP. One neurodevelopmental example
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is the role of ACh in facilitating experience-dependent
organisation of connections in striate cortex (11,21). Fur-
ther evidence implicating ACh in the modulation of plas-
ticity comes from the electrophysiological correlates of
learning (22). These findings suggest that ACh is necessary
for, and can modulate, associative plasticity in a learning-
related context. In short, the ascending neurotransmitter
systems can exert a regulatory control over the translation
of short- into long-term changes in connections that are
associated with learning and memory.

From the perspective of theoretical neurobiology, in
particular neuronal selection and reinforcement learning,
this modulatory effect has profound implications for the
way that adaptive connections can be established. Experi-
mental evidence for reinforcement-specific responses in
these systems is clear cut: for example, the experiments of
Ljungberg et al (23) have demonstrated phasic discharges
in the cells of origin of the dopaminergic system that are
selective for reinforcing stimuli. Other models include
intracranial self-stimulation and studies of emotional
learning in animals (24-26).

Many of the disintegrative and autistic aspects of schizo-
phrenic symptomatology can be viewed as a failure of emo-
tional and social learning that is secondary to a fundamen-
tal failure of learning (27). However, it is more compelling
to ask ‘what would be the consequences of abnormal learn-
ing in adulthood?’ Synaptic plasticity underlies both rein-
forcement learning in the context of emotional learning and
representational learning involved in perceptual synthesis.
The former learning difficulties could manifest as maladap-
tive responses to social contingencies, resembling those
caused by inappropriate (disorganisation syndromes) or
absent (psychomotor poverty) reinforcement. In terms of
perceptual learning, the construction of high-order repre-
sentations, that are used to explain sensory input, would be
impoverished or inappropriate (reality distortion). The
highest-order representations are probably the representa-
tions of the mental state of others, providing a nice connec-
tion with ‘theory of mind’ in schizophrenia (4). It is pleas-
ing that a single mechanism can encompass the main
aspects or sub-syndromes that constitute schizophrenia.

In conclusion, consolidation or reinforcement of
synaptic plasticity underpins learning and must represent
a clear candidate for pathophysiology in schizophrenia.
This is important because recent advances in understand-
ing the molecular biology of post-translational changes at
the synapse that lead to long-term consolidation (e.g.,
28,29) may afford much more detailed mechanistic
hypotheses about schizophrenia.

IMPLICATIONS

Explanatory power and predictions

Tables 1 and 2 list some implications and predictions of
the disconnection hypothesis that lend it explanatory
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power. Perhaps the most important is that it links anato-
my, pathophysiology and neuropsychology in terms of
specific systems. If the pathophysiology lies in synaptic
plasticity, then its expression will be restricted to those
anatomical systems with high plastic potential. These are
exactly the limbic and paralimbic/associational systems in
which abnormalities have been found in schizophrenia.
Furthermore, the neurotransmitters targeted by psy-
chomimetics or antipsychotics should be those implicated
in synaptic plasticity, as they are. Finally, the neuropsy-
chology of schizophrenia should be reducible to a failure
of perceptual, social or emotional learning, which it can.
The practical importance of hypotheses like the discon-
nection hypothesis is that they focus research resources
more efficiently. In my own field (functional neuroimag-
ing), the implications of dysfunctional connectivity are
clear. We must develop mathematical and empirical mod-
els of connectivity that can be applied in the context of
schizophrenia research. In functional genomics, the issues
are summarised nicely by Daniel Weinberger in the first
issue of World Psychiatry: “Genes do not encode halluci-
nations, delusions or thought disorganisation per se.
Genes determine the structure of simple molecules in cells,
usually proteins, and these proteins affect how cells
process and respond to stimuli. A variation in the sequence
of a gene... could lead to changes in the interactions that
cell has with other cells, in the connections and cell assem-

blies that develop, and in how such assemblies and net-
works operate as functional systems” (30). The scope of
enquiry, developmental cell assemblies vs. dynamic cell
assemblies, cellular vs. synaptic processes, short vs. long
term plasticity, is clearly constrained by a number of key
questions posed by the disconnection perspective.

Outstanding questions

Two key questions are depicted schematically in Figures
3 and 4. The first pertains to whether schizophrenic
pathophysiology involves short- or long-term synaptic
plasticity. For example, it may be the case that abnormali-
ties in DA or glutaminergic function, or indeed the inter-
action between them (31), cause abnormalities in STP or
LTP. Knowing which mechanism is affected speaks to the
behavioural paradigms one might employ. If STP were
affected, then one would look for impaired working mem-
ory, attentional deficits and other abnormalities of high-
order perceptual synthesis. These psychological deficits
would be potentially important as surrogates for pheno-
typing subjects in genetic studies or as correlates of mark-
ers of DA or glutaminergic function. Conversely, if LTP
were implicated, one might look to high-order condition-
ing paradigms and the psychophysics of perceptual learn-
ing (e.g., priming). The situation is, of course, complicated
by the fact that abnormalities in LTP may be secondary to

