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cus on identifying and manipulating the upstream factors
that converge on the dopaminergic funnel point.
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The dopamine hypothesis of schizophrenia has been one of
the most enduring ideas in psychiatry. Initially, the emphasis was on a role of hyperdopaminergia in the etiology of
schizophrenia (version I), but it was subsequently reconceptualized to specify subcortical hyperdopaminergia with prefrontal hypodopaminergia (version II). However, these
hypotheses focused too narrowly on dopamine itself, conflated psychosis and schizophrenia, and predated advances
in the genetics, molecular biology, and imaging research in
schizophrenia. Since version II, there have been over 6700
articles about dopamine and schizophrenia. We selectively
review these data to provide an overview of the 5 critical
streams of new evidence: neurochemical imaging studies,
genetic evidence, findings on environmental risk factors, research into the extended phenotype, and animal studies. We
synthesize this evidence into a new dopamine hypothesis of
schizophrenia—version III: the final common pathway.
This hypothesis seeks to be comprehensive in providing
a framework that links risk factors, including pregnancy
and obstetric complications, stress and trauma, drug use,
and genes, to increased presynaptic striatal dopaminergic
function. It explains how a complex array of pathological,
positron emission tomography, magnetic resonance imaging, and other findings, such as frontotemporal structural
and functional abnormalities and cognitive impairments,
may converge neurochemically to cause psychosis through
aberrant salience and lead to a diagnosis of schizophrenia.
The hypothesis has one major implication for treatment
approaches. Current treatments are acting downstream
of the critical neurotransmitter abnormality. Future drug
development and research into etiopathogenesis should fo-

Introduction
The hypothesis that dopamine and dopaminergic mechanisms are central to schizophrenia, and particularly psychosis, has been one of the most enduring ideas about the
illness. Despite a relatively inauspicious start—dopamine
was initially thought to be a precursor molecule of little
functional significance—the idea has evolved and accommodated new evidence to provide an increasingly sophisticated account of the involvement of dopamine in
schizophrenia. This review summarizes the evolution of
the dopamine hypothesis, which we characterize as having 2 main prior incarnations (version I, the original
incarnation, and version II, which was articulated in
1991 and has been the guiding framework since). The
main effort in this article is to synthesize the evidence
since version II and articulate what we call ‘‘The Dopamine Hypothesis of Schizophrenia: Version III,’’ which
represents the most parsimonious account of the current
state of knowledge. We call it version III—because we
expect it to be revised. However, we highlight features
of version III that we believe are sufficiently well established that they are likely to be constant in future revisions,
as well as aspects that are still in evolution. Finally, we review the explanatory power of the hypothesis—indicating
the known aspects of schizophrenia that it can and cannot
explain.
The Dopamine Hypothesis: Version I
The first version of the dopamine hypothesis could be entitled the dopamine receptor hypothesis. It emerged from
the discovery of antipsychotic drugs1 and the seminal
work of Carlsson and Lindqvit who identified that these
drugs increased the metabolism of dopamine when administered to animals.2 Further evidence came from
observations that reserpine, which is effective for treating
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psychosis, was found to block the reuptake of dopamine
and other monoamines, leading to their dissipation.3
Studies showing that amphetamine, which increases
synaptic monoamine levels, can induce psychotic symptoms (reviewed in Lieberman et al4) provided additional
evidence. It was not until the 1970s, however, that the dopamine hypothesis was finally crystallized with the finding that the clinical effectiveness of antipsychotic drugs
was directly related to their affinity for dopamine receptors.5–7 The focus at the time was on excess transmission
at dopamine receptors and blockade of these receptors to
treat the psychosis (eg, Matthysse8 and Snyder9). While
version I accounted for the data available then, it was
seen as a hypothesis of schizophrenia as a whole without
a clear articulation of its relationship to any particular
dimension (eg, positive vs negative symptoms) and no
link was made to genetics and neurodevelopmental deficits (understandably as little was then known about
them), and there was little clear indication of where
the abnormality was in the living brain—this would
require the later application of in vivo imaging techniques. Additionally, dopamine was thought of in isolation, with little consideration of how it might relate
to known risk factors for schizophrenia, and finally
there was no framework for linking the dopaminergic
abnormality to the expression of symptoms.
The Dopamine Hypothesis: Version II
In 1991, Davis et al10 published a landmark article describing what they called ‘‘a modified dopamine hypothesis of
schizophrenia’’ that reconceptualized the dopamine hypothesis in the light of the findings available at the time.
The main advance was the addition of regional specificity
into the hypothesis to account for the available postmortem and metabolite findings, imaging data, and new
insights from animal studies into cortical-subcortical interactions. It was clear by this stage that dopamine metabolites were not universally elevated in the cerebrospinal fluid
(CSF) or serum of patients with schizophrenia. Also the
focus on D2 receptors was brought into question by findings showing that clozapine had superior efficacy for
patients who were refractory to other antipsychotic drugs
despite having rather low affinity for and occupancy at D2
receptors. Furthermore, the postmortem studies of D2
receptors in schizophrenia could not exclude the confounds
of previous antipsychotic treatment, and the early positron
emission tomography (PET) studies of D2/3 receptors in
drug-naive patients showed conflicting results.
