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The synaptic hypothesis of schizophrenia has been highly influential. However, new approaches mean there has been a step-
change in the evidence available, and some tenets of earlier versions are not supported by recent findings. Here, we review normal
synaptic development and evidence from structural and functional imaging and post-mortem studies that this is abnormal in
people at risk and with schizophrenia. We then consider the mechanism that could underlie synaptic changes and update the
hypothesis. Genome-wide association studies have identified a number of schizophrenia risk variants converging on pathways
regulating synaptic elimination, formation and plasticity, including complement factors and microglial-mediated synaptic pruning.
Induced pluripotent stem cell studies have demonstrated that patient-derived neurons show pre- and post-synaptic deficits,
synaptic signalling alterations, and elevated, complement-dependent elimination of synaptic structures compared to control-
derived lines. Preclinical data show that environmental risk factors linked to schizophrenia, such as stress and immune activation,
can lead to synapse loss. Longitudinal MRI studies in patients, including in the prodrome, show divergent trajectories in grey matter
volume and cortical thickness compared to controls, and PET imaging shows in vivo evidence for lower synaptic density in patients
with schizophrenia. Based on this evidence, we propose version III of the synaptic hypothesis. This is a multi-hit model, whereby
genetic and/or environmental risk factors render synapses vulnerable to excessive glia-mediated elimination triggered by stress
during later neurodevelopment. We propose the loss of synapses disrupts pyramidal neuron function in the cortex to contribute to
negative and cognitive symptoms and disinhibits projections to mesostriatal regions to contribute to dopamine overactivity and
psychosis. It accounts for the typical onset of schizophrenia in adolescence/early adulthood, its major risk factors, and symptoms,
and identifies potential synaptic, microglial and immune targets for treatment.
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INTRODUCTION
Schizophrenia is generally a severe mental illness with a lifetime
prevalence of about 1% of the population worldwide [1], and a
major cause of global disease burden [2]. Symptoms typically
begin in late adolescence or early adulthood, and can be separated
into three domains: (1) positive (e.g., hallucinations, delusions,
paranoia and thought disorder), (2) negative (e.g., anhedonia,
avolition, social withdrawal and thought poverty) and (3) cognitive
(e.g., dysfunction in attention, working memory and executive
function) [3]. The onset of the first psychotic episode is commonly
preceded by a prodrome generally of 1–5 years and characterised
by sub-clinical negative, cognitive and psychotic symptoms [4, 5].
In up to 20% of patients with schizophrenia, their illness shows

a limited response to adequate trials of two different anti-
psychotic drugs and clozapine [6] and treatments for negative
symptoms and cognitive deficits remain an unmet clinical need
[7]. Thus, there is a need to understand the pathoaetiology of
schizophrenia to help identify new treatment targets.
In 1982, Irwin Feinberg first proposed that a fault in synaptic

elimination in adolescence is causal to schizophrenia [8]. The

hypothesis was subsequently revised to propose that a combina-
tion of excessive pruning of cortical synapses in prefrontal circuits
and insufficient pruning of subcortical synapses underlies the onset
of schizophrenia [9]. Judged by the number of citations on the
theme, the synaptic hypothesis of schizophrenia has stimulated
substantial interest, particularly in the last few years (see Fig. 1).
However, since these iterations of the synaptic hypothesis of

schizophrenia, new data from novel methods, such as induced
pluripotent stem cell (iPSC) and genome-wide association studies
(GWAS) and in vivo synaptic imaging, have emerged. Here, we
update the synaptic hypothesis in light of this new evidence.

THE SYNAPTIC HYPOTHESIS VERSION I
Feinberg proposed arguably the earliest version of the synaptic
hypothesis of schizophrenia, stating that ‘too many, too few, or
the wrong synapses are eliminated’ [8]. He speculated that this led
to impaired neuronal integration, which resulted in auditory
hallucinations, thought interference and the loss of self-
boundaries observed in schizophrenia [8, 10].
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Feinberg referred to ‘reduced synaptic density’ as an umbrella
term for qualitative changes in synapses, such as reorganisation,
as well as a quantitative reduction in the number of synapses. He
cited four main lines of evidence in support of a role for synaptic
alterations in schizophrenia. First, Feinberg observed that EEG
wave amplitudes markedly increase in infancy, and decline
substantially in adolescence, with little variation in adulthood.
Second, brain metabolic rate, as measured by CMRO2 uptake,
peaks in the first decade of life, declining rapidly through
adolescence and early adulthood, before declining more slowly
through the remaining adulthood [11]. Third, the degree of
neuroanatomical plasticity observed in childhood, whereby the
brain is capable of functional recovery from injury, is lost by
adolescence. Fourth, Feinberg speculated that cognitive perfor-
mance (termed ‘functional power’) peaks in adolescence. Feinberg
observed that these electrophysiological, metabolic, anatomical
and cognitive trajectories track trajectories for synaptic density,
which peaks in childhood, before rapidly declining in late
childhood and early adolescence [12]. He also observed that
schizophrenia typically emerges in adolescence or early adult-
hood, thereby correlating temporally with the period of marked
synaptic elimination. In addition, he noted that markers tracking
synaptic trajectories (EEG wave amplitude and cognitive perfor-
mance) are altered in schizophrenia.
Much of the evidence concerning synapses cited in version I of

the hypothesis was indirect in nature, for instance, that cortical
glucose metabolism is lower in schizophrenia than in controls.
However, whilst lower glucose could reflect lower synaptic
density, approximately 30% of cortical glucose metabolism
supports non-signaling processes, unrelated to synaptic levels or
activity [13]. This highlighted the need for more direct evidence of
synaptic levels in schizophrenia.

