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Abstract

Schizophrenia is associated with alterations in sensory, motor, and cognitive functions that emerge
prior to psychosis-onset; identifying pathogenic processes that can account for this multi-faceted
phenotype remains a challenge. Accumulating evidence suggests that synaptic plasticity is
impaired in schizophrenia. Given the role of synaptic plasticity in learning, memory, and neural
circuit maturation, impaired plasticity may underlie many features of the schizophrenia syndrome.
Here, we summarize the neurobiology of synaptic plasticity, review evidence that plasticity is
impaired in schizophrenia, and explore a framework in which impaired synaptic plasticity interacts
with brain maturation to yield the emergence of sensory, motor, cognitive, and psychotic features
at different times during development in schizophrenia. Key gaps in the literature and future
directions for testing this framework are discussed.

NEURODEVELOPMENT, SYNAPTIC PLASTICITY, AND THE ANTECEDENTS
OF SCHIZOPHRENIA

Our understanding of the role of development in schizophrenia has undergone significant
revision in recent decades. Early neurodevelopmental conceptualizations suggested that
schizophrenia arose from pre- or peri-natal “lesions” that remained clinically silent until late
adolescence or early adulthood [1,2]. However, many individuals who later develop
schizophrenia show subclinical sensory, motor, and cognitive disturbances prior to
psychosis-onset [e.g. 3,4]. Indeed, findings of altered trajectories of normal brain
development in pre-schizophrenia individuals highlighted the potential role of progressive
maturational disturbances [5-12]. Consequently, the field has moved towards a clinical
staging model, in which the onset of psychotic symptoms in late adolescence or early
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adulthood is considered a “late-stage” of the disorder [13]. Identifying cognitive, behavioral,
or neural markers that predict the later development of psychosis has thus become a
prominent research goal. However, human development is a dynamic process, with
individual sensory, motor, and cognitive functions following distinct trajectories of
maturation. Markers that predict the later development of schizophrenia are therefore
unlikely to be static throughout development. Clarifying how antecedents of schizophrenia
relate to specific pathogenic processes and emerge over time is a key step that may enable us
to identify those at risk and predict the onset of psychosis with greater precision.

Critically, the last decade has witnessed remarkable gains in our knowledge of the genetic
architecture of schizophrenia. Schizophrenia appears to be a highly polygenic disorder
involving hundreds, if not thousands of genes, with at least some common and rare genetic
variants converging on a subset of biological pathways. In particular, genes involved in
glutamatergic function and synaptic plasticity figure prominently among those associated
with schizophrenia, suggesting that impaired synaptic plasticity may be a core pathogenic
factor in the disorder. Importantly, while synaptic plasticity is critical for learning and
memory across the lifespan, during development, synaptic plasticity is also critically
involved in organizing neurons into the finely-tuned circuits that characterize a mature brain.
The potential consequences of impaired plasticity across development may therefore provide
a useful lens for understanding how and when the diverse signs and symptoms associated
with schizophrenia emerge.

Here, we first briefly summarize the biological processes underlying synaptic plasticity. We
then review the role of synaptic plasticity in learning and memory, and in normal brain
maturation. Next, we review evidence implicating synaptic plasticity pathways in the
pathogenesis of schizophrenia. We then propose a model in which genetically-determined
impairments in synaptic plasticity interact with brain maturation to yield the progressive
emergence of various signs and symptoms at different times across development. Finally, we
suggest possible mechanisms through which impaired synaptic plasticity might lead to
psychaosis.

THE NEUROBIOLOGY OF SYNAPTIC PLASTICITY

The 100 billion neurons of the human brain communicate via synaptic connections (Box 1).
These connections encode our experiences through patterns of activity, across populations of
neurons [14]. Activity generated by salient inputs triggers changes that alter the synaptic
weights between neurons. These changes are known as synaptic plasticity and reflect the
fundamental capacity of the brain to change with environmental input and use.

Structurally, synaptic plasticity is characterized by the insertion or removal of amino-3-
hydroxy-5-methyl-4-isoxazolepropionic receptors (AMPARS) into the postsynaptic
membrane, and the enlargement or shrinkage of dendritic spines where the majority of
excitatory synapses (~90%) are located (Figure 1; 15,16). Functionally, synaptic plasticity is
expressed as long-term potentiation (LTP) or depression (LTD) of synaptic strength,
reflecting changes in conductance through AMPARS in the postsynaptic membrane. During
the induction of plasticity, N-methyl-D-aspartate receptor (NMDAR) activation allows Ca2*
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to cross the postsynaptic membrane and initiate intracellular signaling cascades. These
cascades trigger gene transcription, AMPAR trafficking via actin dynamics, reorganization
of the cytoskeleton, and the enlargement and stabilization or elimination of dendritic spines.
The integrity of the synaptic structure, AMPAR trafficking, and dendritic spine dynamics are
all critical for generating lasting synaptic plasticity changes (Box 2; 16).

ROLES OF SYNAPTIC PLASTICITY

Synaptic Plasticity in Learning and Memory

Numerous brain regions exhibit synaptic changes in response to environmental input and
learning across the lifespan [14,27-33], with plasticity changes in distinct regions thought to
underlie specific forms of learning. For example, synaptic plasticity appears to encode
declarative and spatial learning at hippocampal and medial temporal lobe synapses [14,20],
habit learning at striatal synapses [29,30], motor sequence learning at motor cortex synapses
[31,32], and perceptual learning at sensory cortex synapses [33]. Thus, synaptic plasticity is
a key mechanism for encoding distinct types of learning across many regions in the brain.

Synaptic Plasticity in Brain Maturation

On a wider scale, synaptic plasticity is also critically involved in the maturation of neural
circuits. During early development, billions of cells proliferate, differentiate into neurons,
and form connections. These events are programmed by intrinsic molecular cues and yield
an over-proliferation of neurons with immature and redundant synapses [34]. As
environmental input increases in postnatal life, competition for inputs yields the mass
elimination of weak synapses (i.e. synaptic pruning), and the concurrent strengthening of
remaining synapses [35]. This synaptic refinement helps establish the finely-tuned circuitry
that characterizes a mature brain and depends on numerous mechanisms that parallel
plasticity in the adult brain, including NMDAR-dependent AMPAR delivery to potentiated
synapses, LTP, LTD, and the intact functioning of scaffold proteins [14,35-37].
Developmental synaptic refinement occurs in a series of regionally hierarchical, overlapping
waves, and is accompanied by the increasing expression of cellular and molecular “brakes”
that stabilize synapses into mature circuits (see Box 3).

