
SummarySummary The dopaminehypothesisThe dopamine hypothesis

has beenthemajor pathophysiologicalhas beenthemajor pathophysiological

theoryof psychosis in recentdecades.theoryof psychosis in recentdecades.

MolecularimagingstudieshaveprovidedMolecularimagingstudieshaveprovided inin

vivovivo evidence of increased dopamineevidence of increased dopamine

synaptic availability and increasedsynaptic availability and increased

presynaptic dopamine synthesis in thepresynaptic dopamine synthesis in the

striata of peoplewith psychotic illnesses.striata of peoplewith psychotic illnesses.

These studies supportthe predictions ofThese studies supportthe predictions of

the dopaminehypothesis, butitremains tothe dopaminehypothesis, butitremains to

be determinedwhetherdopaminergicbe determinedwhetherdopaminergic

abnormalities pre-date or are secondaryabnormalities pre-date or are secondary

to the developmentof psychosis.Weto the developmentof psychosis.We

selectivelyreview themolecular imagingselectivelyreview themolecular imaging

studies ofthe striataldopaminergic systemstudies ofthe striataldopaminergic system

inpsychosis and link this tomodels ofinpsychosis and link this tomodels of

psychosis andthe functionalsubdivisionsofpsychosis andthe functionalsubdivisionsof

the striatumtomake predictions for thethe striatumtomake predictions for the

dopaminergic systeminthe prodromaldopaminergic systeminthe prodromal

phase of psychosis.phase of psychosis.
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THEDOPAMINEHYPOTHESISTHE DOPAMINEHYPOTHESIS
OF PSYCHOSISOF PSYCHOSIS

The predominant pathophysiological theoryThe predominant pathophysiological theory

of psychosis postulates that dopamine dys-of psychosis postulates that dopamine dys-

function is the final common pathwayfunction is the final common pathway

driving its development (Carlsson &driving its development (Carlsson &

Lindqvist, 1963; DavisLindqvist, 1963; Davis et alet al, 1991; Kapur,, 1991; Kapur,

2003). It is hypothesised that hyperactivity2003). It is hypothesised that hyperactivity

of the dopamine system leads to the psy-of the dopamine system leads to the psy-

chotic symptoms seen in conditions suchchotic symptoms seen in conditions such

as schizophrenia (Kapur, 2003). Recent ela-as schizophrenia (Kapur, 2003). Recent ela-

borations of this model propose that stri-borations of this model propose that stri-

atal hyperdopaminergia results in aberrantatal hyperdopaminergia results in aberrant

salience being attached to what would nor-salience being attached to what would nor-

mally be innocuous stimuli that then formmally be innocuous stimuli that then form

the basis of the hallucinations and delusionsthe basis of the hallucinations and delusions

of psychosis (Kapur, 2003). Additionally itof psychosis (Kapur, 2003). Additionally it

has been proposed that there is an interac-has been proposed that there is an interac-

tion between striatal dopamine overactivitytion between striatal dopamine overactivity

and frontal dopamine hypoactivity, withand frontal dopamine hypoactivity, with

the latter associated with some of thethe latter associated with some of the

neurocognitive deficits seen in schizo-neurocognitive deficits seen in schizo-

phrenia (Willner, 1997; Laruellephrenia (Willner, 1997; Laruelle et alet al,,

2003; Abi-Dargham, 2004;). This is sup-2003; Abi-Dargham, 2004;). This is sup-

ported by a mouse model in which dopa-ported by a mouse model in which dopa-

mine D2 receptor overexpression in themine D2 receptor overexpression in the

striatum is associated with selective work-striatum is associated with selective work-

ing memory deficits, and decreased dopa-ing memory deficits, and decreased dopa-

mine turnover and D1 receptor activationmine turnover and D1 receptor activation

in the frontal cortex (Kellendonkin the frontal cortex (Kellendonk et alet al,,

2006).2006).

There is considerable indirect orThere is considerable indirect or ex vivoex vivo

evidence of dopamine dysfunction in psy-evidence of dopamine dysfunction in psy-

chosis based on studies of dopaminergicchosis based on studies of dopaminergic

agonists, antagonists, and post-mortemagonists, antagonists, and post-mortem

studies reviewed by Carlsson and collea-studies reviewed by Carlsson and collea-

gues (Carlssongues (Carlsson et alet al, 1997). Pharmaco-, 1997). Pharmaco-

logical studies show a correlation betweenlogical studies show a correlation between

clinical doses of antipsychotic drugs andclinical doses of antipsychotic drugs and

their potency for blocking D2 receptors,their potency for blocking D2 receptors,

and provide further evidence for the invol-and provide further evidence for the invol-

vement of dopamine in psychosis throughvement of dopamine in psychosis through

the psychotogenic effects of dopaminethe psychotogenic effects of dopamine

enhancing drugs (Seeman & Lee, 1975;enhancing drugs (Seeman & Lee, 1975;

Meltzer & Stahl, 1976; Haracz, 1982;Meltzer & Stahl, 1976; Haracz, 1982;

LiebermanLieberman et alet al, 1987). These studies, 1987). These studies

strongly suggest, but do not establish, thestrongly suggest, but do not establish, the

existence of a dysregulation of dopamineexistence of a dysregulation of dopamine

transmission in psychosis. Post-mortemtransmission in psychosis. Post-mortem

findings of chronic psychotic conditionsfindings of chronic psychotic conditions

have been mixed. Although direct tissuehave been mixed. Although direct tissue

measures of dopamine and D2 receptor le-measures of dopamine and D2 receptor le-

vels have been found to be elevated in thevels have been found to be elevated in the

striatum, this has not been consistent, andstriatum, this has not been consistent, and

post-mortem studies are confounded bypost-mortem studies are confounded by

antipsychotic exposure (Kleinmanantipsychotic exposure (Kleinman et alet al,,

1988; Reynolds, 1989; Davis1988; Reynolds, 1989; Davis et alet al, 1991;, 1991;

Zakzanis & Hansen, 1998).Zakzanis & Hansen, 1998).