THE SYNAPTIC HYPOTHESIS VERSION II
In 1994, Keshavan et al. updated the synaptic hypothesis with new
evidence for structural and metabolic abnormalities in schizo-
phrenia, and revised it to propose excessive cortical pruning and
insufficient subcortical pruning [9]. They also highlighted that
there could be a failure to form synapses in the first place,
excessive synaptic elimination later in neurodevelopment, excess
synaptic production early in development, or a combination of
these processes.
Keshavan et al. synthesised new evidence regarding normal

neurodevelopment, by drawing on non-human primate and
human data, which indicated a peak in cortical synaptic density
in normal early postnatal development, followed by a sharp
decline in synaptic density through puberty, and a slower decline
in adulthood [14–17]. Keshavan et al. noted that these trajectories
were consistent with Feinberg’s hypothesised synaptic trajectory
in normal human neurodevelopment. However, they noted that
the locus of synaptic elimination (both spatial, in relation to
synapse type, laminar location, and regional variation, and
temporal) had yet to be established.
Keshavan et al. built on the neurostructural foundations of

Feinberg’s hypothesis, by incorporating new evidence from CT
studies indicating that grey-white matter ratios reduce from
childhood during normal development. They also incorporated
new evidence for neurostructural alterations in schizophrenia,
including post-mortem studies showing reduced brain volume,
cortical thinning and sulcal enlargement [18, 19] and early MRI
studies showing reduced frontal lobe volume [20, 21], greater
frontal sulcal size [22], and reduced cortical grey matter volume
[23, 24] in schizophrenia patients relative to healthy controls. The
data were not all consistent, however, with other MRI studies failing
to find significant differences in frontal or cerebral volume [25].

Fig. 1 Citations per year, from 1982 to 2021, when searching for topic: (schizophrenia) and topic: (synap*) in Web of Science™. The first
arrow indicates the year Feinberg’s hypothesis was published. The second arrow indicates the year Keshavan et al.’s hypothesis was published.
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In addition, Feinberg speculated that synaptic elimination in
adolescence may underlie reductions in cerebral metabolism and,
when faulty, the onset of schizophrenia. This would suggest
alterations in cerebral metabolism in schizophrenia. Keshavan
et al.’s second version of the synaptic hypothesis of schizophrenia
incorporated emerging evidence for frontal lobe hypometabolism,
including positron emission tomography (PET), single-photon
emission computed tomography, 133Xe inhalation, 31P-magnetic
resonance spectroscopy, and cerebral blood flow studies indicat-
ing frontal hypometabolism [26–28], although again, these data
were not unequivocal, with some studies failing to find evidence
for hypofrontality [29].
Feinberg’s hypothesis lacked specificity in terms of the precise

location of suspected synaptic alterations in schizophrenia. This
was refined in the second synaptic hypothesis, which proposed
excessive cortical pruning and insufficient subcortical pruning. The
evidence for a failure of subcortical synaptic pruning was derived
from individual MRI studies, which reported greater lenticular
nucleus and left caudate volume in patients with schizophrenia
[30, 31]. However, this could be an effect of anti-psychotic
treatment and meta-analysis of these and subsequent studies
have not found consistent evidence for subcortical alterations in
anti-psychotic-free patients [32].
Critically, neither this nor version I proposed a mechanism for

faulty synaptic elimination, or how this is linked to genetic or
environmental risk factors. To address this, we review new lines of
evidence and propose an updated version of the hypothesis.

EVIDENCE FOR SYNAPTIC CHANGES IN NORMAL BRAIN
DEVELOPMENT
Multiple lines of evidence indicate that synapses undergo
dramatic reorganisation through the course of life. Preclinical
studies have found that normal development shows an early
phase of net synaptic production followed by a phase of net
synaptic elimination, and then comparatively balanced elimina-
tion and production leading to relatively stable synaptic levels in
adulthood [15, 16, 33]. Consistent with this, human post-mortem
studies show the greatest synapse density in early childhood,
followed by intermediate levels during adolescence and early
adulthood and lower, stable levels in adulthood (Fig. 2) [34].
Synaptic density reduces by approximately 40% from childhood
through adolescence, with elimination particularly affecting
glutamatergic synapses [9, 15, 16]. There was limited longitudinal
in vivo imaging evidence for brain changes during human

development when versions I and II of the hypothesis were
proposed, but there have been a number of large studies since
then. These show that cortical grey matter volumes increase and
peak early in development [35], before undergoing a monotonic
decrease into early adulthood [36–38]. Although beyond the
scope of this review, it is important to recognise that findings from
longitudinal imaging studies vary according to region, volumetric
measure and developmental windows studied (see review [38]).
The timing of these structural changes is broadly in line with the
timing of synaptic changes seen in the preclinical and human
post-mortem data on synaptic changes [36, 39], although this
temporal association does not mean they are causally related
(discussed further in the section on evidence for structural
alterations in schizophrenia).

THE MECHANISMS GOVERNING SYNAPTIC ELIMINATION
Microglia are histiocytes that play a central role in synaptic
elimination during normal brain maturation [40, 41]. During
neurodevelopment, redundant synapses are tagged by comple-
ment proteins such as C1q (the cascade-initiating protein) and
other complement proteins including C3 and C4, in a process
which triggers the phagocytosis of the synapse by microglia
(Fig. 3) [41, 42].
Adult mice overexpressing human C4 show increased microglial

engulfment of synapses and reduced synapse density in the
medial prefrontal cortex [43]. Similarly, C4-overexpressing mice
show reduced spine number, and decreased spine turnover in
juvenile mice, as well as abnormalities in glutamatergic cells [44].
In contrast, complement-dependent pruning is reduced by
repeated firing of a synapse [42]. Thus, taken together, these
lines of evidence show synaptic pruning is activity dependent and
can be altered by genetic variants affecting the complement
system.
In addition, astrocytes play both indirect and direct roles in

synaptic elimination [45]. For example, C1q mRNA expression is
dependent on factors secreted by astrocytes [42]. Moreover,
astrocytes directly engulf synapses through the activation of
phagocytic pathways necessary for normal neural circuit refine-
ment [46].
Non-glial-related mechanisms also play a role in the elimination

of synapses. For example, activation of the transcription factor
myocyte enhancer factor 2 leads to ubiquitination of post-synaptic
density protein 95 (PSD-95), which is then targeted for proteaso-
mal degradation [47]. Stimulated synapses release molecules that