Importantly, synapse and circuit maturation is thought to underlie the expression of
emergent functions of the cortex. Over the first two decades of life, humans develop and
refine many abilities. These range from basic sensory, motor, and associative learning
functions that emerge within the first year of life, to higher-order cognitive functions such as
those requiring planning, self-regulation, and/or the mental manipulation of complex
information, which emerge and mature later [50,51]. Regional changes in gray matter
density, which indexes neuronal cell bodies, dendrites, axons, and synaptic processes,
parallel these milestones, and are accompanied by the integration of brain regions into
increasingly specialized and functionally-connected neural circuits [52]. Structural magnetic
resonance imaging (MRI) studies showed that gray matter thinning progresses from regions
supporting primary sensory and motor functions in childhood (e.g. primary sensorimotor/
dorsal parietal cortices, occipital pole, and frontal pole), to regions involved in spatial
orientation and multisensory integration (e.g. parietal and temporal association cortices), and
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finally, to higher-order association regions involved in executive functions in late
adolescence (e.g. prefrontal and superior temporal cortices; [53-55]). Indeed, developmental
changes in prefrontal and parietal gray matter volume were found to predict improvements
in information processing, working memory, and executive function from childhood to
adulthood [56,57]. Similarly, functional MRI studies found that increased focal activation
and functional integration within late-maturing regions predicted developmental
improvements in higher-cognitive functions [52,58-61].

Human imaging studies cannot isolate changes at the synaptic level. Indeed, the extent to
which developmental gray matter reductions reflect changes in neuronal and synaptic
processes versus increased myelination, which likely reduces the ratio of gray matter
detected in MRI relative to white matter, continues to be debated [62,63]. Nevertheless, gray
matter thinning is generally considered a marker of regional maturation, and the regional
heterochronicity of gray matter changes parallels that of spine density changes. For example,
human post-mortem brain studies showed that primary visual and auditory cortices peak
early in synaptic density around 3-4 months of age, and subsequently undergo a period of
net synapse elimination that lasts until late childhood (i.e. 11-12 years). Conversely,
prefrontal cortex does not peak in synaptic density until 15 month of age and shows a
protracted period of synapse elimination that extends into late adolescence or adulthood
[64-66; Figure 2A].

Together, the temporal convergence of regional synaptic pruning with the emergence and
maturation of various sensory, motor, and cognitive functions has led to the hypothesis that
plasticity-dependent synaptic refinement plays a key role in the maturation of local and
distributed circuits, and the concurrent refinement of sensory, motor, and cognitive functions
across development [50,67,68].

IMPAIRED SYNAPTIC PLASTICITY AS A PATHOGENIC FACTOR IN
SCHIZOPHRENIA

Post-Mortem Evidence Implicating Synaptic Plasticity in Schizophrenia

Converging lines of evidence suggest that the cellular machinery underlying synaptic
plasticity is impaired in schizophrenia. Early attention focused on the NMDAR, following
findings that NMDAR antagonists, such as phencyclidine and ketamine, induced positive,
negative, and cognitive symptoms in healthy individuals similar to those seen in
schizophrenia [69,70]. However, post-mortem studies have since highlighted that
schizophrenia is associated with aberrations that broadly affect dendritic spines and diverse
aspects of the cellular machinery involved in synaptic plasticity. For example, dendritic
spine density is reduced in multiple brain regions in schizophrenia, including prefrontal and
temporal cortices [17,71-74]. Altered expression of numerous gene products involved in
actin dynamics and spine stability has also been found in schizophrenia [75-79].
Schizophrenia subjects also showed altered expression of NMDAR and AMPAR subunits
[74,81-85], and altered expression of proteins involved in NMDAR and AMPAR clustering
and downstream signaling, including PSD-95 [86-89]. Further, schizophrenia subjects
showed altered expression of presynaptic proteins, including components of the SNARE

Trends Cogn Sci. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Forsyth and Lewis

Page 5

complex that facilitates synaptic vesicle fusion with the membrane [90,91]. Consistent with
these findings, a recent proteomic study found that 143 out of ~700 PSD proteins showed
differential expression in schizophrenia, with NMDAR-interacting proteins showing the
most notable alterations [92].

Genetic Evidence Implicating Synaptic Plasticity in Schizophrenia

Similar to post-mortem findings, large-scale genetic studies have highlighted that
schizophrenia is associated with common and rare genetic variants that appear to regulate
components of the postsynaptic signaling complex involved in synaptic plasticity and
dendritic spine stability. For example, copy number variant mutations associated with
schizophrenia occur disproportionately at loci containing genes involved in synaptic function
and the PSD, including genes encoding the MAGUK family of scaffold proteins, and the
activity-regulated cytoskeleton protein (Arc) complex, which localizes to NMDAR-activated
synapses and is involved in the remodeling and maintenance of plasticity-induced
cytoskeleton changes [93-95]. Rare and de novo deleterious mutations in schizophrenia were
similarly found to disproportionately affect genes involved in actin filament bundle
assembly, the Arc complex, the NMDAR signaling complex, and MAGUK scaffold proteins
[96,97]. Further, the largest genome-wide association study (GWAS) of schizophrenia,
including over 36,000 patients, found that schizophrenia was associated with common
variants near genes involved in glutamatergic neurotransmission and synaptic plasticity.
Genes within risk loci included GRIN2A which encodes the NR2A NMDAR subunit; SRR,
which encodes the enzyme that generates the NMDAR co-agonist D-serine from L-serine;
and CNKSR2 which encodes the CNK2 scaffold/adaptor protein involved in coupling signal
transduction to cytoskeletal remodeling in the PSD [98].

Although many individual post-mortem findings await replication and the specific genes and
corresponding mechanisms that map onto many genetic loci associated with schizophrenia
require further clarification (e.g. see [99] for discussion), these findings suggest a
convergence of aberrations that broadly affect the postsynaptic signaling complex and
dendritic spines in schizophrenia. In concert, these data support the idea that impaired
synaptic plasticity is a critical pathogenic process in schizophrenia.