Taken together, these findings were incompatible with
the simple excess dopaminergic neurotransmission proposal of version I. Furthermore, there was the paradox
that dopamine metabolite measures were reduced in
some patients with schizophrenia while still correlating
with symptom severity and response to antipsychotic
drugs. Davis et al10 drew on these inconsistencies and
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the emerging evidence that dopamine receptors show different brain distributions—characterized as D1 predominantly cortical and D2 predominantly subcortical—to
provide a basis for suggesting that the effects of abnormalities in dopamine function could vary by brain region.
However, it was PET studies showing reduced cerebral
blood flow in frontal cortex that provided the best evidence of regional brain dysfunction in schizophrenia.
‘‘Hypofrontality’’ in these studies was directly correlated
with low CSF dopamine metabolite levels. Because CSF
dopamine metabolite levels reflect cortical dopamine
metabolism, they argued that the relationship between
hypofrontality and low CSF dopamine metabolite levels
indicates low frontal dopamine levels. Thus, the major
innovation in version II was the move from a one-sided
dopamine hypothesis explaining all facets of schizophrenia to a regionally specific prefrontal hypodopaminergia
and a subcortical hyperdopaminergia. While the evidence
for this in humans was indirect, animal studies provided
direct evidence of a link between hypo- and hyperdopaminergia. Lesions of dopamine neurons in the prefrontal
cortex result in increased levels of dopamine and its
metabolites and D2 receptor density in the striatum,11
while the application of dopamine agonists to prefrontal
areas reduced dopamine metabolite levels in the striatum.12 This provided a mechanism to propose that schizophrenia is characterized by frontal hypodopaminergia
resulting in striatal hyperdopaminergia. Furthermore,
Davis et al10 hypothesized that negative symptoms of
schizophrenia resulted from frontal hypodopaminergia,
based on the similarities between the behavior exhibited
by animals and humans with frontal lobe lesions and
the negative symptoms of schizophrenia. Positive symptoms were hypothesized to result from striatal hyperdopaminergia, based on the findings that higher dopamine
metabolite levels are related to greater positive symptoms
and response to antipsychotic drug treatment.
Although a substantial advance, there are a number of
weaknesses in ‘‘version II’’ of the dopamine hypothesis,
many of which the authors acknowledged at the time.
Much of the evidence for the hypothesis relied on inferences from animal studies or other clinical conditions.
There was no direct evidence for low dopamine levels
in the frontal cortex and limited direct evidence for elevated striatal dopaminergic function. It was unclear how
the dopaminergic abnormalities were linked to the clinical phenomena—there was no framework describing
how striatal hyperdopaminergia translates into delusions
or how frontal hypodopaminergia results into blunted
affect, for example. Furthermore, it has subsequently become clear that the cortical abnormalities are more complicated that just the hypofrontality proposed at that time
(eg, see reviews by Davidson and Heinrichs13 and
McGuire et al14) and little clear evidence of frontal hypodopaminergia in schizophrenia has emerged (see below).
But, more importantly, version II predated the studies

Dopamine Hypothesis: Version III

into the neurodevelopment and prodromal aspects of
schizophrenia, did not describe the etiological origins
of the dopaminergic abnormality, and, beyond specifying
‘‘hyperdopaminergia’’ or ‘‘hypodopaminergia,’’ did not
pinpoint which element of dopaminergic transmission
was abnormal.

New Evidence and the Rationale for Version III
Much has changed since version II. There have been more
than 6700 articles and 181 000 citations to the topic of
‘‘dopamine and schizophrenia’’ since 1991. It is not possible to provide a comprehensive review of all the new
findings since then, much less try to weave them into a coherent hypothesis. So, the focus of our effort is to identify
the 5 most critical streams of new evidence, briefly summarize what we see as the key findings from these, and use
them to develop the most parsimonious understanding of
the role of dopamine in schizophrenia—version III.

Advances in Neurochemical Imaging of Schizophrenia
Presynaptic Dopamine Function and Synaptic Dopamine
Although it is not possible to measure dopamine levels
directly in humans, techniques have been developed
that provide indirect indices of dopamine synthesis and
release and putative synaptic dopamine levels. Presynaptic striatal dopaminergic function can be measured using
radiolabelled L-dopa, which is converted to dopamine
and trapped in striatal dopamine nerve terminals ready
for release. This provides an index of the synthesis and
storage of dopamine in the presynaptic terminals of striatal dopaminergic neurons (see review by Moore et al15).