Table 1 Explanatory power of the disconnection hypothesis of schizophrenia

¢ Explicit model for the necessary and conjoint influence of genetic and environmental factors
i.e. Abnormal molecular biology of experience-dependent plasticity associated with emotional learning

¢ Pathophysiology of processes that are expressed in the developed brain
- Psychomimetic drugs can induce psychotic symptoms
- Schizophrenia is a disorder of adulthood

¢ Anatomical specificity — pathophysiology restricted to systems with a high plastic potential
(These include the medial temporal lobe [amygdala, hippocampus, parahippocampal gyrus] and the prefrontal cortex)

- Systems with a role in learning and memory

- Systems implicated in schizophrenia by imaging, cytoarchitectonic and histochemical studies

e Neurochemical specificity

- Posits a mechanistic role for the ascending neurotransmitter systems implicated in schizophrenia

e Disintegrative aspects of schizophrenic neuropsychology
- Impaired perceptual learning (Reality distortion)
- Impaired social learning (Disorganisation)
- Impaired precedural learning (Psychomotor poverty)

Table 2 Predictions of the disconnection hypothesis of schizophrenia

¢ Abnormal functional integration, as measured by effective connectivity and coherence in neuroimaging

¢ Impairment on tasks that emphasise temporal succession, reinforcement and new learning, perceptual or procedural

¢ Demonstrable molecular abnormality in terms of how synaptic connections are consolidated during learning

e Markers of functional disconnection seen only in systems that have high plastic potential

i.e. Systems that are involved in learning and memory
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abnormal STP, and learning difficulties may be caused, not
by a failure of consolidation, but by abnormalities in the
short-term changes consolidated (dashed line in Figure 3).
The bias presented in this paper is towards a consolidation
problem in schizophrenia, where working memory and
attentional deficits are seen as secondary to impaired
learning. There are several lines of argument in favour of
this, including the fact that the time course of antipsy-
chotic action parallels the disappearance of experimental-
ly induced LTP in animal models.

An equally fundamental distinction is depicted in Fig-
ure 4. This is the distinction between neurodevelopmental
accounts of schizophrenia, that invoke abnormal structur-
al plasticity in development to explain disrupted synaptic
connections, and those that posit molecular abnormalities
in synaptic plasticity per se. The developmental perspec-
tive has been clearly articulated (see Robin Murray’s arti-
cle in a forthcoming issue of World Psychiatry). An explic-
it neurodevelopmental model for synaptic disconnection
can be found in McGlashan and Hoffman (32). If schizo-
phrenia is developmental, then focus on developmental
markers of abnormal structural plasticity - e.g., magnetic
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resonance imaging (MRI) morphometry (33) - will be
much more useful in genetic studies than those of synap-
tic plasticity. Furthermore, appropriate animal models of
schizophrenia may be found in developmental anatomy.
Conversely, if the mechanisms causing schizophrenic
symptoms are expressed at the level of synaptic plasticity,
markers of cellular plasticity will segregate less with the
genotype than those of synaptic function. In this case,
studying molecular mechanisms of synaptic consolidation
in adults seems more sensible. Both etiological perspec-
tives can explain the same outcomes (dashed and solid
lines in Figure 4), but they differ profoundly in terms of
suggesting what should be studied.

The developmental view is appealing, but framing
schizophrenia as something like ‘late-onset autism’ does
not explain how developmental abnormalities in anatom-
ical connections, at the structural level, cause symptoms
and dysfunctional integration mediated by synapses (or
indeed how psychomimetics and antipsychotics work)
(horizontal arrow in Figure 4). This explanation may not
be easy for the neurodevelopmental hypothesis, because
the developing brain is notoriously resistant to structural
insults. However, having made a clear distinction between
structural and synaptic plasticity, it should be noted that,
although they are often viewed as unrelated, “they seem to
be part of a common process that involves a CaMKII-
dependent enhancement of synaptic strength” (29). In
conclusion, although the bias of this paper is in favour of
synaptic abnormalities (Figure 2), a resolution of the
developmental issues is clearly important for directing
future research.

CONCLUSION

This article has reviewed the disconnection hypothesis
of schizophrenia and has presented a mechanistic account
of how dysfunctional integration among neuronal systems
might arise. The particular hypothesis put forward is that
the pathophysiology of schizophrenia is expressed at the
level of synaptic plasticity, specifically the consolidation of
associative plasticity in those brain systems responsible for
emotional learning and memory. This modulation is medi-
ated by ascending neurotransmitter systems that a) have
been implicated in schizophrenia and b) are known to be
involved in consolidating synaptic plasticity. By reference
to theoretical neurobiology, this pathophysiology can be
understood as disrupting the reinforcement of adaptive
behaviour in a way that is consistent with the disintegra-
tive aspects of schizophrenic neuropsychology.
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