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Abstract  
Background: Although the history, interview, and examination of the patient provide the foundation for the diagnosis of 
schizophrenia, nuclear neuroimaging investigations constitute promising tools to elucidate the pathophysiology of 
schizophrenia and other neuropsychiatric disorders. Imaging studies of neuroreceptors constitute research tools to 
investigate the role of dysfunction of the acetylcholinergic, dopaminergic, glutamatergic, serotonergic, cannabinoid, 
opioid, and nicotinic systems in the pathogenesis and pathophysiology of schizophrenia and related conditions. 

People with the phenotype of the clinical syndrome of schizophrenia likely represent multiple distinct genotypes with 
poorly characterized biological traits. Thus, the population of people manifesting the clinical syndrome of schizophrenia 
likely contains several heterogeneous biological subgroups yet to be specified.  

The dopamine hypothesis of schizophrenia proposes that the positive symptoms result from an excess of intrasynaptic 
dopamine, an excitatory neurotransmitter, and the negative symptoms result from a deficit of intrasynaptic dopamine. 
Accordingly, a group of people with schizophrenia likely have reduced intrasynaptic dopamine in the tonic, resting, basal 
state, and increased intrasynaptic dopamine in the excited, aroused, phasic state.  

Additionally, the glutamate hypothesis of schizophrenia suggests that dysfunction of glutamate, another excitatory 
neurotransmitter, in the prefrontal region results in excessive concentrations of dopamine in the striata resulting in the 
positive symptoms of schizophrenia.  

Methodology/Principal Findings: Published research about the nuclear neuroimaging techniques to identify neurotrans- 
mitters in people with schizophrenia are reviewed. 

Conclusions/Significance: Future research including neuronuclear imaging and genetic evaluations is needed to 
characterize the biological subgroups of people with the clinical syndrome of schizophrenia. Neuronuclear imaging 
studies will likely refine the measurement of neurotransmitters in the presynaptic, synaptic, and postsynaptic regions in 
people with schizophrenia and healthy people. Imaging studies of neuroreceptors during the administration of putative 
therapeutic agents for schizophrenia will help determine the optimal dose. In the future the research findings summarized 
in this article will likely be translated into clinical practice.   
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1 Introduction 
The history of the patient and the interview and examination of the patient constitute the foundations for the diagnosis of 
schizophrenia. Schizophrenia cannot currently be diagnosed by imaging studies. Specifically positron-emission tomo- 
graphy (PET) and single-photon emission-computed tomography (SPECT) are not currently indicated in the clinical 
evaluation of people with schizophrenia. A structural imaging study of the brain is indicated in the diagnostic evaluation of 
patients with suspected schizophrenia to rule out treatable neurological disorders. Nevertheless, imaging studies of 
neuroreceptors in the living human brain provide research tools to (1) identify dysfunction of dopaminergic, serotonergic, 
glutamatergic, and acetylcholinergic systems that play a role in the pathogenesis and pathophysiology of schizophrenia 
and (2) measure neuroreceptor occupancy before and after the administration of putative therapeutic agents to determine 
optimal doses maximizing beneficial effects and minimizing adverse effects. Since an altered mental status commonly 
characterizes the presenting clinical picture of a person with schizophrenia, a structural imaging study of the brain, e.g., 
magnetic resonance imaging (MRI) or x-ray computed tomography (CT), is indicated to rule out a treatable lesion, such as 
bilateral subdural hematomata and parasaggital meningeomas [1, 2]. In time PET and SPECT imaging studies of 
neuroreceptors likely will become clinical tools to identify deficits in people with schizophrenia and to monitor the effects 
of therapeutic and other interventions. 

Brain imaging techniques are broadly divided into two groups, structural and functional. Structural techniques illustrate 
the anatomical portions of the brain and related structures. Structural imaging techniques of the brain include x-ray CT, 
MRI, MRS, and radiography (x-rays). Functional imaging techniques illustrate the physiological portions and divisions of 
the brain and associated organs. Functional imaging techniques include PET and SPECT [2, 3]. Both structural and 
functional imaging techniques have contributed to the knowledge of the pathogenesis and pathophysiology of 
schizophrenia. 

Structural imaging studies have identified several alterations in the brains of people with schizophrenia. For example, 
MRI, a structural imaging technique, has demonstrated bilateral reductions in the volume of the medial temporal lobes of 
people with schizophrenia [4]. MRI demonstrated that the gray matter in the head of the caudate nucleus is reduced in 
people with first episodes of schizophrenia and absent in people with chronic schizo- 
phrenia [5]. Structural imaging procedures can well delineate subtle alterations in anatomical structures, but not the 
physiological processes mediated by those structures. 

Functional imaging procedures to visualize neuroreceptors in the brain include SPECT and PET. The utilization of 
function imaging procedures can be limited by the availability of the necessary instrumentation and manpower. Some 
functional imaging techniques are widely available. For example, (1) regional cerebral blood flow (rCBF) and (2) glucose 
metabolism can be measured with scanners that are widely available in hospitals. rCBF can be estimated by measuring 
cerebral perfusion utilizing SPECT utilizing radioligands containing 123I and 99mTc, such as [99mTc]hexamethyl- 
propyleneamine oxime ([99mTc]HMPAO). Since 99mTc is widely available, rCBF can be readily estimated with SPECT on 
a clinical basis [6]. Additionally, because [18F] has a half-life of two hours, then [18F] radiotracers can be transported to 
facilities within a radius of approximately a hundred miles of manufacture. Thus, 2-deoxy-2-[18F]fluoro-D-glucose 
positron-emission tomography ([18F]FDG PET) is widely performed in clinical settings to assess the metabolism of 
glucose in the brain and other organs [6, 7]. [18F]FDG PET can be administered in many settings throughout the world. 
Standard clinical techniques to measure rCBF and glucose metabolism are generally available. Functional imaging 
procedures to assess rCBF and glucose metabolism in the brain are popular tools available in many community hospitals 
and other health facilities. 