Seven out of 9 studies in patients with schizophrenia using this technique have reported elevated presynaptic
striatal dopamine synthesis capacity in schizophrenia,16–22 with effect sizes in these studies ranging from
0.63 to 1.89.23 The other 2 studies, both in chronic
patients, reported either a small but not significant elevation24 or a small reduction in levels.25 All the studies that
investigated patients who were acutely psychotic at the
time of PET scanning found elevated presynaptic striatal
dopamine availability,18–21 with effect sizes from 0.63 to
1.25.23 This, then, is the single most widely replicated
brain dopaminergic abnormality in schizophrenia, and
the evidence indicates the effect size is moderate to large.
The next step in dopamine transmission is the release of
dopamine. Striatal synaptic dopamine release can be
assessed following a challenge that releases dopamine
from the neuron using PET and single photon emission
computerized tomography (SPECT). The released dopamine competes with the radioligand and leads to a reduction in radiotracer binding and is considered to be an
indirect index of released dopamine.26,27 All the studies

using this approach have found evidence of roughly doubled radiotracer displacement in patients with schizophrenia compared with controls—an elevation that is
again equivalent to a moderate to large effect size.28–32
Finally, if dopamine synthesis is increased and is more
sensitive to release in the face of challenges, one would
expect heightened levels of endogenous synaptic dopamine when patients are psychotic. Evidence in line
with this comes from a SPECT study using a dopamine
depletion technique that found that baseline occupancy
of D2 receptors by dopamine is also increased in schizophrenia.33
Dopamine Receptors
PET and SPECT studies have used various radiotracers
to image dopamine D2/3 receptors in schizophrenia. As
Davis et al10 noted, the findings of the initial studies were
inconsistent, with some reporting increased D2/3 receptor binding in schizophrenia34–36 and others no difference
from controls.37,38 There have now been at least 19 studies investigating striatal D2/3 receptors in patients with
schizophrenia and 3 meta-analyses.30,39,40 These metaanalyses conclude that there is at most a modest (10%–
20%) elevation in striatal D2/3 receptor density in
schizophrenia independent of the effects of antipsychotic
drugs. This appears to be specific to D2/3 receptors—
striatal D1 receptor densities are unaltered,30,39,41,42
and this elevation may be regionally specific because
these increases are not seen in the extrastriatal regions.
If anything, there is a decrease in D2/D3 receptors in extrastriatal areas such as the thalamus and anterior cingulate.43–46 The D2 receptor exists in 2 states, and it
remains to be determined if the balance between these 2
states is altered in schizophrenia.47 Also, because the current tracers bind to a mix of D2 and D3 receptors, it is difficult to be precise whether changes are in the D3 or the D2
subtype of the receptors—though preliminary data with
a recently developed tracer, [11C]-(þ)-4-propyl-9-hydroxynaphthoxazine, show that there is no abnormality in high
states or in D3 receptors in schizophrenia.48
Dopaminergic transmission in the prefrontal cortex is
mainly mediated by D1 receptors, and D1 dysfunction
has been linked to cognitive impairment and negative
symptom in schizophrenia (see reviews by GoldmanRakic et al49 and Tamminga50 among others). Three
studies have investigated D1 receptor levels in drugfree patients with schizophrenia and found associations
with cognitive impairment and negative symptoms.
One reported reduced D1 receptor density41 another
no difference from controls,42 and a further study using
a different radiotracer reported increased D1 levels.51
This variation may be explained by different properties
of the radiotracers: the effect of dopamine depletion
on binding by the tracer used in the first 2 studies may
obscure D1 receptor density elevation that is detectable
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by the tracer used in the last study.52 The increased binding shown by the tracer used by Abi-Dargham and colleagues, which was directly correlated with cognitive
impairment, is thus consistent with chronic low levels
of dopamine in the prefrontal cortex underlying cognitive
dysfunction in schizophrenia, assuming that there has
been a compensatory D1 receptor density upregulation.51
Further studies in patients are required to clarify this,
particularly because both tracers may also bind to
serotonin receptors.53
Treatment and Dopamine Receptors
Over 120 neurochemical imaging studies have investigated the in vivo effects of antipsychotic treatments on
dopamine receptors in schizophrenia (see, eg, review
by Frankle and Laruelle54). These show that at clinical
doses all currently licensed antipsychotic drugs block
striatal D2 receptors. Furthermore, a threshold striatal
D2 blockade is required for antipsychotic efficacy, but
this is not sufficient—some patients show little improvement despite high D2 occupancy.55–57 A major stumbling
block for the dopamine hypothesis used to be the notion
that antipsychotic response was delayed for 2–3 weeks
after the start of treatment (see review by Grace
et al58). However, there is now convincing evidence
that there is no delayed response: the onset of antipsychotic action is early,59,60 this response is related to striatal D2 receptor occupancy,61 and D2 occupancy at as
early as 48 hours predicts the nature of response that follows over the next 2 weeks.62 Thus, the original tenet of
version I still stands—dopamine D2 receptors continue
to dominate and remain necessary for antipsychotic
treatment and the imaging data has further strengthened
the quantitative and temporal aspects of this relationship.