IN VIVOIN VIVOMOLECULARMOLECULAR
IMAGINGOF STRIATALIMAGINGOF STRIATAL
DOPAMINERGIC SYSTEMSDOPAMINERGIC SYSTEMS

Studies of dopamine receptorsStudies of dopamine receptors
and dopamine releaseand dopamine release

Developments in human molecular imagingDevelopments in human molecular imaging

over the past 20 years have allowed aspectsover the past 20 years have allowed aspects

of dopaminergic function to be examinedof dopaminergic function to be examined inin

vivovivo. The early studies in psychosis, predo-. The early studies in psychosis, predo-

minantly schizophrenia, examined the stria-minantly schizophrenia, examined the stria-

tal postsynaptic dopamine D2 receptortal postsynaptic dopamine D2 receptor

density using positron emission tomogra-density using positron emission tomogra-

phy (PET) and single photon emissionphy (PET) and single photon emission

computed tomography (SPECT) tracerscomputed tomography (SPECT) tracers

including various radiolabelled analoguesincluding various radiolabelled analogues

of spiperone, [of spiperone, [1111C]raclopride andC]raclopride and

[[123123I]IBZM. The findings of these studiesI]IBZM. The findings of these studies

are inconsistent, with some reporting in-are inconsistent, with some reporting in-

creased D2 receptor binding in schizo-creased D2 receptor binding in schizo-

phrenia (Crawleyphrenia (Crawley et alet al, 1986; Wong, 1986; Wong et alet al,,

1986; Gjedde & Wong, 1987) and others1986; Gjedde & Wong, 1987) and others

no difference from controls (Fardeno difference from controls (Farde et alet al,,

1990; Martinot1990; Martinot et alet al, 1990). However a, 1990). However a

meta-analysis of these studies concludedmeta-analysis of these studies concluded

that there is a modest elevation in the D2that there is a modest elevation in the D2

receptor densities in people with psychoticreceptor densities in people with psychotic

illnesses, with an effect size ofillnesses, with an effect size of

approximately 0.5 (Laruelle, 1998). Theapproximately 0.5 (Laruelle, 1998). The

two studies that have investigated D1 re-two studies that have investigated D1 re-

ceptor densities in the striatum of patientsceptor densities in the striatum of patients

with psychotic illnesses report no differencewith psychotic illnesses report no difference

from controls, indicating that striatal D1from controls, indicating that striatal D1

receptor levels are unchanged in psychosis,receptor levels are unchanged in psychosis,

although there may be differences in otheralthough there may be differences in other

brain regions (Okubobrain regions (Okubo et alet al, 1997; Karlsson, 1997; Karlsson

et alet al, 2002)., 2002).

Other studies have examined theOther studies have examined the

striatal synaptic availability and releasestriatal synaptic availability and release

of dopamine (Laruelleof dopamine (Laruelle et alet al, 1996, 1999;, 1996, 1999;

BreierBreier et alet al, 1997; Abi-Dargham, 1997; Abi-Dargham et alet al,,

1998, 2000) by employing radiotracers1998, 2000) by employing radiotracers

whose binding is sensitive to endogenouswhose binding is sensitive to endogenous

dopamine levels such as [dopamine levels such as [1111C]racloprideC]raclopride

and [and [123123I]IBZM. These studies have usedI]IBZM. These studies have used

amphetamine to probe the responsivity ofamphetamine to probe the responsivity of

the striatal dopaminergic system. Ampheta-the striatal dopaminergic system. Ampheta-

mine acts to stimulate dopamine releasemine acts to stimulate dopamine release

from vesicles and reverse the dopaminefrom vesicles and reverse the dopamine

transporter, increasing extracellular levelstransporter, increasing extracellular levels

of dopamine (Sulzerof dopamine (Sulzer et alet al, 1993; Jones, 1993; Jones etet

alal, 1998). The competition model predicts, 1998). The competition model predicts

that dopamine competes for binding tothat dopamine competes for binding to

the D2 receptors with the radioligand andthe D2 receptors with the radioligand and

therefore that the amphetamine-induced in-therefore that the amphetamine-induced in-

crease in dopamine levels results in a reduc-crease in dopamine levels results in a reduc-

tion in radioligand binding and a change intion in radioligand binding and a change in

the signal compared to baseline conditions.the signal compared to baseline conditions.

Stimulated dopamine release using amphet-Stimulated dopamine release using amphet-

amine has consistently been found to beamine has consistently been found to be

increased in psychotic conditions by 1–2increased in psychotic conditions by 1–2

standard deviations, and is related to bothstandard deviations, and is related to both

the severity of induced psychotic symptoms,the severity of induced psychotic symptoms,

and to the response to subsequent anti-and to the response to subsequent anti-

psychotic treatment (Laruellepsychotic treatment (Laruelle et al,et al, 1996,1996,

1999; Breier1999; Breier et alet al, 1997; Abi-Dargham, 1997; Abi-Dargham

et alet al, 1998). However this increased radio-, 1998). However this increased radio-

ligand displacement has not been seen inligand displacement has not been seen in
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patients with schizophrenia during remis-patients with schizophrenia during remis-

sion, suggesting that the increased dopa-sion, suggesting that the increased dopa-

mine release is a feature of the psychoticmine release is a feature of the psychotic

phases of the illness (Laruellephases of the illness (Laruelle et alet al, 1999)., 1999).

These studies have been interpreted asThese studies have been interpreted as

indicating increased dopamine release, onindicating increased dopamine release, on

the basis that animal studies show a corre-the basis that animal studies show a corre-

lation between increased dopamine concen-lation between increased dopamine concen-

tration as measured by microdialysis andtration as measured by microdialysis and

radiotracer binding (Breierradiotracer binding (Breier et alet al, 1997;, 1997;

HoustonHouston et alet al, 2004). To determine, 2004). To determine

whether baseline levels of dopamine are dif-whether baseline levels of dopamine are dif-

ferent, Abi-Dargham and colleagues (2000)ferent, Abi-Dargham and colleagues (2000)

examined the effect of dopamine depletion,examined the effect of dopamine depletion,

using alpha-methyl-para-tyrosine, onusing alpha-methyl-para-tyrosine, on

[[123123I]IBZM binding (Abi-DarghamI]IBZM binding (Abi-Dargham et alet al,,

2000). They report greater [2000). They report greater [123123I]IBZMI]IBZM

binding following dopamine depletion inbinding following dopamine depletion in

first-episode psychosis and patients withfirst-episode psychosis and patients with

chronic disorder during an acute relapsechronic disorder during an acute relapse

compared with controls. This is taken ascompared with controls. This is taken as

indicating greater baseline D2 receptorindicating greater baseline D2 receptor

occupancy by dopamine in psychosis. Addi-occupancy by dopamine in psychosis. Addi-

tionally the degree of change correlatedtionally the degree of change correlated

with response to treatment with anti-with response to treatment with anti-

psychotics. Patients in remission need topsychotics. Patients in remission need to

be studied to determine whether this isbe studied to determine whether this is

related to illness phase.related to illness phase.

