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Abstract 

Elevated dopamine system function in the striatum is a hallmark of psychotic illness. 

However, the extent to which genetic risk factors contribute to striatal 

hyperdopaminergia remains largely unexplored. Here, we examined dopaminergic 

correlates of psychosis risk in those with and without a first-degree relative with 

psychosis. In the first study, we examined neuromelanin-sensitive magnetic 

resonance imaging (NM-MRI), which is a proxy of dopamine released over the 

lifespan and has been shown to be associated with positive symptoms in psychosis. 

We show that despite lack of a group difference in NM-MRI between those with and 

without a first-degree relative with psychosis, frequency of subclinical paranoid 

thought is associated with elevated NM-MRI in the dorsomedial substantia nigra and 

ventral tegmental area complex. In the second study, we examined task-based 

dopamine release in the same population using simultaneous [11C]raclopride 

positron emission tomography (PET) and functional MRI (fMRI) during fear 

conditioning. First, we confirmed the validity of the PET/fMRI experiment to capture 

dopamine release during the fear conditioning task. We show that fear conditioning 

elicits dopamine release in the dorsoposterior striatum of humans, which for the first 

time, confirms fear-elicited dopamine release in the analogous rodent tail of the 

striatum. We then compared dopamine release during fear conditioning in those with 

and without a first-degree relative with psychosis. We report that dopamine release 

is blunted in the dorsoposterior striatum in those with a first-degree relative. Finally, 

we report that lack of dopamine release in the dorsoposterior striatum is associated 

with increased frequency of subclinical paranoid thought. We also show that poor 

recall of the CS+ is associated with increased frequency of subclinical paranoid 

thought. For the first time, our findings suggest a lack of adaptive dopamine release 

is associated with subclinical positive symptomatology. Altogether, these two studies 

demonstrate that a static measure of dopamine released over the lifespan may be 

associated with paranoid thought, but that this increased release may not be 

occurring at relevant times and that a lack of adaptive dopamine release may be also 

contributing to paranoia, a prominent positive symptom in psychosis. 
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1. Introduction to Schizophrenia  

1.1 Conception, and symptoms of schizophrenia 

 The word “Schizophrenia” was first mentioned over 100 years ago by 

Professor Paul Eugen Bleuler. In Bleuler’s conception, splitting (greek root of “to 

split”; schizen) of the mental faculties (greek root of “soul, spirit or mind”; phren) was 

the most defining feature of the disease (Fusar-Poli & Politi, 2008). Although our 

understanding of schizophrenia has greatly developed since that time, the core 

concept captured by this term remains. Now, schizophrenia is understood to be a 

multi-faceted neurodevelopmental disorder with diverse presentations of psychotic 

(positive), negative and cognitive symptoms (Box 1; (Howes et al., 2024)). 

 

Box 1. DSM-5 diagnostic criteria for schizophrenia (Carter, 2014). 

A.  Two or more of: 
- Delusions 
- Hallucinations 
- Disorganized speech 
- Grossly disorganized or catatonic behaviour 
- Negative symptoms, such as diminished emotional expression, avolition and anhedonia. 
B.  Marked functional impairment, including interpersonal, academic and occupational. 
C.  Continuous disturbance for at least 6 months, including 1 month of list A symptoms and can 
include a prodromal or residual period. 
D.  Mood disorder excluded as a primary diagnosis. 
E.  Symptoms not caused by physiological effects of a substance or  another medical condition. 
F.  In the context of autism spectrum disorder or communication issues, prominent delusions or 
hallucinations must be present to make a diagnosis. 

1.2 Measurement and classification of symptoms in schizophrenia 

 Early attempts to measure schizophrenia symptoms, such as the brief 

psychiatric rating scale, captured various facets of the disorder (Overall & Gorham, 

1962). However, a comprehensive assessment categorizing symptoms into positive, 

negative, and general psychopathological domains was lacking until the 

development of the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 

1987). The PANSS, a 30-item, 7-point rating instrument, defines positive symptoms 

as productive features (e.g., delusions, hallucinations), negative symptoms as deficit 

features (e.g., blunted affect, anhedonia), and general psychopathological symptoms 

as a parallel measure of severity (e.g., poor attention) (Kay et al., 1987). Others 

further classified these 30-items into positive, negative, disorganized/cognitive, 

hostility/excitement and anxiety/depression factors (Marder et al., 1997). 

Nevertheless, it is the distinct identification of positive and negative symptoms, along 

with severity ratings, that made the PANSS the gold-standard in measuring response 

to antipsychotic medications. 

https://paperpile.com/c/ltwgBU/EjA4
https://paperpile.com/c/ltwgBU/rDjg
https://paperpile.com/c/ltwgBU/kq9Y
https://paperpile.com/c/ltwgBU/DDJC
https://paperpile.com/c/ltwgBU/DDJC
https://paperpile.com/c/ltwgBU/kaR5
https://paperpile.com/c/ltwgBU/kaR5
https://paperpile.com/c/ltwgBU/kaR5
https://paperpile.com/c/ltwgBU/fULQ
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1.3 Trajectory of symptoms in schizophrenia 

  Schizophrenia is increasingly seen as a neurodevelopmental disorder with a 

prepsychotic phase characterized by attenuated symptoms beyond just positive 

ones. This clinical high-risk state for psychosis (CHR-P) is analogous to chest pain, 

potentially leading to psychosis or other mental disorders. Criteria include 

asymptomatic genetic risk, basic symptoms ([BS]; depressive, anxious, negative or 

cognitive), attenuated psychotic symptoms (APS), brief limited intermittent psychotic 

episodes (BLIPS), and first episode psychosis (FEP). These criteria manifest at 

different levels across premorbid, CHR-P, and early psychosis phases, as shown in 

Figure 1 (Fusar-Poli et al., 2013; Iyer et al., 2008; Phillips et al., 2005). 

 

 
Figure 1. Time-course of illness progression from premorbid phase to full-blown 

psychosis. Adapted from (Fusar-Poli et al., 2013) with modifications from (Fusar-Poli, 

2017). 

 

When referring to early psychosis, it is important to note that this usually 

means the emergence of delusions and hallucinations, two criteria of schizophrenia 

that are typically grouped together into what we now know as positive symptoms. 

Really, it is the continuation of these positive symptoms for more than six months 

that qualifies an individual for a schizophrenia diagnosis. Interestingly, the two main 

positive symptoms also present at different points within the time-course of illness. In 

a landmark study examining CHR-P and FEP individuals, several observations on 

the emergence and stability of delusions and hallucinations can be made. Individuals 

are 3-8 times more likely to report delusions as a first symptom before hallucinations 

and are more stable only falling in severity after hallucination onset (Mourgues-

Codern et al., 2025). Furthermore, it is the preoccupation with and distress towards 

delusions that differentiate patients from those who simply hold unusual beliefs, and 

it is these dimensions of severity, rather than conviction (strength of the belief) that 

improve with antipsychotic treatment (Sisti et al., 2012; So et al., 2014). Thus, these 

observations poise the frequency and distress dimensions of delusions as 

particularly important targets in the prevention and treatment of schizophrenia. 

https://paperpile.com/c/ltwgBU/PahK+NI01+IlN5
https://paperpile.com/c/ltwgBU/PahK
https://paperpile.com/c/ltwgBU/bS34
https://paperpile.com/c/ltwgBU/bS34
https://paperpile.com/c/ltwgBU/o5Ay
https://paperpile.com/c/ltwgBU/o5Ay
https://paperpile.com/c/ltwgBU/E9EI+d0q6
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1.4 Epidemiology and burden of schizophrenia 

 Comprehensive global epidemiological reviews to date report a rather stable 

incidence (0.017-0.018%) and prevalence (0.29-0.39%) of schizophrenia and 

psychosis (Jongsma et al., 2019; Moreno-Küstner et al., 2018; Solmi et al., 2023). In 

Canada (2019), these estimates translate to approximately 6,400 new cases and 

110,000 current cases (Government of Canada, 2019). Despite lower prevalence 

compared to other mental disorders, schizophrenia imposes a significant 

socioeconomic burden, ranking highest among 354 diseases at an estimated $2.2 

billion in Canada ([$20 000 x 110 000]) (GBD 2017 Disease and Injury Incidence and 

Prevalence Collaborators, 2018; Stewart et al., 2022). With only 14-21% of 

individuals recovering, a substantial proportion continues to strain society (Hansen et 

al., 2023; Robinson et al., 2004). This limited recovery may stem from antipsychotic 

medications primarily targeting positive symptoms, rather than negative or general 

psychopathological symptoms (Tandon, 2011).  

1.5 Treatment of schizophrenia and psychosis 

The discovery that chlorpromazine alleviated hallucinations and delusions 

provided the first evidence for the antipsychotic effect of medication (Winkelman, 

1954). Since then, while antipsychotic drug classes have evolved, the primary 

pharmacodynamic target, the dopamine D2 receptor, has remained largely 

unchanged. These medications are effective on positive symptoms, but not negative, 

or cognitive symptoms, reinforcing dopamine as the key factor in psychosis 

specifically (Citrome, 2015; Fabiano et al., 2025; Feber et al., 2025; Osugo et al., 

2022; Seeman & Lee, 1974). Given its prominent role in the treatment of psychosis, 

the dopamine system will be the central focus of this thesis. 

2. The dopamine system 

2.1 Dopaminergic nuclei 

 Dopamine synthesizing and releasing neurons are concentrated in several 

nuclei of the brain (Dahlstroem & Fuxe, 1964). These nuclei are denoted A8 to A17 

and reflect their location based on the anterior distance, in mm, from the interaural 

line of the skull (A0). In the most basic classification system, A8, 9 and 10 neurons 

are proximally close and reside in the midbrain (German & Manaye, 1993). Further 

rostral, A11-17 neurons reside in and around the hypothalamic areas and extend 

anteriorly to the olfactory bulb (Goldsmith et al., 1990). The former, A8-10 neurons, 

have been studied most extensively in regards to neuropsychiatric disorders. 

Although demarcated as individual nuclei, A8 (retrorubral field), A9 (substantia nigra) 

and A10 (ventral tegmental area) dopamine neurons comprise a single network with 

no clear structural landmarks. Instead, these neurons can be more clearly classified 

based on differences in receptor expression within dorsal and ventral ‘tiers’ as well 

as projection sites (Haber et al., 1995; Zahm & Trimble, 2008). Thus, the 

https://paperpile.com/c/ltwgBU/tWoA+7mX2+kT7U
https://paperpile.com/c/ltwgBU/mxov
https://paperpile.com/c/ltwgBU/whU8+TMc7
https://paperpile.com/c/ltwgBU/whU8+TMc7
https://paperpile.com/c/ltwgBU/vYLH+6pZK
https://paperpile.com/c/ltwgBU/vYLH+6pZK
https://paperpile.com/c/ltwgBU/DMER
https://paperpile.com/c/ltwgBU/prkI
https://paperpile.com/c/ltwgBU/prkI
https://paperpile.com/c/ltwgBU/WDWA+8h5i+qGo8+VEl2+vEg3
https://paperpile.com/c/ltwgBU/WDWA+8h5i+qGo8+VEl2+vEg3
https://paperpile.com/c/ltwgBU/iIVm
https://paperpile.com/c/ltwgBU/qVWD
https://paperpile.com/c/ltwgBU/Xl3k
https://paperpile.com/c/ltwgBU/vpG8+S1en
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neuroanatomical location of A8-10 dopamine neurons confer likelihoods, but not 

absolutes, in terms of projections to target sites and vis-a-vis, functional involvement. 

Nevertheless, A8-17 nuclei project to discrete regions in the brain. 

2.2 Dopaminergic tracts 

 There are nine main tracts arising from A8-17 dopaminergic nuclei 

summarized in Table 1 below. In order, these correspond to the mesostriatal, 

mesocortical, tubero-infundibular, diencephalospinal, incertohypothalamic, 

periventricular, suprachiasmatic/supraoptic, olfactory and retinal tracts (Albanese et 

al., 1986; Björklund & Dunnett, 2007; Hamati et al., 2024). The main focus of the 

current thesis will be dopamine neurons in tract 1. This is because two of the 

methods used are neuromelanin-sensitive MRI (NM-MRI) and [11C]raclopride 

positron emission tomography. NM-MRI is a proxy for dopaminergic neurons of A8,9 

and 10 nuclei (see section 4.1) and [11C]raclopride positron emission tomography 

(PET) is a proxy for D2 receptors, which can only be reliably imaged in the striatum 

(see section 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/ltwgBU/haKL+dTIy+tIiM
https://paperpile.com/c/ltwgBU/haKL+dTIy+tIiM
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Table 1. Dopaminergic tracts according to their innervation targets 

Tract # Cell group(s) System Main Target References 

1 A8,9,10 Retrorubral field, 
substantia nigra, 
ventral tegmental 
area (midbrain) 

Striatum Rodent: (German 
& Manaye, 1993) 

Primate: 
(François et al., 

1999) 

2 A8,9,10 Midbrain Cortex Rodent: (Lindvall 
et al., 1978) 

Primate: 
(Björklund et al., 

1978) 

3 A12,14 Arcuate and 
periventricular 
hypothalamus 

Pituitary gland Primate: 
(Goldsmith et al., 

1990) 

4 A11 Paraventricular 
hypothalamus 

Spinal cord  Primate: 
(Goldsmith et al., 
1990; Holstege et 

al., 1996) 

5 A13 Zona incerta Hypothalamus, 
Thalamus, lateral 

septum 

Primate: 
(Goldsmith et al., 
1990; Sánchez-
González et al., 

2005) 

6 A11,14 Periaqueductal 
and 

periventricular 
gray 

Thalamus, 
Hypothalamus 

Primate: 
(Goldsmith et al., 
1990; Sánchez-
González et al., 

2005) 

7 A15 Suprachiasmatic 
nucleus and 
supraoptic 

nucleus  

Supraoptic 
nucleus, 

Thalamus 

Primate: 
(Goldsmith et al., 
1990; Sánchez-
González et al., 

2005) 

8 A16 Olfactory bulb Olfactory 
glomeruli 

Primate: (Loopuijt 
& Sebens, 1990) 

9 A17 Inner nuclear 
layer of retina 

Inner and outer 
plexiform layers 

Primate: 
(Frederick et al., 

1982) 

 

 

 

 

https://paperpile.com/c/ltwgBU/qVWD
https://paperpile.com/c/ltwgBU/qVWD
https://paperpile.com/c/ltwgBU/HWJe
https://paperpile.com/c/ltwgBU/HWJe
https://paperpile.com/c/ltwgBU/bD9j
https://paperpile.com/c/ltwgBU/bD9j
https://paperpile.com/c/ltwgBU/TtQC
https://paperpile.com/c/ltwgBU/TtQC
https://paperpile.com/c/ltwgBU/Xl3k
https://paperpile.com/c/ltwgBU/Xl3k
https://paperpile.com/c/ltwgBU/bTIF+Xl3k
https://paperpile.com/c/ltwgBU/bTIF+Xl3k
https://paperpile.com/c/ltwgBU/bTIF+Xl3k
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/Xl3k+tK2R
https://paperpile.com/c/ltwgBU/LveL
https://paperpile.com/c/ltwgBU/LveL
https://paperpile.com/c/ltwgBU/Qd9Y
https://paperpile.com/c/ltwgBU/Qd9Y
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2.3 Dopamine synthesis, release and reuptake 

 Dopaminergic neurons are identified through the proteins that they express: 

enzymes, receptors and transporters dedicated to dopamine synthesis, regulation, 

and reuptake. Tyrosine hydroxylase is one of the earliest markers that was used to 

identify dopamine neurons. Tyrosine hydroxylase is the first enzyme involved in the 

synthesis of dopamine, converting tyrosine to L-DOPA. L-DOPA is then converted to 

dopamine via aromatic acid decarboxylase. It is then loaded into synaptic vesicles by 

the vesicular monoamine transporter 2. These dopamine-loaded vesicles are docked 

at active zones located on varicosities (i.e. the pre-synaptic site is atypical, not 

located on axonal boutons). Release occurs via calcium-evoked exocytosis, 

mediated by SNARE proteins that drive vesicle fusion. The active zone is already 

primed with many of these vesicles, known as a readily releasable pool, and so 

dopamine axons release dopamine with a high probability. In addition, dopamine can 

can also be released somatodendritically, which can activate D2 receptor mediated 

inhibition of those dopamine neurons (autoinhibition) via inhibitory currents mediated 

by G protein-activated inward rectifier K+ (GIRK) channels. Another way to reduce 

dopaminergic activity is through reuptake of dopamine, mediated by the dopamine 

transporter (DAT). Once back in the cell, dopamine is either repackaged into 

vesicles, broken down via monoamine oxidase or enters the neuromelanin-synthesis 

pathway (see section 4.1) (Liu et al., 2021; Martel & Gatti McArthur, 2020; Wengler, 

Trujillo, et al., 2024).  

 

DAT, together with the activity of dopamine neurons, are responsible for 

maintaining tonic and phasic dopamine levels. Dopamine neurons can switch 

between silent, tonic firing and burst firing states. Of the spontaneously active 

neurons (~50-98%), some display an intrinsic pacemaker function and fire regularly 

(2-10 Hz). This regular firing produces scattered, short-lived dopamine transients (a 

few milliseconds) to maintain steady-state (‘tonic’) dopamine levels in the striatum. 

Importantly, baseline dopamine levels estimated at 2-20 nM are below the activation 

threshold of most dopamine receptors. These clock-like dopamine neurons can 

transition into a burst firing state likely via glutamatergic inputs. Synchronous firing of 

dopamine neurons firing in bursts produces phasic dopamine levels estimated at 100 

μM - 1 mM. A burst is a high frequency spike train (>10 Hz, interspike interval < 0.08 

s) that is thought to prolong the dwell time of dopamine, whereas the synchronous 

activity of these bursting neurons overwhelm DAT and produce dopamine levels 

above the activation threshold. In summary, DAT activity and dopamine neuron 

activities (tonic, phasic) determine the level and the dwell time of dopamine in the 

striatum. Release sites that are further than one micrometre are not likely to bind and 

activate dopamine receptors, and thus dopamine that is released from active sites 

form a small spatially specific activation zone (Grace, 2008, 2016; Grace et al., 2007; 

Grace & Bunney, 1983; Liu et al., 2021). 

 

https://paperpile.com/c/ltwgBU/4Lz8+3eb9+A0OP
https://paperpile.com/c/ltwgBU/4Lz8+3eb9+A0OP
https://paperpile.com/c/ltwgBU/ZqWx+riI9+3eb9+FdBW+gAzJ
https://paperpile.com/c/ltwgBU/ZqWx+riI9+3eb9+FdBW+gAzJ
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Table 2. Two modes of dopamine release, adapted from (Grace 2008); with 

modifications from (Grace, 2008, 2016; Grace et al., 2007; Grace & Bunney, 1983; 

Liu et al., 2021). 

Tonic Dopamine Phasic Dopamine 

- Would influence large ensembles of 
striatal neurons through extended 
extrasynaptic binding 

- Potentially mediated by increased 
proportion of spontaneously active 
dopamine neurons 

- Likely not detectable by raclopride 
displacement 

- Large dopamine concentration increase 
within the synapse, mediated by 
synchronized burst firing 

- Rapid reuptake via dopamine 
transporter restricts activity synaptically 

- Can be detected by raclopride 
displacement 

2.4 Dopaminergic receptors 

 The striatum, densely innervated by A8,9 and 10 neurons, contains the 

highest concentration of dopamine receptors. These G protein-coupled receptors 

(GPCRs) are classified into D1-class (D1 and D5) and D2-class (D2, D3, and D4) 

receptors. D1-class receptors are ‘excitatory’ receptors (Kd = 1 uM; low-affinity state), 

primarily coupled to GS, which stimulate adenylate cyclase and increase cAMP 

levels. In contrast, D2-class receptors are ‘inhibitory’ receptors (Kd = 25 nM; high-

affinity state), primarily coupled to Gi/o, which inhibit adenylate cyclase and decrease 

cAMP levels. D2 receptors have a 40-fold higher affinity for dopamine than D1 

receptors, leading to the idea that D2 receptors are tonically active and D1 receptors 

are phasically active (Liu et al. 2021; Martel and Gatti McArthur 2020; Kawahata et 

al. 2024). However, rapid inhibitory currents from Gi/o coupled GIRK channels during 

tonic and phasic firing challenge the idea that D2 receptors are only activated with 

tonic dopamine release (Lalive et al. 2014; Beckstead et al. 2004). A small (%5) but 

important population of neurons co-express D1 and D2 receptors (Bonnavion et al. 

2024). The co-localization of D1 and D2 receptors in striatal neurons further 

complicates their interaction with dopamine, with D1 receptor manipulations 

potentially shifting the affinity-state of D2 receptors (Seeman et al. 2005).  

2.5 Functional relevance of tonic and phasic release to striatal 

dopamine pathways 

 To reconcile the fact that dopamine is released from varicosities (with no real 

post-synaptic site) but still produce precise learning signals, the domain-overlap 

model was proposed. This proposed model of signaling combines two models of 

signalling (volume transmission and synaptic transmission). Thus, sparse, 

spontaneous release and dopamine receptor binding produces a steady state (tonic 

levels) to regulate homeostatic functions, while synchronous phasic activity (phasic 

levels), combined with the differential distribution of dopamine receptors may allow 

for specific pathway recruitment (Liu et al., 2021). 

https://paperpile.com/c/ltwgBU/gAzJ
https://paperpile.com/c/ltwgBU/ZqWx+riI9+3eb9+FdBW+gAzJ
https://paperpile.com/c/ltwgBU/ZqWx+riI9+3eb9+FdBW+gAzJ
https://paperpile.com/c/ltwgBU/3eb9+4Lz8+ZGGM
https://paperpile.com/c/ltwgBU/3eb9+4Lz8+ZGGM
https://paperpile.com/c/ltwgBU/Mfgb+IZal
https://paperpile.com/c/ltwgBU/CJXw
https://paperpile.com/c/ltwgBU/CJXw
https://paperpile.com/c/ltwgBU/NuUl
https://paperpile.com/c/ltwgBU/3eb9
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2.5.1 Tonic release and homeostatic functions 

Tonic dopamine refers to “baseline” dopamine that operates on a long 

timescale such as tens of seconds or minutes. Tonic dopamine serves two important 

functions, acting as both a homeostatic set point that calibrates the entire system 

and a gain control mechanism that modulates the ability of phasic dopamine to guide 

behavior. As a homeostatic signal, the continuous, low-level presence of dopamine 

prevents the maladaptive upregulation of dopamine synthesis and receptors, a 

compensatory change that would otherwise lead to a state of supersensitivity. This 

constant background tone establishes the baseline sensitivity of the system, 

ensuring it remains poised to respond dynamically to transient, high-concentration 

phasic signals without becoming unstable (Grace, 1991). Simultaneously, this tonic 

level acts as a gain control by maintaining partial occupancy of high-affinity receptors 

and biases learning strategies. A lower tonic level increases the gain, promoting 

exploitation of learned behaviors, while a higher tonic level reduces the gain, making 

choices more stochastic and favoring exploration (Ellwood et al., 2017; Guthrie et al., 

2009; Pinto & Uchida, 2023). 