Fig. 2 The normal trajectory of synaptic density over age, reflecting an initial phase of net synaptic production, followed by net synaptic
elimination from late childhood/adolescence into early adulthood, and then relatively balanced synaptic elimination and production in
middle age. Adapted from post-mortem data reported by Petanjek et al. for basal dendritic spine density of pyramidal cells from layer IIIc [34].
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change the actin skeleton in neighbouring dendritic spines,
ultimately leading to their elimination [48]. Other molecules, such
as semaphorin 7A, are released post-synaptically, and act in a
retrograde manner to promote the elimination of pre-synaptic
elements [49].

GENETIC AND ENVIRONMENTAL RISK FACTORS FOR
SCHIZOPHRENIA IMPLICATE SYNAPSES
There has been a massive expansion in the power of genetic
association studies since earlier versions of the hypothesis. The
latest genome wide association study (GWAS) includes 76,755 schi-
zophrenia patients and 243,649 controls, and identified 287
common variant loci associated with schizophrenia. These
associations implicate genes involved in synaptic organisation,
differentiation and transmission, and post-synaptic terms, with
additional enrichment of genes playing roles in synaptic
transmission and signalling [50].
The most significant GWAS signal for schizophrenia in a sample

predominantly of European origin lies in the major histocompat-
ibility complex (MHC) and has been shown to link to complement
expression, in particular to higher C4A brain expression levels
[51, 52]. Complement-dependent pruning is reduced by repeated
firing of a synapse and increased calcium signalling, as shown in
the mouse visual cortex [42]. This suggests that the refinement of
neural circuits via synapses could be altered by a genetic
predisposition to impairments in the complement system and/or
in glutamatergic signalling. However, it should be noted that a
recent GWAS in people predominantly of East Asian ancestry did
not find this association [53]. This highlights the need for more
genetic studies in ethnically diverse groups to test the generali-
sability of findings [54]. Notwithstanding this, other risk factors for
schizophrenia, such as stress, affect synaptic pruning (see
summary in synaptic hypothesis version III section), and may
account for aberrant synaptic pruning independent of genetic
effects.

Brain co-expression network analyses coupled with gene
ontogeny analyses have revealed that C4A expression levels are
inversely associated with expression levels of synaptic genes, and
that schizophrenia risk loci occur in synaptic pathways [52]. In
addition, numerous other genetic loci associated with schizo-
phrenia are linked to genes encoding proteins that mediate
synaptogenesis [55], synaptic plasticity [56], spine formation and
those involved in mechanisms of refining circuitry [55]. Animal
models of some of these genetic risk factors have shown that they
lead to lower synaptic marker levels [57–66].
Genetic loci linked to increased risk for schizophrenia are also

involved in synaptic pathways during development. These include
VRK2, encoding vaccinia-associated kinase 2, which is involved in
neurodevelopmental microglia-mediated synaptic elimination
[56], CUL3, encoding Culin-3, which is involved in neural
development, glutamate receptor turnover and maintenance of
excitation-inhibition balance [56, 67, 68], KALRN, encoding kalirin,
which mediates dendritic spine formation [67, 68] and CLSTN3,
encoding Calsyntenin-3, which promotes inhibitory and excitatory
synaptic development [67, 68].
Early environmental insults, such as maternal infection, are risk

factors for schizophrenia [69, 70], and animal models of antenatal
infection or immune challenge show that these affect synaptic
development, with some effects enduring into adulthood [71–73].
These seem to particularly affect synaptic development in
glutamatergic neurons [72, 73].
Preclinical models of a number of other environmental risk

factors for schizophrenia also show lower levels of synaptic
markers. For example, studies of social isolation have identified
that rats weaned on postnatal day 21 and subsequently reared in
isolation for 8 weeks show lower medial prefrontal cortical and
hippocampal dendritic spine density in adulthood (postnatal day
77) compared to controls reared in social groups [74]. Similarly,
rats aged 28–32 days subsequently reared in individual caged
environments for 30 days showed lower dorsolateral striatal
dendritic spine density in adulthood compared to controls reared
in complex environments containing social groups and objects
[75]. A model of chronic social defeat stress has found that mice
aged 8–10 weeks introduced to and attacked by unfamiliar
resident mice show lower levels of prefrontal cortical pyramidal
neuron apical dendritic spine density 30 days following the stress
procedure compared to controls [76]. Numerous studies have
identified that rodents subjected to chronic stress show changes
in dendritic arborisation, with effects varying according to the
brain regions studied [77–80]. Furthermore, studies of maternal
immune activation models, which expose pregnant rodents to
lipopolysaccharide [81] or polyribocytidylic acid (poly I:C) [82] on
gestational day 9.5, have found lower levels of both pre-synaptic
and post-synaptic markers in cortical brain regions as adults. This
includes lower levels of pre-synaptic proteins such as synapto-
physin, syntaxin-1 and synaptobrevin, and lower levels of post-
synaptic proteins, including PSD-95 and SH3 and multiple ankyrin
repeat domains proteins 1, 2 and 3, at postnatal days 52–54 [81],
and also lower dendritic spine density at postnatal day 80 [82]
compared to controls. These models show that risk factors acting
at various developmental stages can lead to loss of synaptic
markers. Similarly, lifetime stress has been linked to lower levels of
dendritic spine density post-mortem in human cortical tissue [83].
It should be recognised that a range of brain and behavioural
alterations are seen in these preclinical models, and it remains to
be established that the synaptic changes are primary rather than
secondary to other alterations. Furthermore, the effects of stress
on dendritic spine density may show specificity in terms of brain
region, spine type and timing of stressful events [76]. Never-
theless, taken together with the genetic studies, these findings
indicate that a range of risk factors for schizophrenia affect
synaptic levels to potentially increase vulnerability to the disorder.