Studies of presynaptic striatalStudies of presynaptic striatal
dopaminergic functiondopaminergic function

Presynaptic striatal dopaminergic functionPresynaptic striatal dopaminergic function

can be measured using the PET radiotracerscan be measured using the PET radiotracers

[[bb--1111C]L-dopa and 6-[C]L-dopa and 6-[1818F]fluoro-L-dopaF]fluoro-L-dopa

(FDOPA). These radiotracers are converted(FDOPA). These radiotracers are converted

by aromatic L-amino acid decarboxylaseby aromatic L-amino acid decarboxylase

(AADC) into [(AADC) into [1111C]dopamine and 6-C]dopamine and 6-

[[1818F]fluoro-dopamine, respectively, andF]fluoro-dopamine, respectively, and

trapped in vesicles in the presynaptic dopa-trapped in vesicles in the presynaptic dopa-

mine neurons. Their accumulation can bemine neurons. Their accumulation can be

detected through the emission of annihila-detected through the emission of annihila-

tion photons as the radioisotopes decaytion photons as the radioisotopes decay

via positron emission. Their uptake is typi-via positron emission. Their uptake is typi-

cally quantified as an influx constant (Ki)cally quantified as an influx constant (Ki)

value relative to a reference region devoidvalue relative to a reference region devoid

of specific uptake (Patlak & Blasberg,of specific uptake (Patlak & Blasberg,

1985; Moore1985; Moore et alet al, 2003; McGowan, 2003; McGowan et alet al,,

2004). High Ki values occur in areas of2004). High Ki values occur in areas of

dense dopamine nerve terminals such asdense dopamine nerve terminals such as

the striatum, reflecting the structural andthe striatum, reflecting the structural and

functional integrity of the nigrostriatalfunctional integrity of the nigrostriatal

dopaminergic system. Although tyrosinedopaminergic system. Although tyrosine

hydroxylase, and not AADC, is the rate-hydroxylase, and not AADC, is the rate-

limiting step in the synthetic pathway forlimiting step in the synthetic pathway for

dopamine, AADC activity influences thedopamine, AADC activity influences the

rate of dopamine synthesis (Cummingrate of dopamine synthesis (Cumming etet

alal, 1995, 1997). FDOPA uptake has been, 1995, 1997). FDOPA uptake has been

shown to correlate with nigral dopamineshown to correlate with nigral dopamine

neuron numbers in both animal and humanneuron numbers in both animal and human

studies (Patestudies (Pate et alet al, 1993; Snow, 1993; Snow et alet al, 1993)., 1993).

These radiotracers have been used to inves-These radiotracers have been used to inves-

tigate the dopaminergic system in a numbertigate the dopaminergic system in a number

of central nervous system conditions, parti-of central nervous system conditions, parti-

cularly Parkinson’s Disease (Brooks, 1998;cularly Parkinson’s Disease (Brooks, 1998;

MorrishMorrish et alet al, 1998; Piccini and Brooks,, 1998; Piccini and Brooks,

1999; Brooks1999; Brooks et alet al, 2000; Rakshi, 2000; Rakshi et alet al,,

2002).2002).

Eight studies have measured pre-synap-Eight studies have measured pre-synap-

tic striatal dopamine synthesis and storagetic striatal dopamine synthesis and storage

capacity using [capacity using [bb--1111C]L-dopa or FDOPAC]L-dopa or FDOPA

in psychotic conditions (Table 1). Six foundin psychotic conditions (Table 1). Six found

elevated striatal DOPA uptake in psychoticelevated striatal DOPA uptake in psychotic

disorders (Reithdisorders (Reith et alet al, 1994; Hietala, 1994; Hietala et alet al,,

1995, 1999; Lindstrom1995, 1999; Lindstrom et alet al, 1999;, 1999;

Meyer-LindenbergMeyer-Lindenberg et alet al, 2002; McGowan, 2002; McGowan

et alet al, 2004), with effect sizes in the positive, 2004), with effect sizes in the positive

studies ranging from 0.63 to 1.89. All stu-studies ranging from 0.63 to 1.89. All stu-

dies that investigated patients who weredies that investigated patients who were

psychotic at the time of PET scanning re-psychotic at the time of PET scanning re-

port elevated striatal dopamine synthesisport elevated striatal dopamine synthesis

capacity (Hietalacapacity (Hietala et alet al, 1995, 1999;, 1995, 1999;

LindstromLindstrom et alet al, 1999). The two incon-, 1999). The two incon-

sistent studies were in chronically treatedsistent studies were in chronically treated

patients who were not acutely psychotic,patients who were not acutely psychotic,

although Dao-Castellana and colleaguesalthough Dao-Castellana and colleagues

(1997) report a non-significant elevation(1997) report a non-significant elevation

in the striatum and greater variance in thein the striatum and greater variance in the

Ki values in the group with schizophreniaKi values in the group with schizophrenia

(Dao-Castellana(Dao-Castellana et alet al, 1997; Elkashef, 1997; Elkashef et alet al,,

2000). The other study found a significant2000). The other study found a significant

decrease in Ki value in the ventral striatumdecrease in Ki value in the ventral striatum

of the group with untreated schizophrenia,of the group with untreated schizophrenia,

but an increase in the posterior cingulatebut an increase in the posterior cingulate

(Elkashef(Elkashef et alet al, 2000). Thus all the studies, 2000). Thus all the studies

have found indications of increased DOPAhave found indications of increased DOPA

uptake in individuals with schizophrenia,uptake in individuals with schizophrenia,

although not all in the striatum.although not all in the striatum.