2.5.2 Phasic release and striatal dopamine pathway recruitment  

Phasic dopamine refers to shorter timescale dopamine (seconds or less), 

elicited by external stimuli, and serves as a teaching signal to reinforce behaviour. 

Modulation of striatal circuits in a D1-class ‘go’ pathway and a D2-class ‘no-go’ 

pathway has been useful in describing action selection (Kravitz & Kreitzer, 2012). 

D1-class activation, rise in cAMP, and protein kinase A (PKA)-mediated 

phosphorylation of glutamatergic receptors increase the excitability of striatal 

neurons to facilitate motor behaviour. Whereas D2-class activation, decrease in 

cAMP, and GIRK channel opening decrease the excitability of striatal neurons, which 

typically inhibit motor behaviour. Thus, phasic dopamine release in the striatum is 

classically thought to promote movement, via activation D1-class receptors on 

striatal neurons that ‘Go’, and at the same time, via activation of D2-class receptors, 

which inhibit tonically active striatal neurons that ‘No-Go’ (i.e. inhibiting the inhibitor). 

More contemporary views suggest both pathways are coactivated in a center-

surround fashion to facilitate the selected action (center) and inhibit the competing 

actions (surround) (Cui et al., 2013; Li & Jin, 2023). In terms of value-based decision 

making, rather than a motor control view, inactivation of D1-class receptors 

selectively impairs value-dependent action selection and inactivation of D2-class 

receptors impairs value learning, respectively (Kwak & Jung, 2019). 

3. Dopamine hypotheses of schizophrenia 

3.1 Dopamine excess hypothesis 

The dopamine excess hypothesis was originally proposed by Carlsson, 

Meltzer, Stahl, and Snyder (Carlsson, 1988; Meltzer & Stahl, 1976; Snyder, 1976). 

https://paperpile.com/c/ltwgBU/4PwM
https://paperpile.com/c/ltwgBU/9bvJ+9Mix+QBx7
https://paperpile.com/c/ltwgBU/9bvJ+9Mix+QBx7
https://paperpile.com/c/ltwgBU/C2rx
https://paperpile.com/c/ltwgBU/lqSq+AK3k
https://paperpile.com/c/ltwgBU/29TW
https://paperpile.com/c/ltwgBU/1Lqw+CqS3+NQfZ
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Snyder (1976) first emphasizes the important role for dopamine in the central 

nervous system by illustrating the importance of dopamine in developing 

therapeutics for Parkinson’s disease. Then, he states that amphetamine-induced 

psychosis may be the best model of schizophrenia, since individuals with either 

disorder present similarly and often confuse clinicians (Bell, 1973). Another line of 

evidence comes from the study of phenothiazines, which show antipsychotic effects 

(Winkelman, 1954). The phenothiazines, such as chlorpromazine, were found to 

produce animal behaviour similar to that of reserpine, which deplete dopamine 

stores (Carlsson & Lindqvist, 1963). It was only later that chlorpromazine was shown 

to reverse the effects of amphetamine on dopaminergic neurons, and binds to the 

dopamine receptor site (Aghajanian & Bunney, 1973; Seeman & Lee, 1974). In 

parallel, clinicians were administering several dopamine modulating compounds, 

namely Alpha-methyl-para-tyrosine (AMPT), which reduces dopamine synthesis as a 

tyrosine hydroxylase inhibitor, L-DOPA, the rate-limiting precursor to dopamine 

synthesis, and amphetamines, which release dopamine and of course, analogues of 

chlorpromazine, butyrophenones (like haloperidol) and eventually other D2 receptor 

antagonists and partial agonists, in patients with schizophrenia. 

3.1.1 Pharmacological studies supporting dopamine excess 

 In general, AMPT did not produce an antipsychotic effect on its own, but did 

reduce the dose of a D2 receptor antagonist needed to produce an antipsychotic 

effect (Carlsson et al., 1973; Charalampous & Brown, 1967; Gershon et al., 1967; 

Magelund et al., 1979; Nasrallah et al., 1977; Suker et al., 2023; Wålinder et al., 

1976; Wolkin et al., 1994). Whereas, L-DOPA and amphetamines, which promote 

dopamine synthesis and release, increase psychotic symptoms in schizophrenia 

(Angrist, Sathananthan, & Gershon, 1973; Angrist, Sathananthan, Gershon, et al., 

1973; Davis & Janowsky, 1973; Janowsky et al., 1973; Yaryura-Tobias & Diamond, 

1971). More recently, a meta-analysis reported that the psychosis incidence rate in 

Parkinson’s disease patients taking L-DOPA was 35%, much higher than the 

psychosis incidence in the general population (Alsharaeh et al., 2024). Furthermore, 

the incidence of psychosis was 58% when patients were prescribed more than 558 

mg of L-DOPA versus 33% in those prescribed less than 558 mg.  In a case-control 

study using electronic health records, those with a past-month prescription of 

amphetamines were twice as likely to be hospitalized for psychosis, increasing to 

five-fold for higher dose prescriptions (Moran et al., 2024). Finally, a joint network 

meta-analysis of randomized-controlled trials and real-world effectiveness of all 

current D2 receptor antagonist medications found that they were effective in treating 

schizophrenia (Efthimiou et al., 2024), Altogether, these data suggest pro-

dopaminergic compounds produce psychosis and exacerbate positive symptoms in 

schizophrenia, whereas dopamine blocking medications improve them (Table 3). 

 

 

https://paperpile.com/c/ltwgBU/qwp2
https://paperpile.com/c/ltwgBU/prkI
https://paperpile.com/c/ltwgBU/Tg1x
https://paperpile.com/c/ltwgBU/qGo8+cWkG
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n+YWPt+v0Q8+P4OT+FXUq+XDya
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n+YWPt+v0Q8+P4OT+FXUq+XDya
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n+YWPt+v0Q8+P4OT+FXUq+XDya
https://paperpile.com/c/ltwgBU/oES3+WEEw+FMNS+a63x+M7NT
https://paperpile.com/c/ltwgBU/oES3+WEEw+FMNS+a63x+M7NT
https://paperpile.com/c/ltwgBU/oES3+WEEw+FMNS+a63x+M7NT
https://paperpile.com/c/ltwgBU/LqMh
https://paperpile.com/c/ltwgBU/QACM
https://paperpile.com/c/ltwgBU/ypij
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Table 3. Administration of dopamine depleting and pro-dopaminergic compounds in 

schizophrenia. 

Compound Mechanism of action Effect Study 

Chlorpromazine D2 receptor antagonist Antipsychotic effect (Winkelman, 1954) 

Alpha-methyl-para-
tyrosine (AMPT) 

Tyrosine hydroxylase 
inhibitor 

No antipsychotic effect (Charalampous & 
Brown, 1967; Gershon 
et al., 1967; Wolkin et 

al., 1994) 

D2 receptor antagonist 
+ AMPT 

D2 receptor antagonist 
+Tyrosine hydroxylase 

inhibitor 

Antipsychotic effect (Carlsson et al., 1973; 
Magelund et al., 1979; 
Nasrallah et al., 1977; 

Suker et al., 2023; 
Wålinder et al., 1976) 

Dopamine precursor L-DOPA Psychotic effect (Alsharaeh et al., 
2024; Angrist, 

Sathananthan, & 
Gershon, 1973; 

Angrist, Sathananthan, 
Gershon, et al., 1973; 
Jaskiw & Popli, 2004; 

Yaryura-Tobias & 
Diamond, 1971) 

Methylphenidate, 
Amphetamine, 

Methamphetamine 

Dopamine releaser Psychotic effect (Davis & Janowsky, 
1973; Janowsky et al., 

1973; Moran et al., 
2024) 

3.1.2 Neuroimaging studies supporting dopamine excess 

Neuroimaging studies provide further evidence for the dopamine excess 

hypothesis in schizophrenia, utilising techniques like single photon emission 

computed tomography (SPECT), PET and NM-MRI to investigate dopaminergic 

markers in-vivo in humans. Studies using [18F]DOPA PET, which target aromatic 

acid decarboxylase (AADC), consistently show elevated dopamine synthesis 

capacity that is associated with positive symptoms of schizophrenia (Brugger et al., 

2020; Howes et al., 2011, 2013; Jauhar et al., 2017, 2019, 2025; Lindström et al., 

1999). DAT imaging with ligands such as [11C]PE2I, [18F]CFT, [123]FP-CIT (Arakawa 

et al., 2009; Brugger et al., 2020; Laakso et al., 2000, 2001; Lavalaye et al., 2001) or 

D2/3 receptor imaging with ligands such as [123I]IBZM SPECT, [76Br]bromospiperone 

SPECT, [11C]N-methylspiperone PET, and [11C]raclopride PET generally do not 

show elevated dopamine or association with positive symptoms on their own 

(Brugger et al., 2020; Farde et al., 1990; Hietala et al., 1994; Martinot et al., 1990; 

Nordström et al., 1995; Pérez et al., 2003; Wong et al., 1986). However, when 

combined with AMPT using a pre-post design, studies reveal increased synaptic 

dopamine levels via increases in D2/3 receptor availability and are associated with 

positive symptoms (Abi-Dargham et al., 2000; Brugger et al., 2020; Caravaggio et 

al., 2015). Similarly, studies using D2/3 receptor ligands (like [123I]IBZM SPECT, 

https://paperpile.com/c/ltwgBU/prkI
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n
https://paperpile.com/c/ltwgBU/RcHI+JHmm+d01n
https://paperpile.com/c/ltwgBU/YWPt+v0Q8+P4OT+XDya+FXUq
https://paperpile.com/c/ltwgBU/YWPt+v0Q8+P4OT+XDya+FXUq
https://paperpile.com/c/ltwgBU/YWPt+v0Q8+P4OT+XDya+FXUq
https://paperpile.com/c/ltwgBU/YWPt+v0Q8+P4OT+XDya+FXUq
https://paperpile.com/c/ltwgBU/YWPt+v0Q8+P4OT+XDya+FXUq
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/LqMh+dPaO+WEEw+FMNS+oES3
https://paperpile.com/c/ltwgBU/a63x+QACM+M7NT
https://paperpile.com/c/ltwgBU/a63x+QACM+M7NT
https://paperpile.com/c/ltwgBU/a63x+QACM+M7NT
https://paperpile.com/c/ltwgBU/a63x+QACM+M7NT
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+iIZZ+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+iIZZ+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+iIZZ+vRJb+4W1v
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n+iIZZ
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n+iIZZ
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW+iIZZ
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW+iIZZ
https://paperpile.com/c/ltwgBU/jg7H+ALEu+iIZZ
https://paperpile.com/c/ltwgBU/jg7H+ALEu+iIZZ
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[11C]NPA, [11C]raclopride, [11C]-(+)-PHNO) in conjunction with amphetamine or 

stress also demonstrate increased dopamine release via decreases in D2/3 receptor 

availability, which are linked to positive symptoms (Abi-Dargham et al., 1998; 

Bertolino et al., 2000; Breier et al., 1997; Brugger et al., 2020; Frankle et al., 2018; 

Laruelle et al., 1996; Mizrahi et al., 2012; Pogarell et al., 2012; Tseng et al., 2018). 

Importantly, these SPECT/PET studies observe increased dopamine synthesis 

capacity, release capacity, and synaptic dopamine levels in the dorsal striatum 

(caudate and putamen), rather than ventral striatum (nucleus accumbens) 

(McCutcheon et al., 2019). Finally, NM-MRI, which measures neuromelanin levels in 

A8, 9, and 10 nuclei, is also elevated in schizophrenia, which is a proxy of long-term 

dopamine levels over the lifespan. Some of these studies show an association with 

positive symptoms as well (Cassidy et al., 2019; Ueno et al., 2022; Vano et al., 2024; 

Wengler, Seth C. Baker, et al., 2024; Wieland et al., 2021). In summary, several 

molecular neuroimaging techniques provide evidence for increased dopamine in 

schizophrenia (Table 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu+iIZZ
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu+iIZZ
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu+iIZZ
https://paperpile.com/c/ltwgBU/XrhH
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
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Table 4. Various PET radioligands in the investigation of dopamine abnormalities in 

schizophrenia. 

Imaging Modality Molecular 
Target 

Elevated 
dopamine? 

Associated with 
+ve symptoms? 

Reference 

[18F]-DOPA PET Aromatic Acid 
Decarboxylase  

Yes Yes (Howes et al., 
2011, 2013; 
Jauhar et al., 
2017, 2019, 

2025; Lindström 
et al., 1999) 

[1231]IBZM SPECT, 
[76Br]bromospiperone, 

[11C]N-
methylspiperone, 

[11C]raclopride PET 

D2/3 receptors No No (Farde et al., 
1990; Hietala et 

al., 1994; 
Martinot et al., 

1990; Nordström 
et al., 1995; 
Pérez et al., 

2003; Wong et 
al., 1986) 

[1231]IBZM SPECT, 
[11C]raclopride PET + 

AMPT 

Synaptic 
dopamine 
levels via 

change in D2/3 

Yes Yes (Abi-Dargham et 
al., 2000; 

Caravaggio et al., 
2015) 

 [1231]IBZM SPECT, 
[11C]NPA, 

[11C]raclopride PET, 
[11C]-(+)-PHNO,  

+ Amphetamine or 
Stress 

Dopamine 
release via 

change in D2/3 

Yes Yes (Abi-Dargham et 
al., 1998; 

Bertolino et al., 
2000; Breier et 

al., 1997; Frankle 
et al., 2018; 

Laruelle et al., 
1996; Mizrahi et 

al., 2012; 
Pogarell et al., 
2012; Tseng et 

al., 2018) 

[11C]PE2I, 
[18F]CFT, 

[123I]FP-CIT 

DAT No No (Arakawa et al., 
2009; Laakso et 
al., 2000, 2001; 
Lavalaye et al., 

2001) 

NM-MRI A8, 9, 10 
neuromelanin 

levels 

Yes Yes (Cassidy et al., 
2019; Ueno et al., 
2022; Vano et al., 
2024; Wengler, 

Seth C. Baker, et 
al., 2024; 

Wieland et al., 
2021) 

Note: Previous D1 receptor ligands did not produce consistent results (Guo et al., 

2003). 

https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/Mp4o+6W9s+7Qar+kX0Q+vRJb+4W1v
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/G8gF+7h5p+Rl25+7XJS+wtRX+zYsW
https://paperpile.com/c/ltwgBU/jg7H+ALEu
https://paperpile.com/c/ltwgBU/jg7H+ALEu
https://paperpile.com/c/ltwgBU/jg7H+ALEu
https://paperpile.com/c/ltwgBU/jg7H+ALEu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/82Wq+kLEz+lSdn+w5Pl+XjrJ+Q27n+QfaI+LkZu
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n
https://paperpile.com/c/ltwgBU/tqhg+E0Ei+SIrx+g35n
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/oFqU+0Eco+PuBS+LSxF+FEEa
https://paperpile.com/c/ltwgBU/3A7w
https://paperpile.com/c/ltwgBU/3A7w
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3.2 Dopamine imbalance hypothesis 

3.2.1 Pharmacological studies supporting dopamine imbalance 

Early on, researchers recognized that dopamine excess explained the 

emergence of positive symptoms, but failed to account for negative or cognitive 

symptoms of schizophrenia. This is partly due to reported improvements in negative 

symptoms when administering L-DOPA to individuals with schizophrenia. When 

systematically reviewed, L-DOPA administration led to a modest, but significant 

improvement of negative symptoms in schizophrenia, whereas symptomatic 

worsening occurred in roughly 20% of patients (Gerlach & Lühdorf, 1975; Inanaga et 

al., 1972, 1975; Jaskiw & Popli, 2004; Kay & Opler, 1985; Kumar et al., 2025). This 

and other observations, led to the development of dopamine receptor partial agonists 

for the treatment of negative and cognitive symptoms. Dopamine receptor partial 

agonists would increase dopamine-related signaling in brain areas where there is 

presumably less dopamine but still reduce dopamine-related signaling in brain areas 

where there is presumably more dopamine (Carlsson & Carlsson, 2006; Kikuchi et 

al., 2021). Studies evaluating the effectiveness of these newer medications on 

negative and cognitive symptoms are mixed. When compared to placebo, dopamine 

receptor partial agonists are effective in all symptom subdomains (Osugo et al., 

2022). However, a network meta-analysis evaluating cognitive symptoms suggest no 

current dopaminergic antipsychotics are effective, but avoiding first-generation 

(dopamine receptor antagonist) medications may be warranted (Feber et al., 2025). 

Indeed, administration of dopamine receptor antagonists but not partial agonists, to 

healthy humans for seven days also produces negative symptoms (Osugo et al., 

2025). Overall, pharmacological evidence suggests augmentation of dopamine 

signaling may also improve symptoms of schizophrenia (Table 5). 

 

Table 5. Administration of pro-dopaminergic compounds alone or with antipsychotic 

treatment. 

Compound Mechanism of action Effect Study 

Dopamine precursor L-DOPA Reduction in negative 
symptoms 

(Gerlach & Lühdorf, 
1975; Inanaga et al., 
1972, 1975; Jaskiw & 

Popli, 2004; Kay & 
Opler, 1985; Kumar et 

al., 2025) 

D2 receptor antagonist 
+ amphetamine 

D2 receptor antagonist 
+ dopamine releaser 

Reduction in negative 
symptoms 

(Cesarec & Nyman, 
1985) 

D2 receptor partial 
agonist or 

prodopaminergic drug 

D2 receptor partial 
agonist or 

prodopaminergic drug 

Reduction in all 
symptoms 

(Osugo et al., 2022) 

D2 receptor antagonist 
or partial agonist  

D2 receptor antagonist 
or partial agonist  

No reduction in 
cognitive symptoms 

(Feber et al., 2025; 
Osugo et al., 2025) 

https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/7Srn+03d4
https://paperpile.com/c/ltwgBU/7Srn+03d4
https://paperpile.com/c/ltwgBU/VEl2
https://paperpile.com/c/ltwgBU/VEl2
https://paperpile.com/c/ltwgBU/vEg3
https://paperpile.com/c/ltwgBU/SIjv
https://paperpile.com/c/ltwgBU/SIjv
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/4ZaD+MA24+igEF+dPaO+3GSw+McoP
https://paperpile.com/c/ltwgBU/v38B
https://paperpile.com/c/ltwgBU/v38B
https://paperpile.com/c/ltwgBU/VEl2
https://paperpile.com/c/ltwgBU/vEg3+SIjv
https://paperpile.com/c/ltwgBU/vEg3+SIjv
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3.2.2 Neuroimaging studies supporting dopamine imbalance 

Relative to neuroimaging studies examining dopaminergic excess, there are 

few studies looking at decreased dopamine release in schizophrenia. The reasons 

for this are mainly methodological; dopamine decreases are thought to be 

regionalized cortically but dopamine receptors are expressed in relatively lower 

quantities in extrastriatal areas and so produce unreliable measurements (Alakurtti et 

al., 2015; Slifstein et al., 2010). However, very high affinity tracers such as 

[11C]FLB457 supposedly measure D2/3 receptor availability in the cortex more reliably 

relative to [11C]raclopride. In these studies, both amphetamine and a working 

memory task elicit less dopamine release in those with schizophrenia (Frankle et al., 

2022; Rao et al., 2019; Slifstein et al., 2015). In summary, these studies provide 

empirical evidence for a lack of dopamine release cortically. Clearly, the story is 

much more complicated than a disorder of dopamine excess.  

3.3 Aberrant salience hypothesis: promises and pitfalls 

The aberrant salience hypothesis was postulated as a framework combining 

observations from neurobiology, pharmacology and phenomenology, providing a link 

between dopamine and schizophrenia (Kapur, 2003). The hypothesis states that 

dopamine excess in the ventral striatum drives the inappropriate assignment of 

salience to neutral stimuli, providing grounds for inappropriate associative learning 

and ultimately, the formation of delusions. When taking antipsychotics, individuals 

“do not primarily change thoughts or ideas; instead, they provide a neurochemical 

milieu wherein new aberrant saliences are less likely to form and previously aberrant 

saliences are more likely to extinguish.” (Kapur, 2003). Since then several variations 

of this proposal have emerged (Corlett et al., 2009; Corlett & Fraser, 2025; Howes & 

Kapur, 2009; Kapur et al., 2005; Maia & Frank, 2017; Millard et al., 2022; Winton-

Brown et al., 2014).  