Fig. 3 Mechanism for glia-mediated synaptic pruning via the
classical complement signalling cascade. Complement component
C1q interacting with binding partners triggers cleavage of the
complement components C2 and C4, thereby promoting the
generation of activated C3. Activated C3 induces synaptic phago-
cytosis by microglia. Other complement signalling pathways can
also trigger phagocytosis.
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The link between complement expression and brain structure
and function has begun to be investigated. A recent imaging
genetics study of a mixed sample of healthy control subjects
(n= 46), patients with psychosis (n= 40) and individuals at clinical
high risk for psychosis (n= 43) showed that levels of genotype-
predicted brain C4A expression were positively associated with
brain levels of translocator protein (TSPO, a marker expressed by
glia), and negatively associated with hippocampal surface area
[84]. However, there was no significant effect of clinical group on
these relationships, indicating it is most likely a common
mechanism. Further work in a large UK Biobank sample
(n > 27,000) which excluded individuals with diagnoses of
neurological or mental disorders identified that predicted C4A
expression levels are negatively associated with cortical thickness
in a number of brain regions implicated in schizophrenia
pathogenesis, including the parahippocampal, insula, entorhinal,
medial orbitofrontal and parts of the cingulate cortices [85]. Other
work has investigated the relationship between complement
markers and phosphorous magnetic resonance spectroscopy,
which enables the quantification of membrane phospholipid
precursors and catabolites [86] that are considered as proxies for
the degree of neuropil contraction [87]. Higher C4A gene copy
number has been shown to be directly associated with higher
levels of catabolites in the inferior frontal cortex, and lower levels
of precursors in the inferior parietal lobule, suggestive of greater
neuropil contraction in these regions, in patients with schizo-
phrenia [87]. In addition, higher C4A expression levels have been
negatively associated with middle temporal cortex activation in
healthy controls during an functional MRI (fMRI) visual processing
task, and with episodic memory performance in healthy controls
and patients with schizophrenia [88]. The findings discussed in
this section thus show associations between diminished cortical
volumes and thickness and altered brain activation and comple-
ment levels, consistent with a model that higher complement
levels could underlie brain structural and functional changes in
schizophrenia, although, importantly, it remains to be established
if complement leads to the changes. It should also be recognised
that there are inconsistencies in the relationship between C4A and
brain imaging measures [85, 87]. Thus, further work is needed to
investigate if complement expression underlies brain structural
and functional changes, and to test if there is a link between
complement expression and in vivo synaptic marker levels in
patients with schizophrenia.

POST-MORTEM SYNAPTIC MARKERS IN SCHIZOPHRENIA
Since earlier iterations of the synaptic hypothesis of schizophrenia,
a wealth of post-mortem evidence for lower levels of markers of
synaptic density in schizophrenia has accumulated.
Post-mortem studies have reported lower levels of a number of

pre-synaptic markers in schizophrenia relative to controls, with
moderate-to-large effect size lower levels of synaptophysin in the
frontal cortex, cingulate cortex and hippocampus on meta-
analysis [89]. Furthermore, a meta-analysis of post-mortem studies
found lower levels of post-synaptic elements (comprising
dendritic spine density, post-synaptic density and post-synaptic
density (PSD) protein expression levels) in people with schizo-
phrenia, with a moderate effect size in cortical tissues [90].
Subgroup analysis demonstrated that levels of post-synaptic
elements were lower in cortical but not subcortical tissues [90].
Thus, findings of lower pre-synaptic and post-synaptic markers in
separate meta-analyses of post-mortem studies are highly
suggestive of cortical synaptic alterations in schizophrenia. These
findings are supported by electron microscopy studies, which
provide the gold standard means for directly measuring synaptic
density, showing lower levels of axospinous [91] and axodendritic
[92] synaptic density in the anterior cingulate cortex, perforated
(principally glutamatergic) synapses in the striatum [93], and lower

total synaptic density in the substantia nigra, particularly affecting
symmetric (inhibitory) synapses [94] in tissue from patients with
schizophrenia compared to controls. However, there are incon-
sistencies in the findings, potentially relating to differences in
methodological approaches and the specific markers used [95].
Post-mortem studies in schizophrenia are also subject to a
number of potentially confounding factors, such as differences
in lifetime anti-psychotic exposure, differences in cause of death
and post-mortem interval [95]. Moreover, post-mortem studies are
highly labour intensive, therefore limiting the number of subjects
and regions investigated in the individual studies. These issues
limit the generalisability of findings. Critically, they cannot provide
conclusive evidence of synaptic density changes in the living
brain, or when they occur in the illness.

FINDINGS FROM NEURONAL CULTURES DERIVED USING
INDUCED PLURIPOTENT STEM CELLS (IPSC) FROM PATIENTS
A significant technological advance since the earlier versions of
the synaptic hypothesis has been the ability to use stem cells from
patients to derive neuronal cultures. This enables neuronal
development to be studied in brain tissue with the same genetic
background as patients [96]. As seen in Table 1, studies
implementing these methods show evidence for both pre- and
post-synaptic deficits, such as lower synaptic vesicle 2 (SV2) and
synapsin I puncta density and synaptic vesicle release, and lower
levels of post-synaptic markers including PSD-95 protein levels
and dendritic spine density. They also show functional alterations
in synaptic signalling in neurons derived from people with
schizophrenia compared to controls (Table 1).
Importantly, recent iPSC models investigating synapse-glia

interactions in vitro have demonstrated elevated, complement-
dependent elimination of synaptic structures [97], highlighting a
potential mechanism for excessive synaptic pruning by glia in
schizophrenia [98, 99], summarised in Fig. 4. Thus, the evidence from
patient-derived neural cultures indicates a failure to form and/or
preserve synapses in early neurodevelopment in schizophrenia.
Whilst beyond the scope of our review, it should be noted that in
addition to synaptic alterations, iPSC models also show evidence for
alterations in other aspects of neuronal development [100]. The role
of these in the synaptic alterations remains to be determined.
It is also important to appreciate the limitations of evidence

obtained through patient-derived neuronal lines. As these neural
cells are cultured in vitro, they do not adequately reflect the
impact of environmental factors on neurobiology in schizophrenia
[101]. Furthermore, the limited maturity of derived neural cells,
methodological variability in processes for cellular reprogramming
and brain cell generation, and genetic background variations may
affect findings [96]. These considerations highlight the need for
in vivo studies with other techniques in patients.