Relationship between striatalRelationship between striatal
dopamine synthesis capacitydopamine synthesis capacity
and symptom profilesand symptom profiles

There are indications that the elevation inThere are indications that the elevation in

dopamine synthesis capacity is not specificdopamine synthesis capacity is not specific

to schizophrenia alone but is associatedto schizophrenia alone but is associated

with episodes of positive psychotic symp-with episodes of positive psychotic symp-

toms. Reithtoms. Reith et alet al (1994) studied patients(1994) studied patients

with complex partial seizures, and com-with complex partial seizures, and com-

pared those with a history of psychosis topared those with a history of psychosis to

those who did not have a history of psycho-those who did not have a history of psycho-

sis. The group with psychosis showed ele-sis. The group with psychosis showed ele-

vated striatal Ki values, similar to thevated striatal Ki values, similar to the

elevation seen in a group with schizo-elevation seen in a group with schizo-

phrenia, while the striatal Ki value in thephrenia, while the striatal Ki value in the

non-psychotic group was similar to that innon-psychotic group was similar to that in

controls (Reithcontrols (Reith et alet al, 1994). Hietala and, 1994). Hietala and

colleagues (1995) have suggested that therecolleagues (1995) have suggested that there

is a difference in FDOPA uptake whichis a difference in FDOPA uptake which

depends on the subtype of schizophrenia.depends on the subtype of schizophrenia.

This was based on the finding that a singleThis was based on the finding that a single

subject with catatonia showed markedlysubject with catatonia showed markedly

lower striatal FDOPA uptake than controlslower striatal FDOPA uptake than controls

and those with paranoid schizophrenia.and those with paranoid schizophrenia.

Dao-CastellanaDao-Castellana et alet al (1997) subsequently(1997) subsequently

found a similar reduction in a subject withfound a similar reduction in a subject with

catatonia. Hietala and colleagues (1999)catatonia. Hietala and colleagues (1999)

also found a negative correlation betweenalso found a negative correlation between

depressive symptoms and striatal FDOPAdepressive symptoms and striatal FDOPA

uptake, and a trend for positive psychoticuptake, and a trend for positive psychotic

symptoms to be associated with highersymptoms to be associated with higher

striatal FDOPA uptake. Further supportstriatal FDOPA uptake. Further support

for elevated FDOPA uptake being asso-for elevated FDOPA uptake being asso-

ciated with positive psychotic symptomsciated with positive psychotic symptoms

could be inferred from the two studiescould be inferred from the two studies

that found no significant elevation inthat found no significant elevation in

striatal Ki value in chronic, stable patientsstriatal Ki value in chronic, stable patients

(Dao-Castellana(Dao-Castellana et alet al, 1997; Elkashef, 1997; Elkashef etet

alal, 2000). However, elevated striatal Ki, 2000). However, elevated striatal Ki

values have been reported in chronicvalues have been reported in chronic

patients in remission (Reithpatients in remission (Reith et alet al, 1994), in-, 1994), in-

dicating that it is not as simple as acute psy-dicating that it is not as simple as acute psy-

chosis being associated with increasedchosis being associated with increased

dopamine synthesis capacity. McGowandopamine synthesis capacity. McGowan etet

alal (2004) have found that dopamine synth-(2004) have found that dopamine synth-

esis capacity is elevated in individualsesis capacity is elevated in individuals

chronically treated for schizophreniachronically treated for schizophrenia

(McGowan(McGowan et alet al, 2004) to a similar, 2004) to a similar degreedegree

to that reported in antipsychotic-to that reported in antipsychotic-naıvenaı̈ve

patients in their first episode of psychosispatients in their first episode of psychosis

(Hietala(Hietala et alet al, 1995, 1999; Lindstrom, 1995, 1999; Lindstrom etet

alal, 1999). Furthermore the findings repor-, 1999). Furthermore the findings repor-

ted by Hietalated by Hietala et alet al (1999) supporting an(1999) supporting an

association between positive psychoticassociation between positive psychotic

symptoms and elevated FDOPA uptakesymptoms and elevated FDOPA uptake

are at a trend level in small groups ofare at a trend level in small groups of

patients, indicating that further studies arepatients, indicating that further studies are

needed to determine if the association isneeded to determine if the association is

found in other samples.found in other samples.

SPECIFICITYOF STRIATALSPECIFICITYOF STRIATAL
DOPAMINERGICDOPAMINERGIC
ABNORMALITIESABNORMALITIES
TOPSYCHOSISTOPSYCHOSIS

Striatal dopaminergic function is not ele-Striatal dopaminergic function is not ele-

vated in non-psychotic patients with othervated in non-psychotic patients with other

psychiatric or neurological conditions,psychiatric or neurological conditions,

including mania (without psychotic symp-including mania (without psychotic symp-

toms), Tourette’s syndrome and depressiontoms), Tourette’s syndrome and depression

(Reith(Reith et alet al, 1994; Turjanski, 1994; Turjanski et alet al, 1994;, 1994;

ErnstErnst et alet al, 1997; Martinot, 1997; Martinot et alet al, 2001;, 2001;

ParseyParsey et alet al, 2001; Yatham, 2001; Yatham et alet al, 2002)., 2002).

Ernst and colleaguesErnst and colleagues report no significantreport no significant

difference in striatal FDOPA uptakedifference in striatal FDOPA uptake

between children or adults with attention-between children or adults with attention-

deficit hyperactivity disorder and controls,deficit hyperactivity disorder and controls,

although there may be differences in otheralthough there may be differences in other

brain regions (Ernstbrain regions (Ernst et alet al, 1998, 1999)., 1998, 1999).

The findings in these studies indicate thatThe findings in these studies indicate that
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elevated presynapticelevated presynaptic striatal dopaminestriatal dopamine

synthesis capacity is not a non-specific indi-synthesis capacity is not a non-specific indi-

cator of stress or psychiatric/ neurologicalcator of stress or psychiatric/ neurological

morbidity.morbidity.