In contrast to techniques to estimate rCBF and glucose metabolism, tools to evaluate neuroreceptors are often limited to 
highly specialized tertiary healthcare facilities. Because PET with 11C requires an adjacent cylclotron due to the short 
(approximately 20 minutes) half-life of 11C, [11C]neuroreceptor PET imaging studies are restricted to PET centers 
equipped with a cyclotron and specially trained radiochemists. Figure 1 illustrates a state-of-the-art tomography 
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instrument to provide high resolution images of the brain for research purposes [8]. Brain imaging techniques exist to 
demonstrate a vast array of receptors in the brain, including dopamine, serotonin, and acetylcholine. A panoply of 
neuronal receptors can be visualized by neuronuclear techniques [2].  

Nuclear neuroimaging identifies the functions of several sites in the process of neurotransmission. Neurotransmission 
occurs when a neurotransmitter, a chemical compound emitted by a presynaptic neuron into a synapse, binds to the 
receptor site on the postsynaptic neuron to elicit an action from the postsynaptic neuron [9]. The neurotransmitter particles 
remaining in the synapse are then drawn up by the transporter for the neurotransmitter in the presynaptic neuron to be 
packaged into neurotransmitter parcels for rerelease by the presynaptic neuron [2]. Typically there are unique radiotracers 
to bind to the neurotransmitter, the receptor of the neurotransmitter, and the transporter of the neurotransmitter. While a 
vast range of radiotracers are theoretically possible, only a few have demonstrated the safety and the efficacy required to 
utilize with human subjects. The absence of human radiotracers to demonstrate all neurotransmitters in the presynaptic, 
intrasynaptic, and postsynaptic locations represents a limitation of imaging for neuroreceptors. Many crucial locations 
cannot currently be demonstrated utilizing available tools. In other words, contemporary imaging tools provide incomplete 
data to estimate neuroreceptors in the living human brain.  

Figure 1. A high resolution research tomograph 
(HRRT) provides state-of-the-art positron- 
emission tomography of the brain. A patient 
comfortably lies in the scanner for hours 
without sedation. The instrument produces 
images with a resolution approaching 2 mm [8]. 

Note. Photo provided courtesy of Dr. Melinda Rober- 
son, Division of Nuclear Medicine, The Russell H. 
Morgan Department of Radiology and Radiological 
Science, The Johns Hopkins University School of 
Medicine, Baltimore, Maryland. 

 

Since there exist several subtypes of neurotransmitter receptors, there are often unique radiotracers to bind to specific 
subtypes of neurotransmitter receptors. While there are radiotracers to identify transporters for dopamine and serotonin 
and multiple subtypes of receptors for dopamine and serotonin, there are no radiotracers for dopamine and serotonin. Thus, 
the concentrations of dopamine and serotonin in the synapse must be estimated indirectly from quantitative measurements 
of the density and the distribution of the dopamine and serotonin transporters and the various subtypes of dopamine and 
serotonin receptors [2]. Thus, published studies contain inferences about the intrasynaptic concentrations of neurotrans- 
mitters based on data about related compounds. The imaging studies of neurorceptors in schizophrenia contain uncertainty 
due to the indirect nature of the available data. 

There exist contradictions and inconsistencies in multiple imaging studies of neuroreceptors in schizophrenia. The 
apparent discrepancies in the published imaging studies of neuroreceptors can be explained by recognizing that people 
with the clinical syndrome of schizophrenia likely constitute a heterogeneous group of individuals who manifest multiple 
biological subtypes, each with different etiologies. Schizophrenia is a syndrome, a constellation of symptoms, the 
subjective complaints of the patient, and signs, the objective observations of the examiner, along with a particular set of 
laboratory findings, along with a known family history, and a natural course [10]. The syndrome of schizophrenia is likely 
the final common pathway of many different causes. In other words, people with distinct unknown genotypes present the 
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phenotype of the clinical syndrome of schizophrenia. Thus, several distinct biological subgroups all present with the 
clinical syndrome of schizophrenia. Imaging studies of neuroreceptors constitute a means to distinguish biological 
subgroups of individuals with the clinical syndrome of schizophrenia. Since the criteria for the nomenclature of biological 
subgroups of people with schizophrenia is currently being reformulated, there are gaps in the knowledge of the roles of 
neuroreceptors in schizophrenia. By means of research in the roles of neuroreceptors in schizophrenia, the apparent 
discrepancies in the current state of knowledge will be resolved. This article contains a representation of the current state 
of knowledge of imaging studies of neuroreceptors in schizophrenia.  

Since the 1980s neuroreceptor imaging by means of both SPECT and PET revolutionized the in vivo study of 
schizophrenia with major contributions to our understanding of both the pathophysiology and the pharmacology of 
schizophrenia. The early imaging studies of cerebral blood flow and glucose metabolism in the brains of people with 
schizophrenia suggested hypofrontality, i.e., reduced cerebral blood flow and glucose metabolism in the frontal lobes [11]. 
Human nuclear neuroimaging began with the visualization of the human brain after the administration of the neuroleptic 
spiroperidol labeled in vivo with [11C]methyl iodine [12] and [18F] moieties. Then nuclear neuroimaging progressed with the 
utilization of PET after the administration of [11C]raclopride, another antagonist of the dopamine D2 and D3 receptors. 
Both 3-N-[11C]methylspiperone ([11C]NMSP) and [11C]raclopride as radiotracers have enhanced our understanding of 
dopamine D2 and D3 receptors. Since both [11C]NMSP and [11C]raclopride are displaced by unlabeled antipsychotic 
agents, e. g., haloperidol, both radiotracers are valuable agents to estimate the occupancy of D2-like dopamine receptors 
by established antipsychotic medications and by novel agents [11]. The same procedure is commonly utilized to estimate 
therapeutic drug dose levels of established and novel medications. Furthermore, neuronuclear imaging illustrated the 
benefits from utilizing results drawn from the joining of basic psychopharmacology, central nervous system nuclear 
medicine methodology, and in vivo neuropsychiatric applications [11, 13, 14].  