In summary, the molecular imaging studies show that
presynaptic striatal dopaminergic function is elevated in
patients with schizophrenia and correlates most closely
with the symptom dimension of psychosis and blockade
of this heightened transmission, either by decreasing dopamine levels or blocking dopamine transmission, leads
to a resolution of symptoms for most patients.
Advances in Understanding the Genetic Etiology of
Schizophrenia
The dopamine hypothesis ‘version II’ was published before the Human Genome Project and the huge advances
in genetic research in schizophrenia. After over 1200
studies, it seems clear that no one gene ‘‘encodes’’ for
schizophrenia.63 Rather, in common with many other
complex diseases, there are a number of genes each of
small effect size associated with schizophrenia.63 The
gene database on the Schizophrenia Research Forum
(http://www.schizophreniaforum.org) provides a systematic and regularly updated meta-analysis of genetic asso552

ciation studies. As of autumn 2008, 4 of the top 10 gene
variants most strongly associated with schizophrenia are
directly involved in dopaminergic pathways. The strongest association is with a gene variant affecting the vesicular monoamine transporter protein (rs2270641, odds
ratio 1.63). This protein acts to accumulate dopamine
and other monoamines into vesicles, which fits with
the PET studies that show elevated radiolabeled dopamine accumulation into striatal vesicles in schizophrenia.
Additionally, other gene variants in the list of the strongest associations, such as in the genes for methylenetetrahydrofolate reductase and V-akt murine thymoma viral
oncogene homolog 1, indirectly affect the dopaminergic
system among other effects.64 Many of the other gene
variants in the top list are involved in brain development,
such as the gene for dysbindin, or influence more ubiquitous brain transmitters such as glutamate or c-aminobutyric acid (GABA).63,64 While recent findings have
breathed great interest in the copy number variations
in schizophrenia—the early evidence there also suggests
that they are rare, tend to be unique to families, and are
unlikely to account for more than a few percent of schizophrenia.63,65–67 It would be premature to try and synthesize these genes into a pathway leading to dopamine
abnormality because the precise number, nature, function, and association of these genes to schizophrenia is
evolving. The most parsimonious statement that can
be made today is that while a number of genetic associations have been identified, none of them accounts for the
majority of schizophrenia and most of them are likely to
be susceptibilities. Of the ones that have been identified,
some have already been tied to altered dopamine transmission.68 However, the functional relevance of most of
them to dopamine function is not known.68 This view of
schizophrenia genetics then reemphasizes a critical role
for other interacting factors—particularly the environmental risk factors for schizophrenia.
Environmental Risk Factors for Schizophrenia
A large number of disparate environmental factors
clearly contribute to the risk for schizophrenia, yet
many hypotheses of schizophrenia, including previous
versions of the dopamine hypothesis, make no allowance
for them. Markers of social adversity such as migration,
unemployment, urban upbringing, lack of close friends,
and childhood abuse are all associated with a wellestablished increased risk for schizophrenia that cannot
readily be explained by genetic factors alone.69 These factors either directly index social isolation/subordination or
are linked to these experiences.70 Studies in animals of
social isolations71–73 and subordination73,74 find that
these factors lead to dopaminergic overactivity.
Other environmental factors, such as pregnancy/obstetric complications, act in early life to increase the subsequent risk of schizophrenia (reviewed by Cannon
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et al,75 Geddes and Lawrie,76 and Kunugi et al77). There
is now substantial evidence from animal models that preand perinatal factors can lead to long-term overactivity in
mesostriatal dopaminergic function (reviewed by Boksa
and El-Khodor78 and Boksa79). For example, neonatal
lesions affecting the hippocampus80,81 or frontal cortex82
increase dopamine-mediated behavioral responses in
rats, as does prenatal stress, whether induced by corticosterone administration83 or maternal handling.84 Neonatal
exposure to toxins also leads to increased dopaminemediated behavioral responses85 and elevated striatal dopamine release.86 Prenatal and neonatal stress, such as
maternal separation, also increases striatal dopamine metabolism83 and release.87,88 The latter findings parallel the
increased presynaptic dopaminergic function found in
schizophrenia.