3.4 Evolving Models: Bayesian, Chaotic, and Prediction Error 

Hypotheses 

3.4.1 Bayesian uncertainty hypothesis 

 The Bayesian uncertainty hypothesis suggests that our world experience is 

shaped between prior experience (top-down processing) and current sensory input 

(bottom-up processing). The prediction error is essentially a mismatch between 

these two systems, which functions to increase the accuracy of prediction in the 

future (minimizing prediction error). The excitatory neurotransmitter glutamate is 

thought to compute the prediction error. On the other hand, neuromodulatory 

neurotransmitters like dopamine are thought to modulate this system by signalling 

the level of confidence or uncertainty about those prediction errors. For example, 

dopamine may increase or decrease the influence of a particular prediction error to 

update a belief (Corlett et al., 2009). It is thought that hallucinations and delusions 

https://paperpile.com/c/ltwgBU/WnyO+ws1c
https://paperpile.com/c/ltwgBU/WnyO+ws1c
https://paperpile.com/c/ltwgBU/aGny+020Y+eRUu
https://paperpile.com/c/ltwgBU/aGny+020Y+eRUu
https://paperpile.com/c/ltwgBU/phdr
https://paperpile.com/c/ltwgBU/phdr
https://paperpile.com/c/ltwgBU/BeGt+VyE8+cwA1+Nqx7+wj32+9oqy+PZi2
https://paperpile.com/c/ltwgBU/BeGt+VyE8+cwA1+Nqx7+wj32+9oqy+PZi2
https://paperpile.com/c/ltwgBU/BeGt+VyE8+cwA1+Nqx7+wj32+9oqy+PZi2
https://paperpile.com/c/ltwgBU/PZi2
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arise from differential imbalances of prior experience and sensory input. For 

example, aberrant bottom-up signaling forces a compensatory change in belief 

(delusion). Whereas, aberrant top-down signalling forces perception in the absence 

of strong sensory input (hallucination). 

3.4.2 Chaotic dopamine hypothesis  

Maia and Frank (2017) argue that schizophrenia arises from a combination of 

diminished phasic dopamine responses to relevant stimuli and increased 

spontaneous (tonic) dopamine release. Each of these disturbances contribute to a 

specific symptom domain (positive, negative) and explain a wide range of 

experimental findings. Reduced phasic responding to relevant stimuli help to explain 

negative symptoms: reduced learning from rewards, blunted activation of the ventral 

striatum, midbrain and other regions for reward prediction error. On the other hand, 

increased spontaneous dopamine release helps to explain positive symptoms: 

aberrant learning about neutral cues, increased activation of the ventral striatum, 

midbrain and other regions, and possibly erroneous prediction errors during neutral 

cues (Maia & Frank, 2017). 

3.4.3 Prediction error hypothesis 

Millard et al., (2022) propose a new framework where the dopamine prediction 

error, a signal that indicates a mismatch between expectation and reality, is 

interpreted differently by distinct, imbalanced brain circuits that converge in the 

ventral striatum. The core of the hypothesis is a differential weighting of inputs to the 

ventral striatum. On one hand, there exists an overweighted circuit involving input 

from the orbitofrontal cortex (which modulates neutral cues). On the other hand, 

there are underweighted circuits involving input from the prelimbic cortex (reduces 

salience of irrelevant cues) and lateral hypothalamus (increases salience of reward-

predicting information). This imbalance causes the dopamine signal to be 

misconstrued: meaningless connections form and meaningful connections are not 

reinforced, leading to positive and negative symptoms of schizophrenia (Millard et 

al., 2022). 

3.5 Dopamine hypothesis of schizophrenia: a way forward? 

Instead of summarizing the support garnered for the salience misattribution 

hypothesis thus far, we will examine the most recent rebuttal of this hypothesis 

(Corlett & Fraser, 2025). In short, the aberrant salience hypothesis makes three 

critical predictions that have not held up to empirical scrutiny. First, studies using 

tasks designed to measure incentive salience (AKA ‘wanting’), such as the salience 

attribution task, have failed to show that individuals with schizophrenia have more 

salience misattribution than healthy controls. While some correlations exist within 

patient groups, the data does not support the idea that aberrant salience causes 

delusions. Second, the idea that salience misattribution is solely arising out of 

dysregulated dopamine function in the ventral striatum. Indeed, as summarized 

https://paperpile.com/c/ltwgBU/wj32
https://paperpile.com/c/ltwgBU/Nqx7
https://paperpile.com/c/ltwgBU/Nqx7
https://paperpile.com/c/ltwgBU/9oqy
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above (section 2.1.2), excess dopamine synthesis capacity is more prominent in the 

associative and sensorimotor striatal areas relative to the ventral striatum. Third, 

there is a conflation of incentive salience and general salience. For example, 

unexpected events are salient and grab our attention because they signal a need to 

learn but do not necessarily motivate us to perform an action. The narrowing of 

scope has perhaps, unintentionally, guided researchers to focus on reward-based 

tasks which do not necessarily capture the larger idea of salience misattribution. 

However, the largest problem to date is a lack of empirical data. Although preclinical 

evidence suggests an imbalance between tonic and phasic dopamine 

neurotransmission, this remains an open question due to the time scale and other 

limitations of fMRI and PET imaging (Winton-Brown et al., 2014). By combining the 

molecular specificity of PET and the temporal resolution of fMRI, we may be able to 

investigate tonic and phasic dopamine signalling in humans. In the next section, we 

will examine the molecular imaging methodologies used in the current thesis before 

providing the rationale for the studies. 

4. In-vivo measurement of the dopamine system in humans 

4.1 Neuromelanin-sensitive MRI (NM-MRI) 

Neuromelanin is a dark pigment that is responsible for the black color of the 

substantia nigra and locus coeruleus. Neuromelanin accumulates in healthy aging as 

a by-product of catecholaminergic metabolism. This pigment is lost only during cell 

death, and thus serves as a direct marker of dopaminergic neurodegeneration in 

Parkinson’s disease (Sulzer et al., 2018). However, evaluating differences in 

neuromelanin accumulation in the absence of neurodegeneration, may serve as an 

important tool for understanding neuropsychiatric disease (Cassidy et al., 2019; 

Wengler, Trujillo, et al., 2024). Dopamine that is not repackaged into vesicles or 

broken down by monoamine oxidase, is left within the cytosol and enters the 

neuromelanin-synthesis pathway. In this pathway, dopamine-quinones form via 

several alternative biochemical cascades. The first being spontaneous auto-

oxidation, the second being metal-dependent oxidation (i.e. copper) and the third, 

enzymatically, via tyrosinase (albeit at low levels) or ubiquitous enzymes such as 

prostaglandin H synthase (Hastings 1995; Greggio et al. 2005; Ikemoto et al. 1998; 

Snyder and Friedman 1998). Regardless, the resulting quinones are toxic and are 

quickly autophagocytosed. As they are retroactively transported back to the soma, 

these autophagosomes mature, polymerize and sequester iron, proteins and fats. It 

is the high iron content and resulting paramagnetic quality of these neuromelanin 

organelles that allow us to exploit neuromelanin accumulation in MRI sequences 

(Filimontseva et al., 2025; Wengler, Trujillo, et al., 2024; Zucca et al., 2014). One 

such sequence that is used in the current thesis is the 2D gradient recalled echo with 

magnetization transfer pulse (2D-GRE-MT) sequence. This sequence shows high 

reliability and is thought to be sensitive, but not specific, to neuromelanin, with 

https://paperpile.com/c/ltwgBU/cwA1
https://paperpile.com/c/ltwgBU/WZQT
https://paperpile.com/c/ltwgBU/A0OP+PuBS
https://paperpile.com/c/ltwgBU/A0OP+PuBS
https://paperpile.com/c/ltwgBU/0fyb+Rnap+FUQD+OzxE
https://paperpile.com/c/ltwgBU/0fyb+Rnap+FUQD+OzxE
https://paperpile.com/c/ltwgBU/A0OP+i6bk+fvn3
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contributions from the free-water content of larger cells (Trujillo et al., 2023; Wengler 

et al., 2020; Wengler, Trujillo, et al., 2024).  

 

Finally, NM-MRI is typically analyzed using a contrast-to-noise (CNR) ratio 

using the following formula, where for every voxel (v) (equation 1): 

 

1. 𝐶𝑁𝑅𝑉 = (𝐼𝑉 − 𝑚𝑜𝑑𝑒(𝐼)𝑅𝑅)  ÷ 𝑚𝑜𝑑𝑒(𝐼)𝑅𝑅 

 

Where signal intensity (I) within the region of interest (SN/VTA) is compared 

to a nearby reference region (RR - crus cerberi) (Cassidy et al., 2019) (figure 2). 

Because NM-MRI is a proxy of dopamine release over the lifespan, it reflects the 

cumulative release of tonic and phasic dopamine. 

 

 
Figure 2. A cross-section of the midbrain showing that neuromelanin accumulates in 

the SN/VTA complex but is absent from the crus cerebri. 

4.2 [11C]raclopride PET to measure endogenous dopamine release 

4.2.1 - Radioligand synthesis and detection 

Isotopes, such as ¹¹C, are synthesized using a cyclotron to radiolabel ligands 

like raclopride (a selective D2/3 antagonist), enabling the examination of the 

dopaminergic system (Farde et al., 1986; Hall et al., 1988; Köhler et al., 1985). In the 

cyclotron, highly pressurized N2 gas mixed with O2 gas  (0.1-0.5% of the total 

volume) is irradiated with a beam of moderate-energy protons (~16.5 MeV). This 

highly efficient process produces [11C]O2 for use in subsequent radiochemistry with 

raclopride. Typically, through a series of chemical reactions, 11C is transferred from 

carbon dioxide to the methyl group on raclopride (Lu et al., 2024). [11C]raclopride has 

a half-life of 20.4 minutes because 11C undergoes a phenomenon called β+ 

(positron) decay. During β+ decay, a proton in the unstable 11C nucleus becomes a 

neutron. Thus, unstable 11C is converted to stable 11B along with the emission of a 

https://paperpile.com/c/ltwgBU/C5df+A0OP+1cAN
https://paperpile.com/c/ltwgBU/C5df+A0OP+1cAN
https://paperpile.com/c/ltwgBU/PuBS
https://paperpile.com/c/ltwgBU/jJHC+8u6C+JGF8
https://paperpile.com/c/ltwgBU/9pZq
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positron and a neutrino. The positron will travel slightly (~ 1 mm) before annihilating 

with an electron, producing two photons with an energy of 511-keV each that travel 

in opposite directions. Passing through tissue and hardware, these photons are 

detected by a ring of PET detector crystals placed around the participants head. The 

annihilation is counted as a coincidence only when the photons are detected 

simultaneously. The coincidence can be considered a true coincidence if the photons 

arise from a single decay event and the line of response is within the field of view 

(FOV) of the PET detectors. In some cases, one photon of the pair can hit and 

deflect at an angle, but are still detected simultaneously. This sometimes results in a 

line of response outside of the FOV of the detectors. In this case, the event is easily 

considered scattered. In other cases, two photons arising from different decay 

events are detected simultaneously but the line of response may still reside within 

the FOV, and the event is considered random. Finally, a true coincidence may not be 

detected because of attenuation, which refers to the loss of true events due to 

scatter and/or absorption (i.e. the skull) (Turkington, 2001). There are complex 

reconstruction algorithms such as the 3D-OP-OSEM point spread function currently 

used to assign coincidences to particular voxels of the brain, as well as remove 

scattered and random events (Varrone et al., 2009). There are also other algorithms 

used to correct for attenuation, in our case, the pseudoCT method (Izquierdo-Garcia 

et al., 2014).  

4.2.2 - Radioligand kinetic modelling 

After reconstruction and attenuation correction, a reliable, time-binned 

[11C]raclopride image is produced. Then, the mean radioactivity within a voxel or 

region of interest (ROI) is extracted for each bin, known as a time activity curve 

(TAC). These TACs can be used to quantify the binding potential relative to the non-

displacement compartment (BPND). BPND refers to the ratio at equilibrium of 

specifically bound radioligand to that of nondisplaceable radioligand in tissue. BPND is 

typically reported when using reference tissue models, as it compares the 

concentration of radioligand in receptor-rich to receptor-free regions (Innis et al., 

2007). In the current thesis, multireference tissue model 2 (MRTM2) is used to 

estimate the BPND of D2/3 receptors in the striatum relative to the cerebellum (Ichise 

et al., 2003). Here, we use the cerebellum as the reference region because there are 

about 10 times fewer D2/3 receptors, and whatever signal that is captured is not 

displaceable by other D2/3 receptor binding molecules such as butaclamol (Köhler et 

al., 1985). Under the assumption that the signal in the cerebellum is not 

displaceable, then the full kinetic modelling can be described as (equation 2; figure 

3):  

 

 

 

 

https://paperpile.com/c/ltwgBU/Mbzt
https://paperpile.com/c/ltwgBU/Tx8D
https://paperpile.com/c/ltwgBU/Q5tU
https://paperpile.com/c/ltwgBU/Q5tU
https://paperpile.com/c/ltwgBU/eXsw
https://paperpile.com/c/ltwgBU/eXsw
https://paperpile.com/c/ltwgBU/vmgV
https://paperpile.com/c/ltwgBU/vmgV
https://paperpile.com/c/ltwgBU/JGF8
https://paperpile.com/c/ltwgBU/JGF8
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2.1 𝐵𝑃𝑁𝐷 =  
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2.4 𝐵𝑃𝑁𝐷 =  
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Figure 3. Depiction of a two-compartment model (MRTM2) to estimate BPND. 

[11C]raclopride is injected and enters the target (the brain, CT) with a kinetic constant 

K1 and leaves with a kinetic constant of k2. Using a reference region (cerebellum, CR) 

where the specific binding (CS (CER)) = 0 and the non-displaceable binding is equal to 

the non-displaceable of the target region (CND (CER) = CND (STRIATUM)), then the BPND 

can be estimated with kinetic constants k3 / k4. The BPND is essentially a ratio of the 

target TAC over the reference TAC, which is the concentration of target protein in the 

specifically bound compartment, relative to the reference concentration. Adapted 

from (Matheson, 2018) with modifications. 

 

However, this metric is taken one step further when quantifying dopamine 

neurotransmission using [11C]raclopride, which is sensitive to endogenous dopamine 

release. In this case, a challenge scan (during or directly after a drug or task) is 

preceded by a baseline scan. The baseline normalized difference between the scans 

serves as an index of dopamine release as confirmed by microdialysis (Laruelle, 

2000), where (equation 3):  

 

3. %Δ𝐵𝑃𝑁𝐷 = [
(𝐵𝑃𝑁𝐷𝑡𝑎𝑠𝑘 − 𝐵𝑃𝑁𝐷𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

𝐵𝑃𝑁𝐷𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
] × 100  

 

https://paperpile.com/c/ltwgBU/aOq4
https://paperpile.com/c/ltwgBU/wVSQ
https://paperpile.com/c/ltwgBU/wVSQ
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Importantly, basic investigations of tonic and phasic dopamine (section 2.3) 

suggest any change observed in %∆BPND  is due to phasic dopamine release. This 

has been tested in a simultaneous PET and microdialysis study in monkeys. On 

average, there was a -10.5% ∆BPND change corresponding to +460% dopamine 

concentration ([DA]; nmol/liter) after 0.2 mg/kg amphetamine and -21.3% ∆BPND 

change corresponding to +1365% [DA] after 0.4 mg/kg amphetamine (Breier et al., 

1997). By calculating the slope, we see that there is roughly 84% ∆[DA] per %∆BPND. 

Taking the lower and higher bounds of the range, we can see that the slope varies 

from about 19% to 136% per %∆BPND.  

4.2.3 - Measuring dopamine release during fear conditioning 

 Fear conditioning, a classical learning task, involves pairing a neutral stimulus 

(NS) with an unconditioned stimulus (US). Over a series of pairings, the initial NS 

may  elicit a fear response (CS+) in the absence of the US. This initial pairing phase 

is termed fear acquisition. Fear acquisition  was chosen to study phasic dopamine 

release due to its reliable elicitation of release and observed deficits in CHR-P and 

schizophrenia patients (Hamati et al., 2024; Quarmley et al., 2019; Tuominen et al., 

2022). Rodent studies using microdialysis show approximately 100% (~5% 

theoretical ∆BPND)  increases in striatal dopamine during fear conditioning, with the 

greatest release in the rodent tail of the striatum and nucleus accumbens core 

(Hamati et al., 2024). However, human studies have faced methodological 

challenges (Frick et al., 2022; Lissemore et al., 2020). Within the current thesis, we 

report methods to capture biologically valid fear-elicited dopamine release. 

Demonstrating task-based dopamine release provides a dynamic, real-time 

understanding of dopamine activity, complementing static molecular associations 

(i.e., NM-MRI) with paranoia. While molecular imaging reveals long-term dopamine 

levels, task-based studies show how dopamine responds during specific activities 

like fear conditioning. This allows for the investigation of how functional impairments 

in dopamine release, rather than just chronic elevations, contribute to symptoms 

such as paranoia. 

4.3 functional MRI as a corroborating measure for PET 

In the current thesis, functional MRI (fMRI) is used to corroborate our 

dopamine-related measures as an index of neuronal activity (Logothetis et al., 2001). 

fMRI is primarily sensitive to the concentration of paramagnetic deoxyhemoglobin. 

As regions of the brain are recruited to perform a task, they demand an increase in 

oxygenated blood, termed functional hyperemia (Hillman, 2014). This effectively 

decreases the concentration of deoxygenated blood within the region, and is 

interpreted as an increase in blood-oxygen-level-dependent (BOLD) signal 

characterized by a rise and fall (figure 4). Importantly, this haemodynamic response 

function (HRF) lags about 2-3 seconds after neuronal activity (Hillman, 2014; 

Logothetis et al., 2001). Nevertheless, fMRI is not a specific measure of 

https://paperpile.com/c/ltwgBU/lSdn
https://paperpile.com/c/ltwgBU/lSdn
https://paperpile.com/c/ltwgBU/haKL+E7CN+po0R
https://paperpile.com/c/ltwgBU/haKL+E7CN+po0R
https://paperpile.com/c/ltwgBU/haKL
https://paperpile.com/c/ltwgBU/6akx+ZW9w
https://paperpile.com/c/ltwgBU/3o0Y
https://paperpile.com/c/ltwgBU/rcOY
https://paperpile.com/c/ltwgBU/3o0Y+rcOY
https://paperpile.com/c/ltwgBU/3o0Y+rcOY
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dopaminergic activity. In the current thesis, fMRI is used to confirm the task elicits 

BOLD signal in the expected areas and to support the observed increases in 

dopamine signal as physiologically relevant.  

 

 
Figure 4. A few seconds after presentation of stimulus, BOLD signal is driven by an 

inflow of oxygenated haemoglobin concentration ([HbO]; red), increasing the total 

haemoglobin concentration ([HbT]; black) but also decreasing the relative 

concentration of deoxygenated haemoglobin ([HbD]; blue). Adapted from (Hillman, 

2014) with modifications. 

5. Rationale for studying dopamine dysregulation in family history 

of psychosis 

 In the current thesis, we examine NM-MRI, task-based dopamine 

neurotransmission using PET and fMRI in the first-degree relatives (FDRs) of those 

affected by psychotic disorders. This is because schizophrenia and related psychotic 

disorders are heritable; the disorder itself but also symptoms, cognitive function and 

the dopaminergic phenotype. By studying FDRs, we may investigate an attenuated 

phenotype without the confound of the disease itself and treatment duration. The 

evidence for heritability is reviewed in the following sections. 

5.1 Heritability of schizophrenia and related disorders 

Researchers have been examining the heritability of schizophrenia for more 

than a century. Older studies have reported lifetime risks of about 9% for siblings, 

13% for offspring, 14% for dizygotic twins and 46% for monozygotic twins. Also, 

those adopted from mothers with schizophrenia tend to have a higher risk (9%) than 

kids adopted from mothers with no diagnosis of schizophrenia (2%) (Tsuang et al., 

1999). Furthermore, national health databases have emerged as quality sources for 

examining risk in twins (Cannon et al., 1998; Cardno et al., 1999; Cheng et al., 2018; 

Hilker et al., 2018; Prescott et al., 2007; Rijsdijk et al., 2011; Sullivan et al., 2003). 

These reports point to a heritability of about 80% for schizophrenia and 70% for 

schizophrenia spectrum disorders, meaning that genetics contribute the majority of 

the risk. This does not preclude risk due to environmental factors. Importantly, a 
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study has shown that cannabis use and early childhood adversity can greatly 

exacerbate the risk of psychosis in FDRs (Radhakrishnan et al., 2019). 

5.2 Heritability of specific symptoms 

 Further studies on large community samples of adolescent twins show that 

psychotic experiences are influenced by a combination of genetic and environmental 

factors. Although one study found that the majority of psychotic symptoms are 

heritable, some are more heritable than others. Notably, negative symptoms (59%) 

and paranoia (50%) were more heritable relative to hallucinations (15-30%) (Zavos 

et al., 2014). Another twin study examined how heritability changes with exposure to 

environmental risk factors. Anhedonia, cognitive disorganisation, paranoia and 

grandiosity were similarly heritable (41-49%) relative to hallucinations (30%). 

However, paranoia was more pronounced in those with exposure to more 

environmental risk factors (Taylor et al., 2022). Because paranoid thinking is also 

commonly expressed in the general population (20-40%) (Eaton et al., 1991; Ellett et 

al., 2003; Freeman et al., 2005, 2011), paranoia may be a suitable symptom to 

examine in both clinical and nonclinical populations.  

5.3 Heritability of learning impairment 

 Learning impairments and their related cognitive functions also have a 

significant heritable component in FDRs. A broad meta-analysis including 170 

published twin and family heritability studies comprised of  >800 000 nonpsychiatric 

and schizophrenia participants found that general cognitive ability, verbal ability, 

visuospatial ability and executive function are all heritable (20-80%) (Blokland et al., 

2017). Furthermore, another meta-analysis examining those with familial history of 

schizophrenia and bipolar disorder separately show deficits across most 

neuropsychological domains in both groups although it was more severe in those 

with familial schizophrenia history (Pedruzo et al., 2025).  

5.4 Heritability of dopamine abnormalities 

 The heritability of dopamine abnormalities is nuanced. A few studies that 

examined FDRs and individuals with 22q11.2 deletion found evidence of increased 

dopamine synthesis capacity (Huttunen et al., 2008; Rogdaki et al., 2023), but a 

study on discordant twins did not replicate this finding in the unaffected and affected 

twin in remission (Shotbolt et al., 2011). This may be due to the idea that dopamine 

synthesis capacity increases are more pronounced during active psychosis than in 

remission (Avram et al., 2019). However, more recent and powerful genetic 

approaches, such as those using polygenic risk scores, have reinforced the link 

between genetic risk and elevated dopamine synthesis capacity (Eisenberg et al., 

2024; Sportelli et al., 2024).  
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5.5 Outline of the current thesis 

 The overarching goal of the current work is to provide a way forward for 

studying dopamine dysregulation in psychosis. Studying dopamine dysregulation in 

psychosis is challenging because several ontological frameworks (biochemistry, 

neurobiology and psychology) should be thoroughly understood and linked together. 