Evaluation of the role of the dopamine system in schizophrenia was followed by the assessment of the effect of the 
serotonin system in this disorder and related conditions. Investigation of the effects of atypical antipsychotics including 
clozapine (Clozaril), risperidone (Risperdal), and olanzapine (Zyprexa) on the dopamine and serotonin systems is crucial 
because these agents have important effects on both systems [11]. 

The dopamine hypothesis of schizophrenia 
The recognition that dopamine, an excitatory neurotransmitter, likely plays a role in the pathogenesis, the patho- 
physiology, and the pharmacotherapy of schizophrenia represents a key finding on the path to alleviate the disorder. 
Dopamine is an endogenous neurotransmitter normally occurring throughout the human body. To enable communication 
between neurons, presynaptic neurons release dopamine into the synapse to travel to postsynaptic neurons to bind to the 
dopamine receptors to then stimulate the postsynaptic neurons. The dopamine remaining in the synapse is then taken back 
into the presynaptic neuron by the dopamine transporter to be placed in packets to be released when needed [9].  

Considerable lines of evidence converge to confirm the notion that alterations in the density, the distribution, and the 
function of D2 and D3 neuroreceptors in the brain play a role in the pathogenesis and the pathophysiology of 
schizophrenia [13-17]. The dopamine hypothesis of schizophrenia proposes that schizophrenia results from dysfunction of 
dopaminergic neurotransmission in the brain [16-20]. Likely there exist multiple distinct biological subtypes of people with 
schizophrenia. The disparate findings of published studies of neuroreceptors in people with schizophrenia probably result 
from the differences among distinct unknown biological subgroups of the population of people with the clinical syndrome 
of schizophrenia. A biological subgroup of people with schizophrenia appears to have a reduced basal, tonic level of 
intrasynaptic dopamine resulting in hyperfunction of the dopaminergic system in schizophrenia [20, 21]. The positive 
symptoms of schizophrenia, presenting in adolescence and young adulthood, including hallucinations, delusions, and 
disordered thought processes, are hypothesized to result from an intermittent phasic excess of dopamine in the synapse in 
a subgroup of people manifesting the clinical syndrome of schizophrenia [20, 21]. The negative symptoms of schizophrenia, 
including apathy, withdrawal, and lack of motivation, are hypothesized to result from an intermittent tonic deficit of 
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dopamine in the synapse in a subgroup of people with the clinical syndrome of schizophrenia [21]. Thus, the population of 
people with schizophrenia actually includes multiple distinct unknown biological groups each with distinctive patterns of 
dysfunction of neuroreceptors reflected in unique patterns of neuroreceptor density and distribution in specific portions of 
the brain. A goal of imaging studies of neuroreceptors in schizophrenia is to distinguish the unique identifying 
characteristics of each of the biological groups of the population of people with the clinical syndrome of schizophrenia. 

The discovery that the positive symptoms of schizophrenia are alleviated when 60% to 80% of dopamine D2-like 
neuroreceptors in the brain are occupied by antipsychotic drugs demonstrated by PET [6, 15, 22, 23] represents a major 
advance in the development of novel drugs to treat people with schizophrenia. PET allows clinicians to determine the 
likely optimal dose of dopamine D2 receptor blocking drugs to produce a therapeutic effect with minimal adverse  
effects [17]. Doses of typical antipsychotics resulting in greater than 80% occupancy of dopamine D2 receptors in the brain 
demonstrated by PET may increase the risk of the development of tardive dyskinesias, other movement disorders, and 
other adverse events likely with higher dosages [6, 13, 17, 22, 23]. Thus, imaging studies of the density and the distribution of 
dopamine D2 receptors before and after the administration of putative therapeutic agents for schizophrenia constitute a 
tool to identify likely therapeutic doses of novel agents. 

Additionally the hypothesis that dopaminergic overactivity plays a role in the cognitive impairments of some people with 
schizophrenia is confirmed by animal studies. For example, impairments of working memory occur in mice with 
reversibly increased amounts of dopamine D2 receptors in the brain [24]. These findings provide evidence that the phasic 
dopaminergic overactivity characteristic of a biological subgroup of the population of people with schizophrenia may lead 
to chronic impairments in working memory [16, 24]. In rats dopamine D1 and D2 receptors differentially modulate the 
inhibition of gamma amino butyric acid (GABA) in prefrontal cortical pyramidal neurons [25]. This finding provides a 
possible mechanism for the memory deficits of a biological subgroup of the population of people with schizophrenia. 
These observations may provide the basis for a hypothesis about the likely prefrontal dysfunction of humans with 
schizophrenia to be tested through neuroimaging experiments. 