EVIDENCE FOR ALTERED BRAIN STRUCTURE IN
SCHIZOPHRENIA
There has been a step-change in the in vivo imaging evidence for
altered brain structure in schizophrenia since versions I and II of
the synaptic hypothesis were elaborated with, now, well over a
hundred studies across brain regions and phases of illness
[32, 102]. Meta-analyses of findings in patients show well-
replicated evidence for lower cortical grey matter volumes
(Hedges g ~0.26–0.66 [32], Cohen’s d ~0.31–1.09 [102]), and lower
or unaltered subcortical volumes (Hedges g= ~0.11–0.46 [32],
Cohen’s d= 0.18 [102]) relative to healthy controls across illness
phases from the first episode. Moreover, there is now substantial
evidence for similar patterns of lower grey matter volumes and
cortical thinning in people at clinical high risk for schizophrenia,
and that this is particularly marked in those who go on to develop
the disorder [103, 104]. Meta-analysis also indicates that cortical
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thickness in fronto-temporal brain regions is lower in schizo-
phrenia from the onset of the disorder (z ~1.94–3.25) and in
clinical high-risk subjects (z ~1.01) [105].
In addition, studies have compared age-related brain structure

in patients with controls. Cross-sectional imaging studies suggest
that there is an accelerated age-related decline of grey matter
volume in schizophrenia patients compared with controls [106].
This has been directly tested in longitudinal imaging studies, with
meta-analyses of these indicating greater grey matter loss over
time in patients compared to controls [107, 108]. Furthermore,
cross-sectional imaging has identified that these deficits start early
in disorder [106], and longitudinal studies have demonstrated that
elevated rates of cortical grey matter loss are associated with
conversion from clinical high risk to a psychotic illness [104, 109].
Moreover, there is an inverse relationship between cerebral
volume and symptom severity in schizophrenia [110–112]. These
observations implicate neurostructural alteration in the develop-
ment of schizophrenia, raising the question as to the cellular and
molecular basis of these changes.
A key question is, thus, whether structural MR imaging changes

could be due to synaptic loss. Kassem et al. addressed this key
question by combining structural MRI and confocal microscopy
[113]. They observed grey matter volume loss on MRI in the
anterior cingulate cortex and hippocampus of stressed mice, and
reduced dendritic volume and spine density, in the absence of
changes in the number or volumes of neuronal soma, astrocytes
or oligodendrocytes. Moreover, there was a strong linear relation-
ship (R2 > 0.9) between dendritic volume loss and MRI-estimated
grey matter volume loss [113]. Similarly, Keifer et al. deployed
voxel-based morphometry and confocal microscopy to investigate
the effects of an auditory fear conditioning paradigm in mice.
They found increased grey matter voxel intensity in the
conditioned mice relative to the controls in the auditory cortex,
amygdala and insula; concurrent increases in dendritic spine
density in the auditory cortex; a positive relationship between
dendritic spine density and grey matter voxel intensity; no change
in neuronal nuclei density; and no relationship between nuclei
density and grey matter voxel intensity [114]. These data show
that synaptic changes can lead to changes in grey matter volumes
measured by MRI, and indicate that stress can contribute to this. It
should be noted, however, that Keifer et al. did not identify a
significant change in auditory cortical thickness, suggesting
dendritic spine density is less strongly linked to cortical thickness
than to grey matter density.

Whilst cortical neuronal number remains largely unchanged in
schizophrenia [115], post-mortem evidence shows lower cortical
neuropil [116], cortical dendritic spine density [90, 117–120], spine
plasticity markers and synaptic vesicle protein levels relative to
controls (as discussed above; also see [89, 121–124]). Thus, taken
together, this preclinical and post-mortem evidence indicates that
synaptic changes could contribute to the neurostructural altera-
tions seen in schizophrenia, although it does not prove it.
There are limitations to interpreting structural MRI findings as

indicative of synaptic alterations in schizophrenia. Neuronal and
glial number and size, and vasculature, as well as synaptic
elements, may contribute to the grey matter signal ([114, 125],
and as discussed in [126]). Factors such as anti-psychotic
treatment and movement artefacts could also confound
case–control differences [126, 127]. Thus, alterations in non-
synaptic factors may contribute to or even account for structural
MRI findings in schizophrenia, and so there has been a pressing
need to develop in vivo imaging measures that are specific to
synapses. This is reviewed in the next section.