Furthermore, technical limitations of PET and fMRI in humans precludes hypothesis 

testing. This is because measurement of endogenous dopamine release using 

[11C]raclopride is highly specific to dopamine but lacks temporal resolution (i.e. one 

60-minute measurement produces a single BPND value). Furthermore, measurement 

of brain activity using fMRI lacks molecular specificity. More recently, NM-MRI and 

simultaneous PET/fMRI have emerged as promising imaging methodologies to 

probe the dopamine system in humans. NM-MRI provides a long-term measure of 

dopamine accumulation. Whereas, simultaneous PET/fMRI can be used to link 

dopamine release to brain activity during specific time epochs (i.e. during 

presentation of a stimulus). In chapter 6, with my colleagues, I describe the use of 

NM-MRI to probe subclinical paranoia in a community sample including FDRs. We 

show a proxy of dopamine release over the lifespan (combined tonic and phasic 

dopamine) is associated with subclinical paranoid frequency irrespective of FDR 

group status. This finding supports the classical dopamine excess hypothesis of 

schizophrenia. In chapter 7, with my colleagues, I describe the use of simultaneous 

PET/fMRI to probe phasic dopamine release in the same community sample 

including FDRs. We show task-based dopamine release is measurable using a fear 

conditioning task. We then go on to show that this dopamine release is reduced in 

FDRs, providing support for the chaotic dopamine hypothesis of schizophrenia. 

Finally, we show lack of adaptive dopamine release is associated with more 

paranoia. In chapter 8, I discuss the implications of the main results and what they 

mean for the aberrant salience hypotheses, combining all current theories into a 

single cohesive framework. 

5.6 Hypotheses 

In general, we hypothesize that tonic dopamine would be increased in FDRs 

(chapter 6), whereas phasic dopamine would be decreased in FDRs (chapter 7). 

More detailed hypotheses are outlined in the respective chapters. 
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Abstract 

Subclinical paranoia is present in the relatives of patients with psychosis but it is also 

relatively common in the general population. Dopamine neurotransmission is 

increased in people with psychosis and is linked with positive symptoms, such as 

paranoia. Here, we examined if neuromelanin-sensitive MRI, a proxy of long-term 

dopamine turnover, is different between those with (n=25) and without (n=77) a first-

degree relative with psychosis (N=102). We further tested whether neuromelanin-

sensitive MRI was associated with the experience of subclinical paranoia as 

measured by the paranoia checklist. We found that there was no difference in 

neuromelanin-sensitive MRI signal between those with and without a first-degree 

relative. However, neuromelanin-sensitive MRI was significantly associated with the 

frequency subscore of the paranoia checklist, irrespective of familial risk (255 of 

1879 voxels at p < 0.05, pcorrected = 0.03). This relationship was further supported by 

the association of neuromelanin-sensitive MRI and community assessment of 

psychic experience paranoia frequency subscore (316 of 1879 voxels at p < 0.05, 

pcorrected = 0.01). In summary, we show that subclinical paranoid thoughts are 

associated with a proxy of long-term dopamine turnover regardless of whether the 

person has a relative with psychosis or not. Thus, neuromelanin-MRI associates with 

positive subclinical symptomatology in those without psychotic illness, in addition to 

the link observed in patients. 

Introduction 

Schizophrenia is a neurodevelopmental disorder with a large genetic 

component 1,2. Many symptoms of schizophrenia, including paranoia, are present at 

subclinical levels in the relatives of individuals with psychotic disorders 3,4. In the 

general population, the prevalence of psychotic experiences is reported to be 5-8%, 

which is substantially higher than the prevalence of psychotic illness at 3%. That is, 

psychotic experiences exist along a continuum with a much larger cohort having 

subclinical psychotic experiences without a full-blown illness 5,6.  

Paranoia is one such psychotic experience. It is common, heritable and 

exacerbated by exposure to environmental risk factors 7–12. The two fundamental 

components of paranoia are i) a belief that harm will occur and ii) attribution of the 
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belief to the malicious intent of others. It is thought that paranoia may serve to be 

evolutionarily advantageous, particularly if the belief is true, unlike hallucinations 

which do not confer an evolutionary advantage at face value; however, paranoia 

becomes less advantageous as the conviction and distress due to these beliefs 

become disabling 13.  

It is thought that paranoia may arise from maladaptive belief updating, caused 

by excess dopamine function 14. More generally, elevated dopamine system function 

in the striatum is a hallmark of psychotic illness and represents a convergence of 

both genetic and environmental risk factors 15–17. Individuals with schizophrenia show 

elevated dopamine synthesis capacity, increased release and synaptic dopamine 

levels compared to healthy controls 18–22. Moreover, dopamine releasing drugs 

induce psychosis 23, dopamine blocking drugs attenuate psychosis 24 and dopamine 

synthesis capacity correlates with positive symptoms in psychotic illness 25,26. 

Elevated dopamine system function has also been shown in those at clinical high-

risk, i.e. those that present with attenuated symptomatology, using PET 27–30. 

Similarly, people with a first-degree relative with schizophrenia (FDR) as well as 

those with higher polygenic risk scores have higher dopamine synthesis capacity in 

the striatum 31,32. 

Striatal dopamine neurons largely originate from the midbrain substantia nigra 

and ventral tegmental area (SN/VTA complex) 33. These dopamine producing 

neurons accumulate neuromelanin as a by-product of dopamine catabolism. 

Neuromelanin contains iron-rich deposits, which may be exploited and imaged using 

neuromelanin-sensitive MRI (NM-MRI) 34,35. Accumulating evidence suggests NM-

MRI can be a non-invasive means to capture this elevation in dopamine system 

function in psychotic illnesses 34,36–39 within the SN/VTA complex, that correlates to 

measures of dopamine synthesis and release 34,36,40. Higher NM-MRI signal has 

been associated with positive symptom severity in individuals with schizophrenia and 

clinical high-risk 34,41, although results are mixed in clinical high-risk 35. 

 The extent to which familial risk factors and subclinical psychotic symptoms 

like paranoid thoughts are linked with SN/VTA NM-MRI CNR signal remains 

completely unexplored. Thus, the two objectives of the current study were to first test 

if substantia nigra NM signal is elevated in those with an FDR with psychosis 

compared to healthy controls without an FDR with psychosis (controls; CTRs). 

Secondly, to determine whether occurrence of self-reported paranoid thoughts per 

se, regardless of risk, is associated with substantia nigra NM signal. In the present 

study, we enrolled participants with and without an FDR with a diagnosis of 

schizophrenia, schizoaffective disorder or bipolar disorder with psychotic features to 

undergo a neuromelanin-MRI scan. We hypothesized that 1) the FDR group would 

have an elevated NM-MRI CNR signal (hereinafter referred to as NM signal) in the 

SN/VTA complex and 2) that NM signal correlates positively with the frequency of 

self-reported paranoid thoughts. 
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Methods 

Participants  

A total of 80 controls and 25 FDR individuals (N = 105) were pooled from two studies 

using identical NM-MRI sequences (n = 75 [study 1]; n = 30 [study 2]). The study 

protocols were approved by The Royal Ottawa Healthcare Group Research Ethics 

Board (REB #s: 2019003 [study 1] and 2018042 [study 2]) and Declaration of 

Helsinki. All participants gave a written informed consent before entering the study. 

Participants with severe medical illness, head trauma resulting in 

unconsciousness, current substance use disorders, past psychosis, positive urine 

drug test on the day of scanning (amphetamines, barbiturates, benzodiazepines, 

codeine, fentanyl, MDMA, methadone, methamphetamine, opiates, oxycodone, 

phencyclidine and/or THC; using VeriCheck [Verify Diagnostics, Barrie, Ontario]), 

and/or contraindications for MRI scanning were excluded from the study.  

Two FDR participants screened positively for a current mental health disorder 

(one with social anxiety disorder and the other with generalized anxiety disorder) as 

determined by a combination of medical history and the MINI international 

neuropsychiatric interview for DSM-5 42. Although they screened positively, these 

two FDRs were included in the study. They were not taking any medication to treat 

their disorders. Additionally, a total of 30 combined CTR and FDR individuals 

screened positively for a past mental health episode or disorder. This included 22 

individuals with a past major depressive episode, 6 individuals with past major 

depressive disorder; 3 individuals with a past manic episode; 1 individual with a past 

hypomanic episode; 4 individuals with lifetime panic disorder; 2 individuals with past 

alcohol use disorder; 4 individuals with past substance use disorder; 1 individual with 

past generalized anxiety disorder; and 2 individuals with lifetime antisocial 

personality disorder.  

FDRs were recruited by referral from psychiatrists at the Royal Ottawa Mental 

Health Centre or from the community. FDR status was confirmed using the family 

interview for genetic studies - psychosis checklist 43. None of the control participants 

had first or second-degree relatives with psychotic illness. After discarding three 

scans due to misplacement of the field of view stack during scanning, a final sample 

of 77 controls and 25 FDRs (n = 102) were included in the analysis. Table 1 

presents the demographic variables and self-reported paranoia scores by FDR 

status 44–47.  

Measures 

Paranoia was primarily assessed using the paranoia checklist (PCL-18), an 

18-item self-report questionnaire used to evaluate trait-like paranoid ideation on 

three dimensions: frequency, distress and conviction 44,45. The frequency, distress 

and conviction of each item are rated on a five-point scale. Thus, the minimum score 

that can be acquired in each dimension is 18 and the minimum total score that can 
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be acquired is 54. Two controls scored more than three standard deviations above 

the mean on the PCL-18 conviction subscore (raw score > 70). All analyses were 

conducted with and without these two participants, which did not alter the main 

results (Table S4). Thus, the results for the full sample (n = 102) are reported in the 

main article. 

We further support the primary analysis in two ways. We first support our 

primary analysis using a revised 13-item state paranoia checklist (PCL-13), in which 

five items were dropped due to poor sensitivity in experimental manipulations of 

paranoia 45. In the PCL-13 (to evaluate state-like paranoid ideation), individuals are 

asked how the statement applies at the moment on a 10-point scale rather than 

asking about frequency, distress and conviction separately. For the purpose of this 

study, we used the PCL-13 but retained the 3-dimensional split (frequency, 

conviction, distress).  

We also support the primary analysis using the Community Assessment of 

Psychic Experience (CAPE). The CAPE is a 42-item questionnaire, where the 

frequency and distress of each item is rated on a four-point Likert scale. The 42 

items assess one of positive, negative or depressive symptom dimensions 46,48. 

However, a factor analysis of the positive dimension revealed a 5-factor solution 

including paranoia as a subfactor 49,50. Thus, the paranoia subscale of the CAPE was 

included as another analysis to support the brain-behaviour relationship as seen with 

the PCL.  

MRI Acquisition 

MRI data were acquired using a 3T mMR Biograph PET-MR system with a 12-

channel head coil (Siemens, Erlangen, Germany). NM-MRI, first developed by Chen 

et al., (2014) 51, were collected as previously described 52. Briefly, images were 

collected using a 2-dimensional gradient recalled echo sequence with magnetization 

transfer pulse; repetition time = 337 ms, echo time =3.97 ms, flip angle = 50, in-plane 

resolution = 0.43x0.43 mm, field of view = 165x220, 10 slices, slice thickness = 3 

mm, magnetization transfer frequency offset = 1200 Hz, number of excitations = 6, 

acquisition time = 7.24 minutes. The 10 slices were positioned along the anterior 

commissure-posterior commissure line, starting 3 mm above the floor of the third 

ventricle. Additionally, T1-weighted MRI images were acquired using a multi-echo 

MPRAGE sequence 53; spatial resolution = 1 mm isotropic; matrix = 256 x 256, 

number of slices = 192, repetition time (TR) = 2500 ms, echo time (TE) = 1.69, 3.55, 

5.41, and 7.27 ms, flip angle = 7 degrees. 

Processing of T1-weighted Images and NM-MRI  

T1-weighted and NM-MRI scans were preprocessed using a previously validated 

pipeline in Matlab v9.1 (MathWorks, Natick, MA) 34,54.  First, T1-weighted images 

were inhomogeneity field corrected using the ‘N4BiasFieldCorrection’ function 

(advanced normalization tools [ANTs; v2.3.5]). Then, brains were extracted using the 

‘antsBrainExtraction’ function (ANTs). Transformation matrices for 1) NM-MRI to 
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skull-stripped brain and 2) skull-stripped brain to MNI152 space were calculated 

using the ‘antsRegistrationSyN’ function (ANTs). Then, these transformations were 

applied to the NM-MRI image using the ‘antsApplyTransforms’ function in ANTs. The 

spatial normalized NM-MRI images were intensity normalized using the crus cerebri 

as a reference region. Finally, a 1 mm gaussian smoothing kernel was applied using 

the smooth3 function in SPM (v12.0) 55. The final smoothed image was used for 

voxelwise analysis after visual inspection. Finally, the SN/VTA, psychosis and VTA 

NM-MRI averages were extracted for ROI-based robust regressions. The SN/VTA, 

psychosis, VTA and crus cerebri masks were generated from a previous study 34. 

Visualization and Statistical Analysis 

All visualizations were made with seaborn 0.13.2 56 in python version 3.11. 

Independent-samples t-tests and chi-square tests on the demographic data were 

conducted using R (v4.5.1). To assess the voxelwise relationship between paranoia 

and NM-MRI, an SN/VTA voxelwise analysis controlling for age and sex was 

conducted in Matlab (MathWorks, Natick, MA) as previously described 34. For each 

analysis, a robust regression was conducted for each voxel using the specified 

independent predictors and covariates (Table S2,4,5). The total number of significant 

positive voxels was computed and reported in Table S2,4,5. Then, permutation 

testing with 10 000 iterations was conducted, where subjects were randomly 

shuffled. Prior to permutation testing, voxels with CNR below -2.9% and above 

21.5% were excluded to prevent undue influence of any single voxel. The lower and 

upper CNR thresholds were set to the lowest and highest 1% of values based on the 

distribution of all SN/VTA voxels in all subjects. Because some subjects have null 

(NaNs) on some values, we ensure that the permutation also excludes these values 

on a voxel-by-voxel basis. For each permutation, the total count of voxels that 

passed a one-tailed p-value threshold of 0.05 was computed. The observed count of 

significant voxels from the original analysis was compared against the null 

distribution generated from the 10 000 permutations. This max-T permutation test 

was conducted to preserve power while stringently correcting for false positives 57. 

We supported the voxelwise analyses with independent-samples t-tests on whole 

SN/VTA, psychosis and VTA only masks using R (v4.5.1). Robust regressions on 

whole SN/VTA, psychosis, and VTA only masks were conducted using R (v4.5.1) as 

well.  
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Results 

Sample Characteristics 

Before comparing SN/VTA NM-MRI signals between groups, we looked for 

differences in age, sex, and paranoia frequency scores (Table 1). Individuals with an 

FDR and without a FDR had similar age and sex distributions (Table 1). There was 

no difference in PCL subscores or total score between groups (Table 1). Finally, the 

distribution of frequency, conviction and distress in the total group were not normal 

and differed from each other (Table 1; Figure S1A). 
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Table 1. Demographics and paranoia scores by FDR status. 

 All 
(N=102) 

Control 
(N= 77) 

FDR 
(N= 25) 

test stats 

Age      

Mean (SD) 32 (9.1) 32 (9.3) 31 (8.8) t-test t(100) = 0.28,  
p = 0.78 

Sex      

Male 58 (56.9%) 46 (59.7%) 12 (48.0%) chi-squared X = 0.64, 
p = 0.43 

Female 44 (42.6%) 31 (40.3%) 13 (52.0%)   

FDR Relationship      

None 77 (75.5%) 77 (100%) 0 (0%)   

Parent  14 (13.7%) 0 (0%) 14 (56.0%)   

Sibling  10 (9.8%) 0 (0%) 10 (40.0%)   

Both 1 (1.0%) 0 (0%) 1 (4.0%)   

PCL-18 - frequency     lilliefors D = 0.28,  
p < 0.001 

Mean (SD) 20 (3.1) 20 (2.9) 21 (3.6)   

Median [Min, Max] 18 [18, 33] 18 [18, 32] 20 [18, 33] wilcoxon W = 737, 
p = 0.06 

PCL-18 - conviction    lilliefors D = 0.31,  
p < 0.001 

Mean (SD) 23 (9.0) 23 (10) 22 (4.2)   

Median [Min, Max] 21 [18, 87] 20 [18, 87] 21 [18, 34] wilcoxon W = 777, 
p = 0.14 

PCL-18 - distress    lilliefors D = 0.27,  
p < 0.001 

Mean (SD) 20 (3.9) 20 (3.8) 21 (4.3)   

Median [Min, Max] 19 [18, 37] 18 [18, 37] 19 [18, 36] wilcoxon W = 835, 
p = 0.29 

CAPE - paranoia 
(Frequency) 

   lilliefors D = 0.21,  
p < 0.001 

Mean (SD) 1.3 (0.26) 1.3 (0.25) 1.4 (0.30)   

Median [Min, Max] 1.2 [1.0, 
2.0] 

1.2 [1.0, 2.0] 1.4 [1.0, 
1.8] 

wilcoxon W = 864,  
p = 0.43 
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SN/VTA NM Signal is Unaltered in FDRs 

We first sought to examine differences in NM signal between CTRs and FDRs. 

Because the NM signal is a proxy of dopamine turnover over the lifespan, it is 

important to control for age 58,59. A voxelwise analysis examining the effect of FDR 

status, controlling for age and sex, revealed scattered bidirectional changes with 

minimal clustering in the ventral SN that did not survive permutation testing (Table 

S2). Furthermore, ROI-based analysis using the whole SN/VTA, voxels previously 

associated with psychotic symptoms (referred to as the psychosis mask) or VTA 34 

revealed no difference between CTR and FDR groups (t-test; p’s > 0.05; Figure 

S2A; but also a robust regression controlling for age and sex; p’s > 0.05; data not 

shown). We also examined the same ROIs with a binarized age variable 

(younger/older than 30 for both CTR and FDR) as in a previous analysis 39,60. Here, 

we binarize groups by age because younger individuals are at a higher risk for 

psychosis. We found no differences in NM signal between younger CTRs and FDRs, 

or older CTRs and FDRs (t-test; p’s > 0.05; Figure S2B). We examined the same 

ROIs across four groups: those with sibling, parent FDRs or both, separately as in a 

previous analysis 31. Here, the rationale for splitting FDRs by genetic relationship is 

because children of affected individuals have a higher risk of developing psychosis 

relative to siblings 4. We found no differences in NM signal between those without an 

FDR, siblings or children FDRs (one-way ANOVA; p’s > 0.05; Figure S2C). Lastly, 

we examined these same ROIs across CTRs and FDRs with and without a past 

diagnosis to examine how past diagnosis could affect NM signal. In the whole group, 

past diagnosis was not associated with the ROI-based SN/VTA NM signal, 

controlling for age and sex (F(1,98) = 0.26, p > 0.05, robust regression, n = 102; data 

not shown). However, in an exploratory subgroup analysis, we found that FDRs with 

past diagnosis had elevated VTA NM signal compared to FDRs without a past 

diagnosis (t-test; p < 0.05, uncorrected; Figure S2D).  

SN/VTA NM Signal is Associated with Self-reported Frequency of Paranoid Thoughts 

Despite no group difference in SN/VTA NM signal, we asked whether individuals 

from the CTR and FDR groups combined, have elevated NM signal with respect to 

reported subclinical paranoia. A voxelwise analysis including FDR status, age and 

sex as covariates revealed a large number of voxels in the dorsomedial SN/VTA 

complex that were positively associated with self-reported frequency of paranoid 

thoughts (255 of 1879 voxels at p < 0.05, pcorrected = 0.03, n = 102, robust regression, 

Figure 1A; Table S2). This effect survived permutation correction for multiple 

comparisons (10,000 iterations). We also conducted an analysis more sensitive to 

state paranoia using the truncated 13-item state PCL frequency score 45 and further 

support our main finding (251 of 1879 voxels at p < 0.05, pcorrected = 0.03, n = 102, 

robust regression, Table S2). The voxelwise effect was also supported by an ROI 

analysis using the whole SN/VTA ROI (F(1,97) = 4.4, p = 0.04, robust regression, n = 

102; Figure 1A; Table S3). Lastly, we sought to supplement this brain-behaviour 

relationship using the CAPE paranoia frequency subscores 50,61. A similar voxelwise 

analysis revealed a large number of voxels in the dorsomedial SN were also 
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https://paperpile.com/c/kr1LsM/LIzE
https://paperpile.com/c/kr1LsM/VUzB+7bET
https://paperpile.com/c/kr1LsM/eDOnf
https://paperpile.com/c/kr1LsM/7NT0
https://paperpile.com/c/kr1LsM/rLN1r
https://paperpile.com/c/kr1LsM/AEqwp+20QpC
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associated with self-reported frequency using the CAPE (316 of 1879 voxels at p < 

0.05, pcorrected = 0.01, n = 102, robust regression, Figure 1B; Table S2) but only 

trending when using the whole SN/VTA ROI (F(1,97) = 3.8, p = 0.06, robust 

regression, n = 102; Figure 1B). We also examined other aspects of paranoia 

severity. Although the frequency subscore was associated significantly with 

conviction and distress subscores (Figure S1B), the conviction, distress and total 

scores were not significantly associated with NM signal in the SN/VTA complex 

(Table S2). Interestingly, past diagnosis was also associated with the PCL frequency 

score while controlling for age and sex (F(1,98) = 13.5, p < 0.001, robust regression, 

n = 102; data not shown).  

 

Figure 1. A) Voxelwise t-map of significant voxels only (p < 0.05, uncorrected) 

between PCL frequency score and SN/VTA CNR (axial view, z = -14, -12, -10). 