2.1 PET imaging measurement of absolute dopamine D2–like receptor 
density (Bmax) 
The study of the binding of dopamine (DA) D2-like receptors is typically accomplished by means of a single PET or 
SPECT scan at high specific activity with an injection with low mass and nonpharmacologic dose to measure the binding 
potential (BP), the ratio of the absolute receptor density (Bmax) to the radioligand equilibrium dissociation constant (KD). 
The BP is also the product of the Bmax and the affinity, as follows: 

BP = (Bmax)/(KD) = (Bmax) × [1/(KD)] = (Bmax) × affinity (Equation 1) [26] 

The measurement of the absolute dopamine D2–like receptor density (Bmax) by means of PET scans following the 
administration of high- and low-specific activity radiotracers for the dopamine D2–like receptor has been accomplished 
using two main classes of radiotracers. The first class of radiotracers to visualize D2 or D3 receptors in the brain includes 
butyrophenones such as [11C]NMSP and [18F]spiperone. The second class of radiotracers to visualize D2-like receptors in 
the brain includes radiolabeled benzamides such as [11C]raclopride, [18F]fallypride ([18F]FP), and [123I]- 
iodobenzamide ([123I]IBZM).  

2.2 Estimation of absolute dopamine D2-like receptor density 
Dopamine D2-like receptor densities have been shown to be elevated in brain tissue from people with schizophrenia by 
means of in vitro techniques including tissue homogenates in test tubes and autoradiography, the estimation of dopamine 
D2-like receptor density on brain slices placed on x-ray film. In the 1970s post mortem brain tissue of people with 
schizophrenia revealed elevations of dopamine D2-like receptor densities in the striata. Since the amount of prior 
treatments including neuroleptics, dopamine-receptor blocking drugs, administered to the people with schizophrenia was 
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unknown in these studies, the possible confounding effects of prior medication treatment was uncertain. The advent of 
PET in humans [12] provided the opportunity to measure absolute dopamine D2-like receptor density, not merely the 
binding potential, in living humans with schizophrenia whose treatment histories with neuroleptics and other medications 
was known. Indeed the first studies to measure absolute dopamine D2-like receptor density utilized a saturation procedure 
which required two or more PET scans to establish independently the measurements of the receptor density (Bmax) and the 
binding affinity (KD) [27, 28].  

In contrast to the typical approach of measuring the binding potential of dopamine D2-like neuroreceptors, techniques 
using two PET scans have the unique ability to measure the absolute receptor density (Bmax). The measurement of absolute 
Bmax can be carried out by performing two brain scans with the administration of [11C]raclopride or [11C]NMSP, with the 
second scan performed after a known potent dose of a unlabeled (nonradioactive) D2-like DA receptor antagonist such as 
unlabeled raclopride itself or haloperidol, respectively, to reduce some of the binding. Following some additional 
mathematical modeling, these results then provide an estimate of the Bmax and KD (Equation 1) [26]. PET demonstrated 
elevations of absolute dopamine D2-like receptor density (Bmax) in people with schizophrenia [28] to confirm the results of 
autoradiography and in vitro homogenate studies. In general, the measurements of absolute dopamine D2-like receptor 
density (Bmax) in people with schizophrenia [28] tend to show elevations ranging from small to as much as a threefold 
increase with [11C]NMSP.  

Determination of receptor occupancy with two scans with different concentrations of radioligands provides the minimal 
data to estimate the absolute receptor density (Bmax). For example, the absolute dopamine D2 receptor density (Bmax) can 
be estimated by two PET scans after the administration of two different known concentrations of [11C]raclopride [29]. 
Typically PET scans are performed after the administration of [11C]raclopride of high- and low-specific activity. After the 
administration of high-specific activity [11C]raclopride, maximal radioligand occupancy of the dopamine D2 receptors 
occurs. Low-specific activity [11C]raclopride is actually prepared by mixing a known volume of a known concentration of 
high-specific activity [11C]raclopride (hot) and a much larger volume of nonradioactive raclopride (cold). When 
low-specific activity [11C]raclopride is administered to the patient, then most of the available dopamine D2-like receptors 
are occupied by nonradioactive cold raclopride and a few of the available dopamine D2-like receptors are occupied by 
radioactive hot [11C]raclopride. Therefore, [11C]raclopride occupies far more dopamine D2 receptors after the 
administration of high-specific activity [11C]raclopride than after the administration of low-specific activity 
[11C]raclopride. Since the concentrations of [11C]raclopride in solutions of high- and low-specific activity [11C]raclopride 
are known, PET scans after the administration of high- and low-specific activity [11C]raclopride provide the data to 
estimate the maximal (high-specific activity [11C]raclopride) and partial (low-specific activity [11C] raclopride) 
occupancies of dopamine D2 receptors. These data provide the bases to estimate the dopamine D2 receptor density [17, 23]. 

Although Bmax elevations have been consistently shown with [11C]NMSP, no changes have been demonstrated with Bmax 
using benzamides such as [11C]raclopride or [123I]IBZM. However, since benzamides are susceptible to endogenous 
dopamine, they are used to measure the effect of pharmacological or psychological challenges altering endogenous 
dopamine levels. There exist several hypotheses to explain the differences in Bmax between [11C]raclopride and 
[11C]NMSP. On the one hand, [11C]NMSP likely exhibits a preferential affinity for a monomer versus a dimer form of the 
dopamine receptor [20]. Additionally dopamine D2-like receptors are configured with high (D2 high) or low (D2 low) affinity 
for agonists [30]. Baboons administered [11C]N-propyl-norapomorphine, an effective PET radiotracer for dopamine D2 high 
receptors, exhibit 79% of the maximal density for dopamine D2-like receptors obtained with [11C]raclopride, an antagonist 
PET radiotracer effective as a PET radiotracer for both high (D2 high) or low (D2 low) affinity dopamine D2-like  
receptors [30]. Thus, dopamine D2-like receptor binding by endogenous dopamine is better characterized by agonist 
radiotracers for D2 high, like [11C] NPA, than by antagonist radiotracers, like [11C]raclopride [30]. On the other hand, 
[11C]raclopride probably produces dopamine D2-like receptor internalization. Regardless of the reasons for the 
differences, meta-analysis has shown that there is a small significant elevation of striatal dopamine D2-like receptors in 
schizophrenia and there is an association between increased dopamine D2-like receptor density and positive symptoms of 
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schizophrenia [20]. In accord with the dopamine hypothesis of schizophrenia, chronic reductions in tonic dopamine release 
in a subgroup of people with schizophrenia result in increments in post-synaptic dopamine D2-like receptor density to 
compensate for the reduced tonic dopamine release [21].  