DOPAMINEDOPAMINE
ANDTHEPRODROMALPHASEANDTHEPRODROMALPHASE
OF PSYCHOSISOF PSYCHOSIS

Prior to the development of psychosis, thePrior to the development of psychosis, the

majority of patients experience a prodro-majority of patients experience a prodro-

mal phase characterised by functionalmal phase characterised by functional

decline and subclinical symptoms (Hafner,decline and subclinical symptoms (Hafner,

1998). A number of instruments have been1998). A number of instruments have been

developed to prospectively identify peopledeveloped to prospectively identify people

in this phase (Hambrechtin this phase (Hambrecht et alet al, 2002; Miller, 2002; Miller

et alet al, 2002; Yung, 2002; Yung et alet al, 2003). One of these,, 2003). One of these,

the Comprehensive Assessment of At Riskthe Comprehensive Assessment of At Risk

Mental State (CAARMS) (YungMental State (CAARMS) (Yung et alet al,,

2003), identifies people with an at-risk2003), identifies people with an at-risk

mental state using the Personal Assessmentmental state using the Personal Assessment

and Crises Evaluation (PACE) criteria whoand Crises Evaluation (PACE) criteria who

have a 20–40% probability of being in ahave a 20–40% probability of being in a

prodromal state and developing a psychoticprodromal state and developing a psychotic

illness within 1 year, indicating that theyillness within 1 year, indicating that they

are at ultra high risk of psychosis (UHRP).are at ultra high risk of psychosis (UHRP).

Most subjects meeting CAARMS criteriaMost subjects meeting CAARMS criteria

for an at-risk mental state experiencefor an at-risk mental state experience

‘attenuated symptoms’, which correspond‘attenuated symptoms’, which correspond

to positive psychotic symptoms that areto positive psychotic symptoms that are

not as severe and/or frequent as in an acutenot as severe and/or frequent as in an acute

psychotic disorder. Less commonly individ-psychotic disorder. Less commonly individ-

uals with an at-risk mental state experienceuals with an at-risk mental state experience

brief limited intermittent psychotic symp-brief limited intermittent psychotic symp-

toms (BLIPS), which are full-blown buttoms (BLIPS), which are full-blown but

brief psychotic episodes that spontaneouslybrief psychotic episodes that spontaneously

resolve after 1 week or less. The presence ofresolve after 1 week or less. The presence of

positive psychotic symptoms in an at-riskpositive psychotic symptoms in an at-risk

mental state group defined using themental state group defined using the

CAARMS, albeit the psychotic symptomsCAARMS, albeit the psychotic symptoms

show a lesser severity, frequency or dura-show a lesser severity, frequency or dura-

tion than in acute psychotic disorders, istion than in acute psychotic disorders, is

consistent with a perturbation of dopamineconsistent with a perturbation of dopamine

function. However, the at-risk mental statefunction. However, the at-risk mental state

can be defined in different ways, and thecan be defined in different ways, and the

CAARMS criteria are weighted towardsCAARMS criteria are weighted towards

positive symptoms relative to other featurespositive symptoms relative to other features

of the at-risk mental state, such as negativeof the at-risk mental state, such as negative

symptoms and subjective cognitive impair-symptoms and subjective cognitive impair-

ments (Klosterkotterments (Klosterkotter et alet al, 2001; Hambrecht, 2001; Hambrecht

et alet al, 2002; Ruhrmann, 2002; Ruhrmann et alet al, 2003)., 2003).

Although molecular imaging studiesAlthough molecular imaging studies

provide evidence of striatal hyperdopami-provide evidence of striatal hyperdopami-

nergia in patients with an established psy-nergia in patients with an established psy-

chotic disorder, no studies have beenchotic disorder, no studies have been

published to date using molecular imagingpublished to date using molecular imaging

to assess striatal dopaminergic function be-to assess striatal dopaminergic function be-

fore the onset of psychosis in people withfore the onset of psychosis in people with

an at-risk mental state, who are at high riskan at-risk mental state, who are at high risk

of imminently developing psychosis.of imminently developing psychosis.

Subjects with an at-risk mental state areSubjects with an at-risk mental state are

experiencing attenuated psychotic symp-experiencing attenuated psychotic symp-

toms and are also at high risk of developingtoms and are also at high risk of developing

psychosis in the near future, therefore anpsychosis in the near future, therefore an

initial prediction would be that the at-riskinitial prediction would be that the at-risk

mental state would be associated with stria-mental state would be associated with stria-

tal hyperdopaminergia. However, as mosttal hyperdopaminergia. However, as most

individuals with an at-risk mental state willindividuals with an at-risk mental state will

not develop a psychotic illness, a furthernot develop a psychotic illness, a further

prediction might be that the magnitude ofprediction might be that the magnitude of

this elevation will be greater in those thatthis elevation will be greater in those that

go on to develop a psychotic illness thango on to develop a psychotic illness than

in subjects who do not.in subjects who do not.

Models of psychosis (above) proposeModels of psychosis (above) propose

that elevated dopaminergic function maythat elevated dopaminergic function may

lead to the development of hallucinationslead to the development of hallucinations

and delusions through effects on cognitiveand delusions through effects on cognitive

processes like appraisal. Reasoning is aprocesses like appraisal. Reasoning is a

component of appraisal and those with at-component of appraisal and those with at-

risk mental state show a bias in probabilis-risk mental state show a bias in probabilis-

tic reasoning (‘jumping to conclusions’)tic reasoning (‘jumping to conclusions’)

that is similar to that seen in psychotic dis-that is similar to that seen in psychotic dis-

orders (Garetyorders (Garety et alet al, 2005; Peters & Garety,, 2005; Peters & Garety,

2006). This suggests that the magnitude of2006). This suggests that the magnitude of

the hypothesised increase in dopaminergicthe hypothesised increase in dopaminergic

function may be correlated with a tendencyfunction may be correlated with a tendency

to jump to conclusions. In addition, be-to jump to conclusions. In addition, be-

cause elevated dopaminergic function maycause elevated dopaminergic function may

be specifically linked to hallucinations andbe specifically linked to hallucinations and

delusions, hyperdopaminergia in the at-riskdelusions, hyperdopaminergia in the at-risk

mental state would be predicted to be parti-mental state would be predicted to be parti-

cularly correlated with the severity of thesecularly correlated with the severity of these

symptoms as opposed to other psychoticsymptoms as opposed to other psychotic

features or the level of general psycho-features or the level of general psycho-

pathology.pathology.