A number of psychoactive substances also increase the
risk of schizophrenia. The relationship between stimulants, psychosis, and their effects on dopaminergic function has already been considered (eg, Lieberman et al,4
Angrist and Gershon,89 and Yui et al90). However, recent
PET imaging work has shown that even a few doses of
a stimulant may sensitize the striatal dopamine system
and can lead to enduring increases in dopamine release
to amphetamine even after many months of abstinence.91
Since earlier versions of the dopamine hypothesis, cannabis use has emerged as a risk factor for schizophrenia.92,93
The main psychoactive component of cannabis primarily
acts at cannabinoid receptors,94 and this as well as other
cannabinoid agonists have been shown in animals to increase striatal dopamine release.95,96 Initial findings indicate this is the case in man as well,97 a result supported by
observations that dopamine metabolite levels are increased in patients admitted during a first episode of psychosis associated with cannabis use.98 Psychoactive drugs
acting on other systems may also indirectly act on the dopaminergic system by potentiating dopamine release
caused by other effects. This has been shown for the
N-methyl-D-aspartic acid (NMDA) blocker ketamine,
which has been found to increase amphetamine-induced
dopamine release in healthy humans to the levels seen in
schizophrenia.99 These new data therefore indicate that
even psychoactive drugs that do not directly act on the
dopamine system can impact on dopamine release
through indirect effects.
Multiple Routes to Dopamine Dysfunction: Interacting
Environmental and Genetic Factors
Genes and environmental factors do not exist in isolation. Many add to each other, and some show synergistic
effects on the risk of schizophrenia or brain abnormalities
associated with schizophrenia (see, eg, Cannon et al100
and Nicodemus et al101 and reviews by Mittal et al102
and van Os et al103). Furthermore, animal studies indicate
that at least some of these factors interact in their effects on

the dopamine system: social isolation rearing potentiates
the later effects of stimulants104,105 or of stress106 on
the dopamine system.105 Similar effects have also been
found in humans, where striatal dopamine release in response to stress was increased in people who reported low
maternal care during their early childhood.107 Additionally, there are interactions with other neurotransmitter
systems: dopamine release is not seen under the influence
of ketamine alone108 but enhances the action of amphetamine, suggesting the effects of NMDA blockade, or by
extension other putative causes of glutamatergic dysfunction, such as neonatal insults, are modulatory. GABA
interneurons are also involved in the regulation of subcortical dopamine function and have been implicated
in schizophrenia.109
Interactions between gene variants, including those
influencing dopaminergic function, and environmental
risk factors are another possible route to dopaminergic
dysfunction. This is illustrated by findings that variants
of the catechol-O-methyltransferase gene (involved in dopamine catabolism) interact with early cannabis exposure
to increase the subsequent risk of psychosis110 and, in
other studies, to increase stress reactivity and paranoid
reactions to stress (see review by van et al70). Family history of psychosis also interacts with environmental factors such as urbanicity to increase the risk of
schizophrenia.111,112 Additionally, genetic risk for schizophrenia appears to interact with obstetric complications:
some ‘‘schizophrenia’’ genetic factors make the individual
more susceptible to the effects of obstetric complications,
such as frontal and temporal structural abnormalities (see
review by Mittal et al102). As reviewed above, animal studies indicate that frontal and temporal dysfunction can
lead to increased striatal dopamine release and suggest
that this is another route to dopamine dysregulation.
While further work is clearly needed to investigate the
nature and extent of all these possible interactions, the evidence indicates that many disparate, direct and indirect
environmental and genetic, factors may lead to dopamine
dysfunction and that some occur independently while
others interact. The striking empirical fact is this: the relative risks for developing schizophrenia that are accorded
to migration (about 2.9113), obstetric complications
(about 2.0, see meta-analyses75,76), and frequent cannabis
or amphetamine use (2.09 for cannabis93 and about 10 for
amphetamine use114) are considerably higher than those
for any single gene variant. Thus, as the dopamine hypothesis evolves, the scientific challenge will be not just to find
predisposing genes but to articulate how genes and environment interact to lead to dopamine dysfunction.
Findings From the Prodrome and ‘‘Extended Phenotype’’ of
Schizophrenia
Another area of significant neurobiological research over
recent years has focused on the early signs, or ‘‘prodrome,’’
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of the illness and the subtler manifestations of symptoms
within family members and the population at large. These
groups are at increased risk of schizophrenia but have not
yet developed the illness. Evidence from studying these
groups therefore has the potential to provide information
about the causal chain of events leading to the development
of schizophrenia. Individuals meeting clinical criteria for a
high risk of psychosis, eg, have an approximate 400-fold
increased risk of developing of psychotic illnesses, predominantly schizophrenia, within the following few years.115,116
They show elevated striatal [18F]-dopa accumulation,
which is positively associated with greater symptom severity and approaches the levels seen in patients with schizophrenia.20 Elevated presynaptic striatal dopaminergic
function is also seen in other groups with an increased
risk of developing psychosis, such as schizotypy,117,118
and the relatives of people with schizophrenia.119 The latter
also show a greater change in dopamine metabolite levels in
response to a given stressor than healthy controls120 and an
association between greater change in dopamine metabolite levels with higher levels of psychotic-like symptoms following stress.121 These dopaminergic abnormalities appear
intermediate to those seen in patients with schizophrenia,20,117,120 although this needs to be tested in adequately
powered studies. Overall, these findings indicate that dopaminergic abnormalities are not just seen in people who are
frankly psychotic but are also seen in people with risk factors for psychosis, who often have symptoms, albeit at
a less severe level. Furthermore, stress in these individuals
has been linked to both an increase in these symptoms and
an increase in dopaminergic indices (see review by van
et al70). This suggests that the dopaminergic abnormalities
might underlie ‘‘psychosis proneness’’ and shows how the
environment might further impact on this to lead to frank
psychosis.