2.3 D2-like neuroreceptor imaging throughout the lifespan 
Throughout the human life span (18 to 73 years) the density of D2-like neuroreceptors in the caudate nucleus, the putamen, 
and the frontal cerebral cortex is inversely proportional to the age of the person [31].  

Imaging neuroreceptor systems following pharmacological challenges 
Pharmacological challenges are investigational techniques to evaluate how pharmacological agents affect the densities of 
neurotransmitters throughout the brain. For example, neuroreceptor imaging estimates how intrasynaptic dopamine is 
increased by amphetamine and other stimulants and decreased by dopamine-depleting agents including (-)-α-methyl-para- 
tyrosine (AMPT), metyrosine (Demser®). Pharmacological challenges also include the determination of the occupancy of 
neuroreceptors by putative pharmacological agents [11, 20]. Confirmation of the phasic elevation of intrasynaptic dopamine 
in a biological subgroup of people with schizophrenia is provided by an elevation of intrasynaptic dopamine following the 
administration of stimulants [11, 21]. 

People with schizophrenia are hypothesized to differ from healthy people in both (A) tonic, resting, and (B) phasic, excited 
states of arousal [21]. The population of individuals with the phenotype of schizophrenia likely represents a heterogeneous 
group with distinct unknown subgroups reflecting different genotypes and other biological markers [20]. At rest people are 
in the tonic, resting, baseline, unstimulated, and unexcited state. The tonic levels of intrasynaptic dopamine of a biological 
subgroup of people with schizophrenia are hypothesized to be lower than in healthy adults without schizoph- 
renia [3, 11, 17, 20, 21, 32, 33]. Additionally the phasic levels of intrasynaptic dopamine of a biological subgroup of people with 
schizophrenia people with schizophrenia are hypothesized to be higher than healthy adults without schizophrenia [11, 17]. 
With excitation, excessive dopaminergic stimulation from the mesencephalon to the limbic striatum likely contributes to 
the overt positive symptoms of schizophrenia [34].  

Pharmacological agents altering the concentrations of intrasynaptic dopamine reduce the dopamine D2-like receptor 
binding of benzamide radiotracers, including {(S)-2-hydroxy-3-[123I]iodo-6-methoxy-N-[(1-ethyl-2-pyrrolidinyl)methyl]- 
benzamide} ([123I]IBZM) and [11C]raclopride. Dopaminergic agents, such as amphetamine and methylphenidate, produce 
reduced binding potentials of benzamide radiotracers. In contrast to healthy adults, a biological subgroup of people with 
schizophrenia demonstrate even greater reductions in the binding potentials of benzamide radiotracers after the 
administration of dopaminergic pharmacological agents [35-37] probably due to greater occupancy by endogenous dopamine 
of dopamine D2-like receptors and to alterations of the affinity states [11, 20]. In accord with the dopamine hypothesis of 
schizophrenia, the reduced tonic intrasynaptic dopamine likely produces a compensatory increment in the post-synaptic 
dopamine D2-like receptor density in a group of people with schizophrenia [21]. There appear to be subgroups of people 
with schizophrenia differentiated by positive symptom severity and striatal dopamine D2-like receptor binding. A 
subgroup of people with more positive symptoms of schizophrenia exhibit greater binding potentials in the striatal 
dopamine D2-like receptors [20]. This subgroup of people with schizophrenia is likely to demonstrate a favorable response 
to atypical neuroleptics, such as aripiprazole, manifested by a reduction in positive symptoms and an increased occupancy 
of striatal dopamine D2-like receptors [14, 38].  

A protocol to perform pharmacological challenges to simulate the tonic and phasic states is utilized to test the hypothesis 
that alterations in the levels of intrasynaptic dopamine characterize a subgroup of people with schizophrenia (see Figure 
2). For this protocol each participant undergoes two positron-emission tomography (PET) scans after the administration of 
[11C]raclopride, a radiotracer that reversibly binds to the dopamine D2 receptors in the brain (see Figure 2) [2, 17]. Five 
minutes before the first scan each participant receives an intravenous (IV) injection of 10mL of 0.9 % sterile saline (NaCl). 
Since saline has a negligible effect on the dopamine D2 receptors in the brain, [11C]raclopride then binds to most of the 
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dopamine D2 receptors in the brain. The corresponding scan thus approximates the density and the distribution of the 
dopamine D2 receptors in the brain (see Figure 2) [17]. Participants are then allowed a rest period before returning for the 
second scan. 

Figure 2. A protocol to assess dopamine in the 
tonic and phasic states. 
 
Schematic diagram of a procedure employing PET to 
measure the binding potentials of dopamine D2-like 
receptors during the tonic resting state after the 
administration of a placebo, e.g., saline, and during the 
phasic, excited state after the administration of a 
dopamine agonist, e.g., amphetamine [39-41]. 