255/1879 voxels along the dorsomedial SN were positively correlated with PCL 
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frequency score while controlling for group status, age and sex (pcorrected = 0.03, 

robust regression, permutations = 10 000). Similar to voxelwise results, ROI analysis 

of the whole SN/VTA complex showed a significant association (bottom; robust 

regression, F(1,97) = 4.4, p = 0.04, r = 0.22 [effect size]). Note that the size of the 

data point indicates relative age. B) Voxelwise t-map of significant voxels only (p < 

0.05, uncorrected) between CAPE paranoia frequency score and SN/VTA CNR 

(significant voxels only) (axial view, z = -14, -12, -10). 316/1879 voxels also along the 

dorsomedial SN were positively correlated with CAPE paranoia frequency score with 

controlling for group status, age and sex (pcorrected = 0.01, robust regression, 

permutations = 10 000). When looking at the whole SN/VTA complex, the CAPE 

paranoia frequency score showed a borderline significant positive association 

(bottom; robust regression, F(1,97) = 3.8, p = 0.06, r = 0.22 [effect size]). Note that 

the size of the data point indicates relative age. 

Discussion 

The first objective of the current study was to examine if FDRs have elevated 

NM signal relative to CTRs. We report no difference in NM signal between those 

without and with a FDR when examining the signal in the whole SN/VTA complex, a 

psychosis mask and the VTA only 34 (Figure S2A). Additionally, there were no 

differences between CTRs and FDRs when examining younger versus older 

individuals, and FDR relationship status (Figure S2B,C). Our failure to find a 

difference in NM levels thus does not support the idea that dopamine neurons of the 

SN/VTA complex are overactive in this unaffected FDR sample. It is important to 

note, however, that our sample sizes were powered to detect moderate-to-large 

effect sizes; thus, we cannot rule out the existence of smaller group differences. 

While increased NM signal in the SN/VTA complex is a well replicated result 

reported in several populations affected by psychosis 36,37,39,62, several factors may 

explain our null finding. First, we investigated FDRs unaffected by psychosis. This is 

in line with recent results reporting increased NM signal in more severe but not less 

severe psychosis 39 nor clinical high-risk individuals 41. However, an exploratory 

analysis revealed those FDRs with a past mental health diagnosis may have higher 

NM signal (Figure S2D), suggesting dopamine neurons may be overactive in more 

mentally vulnerable FDRs.  

A second key finding of our study is that NM signal correlates with subclinical 

measures of paranoid thought frequency (Figure 1). There are very few studies 

examining dopaminergic measures and their relation to psychotic experiences in 

healthy individuals 63,64. Examining associations between dopaminergic measures 

and more common and more heritable symptoms, such as paranoia 8, may increase 

sensitivity. This interpretation may explain a lack of association of dopaminergic 

measures with auditory hallucination but not schizotypal personality traits 63,64. 

Building on this, we show for the first time that a proxy of dopamine function 

https://paperpile.com/c/kr1LsM/LIzE
https://paperpile.com/c/kr1LsM/II49+VUzB+JLCr+689O
https://paperpile.com/c/kr1LsM/VUzB
https://paperpile.com/c/kr1LsM/gEI0
https://paperpile.com/c/kr1LsM/6zwty+ut0CD
https://paperpile.com/c/kr1LsM/pMtv4
https://paperpile.com/c/kr1LsM/6zwty+ut0CD
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localized roughly to the dorsomedial SN correlates with the PCL frequency subscale, 

and that this association holds true regardless of FDR status. We further support this 

association using the CAPE paranoia frequency subscale as a comparable measure. 

This aligns with previous NM-MRI and PET studies where dopamine activity in the 

SN/VTA complex correlates with positive symptoms in schizophrenia and clinical 

high-risk in some, but not all, reports 25,30,34,41,65,66. Our study adds to the literature by 

showing that this association exists for subclinical paranoia in a non-clinical 

population, irrespective of familial risk. 

Interestingly, this correlation was present for the frequency of paranoid 

thoughts, but not their conviction or distress. This dissociation may be explained in 

several ways. One possibility is selection bias; by excluding participants with clinical 

psychosis, we may have also excluded those with high preoccupation and distress 

scores, which are factors that tend to differentiate clinical from non-clinical 

populations 67. Alternatively, the frequency of paranoid thoughts may be directly 

reflected by elevated SN/VTA NM signal, while the associated distress and/or 

conviction are mediated by other mechanisms. This interpretation is supported by 

pharmacological studies, which show that the early phases of antipsychotic 

treatment reduce preoccupation and distress but not the conviction of delusional 

symptoms 68,69. This implies that dopamine may be differently involved with distinct 

aspects of delusion severity. 

 The fact that NM signal accumulates slowly over the lifespan is more 

congruent with it being a trait marker of paranoia. Furthermore, state paranoia was 

not more strongly associated with NM-MRI than the total PCL score (Table S2). 

Paranoia is indeed present in the general population, suggesting paranoia exists on 

a continuum with clinical paranoid delusion 9,11,70. Thus, paranoia may represent a 

sort of psychosis proneness 71,72.  Here, our data suggests overactive SN/VTA 

dopamine neurons, reflected by an increase in SN/VTA CNR, may be associated 

with the occurrence of paranoid thoughts, but relatively greater SN/VTA 

dopaminergic activity of the magnitude observed here is not sufficient to make these 

paranoid thoughts distressful.  

There are several limitations to the current study. First, we used only familial 

status as a pseudo-quantitative marker of genetic risk. Studies examining the total 

burden of several genetic factors, such as polygenic risk score, may be more 

sensitive when examining differences in NM signal related to genetic risk. 

Furthermore, our subgroup analyses (binarized age, FDR relationship type, past 

diagnosis) may have been underpowered to detect small between-group differences 

in NM signal; as with our primary analysis, effects below a moderate-to-large size 

level cannot be ruled out. 

In conclusion, this is the first study to examine self-reported paranoia in 

relation to NM signal in the SN/VTA complex in healthy individuals with and without 

an FDR. Our results suggest that elevated dopamine signaling, as indexed by NM-

https://paperpile.com/c/kr1LsM/8LhX+LGGa+Oj9j+Fc2y+LIzE+gEI0
https://paperpile.com/c/kr1LsM/XLjkD
https://paperpile.com/c/kr1LsM/fAjy9+gnBym
https://paperpile.com/c/kr1LsM/RdmS7+4MUT+NfqMh
https://paperpile.com/c/kr1LsM/dzPj+pA5v
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MRI, confers susceptibility to the experience (i.e., frequency) of subclinical paranoia, 

regardless of familial risk. These data support the idea that while elevated SN/VTA 

NM signal is associated with the experience of subclinical paranoia, other factors, be 

it biological or environmental, may be necessary for these experiences to transition 

into distressing, convicted paranoia, as in clinical psychosis. 

Data Availability Statement 

The data are available upon reasonable request. 
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Supplementary Material 

 

Figure S1A. Distribution of PCL subscores in the whole group (N =102). PCL-

frequency and -conviction (Paired Pitman-Morgan test; t(100) = -13.2, p < 0.05), 

PCL-frequency and -distress (Paired Pitman-Morgan test; t(100) = -2.6, p < 0.05) 

and PCL-conviction and -distress (Paired Pitman-Morgan test; t(100) = 10.6, p < 

0.05) distributions all differed from each other. Note that two control individuals who 

scored >70 on PCL conviction are not depicted here. S1B. Heatmap of PCL 

subscore correlations (f = frequency, c = conviction, d = distress, t = total). The 

rightward direction of the ellipse indicates a positive correlation. The numbers 

represent the Pearson r correlation coefficient. *p = 0.05; **p = 0.01; ***p = 0.001. 
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Figure S2. Uncorrected region of interest analyses. A. SN/VTA complex contrast-to-

noise ratio (CNR) is not altered in FDR. Average of CNR in SN/VTA mask, psychosis 

mask and VTA mask is not different between groups using a t-test (SN/VTA: t(100) = 

-0.07, p = 0.94; Psychosis: t(100) = 0.44, p = 0.66; VTA: t(100) = -0.29, p = 0.78). B. 

SN/VTA complex CNR is not altered according to age status between groups using a 

t-test (under 30 yo; SN/VTA: t(100) = -0.25, p = 0.81. Psychosis:  t(100) = -0.39, p = 

0.70. VTA: t(100) = -0.51, p = 0.62. Over 30 yo; SN/VTA: t(100) = 0.14, p = 0.89. 

Psychosis:  t(100) = 1.03, p = 0.31. VTA: t(100) = 0.12, p = 0.91. C. SN/VTA 

complex CNR is not altered according to FDR relationship type including 77 

individuals without any FDR, 10 with an affected sibling and 14 with an affected 

parent and 1 individual with both an affected sibling and parent using a 1-way 

ANOVA (SN/VTA: F(3, 98) = 0.36, p = 0.78; Psychosis: F(3, 98) = 0.90, p = 0.44; 

VTA: F(3,98) = 1.2, p = 0.33). D. SN/VTA complex CNR is not altered according to 

past diagnosis status (+ or - Dx), but VTA CNR is altered in FDRs using a t-test 
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(CTRs; SN/VTA: t(100) = -0.61, p = 0.54. Psychosis: t(100) = -0.03, p = 0.98. VTA: 

t(100) = 0.05, p =0.43. FDRs; SN/VTA: t(100) = -0.80, p = 0.43. Psychosis: t(100) = 

0.18, p = 0.86. VTA: t(100) = -2.2, p =0.04). 

Table S1. Mean and standard deviations of CTR and FDR groups by ROI. 

ROI CTR (mean 士 SD) FDR (mean 士 SD) 

SN/VTA complex 9.13 士 1.14 9.15 士 1.40 

Psychosis mask 9.68 士 2.13 9.44 士 2.66 

VTA 12.21 士 2.35 12.37 士 2.88 
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Table S2. Robust regression model descriptions and results for the SN/VTA 

voxelwise analysis in 102 participants (n = 77 CTR; n = 25 FDR). In all the analyses, 

the dependent variable (DV) is the NM signal in the SN/VTA. The number of 

significant voxels (uncorrected p-value threshold = 0.05, one-tailed) and t-statistics 

are reported for the independent variable (IV). The covariates (COV) used are also 

described, where an asterisk (*) denotes it was examined in an interaction with the 

IV. The bolded analyses survived a correction for multiple comparisons using max-T 

permutations (iterations = 10 000). F= Frequency; C = Conviction, D = Distress; T = 

Total. 

DV IV COV N # sig. + 
voxels 

 

# sig. - 
voxels 

 

Max T Min T 

NM Group  102 64 59 3.0 -3.3 

NM Age  102 82 130 2.9 -3.7 

NM Group Age 102 61 57 2.8 -3.3 

NM  Group Age, Sex 102 60 58 2.9 -3.43 

NM PCL-F 
(18 item)  

Group, 
Age, Sex 

102 255 22 4.3 -3.2 

NM PCL-F 
(18 item)  

Group*, 
Age, Sex 

102 157 43 3.6 -3.6 

NM PCL-C 
(18 item)  

Group, 
Age, Sex 

102 128 91 7.4 -3.3 

NM PCL-C 
(18 item)  

Group*, 
Age, Sex 

102 112 106 7.9 -3.5 

NM PCL-D 
(18 item)  

Group, 
Age, Sex 

102 94 83 3.8 -4.1 

NM PCL-D 
(18 item)  

Group*, 
Age, Sex 

102 96 120 3.8 -3.9 

NM  PCL-T 
(18 item)  

Group, 
Age, Sex 

102 105 60 4.0 -3.2 

NM PCL-T 
(18 item)  

Group*, 
Age, Sex 

102 91 83 4.2 -3.4 

NM PCL-F 
(13 item)  

Group, 
Age, Sex 

102 251 21 4.3 -3.2 

NM CAPE 
Paranoia-

F 

Group, 
Age, Sex 

102 316 46 4.6 -3.3 
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Table S3. A robust regression using the ‘rlm’ function from the ‘MASS’ package in R, 

with the following syntax: rlm(CNR (SN/VTA) ~ PCL-frequency + group + sex + age, 

data=filtered_data, method = "M"). P-values of the model were derived using the 

‘Anova’ function from the ‘car’ package in R. 

Independent Variable DFs F-value p-value 

PCL-frequency 1,97 4.4 0.04 

Group 1,97 0.2 0.67 

Sex 1,97 < 0.1 0.99 

Age 1,97 < 0.1 0.85 

 

Table S4. Robust regression model descriptions and results for the SN/VTA 

voxelwise analysis in 100 participants (n = 75 CTR; n = 25 FDR), excluding 2 CTRs 

for having high PCL conviction scores (> 3 SD above mean). In all the analyses, the 

dependent variable (DV) is the NM signal in the SN/VTA. The number of significant 

voxels (uncorrected p-value threshold = 0.05, one-tailed) and t-statistics are reported 

for the independent variable (IV). The covariates (COV) used are also described, 

where an asterisk (*) denotes it was examined in an interaction with the IV. The 

bolded analyses survived a correction for multiple comparisons using max-T 

permutations (iterations = 10 000). F= Frequency; C = Conviction, D = Distress; T = 

Total. 

DV IV COV N # sig. + 
voxels 

 

# sig. - 
voxels 

 

Max T Min T 

NM PCL-F 
(18 item)  

Group, 
Age, Sex 

100 255 23 4.3 -3.4 

NM PCL-C 
(18 item)  

Group, 
Age, Sex 

100 138 58 3.8 -3.6 

NM PCL-D 
(18 item)  

Group, 
Age, Sex 

100 83 127 3.4 -4.6 

NM  PCL-T 
(18 item)  

Group, 
Age, Sex 

100 123 47 4.0 -3.6 

 

 

 

 



 
 

 41 

Table S5. Robust regression model descriptions and results for the SN/VTA 

voxelwise analysis in 100 participants (n = 77 CTR; n = 23 FDR), excluding 2 FDRs 

for having current anxiety disorders according to the MINI. In all the analyses, the 

dependent variable (DV) is the NM signal in the SN/VTA. The number of significant 

voxels (uncorrected p-value threshold = 0.05, one-tailed) and t-statistics are reported 

for the independent variable (IV). The covariates (COV) used are also described, 

where an asterisk (*) denotes it was examined in an interaction with the IV. The 

bolded analyses survived a correction for multiple comparisons using max-T 

permutations (iterations = 10 000). F= Frequency; C = Conviction, D = Distress; T = 

Total. 

DV IV COV N # sig. + 
voxels 

 

# sig. - 
voxels 

 

Max T Min T 

NM PCL-F 
(18 item)  

Group, 
Age, Sex 

100 222 28 4.3 -3.5 

NM PCL-C 
(18 item)  

Group, 
Age, Sex 

100 115 106 6.9 -3.3 

NM PCL-D 
(18 item)  

Group, 
Age, Sex 

100 73 102 3.7 -4.1 

NM  PCL-T 
(18 item)  

Group, 
Age, Sex 

100 93 69 3.6 -3.5 
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Introduction 

 Schizophrenia is a disorder of excess tonic dopamine signaling [1–3]. Positron 

emission tomography (PET) studies have demonstrated elevated dopamine 

synthesis capacity, higher dopamine release in response to amphetamines, and 

increased synaptic dopamine levels in the striatum in individuals with schizophrenia 

[4]. Importantly, excess dopamine signaling extends to individuals with other 

psychotic disorders, clinical risk for psychosis, first degree relatives, and those with 

higher polygenic risk score for psychosis [5–8].   

Yet, excess tonic dopamine signaling has been difficult to reconcile with 

findings of impaired dopamine-dependent learning in psychotic disorders. For 

example, individuals with psychotic disorders show reduced behavioural responses 

to reward predicting cues [9, 10]. In functional magnetic resonance imaging (fMRI) 

studies using reward tasks, individuals with psychotic disorders have blunted striatal 

BOLD responses during anticipation of reward, and to reward prediction errors [11–

14]. In addition to reward learning, individuals with schizophrenia exhibit impaired 

discriminative fear conditioning, another dopamine dependent process [15–17]. If 

schizophrenia was simply a disorder of appropriately synchronized but excessive 

dopamine signaling, then presumably performance in dopamine dependent tasks 

would be better, not worse.  

The chaotic dopamine hypothesis has emerged as a prominent theory trying 

to resolve this discrepancy [18, 19]. It postulates an increase in spontaneous 

dopamine release that contributes to higher tonic levels of dopamine and a reduction 

of adaptive, stimulus-driven phasic dopamine release in schizophrenia. Furthermore, 

the hypothesis predicts that increased spontaneous dopamine release is associated 

with positive symptoms, while decreased adaptive dopamine release is associated 

with negative symptoms. While compelling, so far there has been limited evidence 

supporting the chaotic dopamine hypothesis.  

In this study, we use Pavlovian fear conditioning to directly test the chaotic 

dopamine hypothesis. Pavlovian fear conditioning requires adaptive, stimulus-driven 

dopamine release to form associations between aversive and neutral stimuli in 

rodents. However, definitive evidence that fear conditioning releases dopamine in 

humans is lacking [16]. Therefore, we first seek to demonstrate that fear conditioning 

leads to detectable dopamine release in the striatum in individuals without family 
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history of psychosis and explore the link between dopamine release and other fear 

responses. We measure dopamine release, neural, physiological, and behavioural 

responses simultaneously with [11C]raclopride PET/fMRI, skin conductance, and 

behavioural ratings. Then, we set out to test the chaotic dopamine hypothesis in a 

group of first-degree relatives (FDRs) of individuals with psychotic disorders. We 

choose to study individuals with family history of psychosis because they display a 

hyperdopaminergic phenotype [5, 6] without the confounding treatment of 

antipsychotic medication, which directly competes with [11C]raclopride. Specifically, 

our hypothesis is that first-degree relatives of individuals with psychotic disorders will 

show a reduction in adaptive, stimulus-driven dopamine release during fear 

conditioning. Finally, we test if lower dopamine release is associated with measures 

of subclinical negative or positive symptoms [20]. In a larger sample that only 

completed the Pavlovian fear conditioning fMRI task, we also test whether 

behavioural ratings of the cues are associated with subclinical negative and positive 

symptomatology.  

Materials & Methods 

General outline of the study 

We employed a visual fear conditioning paradigm during which computer-generated 

faces were presented to participants [21, 22]. After completing the clinical interview, 

each participant underwent the fear conditioning task using simultaneous fMRI/SCR 

(N = 74). A subset of individuals underwent multimodal neuroimaging including a 

baseline T1-weighted MRI, baseline PET scan and the following day, another T1-

weighted MRI, and simultaneous task-based PET/fMRI/SCR (N = 29). Four runs of 

fear conditioning were completed in the larger and smaller groups (see visual fear 

conditioning paradigm for more information on the task itself).  Baseline and task 

PET days were counterbalanced and the inter-scan interval was approximately 24 

hours for all participants, with the two scans never done on the same day. An explicit 

recall task was administered no more than 2 hours after acquisition. A second recall 

task was administered either in-person or virtually approximately 24 hours after 

acquisition (Figure S1). 

The present methodology used to measure dopamine release during fear 

conditioning differs from prior studies in humans [23, 24]. First, administration of 

[11C]raclopride with 2 separate bolus scans is the most established design used to 

quantify dopamine release in the living human brain [25]. Second, the analysis was 

restricted to the striatum since [11C]raclopride binding is not displaceable elsewhere 

in the brain [26]. Lastly, we scanned individuals twice and used a task design that 

maximized the displacement of the tracer during the task PET session which avoids 

challenges in modeling bolus + constant infusion [27].  The logic is as follows; the 

first fear acquisition run is completed prior to injection of [11C]raclopride. Under the 

assumption that fear acquisition releases dopamine, then this will prevent 

[11C]raclopride from binding at injection time. Then, three more runs of fear 
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conditioning are conducted to continually displace [11C]raclopride, as the learning of 

new CS-US pairings will also elicit dopamine release. In total, participants form four 

CS-US pairings. Thus, detection of dopamine release during fear acquisition is 

maximized with these considerations [28]. 

Participants 

The study protocol was approved by The Royal Ottawa Healthcare Group Research 

Ethics Board (REB #: 2019003) and Declaration of Helsinki. All participants gave a 

written informed consent before entering the study. Control participant status was 

confirmed using the MINI International Neuropsychiatric Interview for the DSM-5 

[29]. Control participants with severe medical illness, head trauma resulting in 

unconsciousness, current psychiatric illness including substance use disorders, past 

psychosis, positive urine drug test, and/or contraindications for MRI scanning were 

excluded from the study. FDRs were recruited in collaboration with psychiatrists at 

the ROMHC and through print advertisements in the community. FDR status was 

confirmed using the Family Interview for Genetic Studies - Psychosis Checklist [30] 

and confirmation of the proband’s diagnosis through electronic medical records when 

possible. Two FDR participants screened positively for a current mental health 

disorder (one with social anxiety disorder and the other with generalized anxiety 

disorder). Although they screened positively, these two FDRs were included in the 

study. They were not taking any medication to treat their disorders. 

Visual fear conditioning paradigm 

The current paradigm consisted of a fear acquisition session, followed by two fear 

recall sessions [31]. The acquisition phase consisted of four runs (1932 s total; 483 

s/ea) during which the CS+ and CS– stimuli were presented 20 and 14 times each, 

respectively, (34 total presentations; 4 s/ea) in pseudorandom order with a jittered 

inter-trial interval (range = 6–15 seconds). The CS+ was followed by the 

unconditioned stimulus (US; an electric shock to the ankle) in 30% of the trials (6/20 

presentations), whereas the CS– was never followed by a shock. Thus, participants 

observed an equal number of nonreinforced CS+ and CS- stimuli in each run. 

Participants were told that each face stimulus may or may not be followed by an 

electrical shock, and were asked to recall which faces were followed by a shock after 

the experiment. The US (0.5 seconds in duration) was generated and delivered 

using a Coulbourne electric stimulator (Coulbourne Instruments, Allentown, PA) via a 

cable attached to the left ankle, 0.1 s prior to removal of the CS+. About 30 minutes 

prior to the scan, the intensity of the US was set by each participant at a level that 

was “highly annoying but not painful”. Afterwards, participants were asked to recall 

the faces associated with the shock (CS+) approximately 2 and 24 hours after the 

fear conditioning session (see explicit recall task). 