IN VIVO EVIDENCE FOR LOWER SYNAPTIC MARKERS IN
SCHIZOPHRENIA
A major limitation of the synaptic hypothesis was the lack of
evidence for synaptic alterations in patients with schizophrenia
in vivo. However, investigating synaptic density in the living
human brain has recently been made possible by the develop-
ment of PET radioligands, such as [11C]UCB-J, that are specific for
synaptic vesicle glycoprotein 2A (SV2A) [128]. SV2A is ubiquitously
expressed in pre-synaptic terminals, and is a marker of synaptic
terminal density [128]. Non-human primate studies demonstrate a
strong positive relationship between [11C]UCB-J volumes of
distribution and in vitro SV2A levels measured using western
blots (r > 0.8) and binding assays (r > 0.9) [128]. Displacement
studies using levetiracetam [128, 129], a drug which binds
selectively to SV2A [130], show the [11C]UCB-J signal is largely
blocked, indicating high specificity of [11C]UCB-J to SV2A. This
evidence indicates that [11C]UCB-J is a specific marker of SV2A
levels. SV2A, one of three isoforms of SV2, is expressed throughout
the brain and is present in GABAergic and glutamatergic pre-
synaptic nerve terminals [131]. Furthermore, SV2A levels are
strongly, positively correlated with synaptophysin levels in the
brain (r > 0.95) [128], which is reduced in disorders associated with
synaptic loss, and is widely used as a marker of synaptic density

Fig. 4 Showing the mechanism potentially leading to aberrant synaptic pruning in schizophrenia. Left: potential model of glia-mediated
elimination of synapses in schizophrenia. This could affect glutamatergic synapses, including dendritic spines and collaterals that synapse
onto inhibitory interneurons, as well as inhibitory synapses onto pyramidal neurons. Right: loss of synapses on pyramidal neurons and
inhibitory interneurons, which could disrupt pyramidal neuron function and lead to negative and cognitive symptoms.
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[132]. Moreover, SV2 shows lower variability in terms of copy
number per synaptic vesicle than synaptophysin [133]. [11C]UCB-J
PET has demonstrated sensitivity to synaptic reductions in
temporal lobe epilepsy and Alzheimer’s disease [128, 134],
showing it is able to detect alterations in disorders in which loss
of synaptic density is expected.
The first [11C]UCB-J PET study in patients with schizophrenia

found that [11C]UCB-J volume of distribution was lower in patients
compared to healthy volunteers in the frontal and anterior
cingulate cortices with large effect sizes, and possibly lower in the
hippocampus as well [135]. This study also found evidence for
lower synaptic density in subcortical regions in patients with
schizophrenia, in contrast to the prediction from version II of the
synaptic hypothesis. These findings have since been indepen-
dently replicated [136]. To our knowledge, SV2A levels have not
been studied post-mortem in schizophrenia in the frontal or
anterior cingulate cortices or hippocampus, although a post-
mortem study found lower SV2A transcript levels in the cerebellar
cortex in schizophrenia compared to controls [137]. Both PET
studies were in patients with chronic illnesses who were taking
anti-psychotic drugs. However, neither study found a relationship
between anti-psychotic exposure and [11C]UCB-J binding, and a
rodent study showed anti-psychotic drug exposure had no effect
on SV2A protein or SV2A radioligand binding levels, indicating
anti-psychotic treatment is unlikely to explain lower SV2A levels in
schizophrenia [135].
In healthy volunteers, [11C]UCB-J binding and glutamate levels

are directly associated in the anterior cingulate cortex and
hippocampus, consistent with the high proportion of glutamater-
gic synapses there [138]. However, no significant relationship is
seen between [11C]UCB-J and glutamate measures in schizophre-
nia, suggesting a loss of glutamatergic synapses and/or a lower
ratio of glutamatergic to GABAergic synapses in the disorder [138].
There are a number of considerations in interpreting the [11C]

UCB-J signal as a marker of synaptic density. As a marker of SV2A
levels, changes in [11C]UCB-J binding could reflect altered SV2A
levels, and/or synaptic vesicle numbers and/or pre-synaptic
terminal density and/or synaptic density. However, as discussed
earlier, there is post-mortem evidence showing lower levels of a
number of pre- and post-synaptic elements in schizophrenia. This
includes lower levels of synaptophysin and other synaptic vesicle
proteins [89, 121–124], lower transcript levels of SV2A [137], lower
cortical dendritic spine density and other post-synaptic elements,

[90, 117, 118, 120] and lower spine plasticity [139], in the context
of unaltered neuronal numbers in schizophrenia [115]. When this
post-mortem evidence is taken with the [11C]UCB-J findings, the
most parsimonious explanation is, thus, that lower [11C]UCB-J
binding reflects lower synaptic density in schizophrenia.

VERSION III OF THE SYNAPTIC HYPOTHESIS OF
SCHIZOPHRENIA: A MASTER MECHANISM
The evidence from the post-mortem and PET studies discussed
above provides direct evidence for lower synaptic levels,
particularly in frontal regions, in schizophrenia, whilst the iPSC
studies show lower synaptic marker levels, synaptic signalling
deficits and elevated microglial-mediated synaptic pruning in
neurons derived from patients relative to controls. On top of this,
the MRI imaging data in schizophrenia show a greater loss of grey
matter than seen in normal neurodevelopment and functional
dysconnectivity across brain regions, both starting early in the
course of the disorder. A number of brain changes could account
for these structural and functional imaging alterations. However,
given the preclinical data indicating that synaptic loss can account
for at least a proportion of grey matter volume reductions, and
taken with the PET, iPSC and post-mortem findings, synaptic loss
likely contributes to these structural and functional alterations.
Based on these lines of evidence, we propose a revised synaptic

hypothesis, summarised in Fig. 5. The GWAS data link schizo-
phrenia to risk variants involved in synapse formation (see earlier
discussion), and a variant complement protein associated with
increased microglial-mediated synaptic pruning, whilst the iPSC
data indicate genetic risk translates into elevated microglial-
mediated pruning and aberrant signalling in neurons derived from
patients with schizophrenia. Schizophrenia is also associated with
a number of environmental risk factors that are immune
activators, such as maternal infections and obstetric complications
[140], which have been shown to activate microglia so that they
show an enhanced response to subsequent activation by later
stressors in a process termed priming [141, 142]. These environ-
mental and genetic risk factors may, thus, increase the vulner-
ability of the individual to an excessive response to subsequent
microglial activation. Exposure to psychosocial stressors, such as
physical or emotional abuse, bullying or other adverse life events,
also increases the risk of schizophrenia [3]. Animal studies show
that stressors that recapitulate aspects of these risk factors, such as