CONSEQUENCES OF IMPAIRED SYNAPTIC PLASTICITY IN
SCHIZOPHRENIA DURING DEVELOPMENT

A Heuristic Model for the Signs and Symptoms of Schizophrenia

In adulthood, schizophrenia is characterized by diverse abnormalities in cognitive, motor,
and sensory domains (Box 4). However, many of these features appear prior to psychosis-
onset. Given the role of synaptic plasticity in developmental synaptic refinement, if synaptic
plasticity is disrupted in schizophrenia, the age at which many sensory, motor, and cognitive
signs, and their underlying neural correlates emerge may parallel the timing of regional
synaptic and circuit maturation (Figure 2B). In addition, because neural circuit refinement
progresses hierarchically, with later-maturing circuits building upon inputs from lower-level
circuits, the consequences of impaired plasticity may be amplified through development.
Subtle deficits in sensory and motor functions would therefore be expected to appear early in
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development, while more pronounced deficits in higher-cognitive functions (e.g. working
memory, selective attention, cognitive control) would not reliably appear until later in
development. It is worth noting here that deficits in higher-cognitive functions would not be
expected to be absent altogether in early development, but rather, that deficits in these
functions and their corresponding neural correlates should be detected less reliably at
younger ages given their protracted maturation. Conversely, given the fundamental role of
synaptic plasticity for learning across the lifespan, robust deficits reflecting learning and
memory functions should be evident early in development.

We thus suggest the following 3 specific hypotheses regarding the timing of appearance of
different features of schizophrenia during the premorbid and prodromal phases:

1. Subtle deficits in sensory and motor function emerge early in development, as
impaired synaptic plasticity disrupts the optimal refinement of local sensory and
motor circuits.

2. Given the fundamental role of synaptic plasticity for diverse forms of learning,
deficits reflecting learning and memory are also detected early in development.

3. Large deficits in higher-cognitive functions emerge later in development, as
impaired synaptic refinement progresses to distributed circuits that integrate
input from local circuits and involve prefrontal and/or temporal association
cortices.

In this next section, we consider what is known about the timing of emergence of these
broader antecedents of schizophrenia. We focus on behavioral and cognitive signs and
structural MRI findings given that the majority of research in pre-schizophrenia individuals
has been limited to these measures; however, we briefly consider the limited literature on
functional imaging measures as well. This section is not intended as a comprehensive review
of all studies examining potential antecedents of schizophrenia, but to highlight relevant
studies and current gaps in the literature.

Motor and Sensory Signs

Consistent with early refinements in sensorimotor cortices, the earliest impairments
documented in individuals who later develop schizophrenia are motor and sensorimotor
deficits. In prospective studies of infants at genetic risk for schizophrenia and population-
based studies, infants who later develop schizophrenia show reliable delays attaining motor
milestones, such as delayed head lifting, crawling, and walking [4,134-137]. Similarly,
children who later develop schizophrenia show impaired motor skills at 3, 5, and 9 years of
age [138], motor coordination at 4 and 7 years [139], and perceptual-motor performance at
10-13 years relative to healthy controls [140,141].

Compared to sensorimotor function, fewer studies examined high-level visual, auditory, or
olfactory function in schizophrenia, and the extant literature largely involves adult patients.
This difference is likely due to practical limitations such as a lack of widely available
standardized tests of higher-level perceptual functions, or similarly, a lack of consensus on
best-practice paradigms [112]. Nevertheless, the extant literature suggests that sensory
processing impairments exist early-on in individuals who later develop schizophrenia. For
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example, children at genetic risk for schizophrenia showed poorer sound discrimination
compared to healthy controls [142] and children who later developed schizophrenia showed
a higher frequency and/or severity of broadly defined visual dysfunction at 4, 7, and 11-13
years of age [143,144]. Impaired visual processing was also found in adolescents and young
adults at clinical or genetic high risk for schizophrenia, including altered illusion
susceptibility [145,146] and impaired visual target detection [147]. Furthermore, deficits in
olfactory identification were found in adolescents and young adults who later developed
schizophrenia [148]. Interestingly, pre-schizophrenia individuals also show deficits in
reading that may appear during childhood and increase across adolescence [4,149,150]. As
normal reading ability depends on the complex integration of visual and auditory processing,
the initial reading impairment in schizophrenia may partially reflect primary deficits in
unisensory processing, with the later decline over adolescence reflecting deficits in
multisensory integration as heteromodal association cortices mature [151]. Additional
studies in infants and children who later develop schizophrenia are needed to clarify the
precise ages at which unisensory and multisensory deficits emerge. However, these findings
suggest that subtle deficits in high-level sensory functions are present prior to psychosis-
onset and are broadly consistent with early disruptions in early maturing motor and sensory
cortices in individuals who develop schizophrenia.

Cognitive Signs

Children and adolescents who later develop schizophrenia have been consistently found to
have impaired general intellectual functioning relative to their healthy peers
[4,138,152-155]. The size of impairment in childhood (i.e. ~0.5 SD) is smaller than that in
adulthood (i.e.~1.0 SD) and appears to increase over development [4,156-159].

Regarding specific cognitive functions, few birth cohort or genetic risk studies directly
assessed learning and memory in children who later developed schizophrenia. This
limitation may reflect the absence of subtests for learning and memory in common tests of
general intellectual functioning for children (e.g. the Stanford-Binet and Wechsler
Intelligence Scale for Children). Nevertheless, young children who later develop
schizophrenia show deficits in language and knowledge acquisition, which could
conceivably reflect learning and memory deficits. For example, pre-schizophrenia
individuals show reliable delays in speech acquisition in infancy [4,160], receptive language
deficits at ages 3, 5, 7, and 9 [3,138,161], and expressive language, verbal and visual
knowledge, and academic achievement impairments at age 7 [3,4,156,160-166, but see 167].
Additionally, child and adolescent relatives of patients with schizophrenia show deficits on
various learning and memory tests [167-170] and nearly all studies that directly assessed
learning and memory in adolescents and young adults who later developed schizophrenia
found that learning/memory was indeed impaired [159,171-178].

Conversely, studies assessing higher-cognitive functions in individuals who later develop
schizophrenia suggest that working memory and attention deficits may be less robust during
childhood and adolescence. For example, although some birth cohort and genetic high risk
studies detected attention or working memory deficits among children or young adolescents
who later developed schizophrenia [141,155] others studies did not detect deficits [163,166].
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Similarly, some studies found deficits in working memory and selective attention in
adolescents and young adults at clinical high risk for schizophrenia who later developed
psychosis [173,174,177], but several others did not [158,171,176,178]. Interestingly,
multiple studies found that executive function deficits were less predictive of later psychosis
than deficits in learning and memory [171-176,179].