Skin conductance recordings (SCR) 

SCR were acquired during the fear conditioning task using two MRI-compatible 

electrodes placed on the participant’s left palm. SCR were measured using a 

BIOPAC MP160 acquisition system (BIOPAC Systems Inc, Goleta, CA) equipped 
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with an EDA100C MRI amplifier. The SCR were collected at a gain of 5 μS/V, using 

a 1 Hz low pass filter during acquisition, then digitised at 200 Hz. The data were 

further filtered with a 3 Hz finite impulse response low pass filter, using the 

AcqKnowledge software package (BIOPAC Systems Inc, Goleta, CA). Stimulus 

presentations of CS+US, CS+ and CS- were time-stamped onto the SCR recordings 

using the LabJack u3-LV (LabJack Corporation, Lakewood, CO) digital-to-analogue 

converter. 

Explicit recall task examining contingency memory 

At the end of the fear conditioning task, participants were transferred into a separate 

procedure room where they completed an explicit recall task immediately after the 

experiment, no more than two hours after the last fear conditioning run. Participants 

were shown the four CS+, four CS-, and two novel faces and were asked to rate 

faces two times per face, in random order (a total of 20 ratings). For each face, 

participants were asked the following question: “How likely was this face paired with 

a shock?”. Participants rated the faces using a 4-point Likert scale; 1 = “very 

unlikely”, 2 = “somewhat unlikely”, 3 = “somewhat likely”, 4 = “very likely”. 

Participants repeated the same explicit recall task approximately 24 hours after fear 

acquisition. 

PET/MR Image acquisition 

Images were acquired using a 3T mMR Biograph PET-MR system with a 12-channel 

head coil (Siemens, Erlangen, Germany). T1-weighted images were acquired using 

an multiecho MPRAGE sequence[32]; spatial resolution = 1 mm isotropic; matrix = 

256 x 256, number of slices = 192, repetition time (TR) = 2500 ms, echo time (TE) = 

1.69, 3.55, 5.41, and 7.27 ms, flip angle = 7 degrees. T2*-weighted (functional MRI) 

images were acquired during the fear conditioning task; spatial resolution = [3 x 3 x 

3.21 mm], matrix = 64 x 64, number of slices = 210, TR = 2300 ms, TE = 28 ms, flip 

angle = 80 degrees. 

[11C]raclopride PET acquisition 

PET images were acquired once during baseline and once during the fear 

conditioning task; spatial resolution = [4.17 x 4.17 x 2.03 mm]; target injected dose = 

300 MBq of [11C]raclopride (bolus), number of sinograms = 2540, scan time = 60 

minutes. All 58 [11C]raclopride injections (N = 29) were administered between 11:00 

and 15:00 (one scan per participant per day); 23 of 29 completed experiments are no 

more than one day apart, four experiments were completed two days apart and two 

experiments completed were eight to nine days apart.  

MR preprocessing 

Results included in this manuscript come from preprocessing performed using 

fMRIPrep 24.0.0 (Esteban et al. (2019); Esteban et al. (2018); RRID:SCR_016216), 

which is based on Nipype 1.8.6 (K. Gorgolewski et al. (2011); K. J. Gorgolewski et al. 

(2018); RRID:SCR_002502). To note, sessions one and two were analysed 

separately, and the boilerplate was modified to include the correct number of scans 

https://paperpile.com/c/zjokBK/NhQJ
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(see supplementary methods). All parameters are exactly the same between 

sessions. 

Task-based fMRI analysis 

Fully preprocessed BOLD images were post-processed using Nilearn 0.11.1 

(RRID:SCR_001362 [33]) in python 3.11.9. Briefly, a first-level model was 

constructed with CS+, CS-, and CS+ shock events and a ‘simple’ confound strategy 

to fit a glover haemodynamic response function [34]. Afterwards, effect size contrast 

maps were computed per run, per participant: fear contrast (CS+ versus CS-). A total 

of four contrast images were computed, then averaged together to generate a single 

contrast map per participant. Then, the Glasser [35] and Tian atlases [36] were used 

to extract contrast beta values per parcel (196 parcels; 180 cortical and 16 

subcortical parcels bilaterally). 

PET preprocessing 

For each of two 60-minute dynamic PET runs found per participant (across scanning 

sessions), the following preprocessing was performed. Attenuation correction was 

calculated using the pseudoCT method, which is an MR-based (T1w) technique to 

generate μ-maps [37]. Subsequently, PET images were reconstructed with the μ-

map applying 3 mm Gaussian smoothing, grouped into 1-minute bins (60 frames per 

image) to allow for minute-by-minute motion correction. For the remainder of the 

PET preprocessing analysis, the PETsurfer pipeline was used [38, 39]. First, head 

motion correction [FreeSurfer mc-afni2] was applied to the reconstructed PET image, 

and the resulting motion-corrected image was used to generate a summed template 

volume for co-registration to the T1w [FreeSurfer mri_concat; [40]]. The PET 

template image was then co-registered to the T1w reference [FreeSurfer mri_coreg] 

and the resulting transformation matrix was applied to the PET image [FreeSurfer 

mri_vol2vol]. Finally, the T1w reference was co-registered to MNI152nlin6asym 

space [FreeSurfer mni152reg] and the transformation matrix was applied to the PET 

image in T1w space [FreeSurfer mri_vol2vol]. The resulting image is a PET scan in 

MNI152nlin6asym space with 60 motion-corrected frames. 

PET analysis 

A total of 58 [11C]raclopride scans were collected (N = 29). There was no difference 

in the injected dose (paired-samples t-test: t(28) = 2.034, p = .0515) or injected molar 

activity (paired-samples t-test: t(28) = 0.8575, p = .3985) between the baseline session 

(dose: μ = 302.76 MBq, SD = 33.63; molar activity: μ = 1447.5 mCi/umol, SD = 

839.64) and task session (dose: μ = 286.99 MBq, SD = 27.31; molar activity: μ = 

1299.9 mCi/umol, SD = 526.89). D2R BPND was quantified with multi-linear reference 

tissue model 2 (MRTM2) [41] using a custom FreeSurfer/kinfitr pipeline [ROI-wise] 

[38, 39, 42]. D2R BPND is defined as the concentration of target protein (D2/3 

receptors) in the specifically bound compartment, relative to the non-displaceable 

compartment. ROIs were delineated using an unbiased striatal atlas [36] using the 

S2 level of granularity (each ROI >298 voxels). Then, average time-activity curves 

were generated for each striatal ROI (FreeSurfer mri_binarize & mri_segstats). The 

https://paperpile.com/c/zjokBK/TAQc
https://paperpile.com/c/zjokBK/9qM8Z
https://paperpile.com/c/zjokBK/NFWm9
https://paperpile.com/c/zjokBK/LgB4k
https://paperpile.com/c/zjokBK/vbbPB
https://paperpile.com/c/zjokBK/AXpzJ+Ak6gx
https://paperpile.com/c/zjokBK/innCa
https://paperpile.com/c/zjokBK/wyrwm
https://paperpile.com/c/zjokBK/SWUc+AXpzJ+Ak6gx
https://paperpile.com/c/zjokBK/LgB4k
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time-activity curves were inputted to the software package kinfitr for the kinetic 

modeling of D2R BPND [42]. Because we do a minute-by-minute motion correction, we 

only excluded participants that produced less than excellent goodness-of-fit in the 

kinetic modelling (less than R2 < 0.80). This resulted in one exclusion, and a total of 

28 individuals for the final analysis (16 CTR/12 FDR). Importantly, participant motion 

did not differ between baseline and fear conditioning sessions (N = 28, paired-

samples t-test: t(27) = -0.691, p = 0.495). MRTM2 goodness-of-fits using the Tian S2 

atlas remained above 0.8 (range of R2 = 0.84 – 0.99) only when the nucleus 

accumbens shell and core were combined into a single ROI; otherwise, R2
 values 

failed to reach this standard. Thus, to balance accurate BPND estimates and retain 

granularity, all of our primary analyses use a total of five striatal ROIs: nucleus 

accumbens, anterior caudate, anterior putamen, posterior caudate and posterior 

putamen. Finally, %ΔD2R BPND, our index of dopamine release, was calculated using 

the following equation:  

%Δ𝐵𝑃𝑁𝐷 = [
(𝐵𝑃𝑁𝐷𝑡𝑎𝑠𝑘 − 𝐵𝑃𝑁𝐷𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

𝐵𝑃𝑁𝐷𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
] × 100  

Statistical analysis 

All statistical analyses were conducted in R v4.5.1. Linear mixed effects models and 

subsequent marginal means were conducted and then extracted using the ‘nlme’ 

package. Then marginal means were inputted for post-hoc comparisons using the 

‘emmeans’ package. Correlations were done using the native R ‘cor’ function. 

Ordinary least squares (OLS) regressions were done using the native R ‘lm’ function. 

All post-hoc comparisons were corrected using False Discovery Rate (FDR). All plots 

were made using seaborn v0.13.2 [43]. All cortical and subcortical visualizations 

were made using surfplot v0.2.0 [44] and subcortex_visualization v0.1.12 [45]. 

Results 

Dopamine is released in the striatum during fear conditioning in humans 

Prior to characterizing fear-elicited dopamine release in those with a family 

history of  psychosis, we sought to quantify dopamine release in individuals without a 

family history. Sixteen individuals without a family history of psychotic disorders (N = 

16) completed the Pavlovian fear acquisition task over four runs. Age, sex, injected 

tracer dose, injected molar activity, motion during the PET scan, US shock intensity, 

self-reported subclinical symptoms and behavioural fear responses of this control 

group are presented in Table 1 and Table S1. 
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Table 1.  This study includes two groups of participants: a simultaneous PET/fMRI 

group (N = 28) and a second fMRI only group that completed the same task without 

PET (N = 46) that was combined for fMRI analysis (N = 74).  

 Simultaneous PET/fMRI (N = 28) fMRI (N = 74) 

 CTR  
n = 16 

FDR  
n = 12 

test CTR  
n = 50 

FDR  
n = 24 

test 

Age  
(SD) 

33 (9.8) 33 (11) t(26) = 0.03, 
 p = .97 

30 (8.5) 32 (9.0) t(72) = -0.71, 
 p = .48 

Sex  
(male) 

9/16 
(56.3%) 

7/12 
(58.3%) 

X2 < 0.01,  
p = 1.0  

26/50 (52%) 12/24 (50%) X2 < 0.01,  
p = 1.0  

US  
(SD) [mA]  

2.7 (0.95) 2.9 (1.04) t(26) = 0.48, 
p = .63 

2.2 (0.98) 2.7 (1.0) t(72) = 2.0, 
p = .04 

Baseline 
dose  

(SD) [MBq] 

300 (42) 310 (19) t(26) = 1.04, 
p = .31 

   

Task dose  
(SD) [MBq] 

280 (31) 290 (22) t(26) = 1.08, 
p = .29 

   

Baseline 
MA (SD) 

[mCi/umol]  

1600 (1100) 1300 (410) t(26) = -0.67, 
p = .51 

   

Task MA 
(SD) 

[mCi/umol] 

1300 (420) 1300 (680) t(26) = 0.28, 
p = .78 

   

Baseline 
FD 

(SD) [mm] 

1.6 (0.64) 1.5 (0.50) t(26) = -0.74, 
p = .46 

   

Task FD 
(SD) [mm] 

1.6 (0.81) 1.6 (0.66) t(26) < 0.01, 
p = .99 

   

Note: Demographics (age and sex), the average of four runs of unconditioned 

stimulus (US) ankle shock intensity in milliamperes (mA) during the fear conditioning 

session are reported separately for the simultaneous PET/fMRI and combined fMRI 

only group. Furthermore, the injected dose of the radioligand in megabecquerels 

(MBq), the injected molar activity (MA) of the radioligand in millicuries per micromole 

(mCi/umol) and the average framewise displacement (FD; a metric of motion) in 

millimetres (mm) during the baseline and fear conditioning sessions, are reported for 

the combined PET/fMRI group. In the combined PET/MR group (N =28, 16 CTRs, 12 

FDRs), there were no significant differences between control (CTR) and first-degree 

relative (FDR) participants in age, sex, US shock intensity, injected baseline and task 

doses/molar activity, or motion on baseline and task day as indexed by FD. In the 
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larger fMRI-only group (N =74, 50 CTRs, 24 FDRs), CTR and FDR participants did 

not differ significantly in age or sex, but the US shock intensity significantly differed. 

Dopamine release is quantified as a percent change in dopamine D2/3 

receptor binding potential (%ΔD2R BPND) between the baseline scan and the scan 

during the Pavlovian fear conditioning paradigm (see methods and Figure S1A). 

First, we examine D2R BPND in a session by region analysis because striatal-

projecting dopamine neurons respond differently to fear versus reward [46–49]. We 

find that the fear conditioning task leads to the release of dopamine in the posterior 

caudate (n = 16, μ = 0.116, SE = 0.044, t(75) = 2.626, p = .011  pFDR = .032) and 

posterior putamen (n = 16, μ = 0.112, SE = 0.044, t(75) = 2.549, p = .013  pFDR = .032) 

of the striatum in CTRs (Figure 1a,b; Table S2).  

We then examine the link between dopamine release and neural activity. 

During the fear conditioning two stimuli are presented: the conditioned stimulus 

(CS+) which is partially reinforced with an unconditioned shock stimulus (US), 

signalling fear, and a second stimulus that is never reinforced (CS-), signalling safety 

(see methods). We observe an association between %ΔD2R BPND and fMRI 

activation (BOLD response to the contrast of CS+ vs CS-) in the posterior caudate (n 

= 16, r = -0.607, p = .013, pFDR = .025; Figure 1c) but not the posterior putamen (n = 

16, r = -0.369, p = .159; data not shown). In summary, the largest magnitude of 

phasic dopamine release occurs in the posterior caudate during fear acquisition and 

is associated with BOLD activity in the same region. 

 

Figure 1. Dopamine is released in the posterior caudate and posterior putamen 

during fear conditioning in humans. a. A linear mixed effects model is used to 

determine dopamine release. The model included region and session as fixed 

https://paperpile.com/c/zjokBK/1VrM+muUu+oEuG5+sZmUm
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effects, as well as region and participant as crossed random effects. Post-hoc 

comparison of regions between sessions reveal D2R BPND in the posterior caudate 

and putamen are significantly decreased during fear conditioning (n = 16, μ = 0.112-

0.116, SE = 0.042, t(75) = 2.55-2.62, pFDR = .032 [baseline - fear conditioning D2R 

BPND ]; bar plots with error bars indicate mean %Δ D2RBPND ± 95% CI, dot plots 

represent individual values). b.  Dopamine is released in the posterior striatal regions 

(Tian S2 atlas). c. Dopamine release in the posterior caudate is associated with 

greater BOLD signal to the CS+ relative to the CS- (n = 16, Pearson’s correlation: r = 

-0.607, p = .013, pFDR = .025; regression line indicates slope ± 95% CI, scatter plot 

represents individual values). aCau = anterior caudate; pCau = posterior caudate; 

Nac = Nucleus accumbens; aPut = anterior putamen, pPut = posterior putamen; %Δ 

BPND = percent change in binding potential. * = significant p-value. 

Adaptive dopamine release is blunted during fear acquisition in first-degree relatives  

To determine if those with an FDR with a psychotic disorder differentially 

release dopamine during fear acquisition, we compared data from 16 control 

participants and 12 FDR participants after excluding one FDR for excess motion that 

compromised the PET kinetic fits (see methods) (see Table 2 for proband 

information). A linear mixed effects analysis was conducted to examine the 

interaction between group and striatal region on %ΔD2R BPND. We find that during 

fear conditioning, FDR participants release significantly less dopamine in the 

posterior caudate (n = 28, μ = 7.047%, SE = 2.762%, t(26) = 2.551, p = .017, pFDR = 

.034), but not the posterior putamen (n = 28, μ = 5.099%, SE = 2.762%, t(26) = -

1.846, p = .076) (Figure 2a,b; Table S3). To determine if dopamine release is 

associated with striatal BOLD responses, we also conducted a regression using 

%ΔD2R BPND and group as predictors. We further show that even when controlling 

for family history of a psychotic disorder, %ΔD2R BPND is associated with greater 

BOLD response to the contrast of CS+ vs CS- (n = 28, group:  β = -0.067, SE = 

0.035, t(25) = -1.918, p = .067; %ΔD2R BPND: β = -0.005, SE = 0.002, t(25) = -2.652, p 

= .014) (Figure 2c). Importantly, change of participant motion between sessions did 

not correlate with %ΔD2R BPND in the posterior caudate or putamen (N = 28, 

Pearson's correlation: all r < 0.15, all p > 0.44; data not shown). Furthermore, this 

reduction in dopamine release is not due to between-group differences in US shock 

intensity, injected dose, baseline D2 BPND, or motion. Likewise, behavioural learning 

as indexed by skin conductance recordings during fear acquisition and explicit recall, 

is not different between FDR and CTR groups of the combined PET/fMRI experiment 

(Table 1; Table S1; Table S4). However, we did find modest differences in fMRI 

responses in the amygdala and visual association areas in the larger CTR and FDR 

groups (Table S8).  
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Table 2. Proband relationship status and diagnosis. 

 Simultaneous PET/fMRI  
(N = 12) 

fMRI   
(N = 24) 

Relationship 
(Sibling/Parent/Both) 

6/6/0 10/13/1 

Diagnosis 
(SCZ/SA/BP/PNOS) 

7/1/0/3 15/5/2/3 

Note: The FDR with both a parent and sibling affected by psychosis contributes 2 

individuals to the diagnosis count. SCZ = schizophrenia; SA; schizoaffective 

disorder; BP; bipolar with psychosis; PNOS; psychosis not otherwise specified.  

 

Figure 2. Dopamine release in the posterior caudate is reduced in FDR participants 

compared to CTRs. a. A linear mixed effects model is used to determine differences 

in dopamine release between FDR and control participants. The model included 

region and session as fixed effects, and region nested within-participants as a 

random effect. Post-hoc comparisons indicate that %ΔD2R BPND in the posterior 

caudate is significantly reduced during fear acquisition (n = 28, μ = 7.047%, SE = 

2.762%, t(26) = 2.551, p = .017, pFDR = .034 [FDR - CTR ΔD2R BPND ]; bar plots with 

error bars indicate mean %ΔD2R BPND ± 95% CI, dot plots represent individual 

values), b. Illustration of the localization of the group difference in the posterior 

caudate (Tian S2 atlas). c. Dopamine release in the posterior caudate is associated 

with greater BOLD signal to the CS+ relative to the CS- in the whole group when 

correcting for family history of a psychotic disorder (n = 28, regression model, group:  

β = -0.067, SE = 0.035, t(25) = -1.918, p = .067; %ΔD2R BPND: β = -0.005, SE = 

0.002, t(25) = -2.652, p = .014; regression line indicates slope ± 95% CI, scatter plot 
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represents individual values). pCau = posterior caudate; pPut = posterior putamen; 

%ΔBPND = percent change in non-displaceable binding potential. * = significant p-

value. 

Lack of adaptive dopamine release is associated with more paranoid thinking but not 

with anhedonia  

We next examine whether adaptive dopamine release is associated with 

measures of subclinical positive and negative symptoms, as predicted by the chaotic 

dopamine hypothesis [19]. Subclinical anhedonia, a negative symptom of 

schizophrenia, is measured here with the Temporal Experience of Pleasure Scale 

(TEPS) [50]. We measure subclinical paranoia, a positive symptom, with the 

Paranoia Checklist (PCL) [51]. We see that a lack of adaptive dopamine release in 

the posterior caudate is associated with higher PCL total scores even when taking 

family history of psychosis into account (n = 28, %ΔD2R BPND β = 0.004, SE = 0.002, 

t(25) = 2.074, p = .049; group: β = -0.043, SE = 0.033, t(25) = 1.257, p = .22). The 

association between fear learning and paranoia is driven by higher frequency of self-

reported paranoid thoughts, but not conviction or distress subscores (N = 28, %ΔD2R 

BPND β = 0.003, SE = 0.001, t(25) = 2.199, p = .037; group: β = -0.008, SE = 0.024, 

t(25) = -0.334, p = .741) (Figure 3a) (Table S9). In an exploratory analysis, a lack of 

adaptive dopamine release in the posterior putamen is also associated with a higher 

PCL total score (N = 28, %ΔD2R BPND β = 0.008, SE = 0.003, t(25) = 2.806, p = 

.009; group: β = -0.057, SE = 0.033, t(25) = 1.727, p = .097) and a higher frequency 

score (N = 28, regression model: %ΔD2R BPND β = 0.006, SE = 0.002, t(25) = 2.866, 

p = .008; group: β = 0.002, SE = 0.023, t(25) = 0.076, p = .940) (Figure 3b). This link 

between fear learning and paranoia is further supported in a larger sample that 

completed the same task without PET, where lower explicit ratings of the threatening 

CS+ faces, but not the safe CS- faces, also predicted higher PCL frequency 

subscores (n = 74, CS+: β = -0.024, SE = 0.011, t(71) = -2.041, p = 0.045;  CS-: β = -

0.003, SE = 0.012, t(71) = -0.259, p = .789) (Figure 3c). In contrast, associations with 

the TEPS were not supported. That is, we did not find an association between 

dopamine release in the posterior caudate and self-reported anhedonia, as %ΔD2R 

BPND was unrelated to total, anticipatory, or consummatory subscores on the TEPS 

(Table S9). Altogether, our behavioral results suggest that a lack of adaptive 

dopamine release during fear learning is associated specifically with the frequency of 

paranoid thoughts. 

https://paperpile.com/c/zjokBK/NIxA
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Figure 3. Lack of dopamine release and poor learning about the CS+ predict PCL 

frequency scores. a. Lack of dopamine release in the posterior caudate is associated 

with the PCL total score (N = 28, regression model: %ΔD2R BPND β = 0.004, SE = 

0.002, t(25) = 2.074, p = 0.049; group: β = -0.043, SE = 0.033, t(25) = 1.257, p = 0.22) 

and frequency of paranoid thinking (N = 28, regression model: %ΔD2R BPND β = 

0.003, SE = 0.001, t(25) = 2.199, p = .037; group: β = -0.008, SE = 0.024, t(25) = -

0.334, p = .741). b. Lack of dopamine release in the posterior putamen is associated 

with the PCL total score (N = 28, regression model: %ΔD2R BPND β = 0.008, SE = 

0.003, t(25) = 2.806, p = .009; group: β = -0.057, SE = 0.033, t(25) = 1.727, p = .097) 

and frequency of paranoid thinking (N = 28, regression model: %ΔD2R BPND β = 

0.006, SE = 0.002, t(25) = 2.866, p = .008; group: β = 0.002, SE = 0.023, t(25) = 0.076, 

p = .940). c. Paranoid thinking is predicted by Likert ratings of the CS+ (n = 74, 

regression model for CS+ on day 1: β = -0.024, SE = 0.011, t(71) = -2.041, p = .045) 

but not Likert ratings of the CS- (n = 74, regression model for CS- on day 1: β = -

0.003, SE = 0.012, t(71) = -0.259, p = .789). pCAU = posterior caudate; pPUT = 

posterior putamen; * = significant p-value. 
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Baseline D2Rs but not dopamine release is associated with fear recall 

 We also examined whether adaptive dopamine release is associated with 

behavioural indices of fear conditioning. We did not see an association between 

dopamine release and autonomic responding (skin conductance) or explicit recall 

(Table S9). We also conducted an exploratory analysis between baseline D2Rs and 

these same indices of fear conditioning. Unlike dopamine release, baseline D2Rs in 

the posterior caudate are associated with better recall of the CS+ relative to the CS- 

(N = 28, regression model: D2R BPND β = 0.606, SE = 0.218, t(52) = 2.777, p = 0.008; 

group: β = 0.083, SE = 0.183, t(52) = 0.454, p = 0.65; day: β = -0.103, SE = 0.177, t(52) 

= -0.579, p = 0.56). However, baseline D2Rs in the posterior caudate are not 

associated with greater skin conductance towards CS+ relative to CS- (N = 28, 

regression model: D2R BPND β = 0.046, SE = 0.071, t(25) = 0.648, p = 0.523; group: β 

= 0.067, SE = 0.822, t(25) = 0.082, p = 0.94). In summary, we show that baseline 

measurements of D2Rs in the whole group are associated with better fear 

discrimination during recall. 