 

Five minutes before the second scan each participant receives an intravenous (IV) injection of 0.3 mg/kg amphetamine. 
Amphetamine, a dopamine agonist, stimulates the presynaptic neurons in the brain to release dopamine into the synapse. 
This simulates the maximal physiologic effect of excitement as in the fight or flight response. The endogenous dopamine 
released in response to amphetamine then occupies many of the postsynaptic dopamine D2 receptors in the brain. Since 
endogenous dopamine occupies many of the dopamine D2 receptors in the brain, [11C]raclopride then binds to the few 
remaining unoccupied dopamine D2 receptors in the brain. The corresponding [11C] raclopride scan following the 
administration of amphetamine illuminates only the few unoccupied dopamine D2 receptors in the brain (see Figure 2) [17].  

This protocol thus facilitates the estimation of the density and the distribution of the dopamine D2 receptors in the brain in 
the tonic and phasic states. By administering this protocol to both people with schizophrenia and healthy adults without 
schizophrenia, one can compare and contrast the density and the distribution of the dopamine D2 receptors in the brain in 
the tonic and phasic states in people with and without schizophrenia [2, 3, 17]. 

Utilizing the protocol of [11C]raclopride PET scans after the administration of saline and amphetamine has advanced 
knowledge about the physiology of healthy adults. In healthy adults plasma cortisol levels were positively associated with 
dopamine release in the left ventral striatum and the dorsal putamen [39]. Additionally in healthy adults, men exhibit 
markedly more dopamine release in the ventral striatum than women [40]. On the other hand, dopamine release did not 
differentiate between people with and without a family history of alcoholism [41]. 

The administration of ketamine, a noncompetitive antagonist of the channel receptor for N-methyl-D-aspartate (NMDA), a 
glutamate receptor, to healthy human adults produces increased amphetamine-induced dopamine release comparable to 
adults with schizophrenia [42].  

Estimations of intrasynaptic dopamine 
The estimation of the basal intrasynaptic dopamine in the living human brain is facilitated by the administration of agents 
to deplete dopamine, including (-)-α-methyl-para-tyrosine (AMPT), metyrosine (Demser®), and reserpine (Harmonyl®, 
Serpalan®, and Serpasil®). The performance of PET scans to estimate the density and the distribution of dopamine 
D2-like neuroreceptors after the administration of pharmacologic agents to deplete dopamine provides an optimal 
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measurement of the minimal intrasynaptic dopamine in the person. After the pharmacological depletion of dopamine, a 
biological subgroup of people with schizophrenia display greater binding of dopamine D2-like neuroreceptors than 
healthy people without schizophrenia. That subgroup is likely to demonstrate the amelioration of positive symptoms with 
the administration of neuroleptics [35, 43]. A subgroup of people with unmedicated first-onset schizophrenia likely to 
achieve an amelioration of positive symptoms with neuroleptics demonstrate correlations of increased dopamine release in 
both the tonic and phasic states [35, 43]. These results suggest that the density of dopamine D2-like neuroreceptors is 
increased in the basal state in a biological subgroup of people with schizophrenia in contrast to healthy  
adults [2, 3, 11, 17, 23, 35]. In accord with the dopamine hypothesis of schizophrenia, reduced tonic intrasynaptic dopamine 
stimulates a compensatory increase in post-synaptic dopamine D2-like neuroreceptor density in a subgroup of people with 
schizophrenia [21]. 

The estimation of precursors of dopamine in the presynaptic neuron provides a means to assess the rate of metabolism of 
dopamine. PET after the administration of [18F]fluoroDOPA ([18F]FDOPA) or [11C]DOPA provides a tool to estimate the 
activity of presynaptic DOPA decarboxylase (DDC). The uptake of DOPA is increased in a biological subgroup of people 
with schizophrenia and other psychoses in contrast to healthy matched controls subjects [44]. This is consistent with the 
dopamine hypothesis of schizophrenia because the increment in DOPA uptake is likely a response to compensate for the 
hypothesized low tonic intrasynaptic dopamine concentrations in a subgroup of people with schizophrenia [21] resulting in 
dopaminergic hyperfunction in a subgroup of people with schizophrenia [20]. Additionally a subgroup of untreated people 
with schizophrenia demonstrate reductions in [18F]FDOPA in the caudate nucleus and the amygdala in contrast to healthy 
normal control subjects [18F]FDOPA. In accord with the dopamine hypothesis of schizophrenia, low tonic intrasynaptic 
dopamine likely produces increased in post-synaptic dopamine D2-like neuroreceptor density in a subgroup of people with 
schizophrenia [21]. Because the post-synaptic dopamine D2-like neuroreceptors are already occupied with endogenous 
dopamine, [18F]FDOPA uptake in the caudate nucleus and the amygdala DOPA is reduced. These findings substantiate the 
dopamine hypothesis of schizophrenia manifested by reductions of intrasynaptic dopamine in the tonic state and 
increments in intrasynaptic dopamine in the phasic state in a group of people with schizophrenia who are likely to improve 
with the administration of neuroleptics [3, 11, 17, 20, 21, 33, 45]. 

Presynaptic dopamine in schizophrenia 
Alterations in dopamine in the presynaptic neuron may play a role in schizophrenia. A tool to measure the density and the 
distribution of the dopamine transporter (DAT) in schizophrenia is the performance of PET after the administration of 
radiotracers to bind to the DAT, including [11C]WIN 32,428 [3, 11, 17]. PET after the administration of (-)-2-beta- 
carbomethoxy-3-beta-(4-fluorophenyl)tropane ([11C]beta-CFT) demonstrated binding to the DAT in monkeys [46]. PET 
after the administration of scopolamine, a neuronal muscarinic acetylcholine receptor (mAChR) antagonist, or mecamy- 
lamine, a neuronal nicotinic acetylcholine receptor (nAChR) antagonist, before the administration of ([11C]beta-CFT) 
demonstrated increased DAT binding in monkeys [46]. On the other hand, PET demonstrated dose-dependent increased 
DAT binding in monkeys after the administration of donepezil hydrochloride (Aricept®), a cholinesterase inhibitor, 
before the administration of [11C]beta-CFT in monkeys [47]. Additionally PET after the administration of N-[11C] 
methyl-4-piperidyl benzilate ([11C]4-MPB) [48] and (+)N-[11C]methyl-3-piperidyl benzilate ([11C]3-MPB) demonstrated 
reductions of muscarinic acetylcholine receptor (mAChR) binding in the frontal and temporal cortices and the striata of 
monkeys proportional to age [46].  