Fig. 5 The synaptic hypothesis of schizophrenia version III. This is a multi-hit model in which genetic variants increase the vulnerability of
synapses to elimination, and subsequent environmental risk factors such as stress, then induce aberrant glial-mediated pruning. Aberrant
synaptic pruning leads to cortical excitation-inhibition imbalance, resulting in cognitive impairment and negative symptoms, and
dysregulated projections to the striatum and midbrain. This leads to dopaminergic neuron disinhibition, and impairments in predictive
learning and processing of sensory stimuli, causing psychotic symptoms. The stress of psychosis feeds back on this system to lead to further
aberrant pruning.
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repeated exposure to dominant animals, activate microglia and
lead to synaptic pruning [76, 143–146]. Thus, genetic vulnerability
translates into the aberrant formation of synapses and higher
levels of complement proteins that tag synapses for elimination
by glia, whilst environmental risk factors for schizophrenia may
prime glia early in development and reactivate them later to lead
to aberrant pruning of synapses by glia. Thus, we propose a multi-
hit model, with both early and late risk factors converging to lead
to synapse dysfunction and aberrant glial-mediated synaptic
pruning. As microglia show priming, exposure to early risk factors
may affect the timing of illness onset by enhancing their response
to subsequent risk factors, such as psychosocial stress. Priming
could thus account for findings that people exposed to early
developmental environmental risk factors, such as obstetric
complications, may be at increased risk of early onset of
schizophrenia [140] because primed glia show an enhanced
response to subsequent activation by stress.
A key question is how aberrant synaptic function and pruning

could contribute to cognitive and negative symptoms. Schizo-
phrenia is associated with lower grey matter in cortical regions,
such as the frontal cortex, that play key roles in goal-directed
behaviours, working memory and other processes that underlie
these symptoms [32]. A balance between excitation and inhibition
is critical to ensure the optimal signal-to-noise ratio in cortical
neuronal arrays [147]. We propose that aberrant synaptic pruning
leads to excitation-inhibition imbalance in cortical arrays and a
lower signal-to-noise ratio [148]. This would impair function in
cortical regions, contributing to the cognitive impairments and
negative symptoms seen in schizophrenia. It could also account
for neurofunctional alterations, such as findings of frontal
hypometabolism [149], or fMRI studies finding altered cortical
function and connectivity in schizophrenia [150–156]. However, it
is important to note that numerous factors contribute to fMRI
measures of functional connectivity, including blood flow, blood
volume and cerebral metabolic rate [157], and the extent to which
synaptic factors contribute to fMRI connectivity measures and
cerebral glucose metabolism remains undetermined. Moreover, it
remains to be established whether aberrant synaptic pruning
affects particular excitatory or inhibitory synapses.
Another central question is how aberrant synaptic function and

pruning could contribute to psychotic symptoms. Multiple lines of
evidence indicate that overactivity in mesostriatal dopamine
neurons underlies the development of psychotic symptoms by
dysregulating their role in predictive learning and the assignment
of confidence to the detection of sensory stimuli [158]. Preclinical
evidence indicates that disrupting cortical excitation-inhibition
balance, for example, using ketamine, can lead to mesostriatal
dopamine overactivity [159–161] and result in elevated striatal
dopamine synthesis capacity, as seen in patients with schizo-
phrenia [161, 162]. Moreover, activating inhibitory interneurons in
cortical brain regions may prevent hyperdopaminergia in a sub-
chronic ketamine rodent model [161]. Thus, we propose that
cortical excitation-inhibition imbalance due to aberrant synaptic
function and/or pruning in turn may contribute to the dysregula-
tion of neurons that project to the striatum and midbrain to
disinhibit dopaminergic neurons in these regions, impairing
predictive learning and processing of sensory stimuli to lead
psychotic symptoms (for review see [163]). It should also be
recognised that psychosis is, itself, intensely stressful, which may
feedback on the system to cause further glial-mediated synaptic
pruning and, in turn, worsen symptoms; setting up a vicious cycle
(Fig. 5). Supporting this potential effect of psychosis, there is some
evidence that greater duration of untreated psychosis is
associated with larger grey matter reductions, albeit this does
not directly show synaptic changes and further work is needed to
test this association further [164, 165].
This model could explain why schizophrenia is rare in

childhood: during this period, the net production of synapses

provides a buffer against overactive pruning and synaptic
dysfunction. However, the normal developmental switch to net
synaptic elimination in adolescence/early adulthood makes the
system much more vulnerable to overactive pruning, unmasking
the vulnerability to schizophrenia, and explaining its peak onset
during this period.
Version III builds on the earlier versions, and we acknowledge a

great debt to the many contributors to these. It extends them by
incorporating new evidence to propose a mechanism that links
risk factors to synaptic changes and then to symptoms. The new
hypothesis is also a multi-hit model whereby genetics increase the
vulnerability of synapses to elimination, and environmental risk
factors act later on this vulnerable system to cause aberrant
synapse-microglia interactions, resulting in synaptic dysfunction
and excess microglia-mediated pruning, contributing to symp-
toms in disorder. This could be considered a master mechanism,
as multiple risk factors may converge to lead to synaptic
dysfunction and aberrant synaptic elimination which, in turn,
has the potential to underlie many other pathophysiological
findings in schizophrenia, including structural and functional brain
imaging findings, and dopaminergic dysfunction. The hypothesis
is falsifiable by, for example, showing that synaptic alterations are
not associated with the worsening of symptoms.
The evidence outlined above has implications for developing

new treatments. As synaptic elimination is a dynamic process
governed by the complement system and glial activity, these
could be novel treatment targets to restore normal synaptic
organisation by, for example, reducing the activation of microglia.