Discussion 

 Here, we first show that in humans, fear conditioning releases dopamine in 

the striatum using [11C]raclopride PET. This dopamine release is greatest in the 

posterior caudate and is proportional to neural activation in the same region 

measured as BOLD contrast between responses to CS+ and CS- stimuli. Using this 

paradigm, we then test the chaotic dopamine hypothesis of schizophrenia. We find 

that dopamine release is blunted during fear conditioning in people with a family 

history of a psychotic disorder. The blunted dopamine release is not associated with 

any differences in fear learning, nor did we find any learning differences between 

those who had a family history and those who did not. In the whole group, blunted 

dopamine release is associated with greater paranoia , but not with anhedonia. 

Altogether, we provide the first evidence for the impairment in adaptive striatal 

dopamine release in first-degree relatives of individuals with a psychotic disorder and 

those who experience subclinical paranoid thoughts.  

 We report dopamine release in the posterior caudate and putamen during fear 

acquisition. This finding aligns with rodent studies showing dopamine release in the 

rodent analogue (striatal tail), a region known to generate a dopamine prediction 

error that drives fear acquisition, but not recall [48, 49, 52–55]. Our finding contrasts 

with the few available human studies, potentially due to methodological differences 

like measurement timing (fear acquisition vs. recall), tracer choice, and experimental 

design [23, 24]. While one study observed indiscriminate striatal dopamine release, 

our findings highlight subregion-specific release within the posterior caudate, 

supported by correlations between %ΔD2R BPND and fMRI activations. This is further 

supported by a rodent study that reported concurrent dopamine release and striatal 

neural activity during fear acquisition [55]. In summary, our study is the first to 

demonstrate dopamine release in two dorsoposterior striatal areas during fear 

acquisition in humans. 

https://paperpile.com/c/zjokBK/oEuG5+nC9hh+sZmUm+1Ji2S+Tvc5S+s8Lh
https://paperpile.com/c/zjokBK/QH7AF+fxc4d
https://paperpile.com/c/zjokBK/s8Lh


 
 

 60 

 We find reduced task-based dopamine release in the posterior caudate in a 

group with a family history of psychotic disorders. There are three previous PET only 

studies on task-induced dopamine release in psychotic disorders that found a lack of 

cortical dopamine release during a working memory task and increased nigrostriatal 

dopamine release during acute nonspecific stress [56–58]. However, none of those 

studies assessed adaptive dopamine release in the striatum. Here, using a 

simultaneous PET/fMRI design, we present the first in vivo evidence of reduced 

adaptive dopamine release in those with an FDR with a psychotic disorder. We see 

that the difference in dopamine release between groups is not due to differences in 

fear learning or engagement on the task, as behavioural indices of learning were not 

different between those with and without a first degree relative with a psychotic 

disorder. Given that tonic dopamine release constitutes a small fraction 

(approximately 0.01%) of the total dopamine released in the synaptic cleft [59, 60], 

the absence of a detectable change in D2 BPND likely indicates a deficiency in 

adaptive, stimulus-driven dopamine release in response to the CS+, rather than an 

increase in baseline tonic dopamine release. Furthermore, we found no evidence for 

baseline D2 BPND differences between the two groups. Altogether, these findings 

support the chaotic dopamine hypothesis by demonstrating a reduction in adaptive 

dopamine release [19].  

On the other hand, we found that a decrease in adaptive dopamine release 

and poor recall of the CS+ are linked to subclinical, self-reported paranoid thinking, 

but not to anhedonia. Paranoid thoughts are common in the general population, and 

paranoia is one of the most heritable symptoms in schizophrenia, often emerging 

early in the development of psychosis [51, 61–64]. Because delusions, like paranoia, 

are thought to arise from chaotic and out-of-context dopamine release, our finding of 

reduced adaptive dopamine release correlating with paranoia contrasts with a 

subcomponent of the chaotic dopamine hypothesis of schizophrenia [19]. Indeed, 

lack of adaptive dopamine release may lead to the emergence of paranoid delusion, 

which may help explain why antipsychotics are generally not effective in preventing 

psychosis in those at clinical high risk [65]. 

 Previous research has shown that tonic increases in dopamine signaling are 

linked to positive symptoms [66–70]. In contrast, reduced adaptive dopamine 

release, especially towards rewards, is postulated to be related to negative 

symptoms [19]. A potential pitfall of current dopaminergic theories of schizophrenia 

(and psychotic disorders) is that they are primarily based on reward learning tasks 

that typically target the ventral striatum. Yet, it is currently thought that dopaminergic 

dysregulation in these disorders is more prominent in the dorsal, associative, and 

sensorimotor striatal areas [11, 71, 72]. Therefore, it is worth noting that the 

dopamine dysregulation observed in our study is located in the posterior area of the 

dorsal striatum, an area involved in integrating both sensory and reward prediction 

errors (Fritsche et al. 2026). Fear conditioning might thus be a valuable paradigm for 

studying dopaminergic dysregulation in psychotic disorders, potentially contributing 
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to the refinement of existing theories and our understanding of symptom emergence. 

We propose that inefficiencies in fear learning, possibly mediated by subcortical 

reductions in phasic dopamine release, might contribute to the development of 

positive symptoms, like paranoia. One possibility is that a distorted dopamine-

reinforced probabilistic map of future risks and rewards might allow less probable 

explanations to take hold, leading to paranoia [73, 74]. 

Interestingly, although dopamine release is not associated with behavioural 

indices of fear learning in the current study, we demonstrate an association with 

increased baseline D2Rs and better fear discrimination at recall, irrespective of FDR 

status. Indeed, silencing Adora+ (putative D2R expressing) tail of striatum neurons 

increased fear behaviour in the absence of a learned CS [54]. Furthermore, 

raclopride administration (at pharmacological, not tracer, doses) immediately after 

fear acquisition reduced fear discrimination at recall [75]. Together, these preclinical 

studies suggest D2Rs in the posterior striatum are essential for computing the 

appropriate behavioural response towards a CS. Our finding further strengthens this 

view by demonstrating an association between D2R availability in the living human 

brain and fear discrimination recall, both a few hours after fear acquisition and one 

day later.   

This study is not without limitations. First, despite including 56 [11C]raclorpide 

PET/fMRI scans, our sample size remains modest. Associations between brain 

activations and behaviour are notoriously difficult to detect and this might explain 

why we did not detect a link between dopamine release and other fear-related 

measures [76]. Second, we studied first-degree relatives of individuals with 

schizophrenia and psychotic disorders and not those individuals themselves. While 

evidence suggests that the dopamine system is similarly affected in first-degree 

relatives, future studies should still attempt to test the chaotic dopamine hypothesis 

in unmedicated individuals with psychotic disorders. 

In summary, we show dopamine release in the tail of the striatum of humans 

during discriminative fear acquisition, and a reduction of this release in the first-

degree relatives of those with psychotic disorders. This deficient release is not 

explained by group differences in fear learning; instead, dopamine release is 

correlated inversely with self-reported paranoia but not anhedonia. Poor 

performance on the explicit recall task, reflected by lower Likert ratings towards the 

shock-paired stimulus (CS+), also correlates inversely with self-reported paranoid 

thinking. We believe these findings support the hypothesis that lack of stimulus-

driven dopamine release, here observed subcortically, may be a component of 

schizophrenia and psychotic disorders. In conclusion, fear conditioning emerges as a 

valuable paradigm for investigating dopamine dysregulation in psychosis, offering 

avenues for refining existing theories and providing a deeper understanding of how 

psychotic symptoms arise. 

https://paperpile.com/c/zjokBK/X0tS+4moK
https://paperpile.com/c/zjokBK/Tvc5S
https://paperpile.com/c/zjokBK/wAWS
https://paperpile.com/c/zjokBK/ns3P


 
 

 62 

Supplementary Methods 

Anatomical data preprocessing 

A total of two T1-weighted (T1w) (one T1w ses-001; one T1w ses-002) images are 

found within the input BIDS dataset. The T1w image is corrected for intensity non-

uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010), distributed with 

ANTs 2.5.1 (Avants et al. 2008, RRID:SCR_004757), and used as T1w-reference 

throughout the workflow. The T1w-reference is then skull-stripped with a Nipype 

implementation of the antsBrainExtraction.sh workflow (from ANTs), using 

OASIS30ANTs as target template. Brain tissue segmentation of cerebrospinal fluid 

(CSF), white-matter (WM) and gray-matter (GM) is performed on the brain-extracted 

T1w using fast (FSL (version unknown), RRID:SCR_002823, [77]). Brain surfaces 

are reconstructed using recon-all (FreeSurfer 7.3.2, RRID:SCR_001847, [78]), and 

the brain mask previously estimated is refined with a custom variation of the method 

to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical 

gray-matter of Mindboggle (RRID:SCR_002438, [79]). Volume-based spatial 

normalization to two standard spaces (MNI152NLin6Asym, MNI152NLin2009cAsym) 

is performed through nonlinear registration with antsRegistration (ANTs 2.5.1), using 

brain-extracted versions of both T1w reference and the T1w template. The following 

templates are were selected for spatial normalization and accessed with 

TemplateFlow (24.2.0, [80]): FSL’s MNI ICBM 152 non-linear 6th Generation 

Asymmetric Average Brain Stereotaxic Registration Model [[81], RRID:SCR_002823; 

TemplateFlow ID: MNI152NLin6Asym], ICBM 152 Nonlinear Asymmetrical template 

version 2009c [[82], RRID:SCR_008796; TemplateFlow ID: 

MNI152NLin2009cAsym]. 

Functional data preprocessing 

For each of the eight BOLD runs (three resting-state fMRI ses-001; four task-based 

fMRI ses-002; one resting state fMRI ses-002) found per participant (across all tasks 

and sessions), the following preprocessing is performed. First, a reference volume is 

generated, using a custom methodology of fMRIPrep, for use in head motion 

correction. Head-motion parameters with respect to the BOLD reference 

(transformation matrices, and six corresponding rotation and translation parameters) 

are estimated before any spatiotemporal filtering using mcflirt (FSL, [83]). The BOLD 

reference is then co-registered to the T1w reference using bbregister (FreeSurfer) 

which implements boundary-based registration [84]. Co-registration is configured 

with six degrees of freedom. Several confounding time-series are calculated based 

on the preprocessed BOLD: framewise displacement (FD), DVARS and three region-

wise global signals. FD is computed using two formulations following Power 

(absolute sum of relative motions [85]) and Jenkinson (relative root mean square 

displacement between affines [83]). FD and DVARS are calculated for each 

functional run, both using their implementations in Nipype (following the definitions 

by [86]. The three global signals are extracted within the CSF, the WM, and the 

whole-brain masks. Additionally, a set of physiological regressors are extracted to 
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allow for component-based noise correction (CompCor, [87]). Principal components 

are estimated after high-pass filtering the preprocessed BOLD time-series (using a 

discrete cosine filter with 128s cut-off) for the two CompCor variants: temporal 

(tCompCor) and anatomical (aCompCor). tCompCor components are then 

calculated from the top 2% variable voxels within the brain mask. For aCompCor, 

three probabilistic masks (CSF, WM and combined CSF+WM) are generated in 

anatomical space. The implementation differs from that of Behzadi et al. in that 

instead of eroding the masks by 2 pixels on BOLD space, a mask of pixels that likely 

contain a volume fraction of GM is subtracted from the aCompCor masks. This mask 

is obtained by dilating a GM mask extracted from the FreeSurfer’s aseg 

segmentation, and it ensures components are not extracted from voxels containing a 

minimal fraction of GM. Finally, these masks are resampled into BOLD space and 

binarized by thresholding at 0.99 (as in the original implementation). Components 

are also calculated separately within the WM and CSF masks. For each CompCor 

decomposition, the k components with the largest singular values are retained, such 

that the retained components’ time series are sufficient to explain 50% of variance 

across the nuisance mask (CSF, WM, combined, or temporal). The remaining 

components are dropped from consideration. The head-motion estimates calculated 

in the correction step are also placed within the corresponding confounds file. The 

confounding time series derived from head motion estimates and global signals are 

expanded with the inclusion of temporal derivatives and quadratic terms for each 

[88]. Frames that exceeded a threshold of 0.5 mm FD or 1.5 standardized DVARS 

are annotated as motion outliers. Additional nuisance time series are calculated by 

means of principal components analysis of the signal found within a thin band 

(crown) of voxels around the edge of the brain [89]. The BOLD time-series are 

resampled onto the following surfaces (FreeSurfer reconstruction nomenclature): 

fsaverage5. All resamplings can be performed with a single interpolation step by 

composing all the pertinent transformations (i.e. head-motion transform matrices, 

susceptibility distortion correction when available, and co-registrations to anatomical 

and output spaces). Gridded (volumetric) resamplings are performed using 

nitransforms, configured with cubic B-spline interpolation. Non-gridded (surface) 

resamplings are performed using mri_vol2surf (FreeSurfer). 

Many internal operations of fMRIPrep use Nilearn 0.10.4 (RRID:SCR_001362 [33]), 

mostly within the functional processing workflow. For more details of the pipeline, 

see the section corresponding to workflows in fMRIPrep’s documentation. 

Supplementary Results 

The visual fear discrimination paradigm elicits fear responses but these do not differ 

between groups 

Before examining differences in fear learning between controls and FDRs, the 

expected learning in the combined PET/fMRI group (N = 28) and the larger fMRI 

group (N = 74) are first confirmed. Here, we examine if the fear conditioning task 
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elicited greater skin conductance responses to the CS+, correct recall of the CS+ 

and typical fMRI responses during fear conditioning across all four runs of fear 

acquisition using linear mixed effect models. Indeed, expected skin conductance 

responses, Likert ratings during explicit recall and fMRI responses towards the CS+ 

are confirmed (Figure S2; Tables S5, S6). Reaction times during explicit ratings did 

not differ between CS+ and CS- (Figure S2; Table S7). Next, we find no between-

group differences in skin conductance recordings and the explicit recall task (Tables 

S5, S6, S7). Thus, differences in behavioural indices of fear expression between 

groups do not explain differences in dopamine release between the groups. Finally, 

we examine between-group differences in the CS+ versus CS- fMRI BOLD 

responses using the Glasser atlas for the extraction of cortical ROIs and the Tian S2 

atlas for the extraction of subcortical ROIs. An exploratory linear mixed effects model 

reveals several higher order visual and associative areas are differentially activated 

in controls versus FDRs, as well as the medial amygdala (Table S8). Activity in 

significantly different regions between-groups are not predicted by dopamine release 

in the posterior caudate (Table S8). Thus, BOLD differences between groups do not 

explain the difference in dopamine release between groups. 
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Supplementary Figures 

Visual depiction of the experimental design 

 

Figure S1. Visual depiction of the experimental design and fear conditioning task. A. 

A subset of 28 individuals completed the combined PET/fMRI arm. Here, participants 

completed one 60-minute [11C]raclopride PET scan during baseline. Approximately 

one day later, participants are brought back for a fear acquisition scan. Participants 

complete four runs of a visual fear conditioning paradigm in the MRI scanner, with 

simultaneous acquisitions of fMRI and SCR. [11C]raclopride is injected immediately 

after termination of the first fear conditioning run, and then participants complete 

three more runs. Afterwards, participants complete an explicit recall of the visual 

pairings no more than two hours after the last fear conditioning run. Finally, 

participants complete a second explicit recall approximately one day after the last 

fear conditioning run. These 28 individuals that completed the combined PET/fMRI 

arm are part of a larger group (N = 74) that completed simultaneous fMRI and SCR, 

then recall. B. The top panel depicts an example of a single fear conditioning run. 

Participants are presented with a new pair of pseudorandomized faces at each run to 

ensure continuous learning throughout the scan. One run of fear acquisition 

consisted of 20 CS+ presentations (6 paired with a shock, ~33% reinforcement rate, 

4 seconds each), 14 CS- presentations (4 seconds each) and a jittered inter-trial 

interval (6-15 seconds each) for a total of 483 seconds (see methods for more 

details). The bottom panel represents theoretical blood-oxygen-dependent-level 
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(BOLD) and SCR signals. C. An example illustration of an individual undergoing 

simultaneous PET/fMRI/SCR. 

The visual fear discrimination paradigm elicits fear responses but these do not differ 

between groups 

 

Figure S2. Area Under the Curve (AUC) of the deconvolved phasic skin 

conductance response from 0-10 s (measured in microsiemens [μS]), explicit recall 

scores representing contingency memory and BOLD responses confirm learning 

during the visual fear discrimination paradigm. a. A linear mixed effects model 

reveals the CS+ (red) elevated skin conductance responses relative to the CS- 

(blue). Examination of the main effects of the model using ANOVA reveals a 

significant effect of CS type, but not group, in the combined PET/fMRI (N = 28, 

F(1,111) = 6.404, p = .0128) and the larger fMRI group (N = 69, F(1,275) = 12.02, p = 

.0006). b. A linear mixed effects model reveals that participants rated the CS+ (red) 

as more likely to be paired with the shock relative to the CS- (blue), 2 hours after the 

last fear conditioning run and the next day. Examination of the main effects of the 

model using ANOVA reveals a significant effect of CS type, but not group or day, in 

the combined PET/fMRI (N = 28, F(1,334) = 246.1, p < .0001) and the larger fMRI 

group (N = 74, F(1,782) = 578.4, p < .0001) c. However, a linear mixed effects model 

did not reveal differences in reaction time (RT) when rating CS+ and CS- stimuli 

when examining main effects in the combined PET/fMRI (N = 28, F(1,334) = 0.207, p = 

.6491) and the larger fMRI group (N = 74, F(1,782) = 1.452, p = .2285). d. A one-

sample t-test of BOLD activity during the fear conditioning task indicates that 38 
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parcels exhibit BOLD activity favoring the CS+ relative to CS- (red), while 75 parcels 

show BOLD activity favoring the CS- relative to CS+ (blue) (N = 74, all t(73) > |2.2|, all 

p < 0.05; fdr-adjusted for 196 parcels). Importantly, we find similar changes in BOLD 

activity in these regions as previous meta-analyses of fear conditioning [90, 91].  
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Supplementary Tables 

Table S1. Temporal Experience of Pleasure Scale (TEPS), State Paranoia Checklist 

(PCL), explicit recall, and skin conductance from the combined PET/fMRI group (N = 

28). 

 Controls  
(N = 16) 

FDRs (N = 12) Test Statistic 

TEPS  

Anticipatory 
Subscore  | Mean 

(SD) 

42 (8.0) 43 (5.5) t-test t(26) = -0.22,  
p = 0.83 

Consummatory 
Subscore | Mean 

(SD) 

39 (6.4) 38 (5.4) t-test t(26) = 0.42, 
p = 0.68 

Total Score | 
Mean (SD) 

81 (13) 81 (9.4) t-test t(26) = 0.08,  
p = 0.94 

PCL  

Frequency 
Subscore | 

Median [Min, 
Max] 

18 [18,26] 19 [18,33] wilcoxon W = 75.5,  
p = 0.29 

Conviction 
Subscore | 

Median [Min, 
Max] 

20 [18,73] 21 [18, 34] wilcoxon W = 89,  
p = 0.76 

Distress 
Subscore | 

Median [Min, 
Max] 

19 [18, 37] 18 [18, 25] wilcoxon W = 112.5,  
p = 0.42 

Total Score | 
Median [Min, 

Max] 

57 [54, 130] 60 [54,92] wilcoxon W = 86, 
p = 0.66 

Explicit Recall  

Day 1  

CS+ | Mean (SD) 3.22 (0.96) 3.03 (0.98) Linear mixed 
effect model 

F(1,111) = 122, 
p < 0.0001 

[CS- vs. CS+] 
F(1,26) = 0.03, 

p = 0.86 
[group] 

   

CS- | Mean (SD) 1.73 (1.00) 1.86 (1.02) 
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Table S1 Continued… 

 Controls  
(N = 16) 

FDRs (N = 12) Test Statistic 

Day 2  

CS+ | Mean (SD) 3.17 (0.94) 3.07 (1.07) Linear mixed 
effect model 

F(1,111) = 91.1, 
p < 0.0001 

[CS- vs. CS+] 
F(1,25) = 0.15,  

p = 0.69 
[group] 

CS- | Mean (SD) 1.90 (1.00) 1.86 (1.07) 

Skin 
conductance 

 

CS+ | Mean (SD) 6.81 (7.49) 9.74 (12.3) Linear mixed 
effect model 

F(1,111) = 6.40, 
p = 0.013 

[CS- vs. CS+] 
F(1,26) = 0.75,  

p = 0.39 
[group] 

CS- | Mean (SD) 6.21 (6.77) 8.74 (10.1) 

 

Table S2. %ΔD2R BPND data are fit using a linear fixed effects model in 16 control 

participants x 2 timepoints x 5 regions = 150 total observations. As per the equation 

below [lme(bpnd ~ session*region, random = list(participant_id = ~ 1, region = ~ 1), 

data=filtered_data, method="REML")], we specify fixed effects of region and session. 