Finally, it has been suggested that theFinally, it has been suggested that the

cognitive impairment and negative symp-cognitive impairment and negative symp-

toms of schizophrenia are a function oftoms of schizophrenia are a function of

hypodopaminergia in the dorsolateral pre-hypodopaminergia in the dorsolateral pre-

frontal cortex (Abi-Darghamfrontal cortex (Abi-Dargham et alet al, 2002)., 2002).

It is difficult to assess cortical dopamineIt is difficult to assess cortical dopamine

function using FDOPA due to its low signal-function using FDOPA due to its low signal-

to-noise ratio in the cortex (McGowanto-noise ratio in the cortex (McGowan etet

alal, 2004). However, it has been proposed, 2004). However, it has been proposed

that hypodopaminergia in the dorsolateralthat hypodopaminergia in the dorsolateral

prefrontal cortex in schizophrenia is relatedprefrontal cortex in schizophrenia is related

to excess subcortical dopamine levelsto excess subcortical dopamine levels

(Tanaka, 2006), and striatal FDOPA(Tanaka, 2006), and striatal FDOPA

uptake in patients with schizophrenia hasuptake in patients with schizophrenia has

been inversely correlated with dorsolateralbeen inversely correlated with dorsolateral

prefrontal cortex activation during theprefrontal cortex activation during the

Wisconsin Card Sort test (Meyer-LindenbergWisconsin Card Sort test (Meyer-Lindenberg

et alet al, 2002) and with impaired performance, 2002) and with impaired performance

s15s15

Table1Table1 Summary of the radiolabelled DOPA PETstudies in psychotic conditions, showing the DOPAuptake constants standardised to control values for the striatumSummary of the radiolabelled DOPA PETstudies in psychotic conditions, showing the DOPAuptake constants standardised to control values for the striatum

(estimated from combined caudate and putamen values when not reported for whole striatum).(estimated from combined caudate and putamen values when not reported for whole striatum).

StudyStudy Radio tracerRadio tracer Illness lengthIllness length NN patientpatient

group (M/F)group (M/F)

NN controlcontrol

group (M/F)group (M/F)

TreatmentTreatment Control groupControl group

mean (s.d.)mean (s.d.)

Patient groupPatient group

mean (s.d.)mean (s.d.)

PP33 EffectEffect

sizesize

ReithReith et alet al, 1994, 1994 [[1818F] DOPAF] DOPA CC 5 (5/0)5 (5/0) 13 (9/4)13 (9/4) 4 N, 1DF4N, 1DF 100100++2020 120120++1919 550.020.02bb 1.381.38

HietalaHietala et alet al, 1995, 1995 [[1818F] DOPAF] DOPA All FEAll FE11 7 (4/3)7 (4/3) 8 (6/2)8 (6/2) All NAll N 100100++1515 113113++2525 550.050.05cc 0.630.63

Dao-CastellanaDao-Castellana et alet al, 1997, 1997 [[1818F] DOPAF] DOPA Not listedNot listed 6 (6/0)6 (6/0) 7 (7/0)7 (7/0) 2 N, 4DF2N, 4DF 100100++1111 108108++4242 NSNSb,cb,c 0.270.27

HietalaHietala et alet al, 1999, 1999 [[1818F] DOPAF] DOPA All FEAll FE11 10 (4/6)10 (4/6) 13 (8/5)13 (8/5) All NAll N 100100++1414 115115++2828 550.050.05cc 0.680.68

LindstromLindstrom et alet al, 1999, 1999 [[1111C] DOPAC] DOPA MM22 12 (10/2)12 (10/2) 10 (8/2)10 (8/2) 10 N, 2 DF10 N, 2 DF 100100++1717 113113++1212 550.020.02bb 0.880.88

ElkashefElkashef et alet al, 2000, 2000 [[1818F] DOPAF] DOPA CC 19 (15/4)19 (15/4) 13 (8/5)13 (8/5) 9 DF, 10 A9 DF, 10 A 100100++11.511.5 989844++9.89.8 NSNSb,cb,c 770.200.20

Meyer-LindenbergMeyer-Lindenberg et alet al, 2002, 2002 [[1818F] DOPAF] DOPA CC 6 (5/1)6 (5/1) 6 (5/1)6 (5/1) All DFAll DF 100100++9.29.2 119119++11.511.5 550.020.02aa 1.891.89

McGowanMcGowan et alet al, 2004, 2004 [[1818F] DOPAF] DOPA CC 16 (16/0)16 (16/0) 12 (12/0)12 (12/0) All AAll A 100100++9.49.4 112112++6.26.2 0.000.0011aa 1.571.57

M, male; F, female; FE, first episode; C, chronic; M, mixed first episode and chronic patients; N, antipsychotic treatment na|ve; DF, antipsychotic drug free at time of scan butM, male; F, female; FE, first episode; C, chronic; M, mixed first episode and chronic patients; N, antipsychotic treatment na|«ve; DF, antipsychotic drug free at time of scan but
previously treated; A, taking antipsychotic treatment at time of scan.previously treated; A, taking antipsychotic treatment at time of scan.
1. Includes patients with schizoaffective disorder (1. Includes patients with schizoaffective disorder (nn¼5 for all studies).5 for all studies).
2. Includes patients with schizophreniform psychosis.2. Includes patients with schizophreniform psychosis.
3.3. PP-value for the analysis reported (for a-value for the analysis reported (for a¼whole striatum, bwhole striatum, b¼caudate, or ccaudate, or c¼putamen.putamen.
4. Mean for combined patient group.4. Mean for combined patient group.
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on the symbol-digit modalities teston the symbol-digit modalities test

(McGowan(McGowan et alet al, 2004). Thus the hypo-, 2004). Thus the hypo-

thesised increase in striatal dopaminergicthesised increase in striatal dopaminergic

function in the at-risk mental state may befunction in the at-risk mental state may be

inversely correlated with impaired pre-inversely correlated with impaired pre-

frontal cortical function, as indicatedfrontal cortical function, as indicated

through impaired performance on tasks ofthrough impaired performance on tasks of

executive functions and by abnormal dorso-executive functions and by abnormal dorso-

lateral prefrontal cortex activation inlateral prefrontal cortex activation in

functional neuroimaging studies.functional neuroimaging studies.