As large deficits in both learning/memory and higher cognitive functions are present by first
psychotic episode [100], the variable detection of higher cognitive deficits during childhood
and adolescence may indicate that these deficits do not reliably emerge until later in
development. Indeed, a longitudinal study of over 1,000 individuals found that while
children who later developed schizophrenia showed deficits in verbal and visual knowledge
acquisition at the first assessment time-point (i.e. age 7) that remained stable thereafter,
deficits in processing speed, attention, and working memory were not evident until early
adolescence, with pre-schizophrenia individuals showing a lag in performance gains
compared to healthy peers [159,180].

Given that sensory, motor, and cognitive functions emerge at different ages and mature at
different rates, assessing these functions with uniform sensitivity across development
remains an unresolved challenge. Discrepancies in the detection of individual deficits could
therefore reflect differences in the psychometric properties and/or discriminative power
between tasks across development. Additionally, many of the above-cited studies were
cross-sectional, contained relatively small numbers of individuals who developed
schizophrenia, and/or utilized neuropsychological tests that depend on several cognitive
functions, limiting their ability to isolate specific cognitive functions. Nevertheless, this
pattern is intriguingly consistent with early deficits in learning and memory in individuals
who ultimately develop schizophrenia, and a progressive emergence of broader deficits in
motor, sensory, and higher-cognitive functions. Interestingly, continuity has been found
between early motor and language delays and later cognitive deficits in individuals who
develop schizophrenia, providing support for a common etiological mechanism
[136,180,181].

Neural Signs

Consistent with the broad phenotype of schizophrenia, subtle deficits in gray matter and
spine density have been found across the brain in adult schizophrenia. Meta-analyses
indicate that gray matter deficits are largest in frontal (-4.8%) and temporal (-4.1%) cortices,
with pronounced decreases in the late maturing prefrontal cortex (-6.1%) and superior
temporal gyrus (-8.2%; 182). However, subtler decreases also exist in the earlier maturing
orbitofrontal cortex (-3.0%) which contains secondary and tertiary olfactory cortex, occipital
cortex (-2.7%), and parietal cortex (-2.5%). Interestingly, large decreases are seen in primary
auditory cortex (-7.7%). Postmortem studies similarly indicate that in addition to spine
deficits in frontal and temporal association regions, spine density may be reduced in primary
auditory, visual, somatosensory, and motor cortices in schizophrenia [17,71-74]. Studies
quantifying spine density in multiple cortical regions suggest that deficits are subtler in some
sensory and motor cortices relative to temporal and frontal association cortices [71,72];
however, few studies examined spine density across multiple regions simultaneously. The
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presence of pervasive gray matter and spine density deficits that are generally most
pronounced in late-maturing regions could reflect the cumulative consequences of impaired
synaptic plasticity over development, as synaptic refinement in late-maturing cortices build
upon inputs from earlier-maturing sensory, motor, and association cortices.

If deficits in gray matter and spine density reflect disruptions in plasticity-dependent
synaptic refinement, deficits in primary sensory and motor cortices should emerge earlier
than deficits in temporal and frontal association cortices. To our knowledge, no published
studies investigated gray matter volumes in children who later developed schizophrenia.
However, it is interesting to note that in adolescence, offspring of parents with schizophrenia
showed reduced volumes in the earlier maturing amygdala and hippocampus, but not in the
prefrontal cortex [183-185]. Similarly, significantly reduced temporal volume was detected
in an older adolescent sample at genetic risk for schizophrenia [186] but not in a younger
adolescent sample [185]. Interestingly, multiple studies of adolescents and young adults at
clinical high risk for schizophrenia found that the proximal development of a psychotic
disorder was associated with exaggerated cortical thinning in superior temporal and frontal
regions relative to healthy controls [5-12]. One study in adolescents and young adults also
found that baseline reductions in insular cortex volume and the rate of progressive insular
reductions predicted later psychosis [187]. The emergence of full-blown psychosis in
adolescents and young adults therefore appears to frequently coincide with exaggerated
pruning in late-maturing prefrontal and temporal cortical regions. This has been interpreted
by some to suggest that temporal and frontal cortex deficits may be required for psychosis;
however, it is interesting to note that in longitudinal studies of patients with childhood-onset
schizophrenia (i.e. psychosis-onset prior to age 13), deficits in temporal and frontal
association gray matter were not detectable until late adolescence [188,189]. Indeed, among
these childhood-onset patients, deficits in prefrontal and temporal regions were only
observed after psychotic symptom onset. Conversely, gray matter deficits that were evident
in early adolescence included parietal, motor, and frontal pole deficits that progressed over
time [188,189]. These findings suggest that the robust prefrontal and temporal gray matter
deficits seen in adult schizophrenia may not be required for psychosis per se, and instead,
may be late-manifesting markers of a broader pathological process of disrupted synaptic
plasticity. Regardless, developmental stage may be an important mediator for the
detectability of regional volume and gray matter deficits in schizophrenia, parallel to
behavioral signs and symptoms.

Additional studies examining the temporal emergence of regional gray matter deficits in
individuals who later develop schizophrenia are greatly needed, as are functional MRI and
electrophysiological studies examining the age at which neurobiological correlates of
impaired plasticity and broader sensory, motor, and higher-cognitive deficits emerge. For
example, given that electrophysiological signatures during the MMN and LTP tasks are
thought to index synaptic plasticity processes, deficits on these tasks should be detectable
early in development. Conversely, abnormalities in gamma oscillations or brain activation
and connectivity involving late-maturing regions (e.g. prefrontal cortex) would not be
expected to be reliably observed until later in adolescence or early adulthood in pre-
schizophrenia individuals, given their protracted development [54,190]. An initial study
identified deficits in the MMN response among adolescents and young adults who
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subsequently developed schizophrenia [191]. However, to our knowledge, no published
reports shed light on the age at which indices of abnormal brain activation and connectivity
or neural oscillations emerge in pre-schizophrenia individuals.

PATHWAYS FROM IMPAIRED SYNAPTIC PLASTICITY TO PSYCHOSIS

Given evidence suggesting that impaired synaptic plasticity could give rise to the sequential
appearance of sensory, motor and cognitive impairments over childhood and early
adolescence in pre-schizophrenia individuals, could a similar mechanism account for the
onset of psychotic symptoms in late adolescence or early adulthood? The following ideas
regarding the neural substrate for psychosis are considered from the perspective of impaired
synaptic plasticity.