We also specify two random effects of participant_id and region. This syntax 

specifies 1|participant_id to model both overall individual differences as well as 

1|region in participant_id to model region-specific individual differences. Then, the 

emmeans package in R is used to extract marginal means from the model. The 

results of the pairwise comparisons [BL - FC] are presented below. SE = standard 

error; df = degrees of freedom. 

region estimate SE df t.ratio p.value fdr.adj.p 

Nucleus 
accumbens 

-0.017 0.044 75 -0.378 0.7064 0.706 

Anterior 
caudate 

0.084 0.044 75 1.916 0.0592 0.099 

Anterior 
putamen 

0.038 0.044 75 0.871 0.3866 0.483 

Posterior 
caudate 

0.116 0.044 75 2.626 0.0105 0.032 

Posterior 
putamen 

0.115 0.044 75 2.549 0.0129 0.032 
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Table S3. %ΔD2R BPND data are fit using a linear fixed effects model in 16 control 

participants + 12 FDR participants. One difference value was obtained from each 

participant x 2 regions = 54 total observations. As per the equation [lme(bpnd ~ 

region*group, random = list(participant_id = ~ 1, region = ~ 1), data=filtered_data, 

method="REML")], we specify fixed effects of region and session. We also specify 

two random effects of participant_id and region. This syntax specifies 1|participant_id 

to model both overall individual differences as well as 1|region in participant_id to 

model region-specific individual differences. Then, the emmeans package in R is 

used to extract marginal means from the model. The results of the pairwise 

comparisons [FDR - CTR] are presented below.  SE = standard error; df = degrees 

of freedom. 

region estimate SE df t.ratio p.value fdr.adj.p 

Posterior 
caudate 

7.047 2.762 26 2.551 0.017 0.034 

Posterior 
putamen 

5.100 2.762 26 1.846 0.076 0.076 

 

Table S4. Baseline D2R BPND data are fit using a linear fixed effects model in 16 

control participants + 12 FDR participants. One BPND value is obtained from each 

participant x 2 regions = 54 total observations. As per the equation [lme(bpnd ~ 

group*region, random = list(participant_id = ~ 1, region = ~ 1), data=filtered_data, 

method="REML")], we specify fixed effects of region and group. We also specify two 

random effects of participant_id and region. This syntax specifies 1|participant_id to 

model both overall individual differences as well as 1|region in participant_id to 

model region-specific individual differences. Then, the emmeans package in R is 

used to extract marginal means from the model. The results of the pairwise 

comparisons [FDR - CTR] are presented below.  SE = standard error; df = degrees 

of freedom. 

region estimate SE df t.ratio p.value fdr.adj.p 

Posterior 
caudate 

-0.179  0.144 26 -1.238 0.227 0.453 

Posterior 
putamen 

-0.045 0.144 26 -0.314 0.756 0.756 
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Table S5. SCR data are fit using a linear mixed effects model in N = 28 and N = 69 

individuals (after discarding 5 SCR recordings from the fMRI only arm). As per the 

equation [lme(scr ~stimtype, random =~ 1|subid/run, data=filtered_data, 

method="REML")], we specified the fixed effects of stimulus type (CS+ or CS-) and 

group. We also specify two random effects of run (1, 2, 3, 4) and participant_id. This 

syntax specifies 1|participant_id to model both overall individual differences as well 

as 1|run in participant_id to model run-specific individual differences. Because we 

are interested in main effects of stimulus type and group, we used the anova.lme 

function to extract main effects, presented below. numDF = numerator degrees of 

freedom, denDF = denominator degrees of freedom. 

N Effect numDF denDF F-value p-value 

28 Intercept 1 111 13.80 0.0003 

Stimulus type 1 111 6.404 0.0128 

Group 1 26 0.752 0.3936 

69 Intercept 1 275 21.62 < 0.0001 

Stimulus type 1 275 12.02 0.0006 

Group 1 67 0.8112 0.3710 
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Table S6. Explicit recall data are fit using a linear mixed effects model in N = 28 and 

N = 74 individuals. As per the equation [lme(Response ~stimtype + group + day,  

random =~ 1|subid/run, data=filtered_data, method="REML")], we specify the fixed 

effects of stimulus type (CS+ or CS-), group and day (1, 2). We also specify two 

random effects of run (1, 2, 3, 4) and participantt_id. This syntax specifies 

1|participantt_id to model both overall individual differences as well as 1|run in 

participantt_id to model run-specific individual differences. Because we are 

interested in main effects of stimulus type and group, we used the anova.lme 

function to extract main effects, presented below. numDF = numerator degrees of 

freedom, denDF = denominator degrees of freedom. 

N Effect numDF denDF F-value p-value 

28 Intercept 1 334 115.4 < 0.0001 

Stimulus type 1 334 246.1 < 0.0001 

Group 1 26 0.089 0.7671 

Day 1 334 0.263 0.6083 

74 Intercept 1 782 240.1 < 0.0001 

Stimulus type 1 782 578.4 < 0.0001 

Group 1 72 0.104 0.7485 

Day 1 782 0.045 0.8321 
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Table S7. Reaction time data during recall are fit using a linear mixed effects model 

in N = 28 and N = 74 individuals. As per the equation [lme(Response ~stimtype + 

group + day,  random =~ 1|subid/run, data=filtered_data, method="REML")], we 

specify the fixed effects of stimulus type (CS+ or CS-), group and day (1, 2). We also 

specify two random effects of run (1, 2, 3, 4) and participant_id. This syntax specifies 

1|participant_id to model both overall individual differences as well as 1|run in 

participant_id to model run-specific individual differences. Because we are interested 

in main effects of stimulus type and group, we used the anova.lme function to extract 

main effects, presented below. numDF = numerator degrees of freedom, denDF = 

denominator degrees of freedom. 

N Effect numDF denDF F-value p-value 

28 Intercept 1 334 29.24 < 0.0001 

Stimulus type 1 334 0.207 0.6491 

Group 1 26 0.008 0.9315 

Day 1 334 4.489 0.0348 

74 Intercept 1 782 29.47 < 0.0001 

Stimulus type 1 782 1.452 0.2285 

Group 1 72 0.144 0.7056 

Day 1 782 20.72 < 0.0001 
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Table S8. fMRI contrast data during acquisition are fit using a linear mixed effects 

model N = 74 individuals. As per the equation [lme(beta ~region*group+run, random 

=~ 1|participant_id, data=filtered_data, method="ML")], we specify the fixed effects of 

region, group and run (1, 2,3,4). We also specify the random effect of participant_id. 

This syntax specifies 1|participant_id to model overall individual differences. Then, 

the emmeans package in R is used to extract marginal means from the model. The 

results of the pairwise comparisons [FDR - CTR] are presented below only for 

significant parcels surviving FDR correction. Exploratory regressions are performed 

between the significant parcels and %ΔBPND to rule out fMRI group differences on 

dopamine release. SE = standard error; df = degrees of freedom. 

contrast Region 
(acronym) 

estimate SE df t.ratio fdr.adj.p Correlation 
with 

%ΔBPND   

fdr - hc Area V6A 
(V6A) 

0.074 0.015 72 5.071 0.0006 No 

fdr - hc Seventh 
Visual Area 

(V7) 

0.075 0.018 72 4.244 0.0063 No 

fdr - hc Posterior 
InferoTempo
ral complex 

(PIT) 

0.063 0.018 72 3.560 0.0374 No 

fdr - hc Eighth 
Visual Area 

(V8) 

0.062 0.018 72 3.516 0.0374 No 

fdr - hc Medial 
amygdala 
(mAMY) 

0.061 0.018 72 3.439 0.0381 No 

fdr - hc Fourth visual 
area (V4) 

0.059 0.018 72 3.348 0.0424 No 

fdr - hc Area Lateral 
IntraParietal 
dorsal (LIPd) 

0.058 0.018 72 3.271 0.0432 No 

fdr - hc Area V3CD 
(V3CD) 

0.057 0.018 72 3.235 0.0432 No 

fdr - hc Ventral 
IntraParietal 

Complex 
(VIP) 

0.057 0.018 72 3.210 0.0432 No 
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Table S9. Predictions of the chaotic dopamine hypothesis using the posterior 

caudate striatal ROI. 

Prediction Variables Equation Statistic (%ΔBPND) 

↓release → ↓BOLD for 

positive prediction error 

%ΔBPND  

∆BOLD [CS+ - CS-] 
∆BOLD ~ 

%ΔBPND+Group 

t(25) = -2.65,  
p = 0.014 

↓release → ↓autonomic 

responding 

%ΔBPND  
Skin conductance  

∆ CS [CS+ - CS-] 

Autonomic response ~ 
%ΔBPND+Group 

+Stimulus 

t(25) = -0.21, 
p = 0.84 

↓release → ↓valuation 

of stimuli 

%ΔBPND  
Explicit recall 

∆ CS [CS+ - CS-] 

Likert response ~ 
%ΔBPND+Group 

+Day(1+2) 

t(52) = 0.47, 
p = 0.64 

↓release → ↑negative 

symptoms 

%ΔBPND 

TEPS total 
TEPS ~ %ΔBPND+Group t(25) = -0.076,  

p = 0.94 

↓release → ↑negative 

symptoms 

%ΔBPND 

TEPS anticipatory 
TEPS ~ %ΔBPND+Group t(25) = -0.723,  

p = 0.476 

↓release → ↑negative 

symptoms 

%ΔBPND 

TEP consummatory 
TEPS ~ %ΔBPND+Group t(25) = 0.709,  

p = 0.485 

↓release →  ↓positive 

symptoms 

%ΔBPND 

PCL total 
log(PCL) ~ 

%ΔBPND+Group 
t(25) = 2.07, 

p = 0.049 

↓release →  ↓positive 

symptoms 

%ΔBPND 

PCL frequency 
log(PCL) ~ 

%ΔBPND+Group 
t(25) = 2.20 
p = 0.037 

↓release →  ↓positive 

symptoms 

%ΔBPND 

PCL conviction 
log(PCL) ~ 

%ΔBPND+Group 
t(25) = 1.498, 

p = 0.147 

↓release →  ↓positive 

symptoms 

%ΔBPND 

PCL distress 
log(PCL) ~ 

%ΔBPND+Group 
t(25) = 1.977, 

p = 0.059 
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8. General Discussion 

8.1 Summary of main findings 

In summary, the first manuscript shows that dorsomedial SN/VTA NM-MRI 

signal correlates with paranoid delusions. This suggests that a long-term measure of 

dopamine reflecting both tonic and phasic dopamine, as measured by NM-MRI, is 

positively linked to subclinical paranoia. The second manuscript indicates that 

dorsoposterior striatal dopamine release, likely reflecting phasic dopamine, is 

inversely associated with subclinical paranoia. Collectively, these studies suggest 

that while a static dopamine measure may be linked to paranoia, a lack of adaptive 

dopamine release might also contribute to positive symptoms. Together, these two 

studies highlight that two dopamine subsystems (dorsomedial SN/VTA → ventral 

striatum and ventrolateral SN/VTA → dorsal striatum) potentially contribute to 

paranoia. Furthermore, tonic and/or phasic dopamine release may be involved in the 

dysregulation of these two dopamine subsystems. Ultimately, these changes might 

reduce the dynamic range in which dopamine can signal value and impair the ability 

to discriminate stimuli, leading to paranoia. 

8.1.1 Two components of the dopamine signal may contribute to positive symptoms 

 Interestingly, these studies collectively demonstrate that two separate parts of 

the midbrain dopamine system may contribute to positive symptoms. Dorsomedial 

SN/VTA projects to ventral striatum, whereas ventrolateral SN/VTA projects to dorsal 

striatum (Haber, 2003). Dopamine neurons across the mediolateral axis are thought 

to reflect different aspects of value encoding. Medial dopamine neurons are more 

likely to reflect a valence signal, differentiating between rewarding and aversive 

stimuli. Whereas, lateral dopamine neurons are more likely to reflect a general 

salience signal (Hamati et al., 2024). Together, these neurons may reflect the total 

value of a given stimulus association, providing information on whether an outcome 

is generally good or bad (valence) and how important it is (salience). This 

computation of the value signal for a stimulus may be important in understanding 

positive symptoms. 

8.1.2 Two modes of dopamine release in each dopamine subsystem may reduce the 

dynamic range of the value signal 

 Our findings highlight that two modes of dopamine release, tonic and phasic 

dopamine, may contribute to positive symptoms like paranoia. Increased SN/VTA 

NM-MRI may reflect hyperdopaminergia in the tonic component. On the other hand, 

decreased fear-elicited dopamine release may reflect hypodopaminergia in the 

phasic component. Importantly, tonic and phasic dopamine set the range in which 

the brain can represent the value of a given stimulus. By increasing tonic and 

decreasing phasic release, the ability of the dopamine system to represent distinct 

stimuli in the brain is reduced. Consequently, this severely impacts the ability of an 

individual to discriminate stimuli. This idea is supported by a study which reported an 
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increased fear response to a safety stimulus, when dopamine release towards a fear 

stimulus was reduced, in a fear discrimination paradigm (Jo et al., 2018). 

8.1.3 Phasic release as measured by [11C]raclopride may reflect a predominantly D2 

receptor mediated signal 

 In the present study, fear conditioning evoked dopamine release was 

assessed by [11C]raclopride, which has affinity for D2 and D3 receptors (Köhler et al. 

1985). Thus, it could be argued that raclopride could be displaced by both types of 

dopamine receptors. However, D2 and D3 receptors are expressed in almost 

opposing gradients within the striatum (Gurevich and Joyce 1999). In the caudate 

and putamen where [11C]raclopride was displaced in the current study, D2 receptors 

are relatively more expressed than D3 receptors, and so it is mainly these receptors 

that were activated during fear conditioning with only some contribution from D3 

receptors.  In contemporary theories, striatal D2 receptors are thought to mediate 

value learning and inhibit competing actions (see section 2.5.2). This suggests a 

reduction in striatal D2 receptor-mediated signalling may lead to supra-additive 

features. This idea is supported by a study which reported an increased fear 

response in the absence of sensory cues, when D2 receptor expressing striatal 

neurons are silenced (Kintscher et al., 2023). Overall, a reduction in D2 receptor 

mediated signaling may be one way in which reduced dopamine release may 

contribute to positive symptoms. 

8.2 A new integrated hypothesis of schizophrenia 

The present thesis presents new empirical data that complicates the 

dopamine hypothesis of schizophrenia even further. On one hand, the dopamine 

imbalance hypothesis attributes increased striatal dopamine to positive symptoms 

and decreased cortical dopamine to negative symptoms. On the other hand, the 

chaotic dopamine hypothesis attributes increased tonic dopamine release to positive 

symptoms and decreased phasic dopamine release at relevant times to negative 

symptoms. However, our data suggests that there may be a case for reduced phasic 

striatal dopamine release in the emergence of positive symptoms, which does not fit 

either hypothesis neatly. Thus, I propose an updated integrated hypothesis that 

combines insights from a systems neuroscience view of dopamine, bayesian 

uncertainty, prediction errors, and tonic versus phasic dopamine signalling (Corlett & 

Fraser, 2025; Hamati et al., 2024; Maia & Frank, 2017; Millard et al., 2022). 

 

 In this new integrated model we will start by describing 1) an individual who 

observes the association between a face stimulus and a shock. 2) Dopaminergic 

neurons then produce a prediction error signal. This signal represents the mismatch 

between current sensory input and prior experience. If the current input is greatly 

different from prior experience, then a large dopamine signal will drive learning to 

update the probability of occurrence. In this model, we reconcile motivational 

salience and general salience by recognizing that dopaminergic neurons can signal 

https://paperpile.com/c/ltwgBU/sWeY
https://paperpile.com/c/ltwgBU/JGF8
https://paperpile.com/c/ltwgBU/JGF8
https://paperpile.com/c/ltwgBU/7G9q
https://paperpile.com/c/ltwgBU/o3MMF
https://paperpile.com/c/ltwgBU/haKL+wj32+Nqx7+9oqy
https://paperpile.com/c/ltwgBU/haKL+wj32+Nqx7+9oqy


 
 

 85 

either type of salience. 3) These two types of saliences are represented by 

dopaminergic neurons projecting along a dorsoventral axis. Dorsomedial 

dopaminergic neurons signal motivational salience (A.K.A valence - is it good or 

bad?) and project to ventral striatum. Ventrolateral dopaminergic neurons signal 

general salience (Is it important?) and project to dorsal striatum (Menegas et al., 

2017). The dorsoventral striatal axis may also have distinct time horizons for 

discounting events (Mohebi et al., 2024). General salience, maintained by sensory 

information, may be discounted at a faster rate in the sensorimotor striatum. 

Whereas, motivational salience, maintained by internal representations may be 

discounted at a slower rate in the ventral striatum. 4) Thus, striatal dopamine 

represents a probabilistic map of future risk and reward for a given stimulus (in this 

case, the face-shock pair), which is stored in a ‘library’ of stimulus-shock pairings in 

the cortex (or allocortex such as the hippocampus). In the case of the face-shock 

pair, this is a net positive salience signal and a net negative valence signal. 5) 

Finally, the relative risk or reward assessment of a given environment is produced by 

the evaluation of all stimuli within the environment and their corresponding value as 

given by the striatal dopamine representation (figure 4). 

 

 
Figure 4. A model of how individuals learn about the world. 

 

In the case of psychosis, there may be reduced adaptive dopamine release 

(i.e. there may be excess dopamine but it is not released at appropriate times and 

magnitudes; as we present evidence for in the current thesis) and increased tonic 

dopamine release. One or both of these changes in dopamine release may reduce 

the dynamic range in which dopamine may signal salience and valence. Overall, this 

results in a reduced ability to discriminate between various stimuli in the environment 

and inhibit competing responses. In the case of pain or fear related associations, this 

lack of ability to discriminate between stimuli leads to paranoia (figure 5). 
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To illustrate this new integrated hypothesis of schizophrenia, a hypothetical 

scenario will be described. In this scenario, there is a fatal virus circulating town. This 

virus, although fatal, is asymptomatic at the beginning stages. If a person is to step 

out of their home, then all individuals within that person's field of view would be 

considered highly dangerous. This is because there is no way to discriminate 

between who has the virus versus who does not. In the same way, a person with 

paranoia has no way of discriminating who is safe versus who is not. Thus I propose 

that excess perceived danger, combined with a reduced ability to discriminate fear 

from safety, are two essential components to the formation of paranoid delusion. 

 

 
Figure 5. A new integrated model of schizophrenia. 

8.3 Future avenues: What does this mean for the study of 

schizophrenia? 

8.3.1 Solidifying a reduction of phasic dopamine in more severe presentations and 

by sex 

 Although the link between excess tonic dopamine release and positive 

symptoms has been extensively supported by the existing literature, this thesis is the 

first to demonstrate the idea that reduced phasic dopamine may also contribute to 

positive symptoms. However, this data is preliminary and additional studies using 

populations with more severe symptom presentation and different learning tasks are 

warranted. First, the current population of study are FDR individuals, the majority of 

which did not have any current mental health disorders, and some past the age of 

conversion to psychosis. Thus, we likely studied learning in individuals that were 

resilient and did not reflect paranoia severity in populations such as CHR-P or first-

episode psychosis. Second, we used a fear conditioning task to study dopamine 
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release. It would be beneficial to see if this reduction in dopamine release is 

replicated using similar fear conditioning tasks, but further if this reduction occurs in 

reward conditioning tasks, and cognitive tasks such as working memory. One future 

direction would be to examine if deficits in dopamine release are related to specific 

symptoms. In the current thesis, lack of dopamine release during fear conditioning 

was related to paranoia, a fear-based delusion. Logically, then, lack of dopamine 

release during reward conditioning may be related to anhedonia; and lack of 

dopamine release during a working memory task may be related to cognitive deficits. 

Finally, we did not find any statistically significant differences in dopamine release 

between male and females, which we were underpowered to detect in the current 

studies. However, future studies should examine sex differences in task-evoked 

dopamine release, as the oestrous cycle may modulate this release.  

8.3.2 Implications for treatment of schizophrenia and related disorders 

 Up until recently, schizophrenia and related disorders were thought of as 

disorders of dopamine excess subcortically and dopamine scarcity cortically. By 

teasing out tonic and phasic components of dopamine signaling, we may take 

dopamine dysregulation one step further. That is, baseline or tonic levels of 

dopamine are likely higher, and phasic or learning levels of dopamine are likely 

lower, irrespective of the brain region examined. Through this understanding, we 

may be able to tailor treatments to balance tonic and phasic dopamine signalling in 

the brain. One way would be to reduce the number of spontaneously active 

dopamine neurons responsible for tonic dopamine release while leaving phasic 

release and postsynaptic dopamine receptor binding intact. Another way would be to 

boost phasic dopamine activity. These manipulations would require an in-depth 

understanding of the molecular and systems-level substrates underlying the 

transitory switches from silent, spontaneously active, to phasic states. One potential 

therapeutic could be an NMDA receptor agonist or positive allosteric modulator, as 

NMDA receptors expressed dopamine neurons are responsible for their bursting 

activity and the maintenance of phasic dopamine levels (Zweifel et al. 2009; Paladini 

and Roeper 2014).  

8.3.3 Concluding remark 

In conclusion, the current thesis brings forward a new perspective on 

dopamine dysregulation in schizophrenia and related disorders: Paranoid delusion 

may not emerge because of "too much dopamine." It is likely a dysregulation of the 

signal-to-noise produced by the individual tonic and phasic signaling components. 

And so I close the thesis with this final statement in the hopes that it leads to new 

ways of treating schizophrenia and related disorders. 
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