FUNCTIONAL SUBDIVISIONSFUNCTIONAL SUBDIVISIONS
OF THE STRIATUMOF THE STRIATUM

The striatum shows a topographic organi-The striatum shows a topographic organi-

sation reflecting connections with thesation reflecting connections with the

limbic, frontal executive and motor brainlimbic, frontal executive and motor brain

regions that does not correspond toregions that does not correspond to

traditional anatomical subdivisions intotraditional anatomical subdivisions into

caudate, putamen and nucleus accumbenscaudate, putamen and nucleus accumbens

(Haber, 2003). Ventral areas of the stri-(Haber, 2003). Ventral areas of the stri-

atum (the nucleus accumbens, and ventralatum (the nucleus accumbens, and ventral

caudate and putamen rostral to the anteriorcaudate and putamen rostral to the anterior

commissure) are part of limbic circuits in-commissure) are part of limbic circuits in-

volving medial prefrontal and orbitofrontalvolving medial prefrontal and orbitofrontal

cortex, and thalamic loops, and have beencortex, and thalamic loops, and have been

termed the ‘limbic striatum’ (Joel & Weiner,termed the ‘limbic striatum’ (Joel & Weiner,

2000; Martinez2000; Martinez et alet al, 2003). The dorsal, 2003). The dorsal

areas of the caudate and putamen rostralareas of the caudate and putamen rostral

to the anterior commissure and the post-to the anterior commissure and the post-

commissural caudate form circuits invol-commissural caudate form circuits invol-

ving the dorsolateral prefrontal cortex,ving the dorsolateral prefrontal cortex,

and ventral anterior thalamus, and areand ventral anterior thalamus, and are

involved in cognitive function (‘the associa-involved in cognitive function (‘the associa-

tive striatum’) (Joel & Weiner, 2000;tive striatum’) (Joel & Weiner, 2000;

MartinezMartinez et alet al, 2003). Finally the post-, 2003). Finally the post-

commissural putamen (‘the sensorimotorcommissural putamen (‘the sensorimotor

striatum’) is linked to the motor and pre-striatum’) is linked to the motor and pre-

motor cortex and ventral anterior thalamusmotor cortex and ventral anterior thalamus

(Joel & Weiner, 2000; Martinez(Joel & Weiner, 2000; Martinez et alet al,,

2003).2003).

Striatal functional connectivity suggestsStriatal functional connectivity suggests

that the consequences of dopaminergic dys-that the consequences of dopaminergic dys-

function may vary depending on the area offunction may vary depending on the area of

the striatum affected. Because of its place inthe striatum affected. Because of its place in

circuits involving the dorsolateral prefrontalcircuits involving the dorsolateral prefrontal

cortex, the associative striatum would becortex, the associative striatum would be

predicted to be critical to the cognitive pro-predicted to be critical to the cognitive pro-

cesses leading to psychosis, and the cogni-cesses leading to psychosis, and the cogni-

tive dysfunction seen in schizophrenia.tive dysfunction seen in schizophrenia.

Recent advances in imaging technologyRecent advances in imaging technology

have enabled these functional subdivisionshave enabled these functional subdivisions

to be delineated (Martinezto be delineated (Martinez et alet al, 2003)., 2003).

Preliminary evidence has recently beenPreliminary evidence has recently been

presented indicating that the alpha-presented indicating that the alpha-

methyl-para-tyrosine induced increase inmethyl-para-tyrosine induced increase in

D2 receptor availability was significantlyD2 receptor availability was significantly

higher in the associative striatum ofhigher in the associative striatum of

patients with schizophrenia, but not thepatients with schizophrenia, but not the

other striatal subregions (Laruelle, 2006).other striatal subregions (Laruelle, 2006).

If dopaminergic dysfunction is drivingIf dopaminergic dysfunction is driving

the development of psychosis through cog-the development of psychosis through cog-

nitive effects, we would predict that the as-nitive effects, we would predict that the as-

sociative striatum would show the largestsociative striatum would show the largest

increase in dopaminergic function in peopleincrease in dopaminergic function in people

with an at-risk mental state, and that thiswith an at-risk mental state, and that this

would correlate with dorsolateral prefrontalwould correlate with dorsolateral prefrontal

cortex function, such as performance oncortex function, such as performance on

working memory tasks.working memory tasks.

IN VIVOIN VIVOSTUDIESOF STRIATALSTUDIESOF STRIATAL
DOPAMINERGIC FUNCTIONDOPAMINERGIC FUNCTION
INPEOPLE AT RISKINPEOPLE AT RISK
OF PSYCHOSISOF PSYCHOSIS

Dopamine function has not been studied inDopamine function has not been studied in

individuals with an at-risk mental state, butindividuals with an at-risk mental state, but

there have been studies in other groups atthere have been studies in other groups at

increased risk of psychotic illness, notablyincreased risk of psychotic illness, notably

the unaffected relatives of people withthe unaffected relatives of people with

schizophrenia, and people with schizotypalschizophrenia, and people with schizotypal

personality disorder. D2 receptor levelspersonality disorder. D2 receptor levels

have been found to be elevated in thehave been found to be elevated in the

caudate to an intermediate degree in thecaudate to an intermediate degree in the

non-psychotic monozygotic co-twins ofnon-psychotic monozygotic co-twins of

patients with schizophrenia compared topatients with schizophrenia compared to

controls (Hirvonencontrols (Hirvonen et alet al, 2005), although, 2005), although

there was no evidence of alterations in thethere was no evidence of alterations in the

D1/D2 receptor ratio (HirvonenD1/D2 receptor ratio (Hirvonen et alet al,,

2006). People with schizotypal personality2006). People with schizotypal personality

disorder, who can experience intermittentdisorder, who can experience intermittent

attenuated psychotic symptoms, have beenattenuated psychotic symptoms, have been

found to have increased [found to have increased [1111C]racloprideC]raclopride

displacement following amphetaminedisplacement following amphetamine

challenge (Abi-Darghamchallenge (Abi-Dargham et alet al, 2004). Inter-, 2004). Inter-

estingly the authors note that the degree ofestingly the authors note that the degree of

[[1111C]raclopride displacement seen in theC]raclopride displacement seen in the

schizotypal personality disorder group wasschizotypal personality disorder group was

similar to that seen in remitted patientssimilar to that seen in remitted patients

with schizophrenia, but much less than thatwith schizophrenia, but much less than that

seen in patients with acute psychosis.seen in patients with acute psychosis.