A further development since version II of the dopamine hypothesis is the evidence regarding structural differences prior to the onset of schizophrenia. Individuals
with prodromal signs also show brain structural deficits,
quite like those in patients, although to a lesser degree
(see review by Wood et al122), as do the relatives of people
with schizophrenia and people with schizotypal features123 (see review by Dickey et al124). These brain abnormalities are in frontotemporal regions—the same
areas where lesions in animals result in striatal dopaminergic abnormalities.80,82,125 There is also evidence of
longitudinal brain structural changes in schizophrenia
(eg, DeLisi126 and van Haren et al127) and people at
risk of schizophrenia.122,128 However, the contribution
of factors such as medication129,130 and cannabis use131
to the longitudinal brain changes has yet to be fully resolved—as such these changes are not addressed in the proposed dopamine hypothesis: version III. It is not just
brain structure that is altered in these individuals at
risk of schizophrenia—there are functional differences
as well that are generally in similar brain regions to those
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seen in schizophrenia (see reviews by Fusar-Poli et al132
and Lawrie et al133) and a similar pattern of neurocognitive impairments to those seen in schizophrenia, although
again to a lesser degree (see review and subsequent studies
by Brewer et al,134 Eastvold et al,135 and Simon et al136).
Parsimoniously, one can conclude that striatal dopaminergic elevation is present in a compromised brain
in schizophrenia and that the same appears true in the
‘‘extended phenotype.’’ Furthermore, there is some evidence that the 2 are connected in the prodrome as well
as in schizophrenia: greater striatal dopaminergic elevation in ‘‘prodromal individuals’’ is directly associated
with poorer neurocognitive function and altered activation in frontal cortical areas during the task.20 There are
also indications that there may be a gradation in the degree of dopaminergic elevation, although direct comparisons are required to substantiate this. Finally, recent
studies in schizophrenia and its prodrome have begun
to further localize the presynaptic dopamine elevation
in the striatum to the parts functionally linked to associative cortical areas.20,137
Schizophrenia or Psychosis
The diagnosis of schizophrenia encapsulates patients
with markedly different clinical features and courses
(see reviews by Dutta et al138 and Peralta and Cuesta139).
Classification systems have attempted to deal with this
categorically by proposing subtypes and intermediate
syndromes.138,139 On the other hand, factor analyses
have identified a number of symptom dimensions: positive, negative, disorganized, affective, and cognitive, eg,
Dutta et al138 and Peralta and Cuesta.139 The dominance
and mix of the dimensions may fluctuate during the natural history of the illness.138,139 Additionally, many
patients meet Diagnostic and Statistical Manual of Mental
Disorders (Fourth Edition) (DSM-IV) criteria for other
psychiatric disorders as well.140 Despite this variability,
it remains the fact that the vast majority of patients
with schizophrenia come to clinical attention due to their
psychosis. However, psychosis itself is not unique to
schizophrenia. About 8% of the general population
also report psychotic experiences, and in some 4% or
so this is associated with impairment and distress (see review by van Os et al141). Thus, the distinction between
clinical and subclinical psychosis may reflect interacting
personal and sociocultural factors as much as it does
biology.141
The paragraph above underlines that it would be
highly implausible that any one biological factor could
deterministically ‘‘explain’’ a diagnosis of schizophrenia.
A much more likely scenario is that a biological dysfunction may contribute to one of the major dimensions of the
illness. The evidence certainly suggests that striatal dopamine function appears most elevated in people who are
acutely psychotic whether in the context of schizophrenia
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or psychosis seen in another condition. The dopamine
dysfunction is present even in subjects reflecting the extended phenotype—family members, people with schizotypy, and symptomatic individuals at high risk of
psychosis.20,117,119 Thus, the current evidence is consistent with dopamine hyperfunction being most closely
linked to the dimension of psychosis. Insofar because
psychosis is a hallmark of schizophrenia, dopamine abnormality is routinely seen in schizophrenia. However,
we would predict that if nonpsychotic forms of schizophrenia were studied (and such a category is allowable
under the DSM-IV), they would not show similar dopamine abnormalities—thus dissociating psychosis from
schizophrenia.