GAPS IN THE EVIDENCE AND FUTURE DIRECTIONS
A key evidence gap is whether there are synaptic alterations at the
first episode, or earlier in the development of schizophrenia. PET
studies in clinical high risk and unmedicated, first-episode
schizophrenia would be invaluable in testing this. The finding of
an altered relationship between an SV2A marker and glutamate
measures in patients requires replication and the development of
more specific imaging probes of glutamatergic synapses to enable
it to be directly tested. An evidential gap is thus the link between
synaptic loss and excitation-inhibition imbalance, and whether the
synaptic loss particularly affects specific synapses, such as
glutamatergic synapses. This could be tested using multi-modal
imaging in patients and in studies of neurons derived from
patients. Furthermore, developing organoid models would permit
the investigation of neurodevelopmental stages later than those
captured by 2D iPSC models.
We have drawn on evidence from preclinical and clinical studies

using a variety of markers related to synapses, including pre-
synaptic elements, post-synaptic structures and dendritic spine
densities, and considered these as indicative of synaptic levels.
However, whilst changes in these could be consistent with altered
synaptic levels, we cannot exclude that some could be altered in
the absence of synaptic changes. This highlights the value of
future studies including measures of both pre- and post-synaptic
elements to confirm that differences reflect synaptic loss. A related
consideration is that some lines of evidence, such as post-mortem
findings of lower dendritic spine density in schizophrenia relative
to controls, could be due to a failure to form synapses instead of,
or in addition to, aberrant synaptic pruning. Longitudinal studies
would help disambiguate these possibilities.
To our knowledge, there have not been post-mortem studies of

SV2A protein levels in schizophrenia, and the study of SV2A
transcript levels was in the cerebellar cortex so it remains unclear
if there are SV2A protein alterations post-mortem in the regions
where changes are seen in vivo [137]. Conducting post-mortem
studies of SV2A would be useful to corroborate the PET findings,
and to investigate the relationship between levels of SV2A and
those of other pre-, as well as post-synaptic proteins. Moreover,
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synaptic loss alone is highly unlikely to account for all the grey
matter volume changes in schizophrenia and changes in related
structures, such as dendritic spine density, likely contribute as well
(see [126] for discussion). Another gap in knowledge is, thus, the
degree to which synaptic loss accounts for the structural and
functional imaging findings in schizophrenia. Multi-modal imaging
studies combining synaptic marker measures, such as [11C]UCB-J,
and other modalities would be invaluable in assessing this.
The hypothesis proposes that glia are activated by environmental

risk factors, such as stress. There is evidence for higher levels of
markers associated with an activated glial phenotype in schizo-
phrenia relative to controls from post-mortem studies (effect size
~0.7 on meta-analysis) [166], and that greater PET signal for TSPO, a
protein expressed by activated glia, is associated with greater
predicted complement levels in patients [84]. However, there are
inconsistencies in the TSPO PET findings in schizophrenia (reviewed
in [167]). Whilst the inconsistencies could be due to methodological
issues [167, 168], inconsistencies could also be due to the timing of
the scans in relation to glial activation. Supporting the latter, a mouse
study found social defeat increased TSPO PET signal in cortical
regions in a time-specific manner [169]. Studies using TSPO PET
imaging and synaptic markers in preclinical models of schizophrenia
risk factors would be useful to further test these links, whilst the
development of new tools to image glia is needed to provide greater
sensitivity and specificity [170].
We have highlighted a potential role of C4, and this is now

supported by recent evidence that cerebrospinal fluid concentra-
tions of C4A are elevated in two separate cohorts of people with
schizophrenia, and inversely related to levels of a synaptic marker
[171]. However, it is important to recognise that this is only one
potential pathway and other immune pathways or alternative
mechanisms may also be involved. Indeed, there may be several
pathways to the abnormal synaptic formation and/or pruning and
the relative importance of C4 in this is unknown. These issues
need further investigation. It should also be recognised that the
GWAS studies are predominantly in European samples, and a
recent GWAS in a population from East Asia did not find an
association between schizophrenia and the major histocompat-
ability locus linked to C4 variants [53]. There is thus a need for
studies to include more diverse populations to test generalisa-
bility. Moreover, schizophrenia shows heterogeneity in its clinical
and other features [32, 172, 173], and may show pathophysiolo-
gically based sub-types associated with distinct clinical pheno-
types, such as late onset, treatment resistance and substance
dependence, and variable illness trajectories, including some that
show recovery after one episode [174–176]. It is unlikely that
anyone neurobiological hypothesis can account for all sub-types
of schizophrenia. For this reason, it is a potential master
mechanism, but may not be the only one. Thus, it is important
to determine if the synaptic loss is seen in sub-types of
schizophrenia as well as typical presentations. By the same token,
studies comparing synaptic markers in patients with neurodeve-
lopmental disorders that share some genetic and other risk
factors, such as schizophrenia and bipolar disorder, would be
useful to determine if they share a common underlying
mechanism. Finally, the proposed relationship between synaptic
alterations and striatal dopamine dysregulation remains to be
tested in vivo. This aspect of the hypothesis could be falsified by
showing there is no association between cortical synaptic indices
and striatal dopaminergic measures.

CONCLUSION
A considerable body of new evidence for synaptic loss in patients
has grown over the four decades since Feinberg first proposed the
synaptic hypothesis of schizophrenia. Crucially, there is now
in vivo evidence for lower synaptic terminal levels in patients, a
mechanism mediated by microglia that accounts for genetic and

environmental risk factors for the disorder, and new under-
standing on how synaptic loss could contribute to symptoms. We
have revised the hypothesis to account for these new data. We call
it version III, as we anticipate elements may need revision as
further evidence accumulates. Notwithstanding this, it has the
potential to explain a number of key aspects of the epidemiology
and clinical expression of schizophrenia, including the peak age of
onset and symptoms, and identifies mechanisms and new
potential targets for treatment.
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The views expressed are those of the authors and not necessarily those of the
National Health Services, the National Institute of Health Research, or the Department
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