The investigation of striatal dopamin-The investigation of striatal dopamin-

ergic function in individuals with an at-riskergic function in individuals with an at-risk

mental state has a number of advantagesmental state has a number of advantages

over further studies of striatal dopaminergicover further studies of striatal dopaminergic

function in people with psychotic illnesses.function in people with psychotic illnesses.

Firstly it will help determine the time-pointFirstly it will help determine the time-point

at which dopaminergic abnormalities occur,at which dopaminergic abnormalities occur,

indicating whether dopaminergic abnormal-indicating whether dopaminergic abnormal-

ities are primary or secondary to other fac-ities are primary or secondary to other fac-

tors. Similarly the relationship betweentors. Similarly the relationship between

dopaminergic function and cognitive pro-dopaminergic function and cognitive pro-

cesses thought to be related to the develop-cesses thought to be related to the develop-

ment of psychosis, and the development ofment of psychosis, and the development of

the cognitive deficits seen in psychosis,the cognitive deficits seen in psychosis,

can be investigated. Additionally the effectscan be investigated. Additionally the effects

of antipsychotic drugs on dopaminergicof antipsychotic drugs on dopaminergic

function are not a complicating factor asfunction are not a complicating factor as

this group is largely antipsychotic naıve,this group is largely antipsychotic naı̈ve,

and a substantial proportion of individualsand a substantial proportion of individuals

with an at-risk mental state are in the pro-with an at-risk mental state are in the pro-

dromal phase of a psychotic illness, whichdromal phase of a psychotic illness, which

is not the case in other ‘risk groups’, suchis not the case in other ‘risk groups’, such

as relatives of those with schizophrenia oras relatives of those with schizophrenia or

people with schizotypy, as these groupspeople with schizotypy, as these groups

contain many individuals who may be traitcontain many individuals who may be trait

carriers but who will not develop psychosis.carriers but who will not develop psychosis.

There has been considerable debate con-There has been considerable debate con-

cerning the ethics of offering people withcerning the ethics of offering people with

an at-risk mental state antipsychotic medi-an at-risk mental state antipsychotic medi-

cation to treat attenuated psychotic symp-cation to treat attenuated psychotic symp-

toms and reduce the risk of developingtoms and reduce the risk of developing

psychotic illness (McGorrypsychotic illness (McGorry et alet al, 2001;, 2001;

HarounHaroun et alet al, 2006). Studies of the dopami-, 2006). Studies of the dopami-

nergic system in individuals with an at-risknergic system in individuals with an at-risk

mental state would indicate whether a do-mental state would indicate whether a do-

paminergic abnormality that might be mod-paminergic abnormality that might be mod-

ified by antipsychotic treatment exists priorified by antipsychotic treatment exists prior

to the development of psychosis.to the development of psychosis.

CONCLUSIONSCONCLUSIONS

There is a fairly substantial and consistentThere is a fairly substantial and consistent

body ofbody of in vivoin vivo molecular imaging evidencemolecular imaging evidence

indicating that striatal presynaptic dopa-indicating that striatal presynaptic dopa-

mine synthesis and synaptic dopaminemine synthesis and synaptic dopamine

availability is increased in psychotic ill-availability is increased in psychotic ill-

nesses. Striatal dopamine D2 receptor levelsnesses. Striatal dopamine D2 receptor levels

may also be modestly increased in peoplemay also be modestly increased in people

with psychotic illnesses, although therewith psychotic illnesses, although there

have been a number of inconsistent studies,have been a number of inconsistent studies,

and striatal D1 receptor levels are similar.and striatal D1 receptor levels are similar.

The relationship between psychotic symp-The relationship between psychotic symp-

toms and dopaminergic function is less welltoms and dopaminergic function is less well

established, as few studies have investigatedestablished, as few studies have investigated

this, and the results among those to havethis, and the results among those to have

done so are inconsistent. Although thedone so are inconsistent. Although the

imaging data reviewed supports the dopa-imaging data reviewed supports the dopa-

mine hypothesis, the studies cannot excludemine hypothesis, the studies cannot exclude

the possibility that the abnormalities in thethe possibility that the abnormalities in the

dopamine system are secondary to otherdopamine system are secondary to other

factors, such as glutamatergic dysfunctionfactors, such as glutamatergic dysfunction

(Laruelle(Laruelle et alet al, 2003). Studies in people, 2003). Studies in people

with at-risk mental states, some of whomwith at-risk mental states, some of whom

are in the prodromal phase of psychosis,are in the prodromal phase of psychosis,

are needed to determine whether the dopa-are needed to determine whether the dopa-

minergic abnormalities found in psychoticminergic abnormalities found in psychotic

illness are state or trait features. Further-illness are state or trait features. Further-

more these studies will enable a numbermore these studies will enable a number

of predictions about the relationship be-of predictions about the relationship be-

tween dopaminergic abnormalities andtween dopaminergic abnormalities and

cognitive biases and cognitive impairmentscognitive biases and cognitive impairments

commonly associated with psychosis to becommonly associated with psychosis to be

tested. Investigating the pathophysiologytested. Investigating the pathophysiology

of the prodromal phase is important bothof the prodromal phase is important both

to understand the pathophysiology ofto understand the pathophysiology of
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psychosis and for the development of betterpsychosis and for the development of better

treatments to prevent the development oftreatments to prevent the development of

psychosis and ameliorate symptoms in thepsychosis and ameliorate symptoms in the

prodrome.prodrome.
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