Impaired Neural Tuning

If impaired synaptic plasticity disrupts the stabilization of adaptive synapses, this is likely to
lead to increased synaptic pruning during development, and possibly impaired tuning of
neural networks overall. Feinberg [192] was the first to suggest that aberrant synaptic
pruning in adolescence may lead to faulty “neuronal integration” in schizophrenia, and
ultimately, psychotic symptoms, possibly through disordered neural feedback regarding self-
generated thoughts and movements (i.e. impaired “corollary discharge”; 193). Others have
expanded on this hypothesis (e.g. [194]) and provided interpretations that incorporate
advances in our understanding of how the brain codes information. For example, Krystal et
al., [49] described the critical role of balance between glutamatergic excitation and
GABAergic inhibition in generating finely-tuned neural circuits that efficiently represent
information. They postulated that genetically-driven deficits in glutamatergic synaptic
development may ultimately lead to impaired tuning of neural circuits; imprecise
representations of information; and cognitive symptoms, delusions, and hallucinations. The
notion that psychotic symptoms are an outcome of degraded code for representing and
distinguishing between stimuli is an attractive conceptualization, and may be consistent with
evidence that aberrant gamma oscillations (which reflect interactions between cortical
pyramidal neurons and PV interneurons) predict both psychotic symptoms [195-197], and
deficits in processing and discriminating between stimuli in schizophrenia [197-198].

Circuit Dysfunction and Dopamine

Separate lines of evidence have highlighted a role for dopamine in psychotic symptoms,
particularly excessive dopamine function in the associative striatum. For example,
schizophrenia patients show higher dopamine synthesis in the striatum that correlates with
positive symptoms [199] and increases during the transition to psychosis among prodromal
patients [200,201]; antipsychotic medications exert therapeutic effects via the dopamine
system [202], with a threshold of striatal D2 receptor blockade required for antipsychotic
effect [203]; and reduced cortico-striatal connectivity is associated with poor response to
antipsychotics and longer duration of untreated psychosis [204], whereas positive response
to antipsychotics is associated with increases in functional connectivity between the striatum
and prefrontal and limbic cortices [205]. As dopamine is critically involved in assigning
salience to internal and external stimuli, the role of dopamine in psychosis has been most
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commonly explained within a framework of aberrant salience [206]. Specifically, the
aberrant salience model postulates that dysregulated dopamine release leads to the
misattribution of salience to innocuous stimuli, and ultimately delusions, as individuals form
narratives over time to explain their experiences [199,206]. Aberrant salience is consistent
with the common experience of emotional and sensory overload during the prodromal period
of schizophrenia, and/or the increasing belief that innocuous stimuli or events have
important meaning [207].

The appearance of excessive striatal dopamine could be a downstream consequence of
impaired synaptic plasticity in schizophrenia. As described by others, dopamine neurons are
regulated by prefrontal pyramidal neuron projections to midbrain dopamine nuclei (i.e. the
ventral tegmental area and substantia nigra; VTA/SN), which then project to the striatum.
This suggests that dopamine transmission is vulnerable to alterations in prefrontal cortical
drive that may emerge as prefrontal circuits mature in adolescence [48]. Critically, animal
studies recently demonstrated that genetically-driven deficits in plasticity-induced spine
remodeling can produce the age-dependent emergence of various cognitive, behavioral, and
neural signs, including elevated striatal dopamine and psychotic-like symptoms in adulthood
that are ameliorated by antipsychotic administration [208,209]. Indeed, in these animals,
impaired plasticity-induced spine remodeling was found to lead to a loss of cortical dendritic
spines in adulthood, and ultimately, elevated striatal dopamine via aberrant frontal cortex
projections to the dopamine-producing neurons of the VTA/SN. This provides compelling
evidence that genetic alterations that impair synaptic plasticity can produce the age-
dependent emergence of not only dendritic spine deficits, but also excessive striatal
dopamine via downstream circuit-level dysfunction [210].

Impaired Synaptic Plasticity and the Pathogenesis of Psychosis

In concert, the currently available data provide support for the concept that impaired
synaptic plasticity may manifest as impaired stability of spines/synapses in schizophrenia,
the consequences of which are propagated and amplified through development as neural
circuit refinement progresses hierarchically across different neural circuits. In the face of
these impairments, compensatory responses (such as homeostatic scaling of inhibitory
activity; [211]) may mitigate the effects of increasingly altered glutamatergic synaptic
neurotransmission. However, the net effect might be sub-optimally tuned cortical circuits
that generate faulty representations of stimuli and experiences, and disrupted prefrontal
inputs that alter subcortical dopamine neurotransmission in late adolescence, ultimately
leading to psychosis.

CONCLUDING REMARKS

Disentangling the pathogenesis of schizophrenia to account for its multi-faceted phenotype
remains a challenge. However, accumulating evidence suggests that impaired synaptic
plasticity may be a key pathogenic factor in the illness. Here, we reviewed the biological
processes involved in synaptic plasticity; considered post-mortem and genetic evidence that
plasticity is impaired in schizophrenia; and presented a framework for considering how
impaired synaptic plasticity could interact with brain maturation to yield the progressive
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emergence of diverse signs and symptoms associated with schizophrenia across
development. Although future studies are needed to test this model directly (see Outstanding
Questions Box), available neurocognitive and structural imaging data suggest that impaired
synaptic plasticity that may be detectable as early and fundamental deficits in learning and
memory, and the sequential emergence of broader deficits in sensory, motor, and higher-
cognitive functions that parallel normal brain maturation.

Importantly, this model suggests that synaptic plasticity pathways may be a promising
treatment target in schizophrenia. Some studies have attempted to target synaptic plasticity
in adult schizophrenia patients, largely by targeting NMDAR function, with some positive
effects on specific plasticity measures (e.g., [212,213] but see [214]). However, benefits have
generally not extended to broader aspects of cognition [212,215]. If impaired synaptic
plasticity disrupts the optimal tuning of local and long-range circuits, targeting plasticity
deficits with pharmacological interventions and/or behavioral interventions intended to
strengthen adaptive synapses earlier in development (e.g., support for school/extracurricular
involvement, cognitive enhancement training, cognitive behavioral therapy) may provide
more effective options for ameliorating the emergence of subsequent cognitive and/or
psychotic symptoms [216-219]. Indeed, meta-analyses suggest that behavioral interventions
can delay or prevent conversion to psychosis among some clinical high risk individuals
[220,221], although sample sizes have been modest, effects on cognitive and neural
functioning have been rarely investigated, and the neural mechanisms of treatment efficacy
are unclear.