Specificity of Presynaptic Striatal Dopamine Elevation to
Schizophrenia or Psychosis
Striatal dopamine elevation is not seen in mania, depression, or other psychiatric disorders without psychosis142–147 and not related to measures of anxiety or
depression in people with psychotic symptoms.20,148
Thus, it is not a nonspecific indicator of psychiatric morbidity. However, striatal dopamine elevation is seen in
psychosis associated with psychosis in at least one disorder other than schizophrenia.22 Furthermore, dopamine
blockade with antipsychotic drugs does not respect diagnostic boundaries either—it is effective for psychosis related to mania, depression, or Parkinson disease149,150 as
well as for psychosis in schizophrenia. While further studies and direct comparisons are required, dopamine elevation appears specifically related more generally to
psychosis proneness and not just to psychosis in schizophrenia.
Linking Dopamine Abnormalities to Clinical Expression of
Schizophrenia
If a neurochemical hypothesis (based on dopamine or any
other neurotransmitter) is to explain a psychiatric illness
defined by its clinical expression, it has to link the 2. A
major shortcoming of the first 2 versions of the dopamine
hypothesis was the total silence on the issues of how dopaminergic abnormalities led to the clinical expression of
the disease. Since version II of the dopamine hypothesis,
developments in neuroscience have provided increasing
evidence of dopamine’s role in motivational incentive salience. The experiments and syntheses of data by Berridge
and Robinson,151 Robbins and Everitt,152,153 and Schultz
and others154–158 have implicated a distinct role for subcortical dopamine systems in incentive or motivational salience and reward prediction, respectively. These
conceptualizations provided a framework to link neurochemical dysfunction to clinical expression using concepts
of salience and reward. According to one such extension
of the dopamine hypothesis,159,160 the abnormal firing of

dopamine neurons and the abnormal release of dopamine
leads to an aberrant assignment of salience to innocuous
stimuli. It is argued that psychotic symptoms, especially
delusions and hallucinations, emerge over time as the
individual’s own explanation of the experience of aberrant salience. Psychosis is, therefore, aberrant salience
driven by dopamine and filtered through the individual’s
existing cognitive and sociocultural schemas—thus allowing the same chemical (dopamine) to have different clinical manifestations in different cultures and different
individuals.159,160 Incentive salience models also provide
a plausible explanation for negative symptoms: dopamine
dysregulation may increase the noise in the system,
‘‘drowning out’’ dopaminergic signals linked to stimuli indicating reward, eg, Roiser et al161 and Seamans and
Yang.162 The net result would be reduced motivational
drive that would lead over time to negative symptoms,
such as social withdrawal, and neglect of interests. As
an explanation, this has face validity, and there is some
evidence that schizophrenia is associated with reduced
ventral striatal activation to reward, and greater reduction is related to higher levels of negative symptoms.163
However, this proposal and the hypothesis linking low
frontal dopamine levels to the cognitive impairments in
schizophrenia both need to be tested by further in vivo
studies of neurochemical function in patients.
The Dopamine Hypothesis of Schizophrenia: Version III
We propose a revised ‘‘third version’’ of the dopamine
hypothesis to account for the new evidence, drawing
on the work of many previous reviews (eg, Laruelle
and Abi-Dargham,32 van et al,70 Cannon et al,164
and Howes et al165). The hypothesis has 4 distinctive
components.
Firstly, we hypothesize that multiple ‘‘hits’’ interact to
result in dopamine dysregulation—the final common
pathway to psychosis in schizophrenia. This is illustrated
schematically in figure 1. Second, the locus of dopamine
dysregulation moves from being primarily at the D2 receptor level to being at the presynaptic dopaminergic
control level. Third, dopamine dysregulation is linked
to ‘‘psychosis’’ rather than schizophrenia, and perhaps
in the fullness of time it will be about ‘‘psychosis proneness.’’ The exact diagnosis, however, reflects the nature of
the hits coupled with sociocultural factors and not the
dopamine dysfunction per se. And finally, the dopamine
dysregulation is hypothesized to alter the appraisal of
stimuli, perhaps through a process of aberrant salience.
Implications of the Dopamine Hypothesis of Schizophrenia:
Version III
The hypothesis that the final common pathway is presynaptic dopamine dysregulation has some important clinical implications. Firstly, it implies that current
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Fig. 1. Multiple hits interact to result in striatal dopamine
dysregulation to alter the appraisal of stimuli and resulting in
psychosis, whilst current antipsychotic drugs act downstream of the
primary dopaminergic dysregulation.

antipsychotic drugs are not treating the primary abnormality and are acting downstream. While antipsychotic
drugs block the effect of inappropriate dopamine release,
they may paradoxically worsen the primary abnormality
by blocking presynaptic D2 autoreceptors, resulting in
a compensatory increase in dopamine synthesis. There
is some evidence from healthy volunteers that acute antipsychotic treatment does increase presynaptic dopamine
synthesis capacity,166 and while successful subacute treatment can reduce this,167 it is nevertheless elevated in
patients who have received antipsychotic treatment for
many years.17 This may explain why patients relapse rapidly on stopping their medication, and if the drugs may
even worsen the primary abnormality, it also accounts
for more severe relapse after discontinuing treatment.
This suggests that drug development needs to focus on
modulating presynaptic striatal dopamine function, either
directly or through upstream effects.