Dopamine D2-like neuroreceptors outside the striatum 
While alterations in striatal dopamine have been helpful in the characterization of the pathophysiology of schizophrenia, 
alterations in dopamine metabolism outside the striatum are also hypothesized to play a role in schizophrenia. The 
estimation of the density and the distribution of dopamine D2-like neuroreceptors outside the striatum is facilitated by PET 
after the administration of high-affinity radioligands, including [18F]fallypride and [11C]FLB457 [11]. Reductions in 
dopamine D2-like neuroreceptor binding in the cingulate and temporal cortices, the amygdale, and the thalamus occur in a 
subgroup of people with schizophrenia [11, 23]. In accord with the dopamine hypothesis of schizophrenia, the reduced tonic 
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dopamine in the synapse led to a compensatory increase in post-synaptic dopamine D2-like neuroreceptor density in a 
group of people with schizophrenia. Uptake of high-affinity radioligands is likely reduced in a group of people with 
schizophrenia because the dopamine D2-like neuroreceptors are already occupied by endogenous dopamine [21]. There 
appear to be subgroups of people with schizophrenia differentiated by negative symptom severity and extrastriatal 
dopamine D2-like receptor binding. The subgroup of patients with more negative symptoms of schizophrenia exhibit 
reduced binding potentials in the extrastriatal dopamine D2-like receptors [20].  

Imaging the serotonin system in schizophrenia 
The beneficial effects of atypical neuroleptics offer further evidence that the serotonin system plays a role in the 
pathophysiology of schizophrenia. Alterations in the serotonergic system likely contribute to the mood symptoms of 
people with schizophrenia. Mood symptoms are common in people with schizophrenia. Approximately a tenth of people 
with schizophrenia commit suicide [34]. The mood symptoms of a subgroup of people with schizophrenia likely result from 
dysfunction of the serotonergic system in conjunction with anomalies of the dopaminergic system. 

Imaging serotonin receptors in the brain of people with schizophrenia 

Serotonin 5-HT2A receptors 
[11C]NMSP was utilized to estimate the density and the distribution of cortical serotonin 5-HT2A and striatal dopamine 
D2-like neuroreceptors in people with schizophrenia [31]. Reductions in the density of prefrontal cortical 5-HT2A receptors 
have been demonstrated in some drug-naïve people with schizophrenia to confirm autopsy studies [11]. (R)-(+)-4- 
(1-hydroxy-1-(2,3-dimethoxyphenyl)methyl)-N-2-(4-fluorophynylethyl)piperidine ([11C]MDL100,907), a potent and 
selective antagonist of the 5-HT2A receptor, utilized for evaluation of 5-HT2A receptors in people with schizophrenia [11], 
has demonstrated age-related reductions of 5-HT2A receptors in the frontal, temporal, and occipital cortices, hippocampus, 
and cingulate gyrus of monkeys [49].  

Binding of N-(2-(4-(2-[11C]methoxyphenyl)-1-piperazinyl)ethyl)-N-(2-pyridyl)cyclohexanecarboxamide ([11C]WAY- 
1006350), a radioligand with high selectivity and high affinity for the 5-HT1A receptors, appears to be inversely propor- 
tional to age in the frontal and temporal cortices of monkeys [50].  

Serotonin transporter (SERT) 
While autopsy studies have demonstrated reductions of SERT in the frontal cortex and in the cingulate cortex, these 
findings have not been confirmed in living patients with schizophrenia by SPECT after the administration of  
[123I]-β-carbomethoxy-3-β-(4-iodophenyl)-tropane ([123I]-β-CIT) and by PET after the administration of [11C]-3- 
amino-4-(2-dimethylaminomethylphenylthio)benzonitrile ([11C]-(DASB), a label for SERT in the midbrain [11, 23, 51]. PET 
after the administration of [11C](+)McN5652 and [11C](-)McN5652 to monkeys demonstrated age-related reductions 
throughout the brain, particularly in the thalamus, striatum, and hippocampus (63.8%) [52]. Further research is needed to 
clarify the role of SERT in schizophrenia. 