As the field increasingly moves towards a clinical staging model of schizophrenia, hope for
our ability to identify individuals early in the course of illness, and ultimately, to alter
disease trajectory, is an increasingly salient and conceivable goal. Incorporating a
developmental perspective and testing specific hypotheses regarding how and when specific
pathogenic factors, such as impaired synaptic plasticity, interact with neurodevelopment to
yield the broad signs and symptoms associated with schizophrenia is a crucial next step.
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Actin

An abundant protein that dynamically assembles and disassembles in long filaments to form
part of the cytoskeleton. During the induction of plasticity, dynamic changes in actin
polymerization underlie morphological changes in the size and shape of dendritic spines and
actin filaments traffic AMPA receptors to and from the postsynaptic membrane.

Arc protein

Activity-regulated cytoskeleton-associated protein an early gene product that localizes to
NMDAR-activated synapses following the induction of synaptic plasticity and is involved in
the remodeling and maintenance of synaptic changes.

Common genetic variant
Genetic variants present in more than 1 percent of the population.

Copy number variant mutation
Deletions or duplications of stretches of DNA in a chromosomal region.

De novo genetic mutation
A genetic variant that is present for the first time in a family member as a result of mutation
(i.e. not found in either parent).

Cytoskeleton

A cellular meshwork comprised of microtubules, actin filaments, and intermediate filaments
that provides structure and shape to cells through linkages to itself, the membrane, and
internal organelles.

MAGUK proteins

Membrane associated guanylate kinase proteins a large family of scaffold proteins that are
highly enriched at synapses and form protein-protein interactions with cytoskeleton proteins
and molecules involved in signal transduction.
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PSD

Postsynaptic density; an electron-dense structure that arises from a network of hundreds of
proteins lying immediately below the membrane of glutamatergic synapses and includes
neurotransmitter receptors, signaling molecules, cytoskeleton, and scaffold proteins.

PSD-95

Postsynaptic density protein 95; a MAGUK protein that associates with glutamate receptors
is the major scaffolding protein of the postsynaptic density, and critically regulates synaptic
plasticity.

Rare genetic variant
Genetic variants with a minor allele that occurs in less than 1 percent of the population.

Scaffold proteins
Proteins that interact with multiple members within a signaling pathway, tethering them into
complexes.

SNARE proteins
Soluble NSF-Attachment Protein Receptor proteins a group of proteins that form a complex
and mediate the fusion of vesicles and the membrane.

Synapse
The junction between two neurons through which signals are passed from one neuron to the
next, most commonly via neurotransmitters.

Synaptic plasticity
The capacity of synapses to undergo structural and functional changes following
environmental input or use that strengthen or weaken their strength.

Synaptic weight

The strength of connection between two neurons, and consequently, the extent to which the
activity of one neuron influences the activity of the next.
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TEXT BOX 1
Structural Components of the Synapse

Neurons communicate via neurotransmitters that are released from a presynaptic neuron,
diffuse across the synaptic cleft, and bind to receptors on a postsynaptic neuron. The
"active zone" of presynaptic neurons is localized to axon terminals that contain actin
cytoskeleton, scaffold proteins, and vesicles filled with neurotransmitter [16]. Scaffold
proteins tether vesicles to the cytoskeleton near the presynaptic membrane, such that
when an action potential arrives, vesicles can be docked by Soluble NSF-Attachment
Protein Receptor (SNARE) proteins, fuse with the membrane, and release
neurotransmitter into the synaptic cleft. The "active zone" of the majority of excitatory
postsynaptic neurons is localized to dendritic spines, which are small membrane
protuberances on the shaft of neuronal dendrites. Dendritic spines are found on most
principal neurons in the brain, including pyramidal neurons of the cortex and
hippocampus, medium spiny neurons of the striatum, and Purkinje cells of the cerebellum
[17]. Dendritic spines contain an electron-rich postsynaptic density (PSD) comprised of
neurotransmitter receptors, signaling molecules, cytoskeleton, and an abundant network
of scaffold proteins. Mature dendritic spines are typically characterized by a spherical
head and a thinner neck, which limits diffusion of molecules into and out of the head
[18]. Actin filaments provide the structure for spine shape and scaffold proteins stabilize
the PSD within the spine head by binding together the receptors, cell adhesion molecules,
signaling enzymes, and cytoskeleton. Together, this compartmentalized structure
facilitates the rapid translation of postsynaptic receptor activation into the intracellular
signaling events, and ultimately local structural changes, that underlie the expression of
synaptic plasticity.
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TEXT BOX 2
Mechanics of Synaptic Plasticity Changes

Excitatory neurotransmission is primarily mediated by glutamate at AMPARSs and N-
methyl-D-aspartate glutamate receptors (NMDARs). AMPARs and NMDARs are co-
localized on dendritic spines, but have distinct properties that confer specialized roles for
different phases of synaptic plasticity [16,19]. Thus, when glutamate binds to AMPARS,
the AMPAR channel opens, allowing sodium (Na*) to flow across the postsynaptic
membrane and generate a rapid excitatory current. Indeed, AMPARSs are responsible for
the majority of the excitatory postsynaptic response when a cell is close to its resting
membrane potential. In contrast, NMDARs have a channel pore that is blocked by
extracellular magnesium (Mg™) at resting potential. Due to this Mg* block, the NMDAR
channel only opens when concurrent binding of glutamate and glycine or D-serine is
accompanied by sufficient postsynaptic depolarization from activation of non-NMDARs
(i.e. largely AMPARS) to cause the Mg* ion to disengage from the channel. This allows
NMDARs to play the critical role of detecting coincident pre- and post-synaptic activity.
NMDARSs are additionally unique in that they allow not only Na™ to enter the cell, but
also calcium (Ca2*), which activates signaling enzymes and subsequent intracellular
signaling cascades. Thus, whereas AMPARs generate the rapid excitatory responses that
permit NMDAR activation, NMDARSs detect coincident pre- and post-synaptic activity
and trigger the intracellular signaling cascades that ultimately generate synaptic plasticity
changes [19].

Intracellular signaling initiated by NMDAR-mediated rises in Ca2* ultimately leads to
changes in the number of AMPARSs incorporated into the PSD, which is the primary
mechanism underlying the initial expression of LTP or LTD. Thus, during the induction
of LTP or LTD, reserve AMPARs are trafficked to or from the postsynaptic membrane,
respectively, via changes in actin dynamics [16]. Scaffold proteins facilitate the
incorporation of new AMPARSs into the membrane by trapping AMPARSs in the
membrane and reducing their lateral mobility. PSD-95 may be a particularly important
scaffold protein for synaptic plasticity, as it is dynamically redistributed across synapses
and appears to preferentially support the stability of AMPARS at potentiated synapses
[20].