What About the Other Dimensions of Schizophrenia in
Version III?
An attractive feature of version II was that it proposed
a dysfunction in the dopamine system as a complete explanation for schizophrenia: a prefrontal hypodopaminergia leading to a subcortical hyperdopaminergia. We
depart from this parsimony in version III mainly because
in the last 2 decades there has been little convincing evidence for this sequence of dopamine dysfunction. On the
other hand, the last 2 decades have provided substantially
more evidence about the multiple routes (genetic, neurodevelopmental, environmental, social) that lead to the
striatal hyperdopaminergia, as discussed earlier. Furthermore, the appreciation of the dimensional nature of
symptoms of schizophrenia also speaks for partial independence of the different features (cognitive, negative)
from psychosis.139 There is of course correlational evi556

dence that striatal dopamine abnormalities are associated
with poor performance on cognitive tasks17,20,168 and
suggestion that higher striatal dopamine synthesis capacity is linked to functional abnormalities in the cortical
regions engaged by these tasks.168,169 However, it should
be noted that recent data suggest that these frontal/cognitive changes need not necessarily be primary but instead may arise as a consequence of striatal
dysfunction.170 Thus, in contrast to version II, which proposed a single pathway, we propose that changes in multiple transmitter/neural systems underlie the cognitive
dysfunction and negative symptoms of schizophrenia,
and in many cases these dysfunctions precede the onset
of psychosis. It is when these pathways, in convergence
with other biological or environmental influences, lead
to striatal dopamine hyperfunction that psychosis
becomes evident and the label of schizophrenia is
assigned. Thus, rather than being a hypothesis of schizophrenia—version III is more accurately a ‘‘dopamine
hypothesis of psychosis-in-schizophrenia.’’ It remains
to be tested whether this is specific to psychosis of schizophrenia or is seen with psychosis in other disorders too.
What Would Lead to a Rejection of the Hypothesis?
Because so much is unknown, it is given that the hypothesis will be revised as more data become available. The
more intriguing question is whether one can envisage evidence that would lead to a wholesale rejection of the hypothesis. The 2 central claims of version III are the
primacy of the presynaptic abnormality and the claim
that dopamine is the ‘‘final common pathway.’’ Two different kinds of evidence could lead to a complete rejection
of the hypothesis. PET studies directly implicating presynaptic dopamine dysfunction are a major foundation
of this new version of the hypothesis. PET data require
to be modeled to provide estimates of L-dopa uptake or
synaptic dopamine levels—and the results are inferred
rather than direct measurements. Thus, if it turns out
that the body of evidence based on PET imaging is a confound or an artifact of modeling and technical
approaches, this would be a serious blow for version
III, though the data behind versions I and II would still
stand strong. While possible, we think this to be highly
unlikely. What is perhaps more likely is that a new
drug is found that treats psychosis without a direct effect
on the dopamine system. In other words, the dopamine
abnormalities continue unimpeded, and psychosis
improves despite them. A good example of such a new
drug might be LY2140023, an mGlu 2/3 agonist.171 If
this were to be an effective antipsychotic and it could
be shown that the new pathways do not show any interaction with the dopamine system, then the fundamental
claim of version III, that it is the final common pathway,
would be demolished. A similar situation would arise if
a pathophysiological mechanism that does not impact
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on the dopamine system is found to be universal to
schizophrenia. Much more likely is the possibility that
the hypothesis will be revised but with a stronger version
IV. The next decade will provide more information on the
role of dopamine, particularly how genetic and environmental factors combine to influence the common pathway, and better drugs will be developed that directly
influence presynaptic dopaminergic function—both logical successors to the idea of a final common pathway.
Conclusions
A considerable body of new evidence has amassed in the
last 2 decades that is not compatible with reconceptualization of Davis and colleagues of the dopamine hypothesis of schizophrenia. To account for these developments,
we have elaborated the dopamine hypothesis of schizophrenia: version III—the final common pathway. This
hypothesis accounts for the multiple environmental
and genetic risk factors for schizophrenia and proposes
that these interact to funnel through one final common
pathway of presynaptic striatal hyperdopaminergia. Furthermore, it provides a framework linking the abnormal
neurochemistry to symptoms and explains both why
many disparate risk factors and functional and structural
abnormalities are associated with schizophrenia but are
not specific to schizophrenia. It provides an explanation
for overlapping findings in people with risk factors for
schizophrenia and explains eventual diagnosis not in neurochemical terms but as the result of individual factors
interacting with the sociocultural milieu. In addition to
funneling through dopamine dysregulation, the multiple
environmental and genetic risk factors influence diagnosis by affecting other aspects of brain function that underlie negative and cognitive symptoms. Schizophrenia
is thus dopamine dysregulation in the context of a compromised brain. It follows from this that future drug development should focus on the systems acting on the
funnel points leading to the final common pathway.
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