Experience-dependent changes in the number of AMPARSs incorporated into the
membrane are accompanied by structural changes in the size and shape of dendritic
spines. Dendritic spine changes depend on actin reorganization, scale with synaptic
efficacy, and include enlargement of spine heads and necks, growth of new spines, and
the splitting of single PSDs and spines into two synapses [14,18]. Thus, as quickly as ~20
seconds after LTP induction, actin accumulates in the spine and begins polymerizing into
filaments [21]. This polymerization is thought to generate a mechanical force against the
membrane that induces a rapid spine volume increase [22], and together with AMPAR
upregulation, characterizes the early phase of LTP [23]. Subsequent stabilization of spine
enlargement requires the synthesis and transport of new proteins to the synapse. Thus,
actin-related proteins supporting the assembly and stabilization of actin into branched
filaments increase in the minutes following LTP induction, while concomitant increases
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in PSD proteins, including PSD-95 and NMDARS, increase over the following hours (i.e.
corresponding to late phase LTP; [24-26]). Conversely, during LTD, actin de-
polymerization leads to actin filament disassembly, destabilization of the PSD, and spine
shrinkage [21]. As interfering with spine dynamics impairs LTP [16,27], both AMPAR
trafficking and dendritic spine dynamics are critical for generating lasting plasticity
changes.
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TEXT BOX 3
Dampening the Brain’s Capacity for Plasticity During Development

Neural circuits and synapses retain the capacity to be shaped by experience through
adulthood, but relative to earlier periods in development, this capacity is greatly reduced.
This shift is characterized by cellular and molecular changes that interact with synaptic
pruning to gradually dampen the brain’s capacity for plasticity and stabilize experience-
refined neural circuits [38]. These changes include maturation of GABAergic inhibitory
circuits, particularly fast-spiking parvalbumin (PV)-containing interneurons which
provide strong inhibition onto pyramidal neurons, and structural changes that inhibit
neurite pruning and outgrowth, such as increased myelination and expression of
perineuronal nets (PNNSs; [38]). Indeed, maturation of GABAergic interneurons is more
protracted than that of pyramidal neurons, and GABA maturation both shapes, and is
shaped by, synaptic wiring and plasticity [39]. During development, GABA transmission
is required for the onset of critical period plasticity [39] and GABA release influences the
selective elimination of dendritic spines [40,41]. At the same time, PV cells have been
found to adjust their synapses onto pyramidal neurons and reduce their production of PV
and GAD67 in response to changes in pyramidal cell activity [39,42]. Thus, PV neurons
appear to fine-tune their intrinsic excitability during maturation to produce a homeostatic
balance of excitation/inhibition within neural circuits [42]. In addition, as PV
interneurons mature, their cell bodies and neurites become ensheathed by PNNs, which
are lattice-like extracellular matrix structures that appear to form a barrier between cells
and molecular factors that regulate plasticity. PNN expression increases progressively
until late adolescence or early adulthood, and is thought to contribute to the closure of
critical developmental periods [38]. In the healthy brain, this dampening of plasticity
“locks-in” neural circuitry that is optimally tuned to the environment, and occurs in
regionally hierarchical, overlapping waves, consistent with the overall progression of
brain maturation.

In schizophrenia, patients show reduced markers of GABA neuron function, particularly
at PV interneurons in prefrontal cortex [43] and reduced density of PNNs [44-46], in
addition to alterations in dendritic spines and markers of glutamatergic synapse function.
Notably, PV interneurons in schizophrenia patients were recently found to receive fewer
synaptic inputs from excitatory neurons than in control subjects, with excitatory input
reductions predicting the downregulation of activity-dependent gene products in PV
interneurons [47]. Thus, although reduced PV interneuron function and PNN expression
could directly contribute to cortical disinhibition and circuit level dysfunction in
schizophrenia [46,48,49], changes in PV interneurons and PNNs might arise during
development as compensatory responses to reduced pyramidal cell activity.
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TEXT BOX 4
The Diverse Signs and Symptoms of Adult Schizophrenia

In its chronic form, schizophrenia is characterized by diverse clinical features affecting
cognitive, motor, and sensory domains. For example, schizophrenia patients show
impaired general intellectual functioning, learning and memory, working memory,
attention, and language ability [100,101]. Patients also show deficits in motor
coordination, motor skill learning, and psychomotor speed [102-104]. Additionally,
schizophrenia patients show deficits in higher-level sensory processing, including
impaired tone and phoneme discrimination, sound localization, visual form organization
and discrimination, perception of visual motion, and olfactory identification [105-115]. In
chronic patients, deficits appear largest in declarative memory and attention, with
relatively smaller deficits in perception and motor skills [116,117]. In patients with recent
onset of psychosis, deficits appear largest in immediate verbal memory, with smaller but
still large deficits in nonverbal memory, working memory, attention, and processing
speed, and medium deficits in motor skills [100,118].

Consistent with this phenotype, schizophrenia patients show abnormalities on functional
imaging indices implicating disturbances in both lower-level sensory cortices and higher-
order association cortices. For example, schizophrenia patients show altered
electroencephalograph (EEG) event related potentials (ERPs) in response to auditory and
visual stimuli, as well as altered neural activation in sensory cortices during fMRI studies
of sensory processing [105,119,120]. Schizophrenia patients also show altered activation
across many individual brain regions and altered connectivity within large-scale brain
networks during a variety of sensory and cognitive tasks, although, relative to sensory
regions, activation and connectivity involving association cortices may be more disrupted
[121-123]. Similarly, schizophrenia patients show altered neural oscillations, as measured
by EEG and magnetoencephalography (MEG), during sensory and cognitive tasks, as
well as at rest [123,124], with gamma-band oscillations thought to show particular
disturbance. While these imaging measures are generally agnostic to potential
mechanisms contributing to differences in signal amplitude or connectivity, it is notable
that schizophrenia patients do show deficits on functional indices of synaptic plasticity.
For example, schizophrenia patients show reduced LTP-like effects following high-
frequency sensory [125,126] or transcranial magnetic stimulation [127], as measured by
EEG. Similarly, schizophrenia patients show reduced brain responses during the
mismatch negative task (MMN; [128,129]), in which a stream of “standard” stimuli are
interrupted by periodic “deviant” stimuli. Brain responses to deviant stimuli are thought
to represent an error prediction signal during perceptual learning that depends on synaptic
plasticity [130] and human and animal studies showed that the LTP and MMN tasks are
NMDAR-dependent [131-133].
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Trends Box

The broad phenotype of schizophrenia includes sensory, motor, and cognitive
signs and symptoms that emerge prior to psychosis.

Evidence from post-mortem and large-scale genetic studies suggests that synaptic
plasticity is disrupted in schizophrenia and may be a key pathogenic factor in the
disease.

Given the role of synaptic plasticity in learning, memory, and the maturation of
neural circuits, the consequences of impaired plasticity through development may
explain the emergence of many signs and symptoms of the broader schizophrenia

phenotype.

Extant literature is consistent with manifestations of impaired synaptic plasticity
that may be detectable as early and fundamental deficits in learning and memory,
and the progressive emergence of broader sensory, motor, cognitive, and psychotic
features.
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OUTSTANDING QUESTIONS BOX

1. At what age do deficits in higher-level auditory, visual, and olfactory sensory
processing emerge in children and adolescents who later develop schizophrenia?

2. At what age do regionally-specific gray matter deficits emerge in children and
adolescents who later develop schizophrenia?

3. At what age do abnormalities in neural indices of synaptic plasticity such as
altered MMN or LTP deficits, or neurobiological correlates of neurocognitive
deficits, such as altered dorsolateral prefrontal cortex activation and connectivity
during higher-order cognitive tasks, emerge in individuals who later develop
schizophrenia?

4. Do environmental processes, such as chronic stress associated with migration/
ethnic minority status and/or withdrawal from structured activities during the
prodromal phase further compound gray matter loss or exacerbate reductions in
synapses encoding adaptive pathways?

4. Do genetic animal models targeting synaptic plasticity pathways recapitulate
this pattern of magnitude and developmental age of emergence of schizophrenia-
like signs and symptoms?

5. Do all or only a subset of individuals with schizophrenia have a genetic risk
profile that disproportionately affects synaptic plasticity pathways? Similarly, does
this pattern of the magnitude and age of emergence of signs and symptoms exist
only for a subset of patients with a genetic risk profile affecting synaptic
plasticity?

6. Can we distinguish the role of impaired synaptic plasticity in generating diverse
signs and symptoms associated with schizophrenia from other hypothesized
pathogenic processes?

7. Is impaired synaptic plasticity a primary pathogenic process that contributes to
and/or can partially explain other neurobiological markers seen in schizophrenia
(e.g. alterations in GABAergic interneurons, PNNs, excitatory/inhibitory balance,
and dopamine transmission)?
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Figure 1. The induction and expression of synaptic plasticity

During the induction of plasticity at excitatory synapses (A), glutamate activates
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postsynaptic AMPARs and NMDARs located in the postsynaptic density (PSD) of dendritic
spines. AMPARSs generate a fast excitatory postsynaptic response via Na+, while NMDARs

initiate intracellular signaling cascades via Ca2* that trigger local gene transcription;

phosphorylation and synthesis of new PSD proteins; AMPAR trafficking to and from the
membrane via actin dynamics; and reorganization of the actin cytoskeleton. When synaptic
activity is sufficient to induce long-term potentiation (LTP), these processes lead to the
insertion of reserve AMPARS into the postsynaptic membrane and the enlargement of the
PSD and dendritic spine (B). Scaffold proteins such as PSD-95 stabilize the new AMPARS
by trapping them in the membrane and reducing their lateral mobility. Changes in the size
and shape of dendritic spines from baseline (C) scale with changes in synaptic efficacy and
include (D): the elimination of spines (i); enlargement of spine heads and necks (ii); growth

of new spines (iii); and the splitting of single PSDs and spines into two synapses (iv).
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Figure 2. Synaptic Plasticity and Brain Maturation in the Healthy Brain and in Schizophrenia
(A) Developmental trajectories of excitatory synapses in representative cortical regions in

the healthy brain. Within each region, synapses are initially overproduced and undergo a
period of net synaptic pruning in which weak synapses are eliminated and adaptive synapses
are strengthened. These synaptic refinements are thought to contribute to the maturation of
finely tuned and functionally organized neural circuits mediating sensory, motor, and
cognitive functions. (B) Hypothesized consequences of impaired synaptic plasticity across
development in schizophrenia. Impaired synaptic plasticity in schizophrenia is predicted to
lead to increased synaptic pruning and suboptimal fine-tuning of neural circuits. Regional
differences in the trajectories of synaptic refinement and circuit maturation predict the
timing of the emergence of sensory, motor, and higher cognitive signs in schizophrenia, with
the magnitude of the impairments being positively associated with the age of their
appearance. Dysregulated dopamine signaling emerges in adolescence as a downstream
consequence of impaired cortical synaptic plasticity, and ultimately interacts with
suboptimal neural tuning to yield psychotic symptoms in late adolescence or early
adulthood.

Trends Cogn Sci. Author manuscript; available in PMC 2018 October 01.



	Abstract
	NEURODEVELOPMENT, SYNAPTIC PLASTICITY, AND THE ANTECEDENTS OF SCHIZOPHRENIA
	THE NEUROBIOLOGY OF SYNAPTIC PLASTICITY
	ROLES OF SYNAPTIC PLASTICITY
	Synaptic Plasticity in Learning and Memory
	Synaptic Plasticity in Brain Maturation

	IMPAIRED SYNAPTIC PLASTICITY AS A PATHOGENIC FACTOR IN SCHIZOPHRENIA
	Post-Mortem Evidence Implicating Synaptic Plasticity in Schizophrenia
	Genetic Evidence Implicating Synaptic Plasticity in Schizophrenia

	CONSEQUENCES OF IMPAIRED SYNAPTIC PLASTICITY IN SCHIZOPHRENIA DURING DEVELOPMENT
	A Heuristic Model for the Signs and Symptoms of Schizophrenia
	Motor and Sensory Signs
	Cognitive Signs
	Neural Signs

	PATHWAYS FROM IMPAIRED SYNAPTIC PLASTICITY TO PSYCHOSIS
	Impaired Neural Tuning
	Circuit Dysfunction and Dopamine
	Impaired Synaptic Plasticity and the Pathogenesis of Psychosis

	CONCLUDING REMARKS
	References
	Figure 1
	Figure 2