The glutamate hypothesis of schizophrenia 
Glutamate, an excitatory neurotransporter, probably participates in the pathogenesis and the pathophysiology of 
schizophrenia. A group of people with schizophrenia develop chronic reductions in glutamate in the frontal cortex 
resulting in compensatory elevations of dopamine in the striatum [11]. Characterization of the role of glutamate in the 
pathophysiology of schizophrenia can be enhanced by visualizing the phencyclidine (PCP) site of the receptor channel for 
N-methyl-D-aspartate (NMDA), a glutamate receptor. Although imaging the PCP site of the NMDA receptor channel 
accomplished by means of PET after the injection of [123I]-N-(1-naphthyl)-N’-(3-iodophenyl)-N-methylguanidine 
([123I]-CNS-1261), a radioligand which attaches to the PCP site in the thalamus and other brain regions, did not 
differentiate people with schizophrenia from healthy normal controls subjects, administration of clozapine, an atypical 
neuroleptic, reduced the binding of [123I]-CNS-1261 [53]. These results suggest that clozapine acts partially through the 
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glutamatergic system. The glutamate hypothesis of schizophrenia proposes that negative symptoms of schizophrenia 
result from an endogenous hypoglutamatergic state. Glutamate likely also plays in a role in the development of positive 
symptoms of schizophrenia. This notion is substantiated by the finding that the administration of ketamine (Ketalar®), a 
glutamate agonist blocking the NMDA receptor channel for the PCP site, induces the positive symptoms of schizophrenia 
in healthy adults [54]. Additionally ketamine reduces the binding in the cingulate and retrosplenial cortices after the 
administration of FLB-457, a radiotracer with high affinity for extrastriatal dopamine. Furthermore, ketamine reduced 
uptake of [11C]raclopride by dopamine D2-like receptors in the striatum while producing hallucinations and other 
psychotic symptoms [11]. On the other hand, ketamine increased the uptake of the dopamine transporter (DAT) in monkeys 
demonstrated through scans following the administration of (-)-2-beta-[11C]carbomethoxy-3-beta-(4-fluorophenyl) 
tropane ([11C]beta-CIT) and N-(2-fluoroethyl)-2-beta-[11C]carbomethoxy-3-beta-(4-iodophenyl) tropane ([11C]beta- 
CIT-FE) through unknown mechanisms [55]. Similar to primates, humans who chronically use ketamine demonstrate 
dopamine D1 receptor availability in the dorsolateral prefrontal cortex [56]. The chronic use of ketamine by humans likely 
alters the transmission of dopamine in the prefrontal region producing deficits in memory and executive function [56]. 
Therefore, the glutamate hypothesis of schizophrenia proposes that impaired synaptic connectivity resulting from 
dysfunction of the N-methyl-D-aspartate (NMDA) receptors in the prefrontal cortex is supported by (1) the dopamine 
endophenotype associated with schizophrenia and (2) the production of the positive symptoms of schizophrenia by the 
chronic administration of ketamine [57].  

The administration of ketamine, a noncompetitive antagonist of the channel receptor for NMDA, a glutamate receptor, to 
healthy human adults produces increased amphetamine-induced dopamine release comparable to adults with schizo- 
phrenia [42]. The administration of LY 354740, an agonist of the metabotropic glutamate (mGlu) receptor group II to 
baboons increased amphetamine-induced dopamine release [59]. These findings suggest that in primates impaired 
glutamate transmission likely results in faulty regulation of dopaminergic neurotransmission. A similar phenomenon may 
occur in humans with the dopamine endophenotype associated with schizophrenia. These findings support the glutamate 
hypothesis of schizophrenia that a deficit of glutamate function in the dorsolateral prefrontal cortex leads to impaired 
regulation of the dopaminergic neurotransmission producing the positive symptoms of schizophrenia in humans. 
Additionally a catechol-O-methyltransferase (COMT) genotype affects cognition and the prefrontal cortex in humans [59]. 
This functional polymorphism for the gene for COMT increases the risk for schizophrenia and other psychoses [59, 60]. 
[11C]NNC112, a PET radiotracer for the dopamine D1 receptor, demonstrated greater binding in the cortices, but not the 
striata, of healthy humans homozygous for the valine allele than healthy humans carriers [61]. These finding substantiate the 
hypothesis that COMT regulates dopaminergic neurotransmission in the cortices and not the striata in healthy humans [61]. 
Future imaging research on the COMT system may elucidate the dysfunction of these pathways in schizophrenia. These 
findings furthermore provide the bases for considering therapeutic interventions of COMT including tolcapone, an 
inhibitor of COMT [62].  

The glutamate hypothesis of schizophrenia is further substantiated by the finding that people at risk to develop 
schizophrenia exhibit reduced glutamate in the thalamus and increased glutamine in the anterior cingulate in contrast to 
healthy adults [63].  

The relationship between dopamine D2-like receptor occupancy by 
dopamine D2-like receptor antagonists and the favorable and 
unfavorable effects of dopamine D2-like receptor antagonists 

Doses of typical neuroleptics producing the occupancy of 65 to 90 percent of dopamine D2-like receptor are generally 
clinically effective [2, 11, 13, 15, 27]. On the one hand, doses of typical neuroleptics occupying less than 60% of dopamine 
D2-like receptors are unlikely to produce therapeutic effects in most people with schizophrenia [13]. On the other hand, 
doses of typical neuroleptics occupying greater than 80% of dopamine D2-like receptors are likely to produce tardive and 
withdrawal dyskinesias [64] and other movement disorders and other adverse effects in most people with schizophrenia [13]. 



www.sciedu.ca/jbgc                                                                            Journal of Biomedical Graphics and Computing, 2013, Vol. 3, No. 2 

Published by Sciedu Press                                                                                                                                                                                     41

While atypical neuroleptics, such as risperidone and olanzepine, appear to have less risk than typical neuroleptics to 
induce movement disorders with doses producing occupancy of fewer than 80% of striatal dopamine D2-like receptors, 
the likelihood of producing extrapyramidal movement disorders increases for both typical and atypical neuroleptics at 
doses with occupancy of greater than 80% of striatal dopamine D2-like receptors [11]. Special cases exist. Markedly 
elevated doses of clozapine and quetiapine resulting in the occupancy of 60 to 70% of dopamine D2-like receptors with 
minimal extrapyramidal effects often produce anticholinergic, antihistaminic, and α-adrenergic adverse effects [11].  

Other remarkable agents include dopamine stabilizers, such as aripiprazole (Abilify®), which ameliorate the positive 
symptoms of schizophrenia producing fewer extrapyramidal effects when occupying greater than 95% of dopamine 
D2-like receptors [11, 17, 22]. PET with [18F]fallypride produces high occupancy of dopamine D2-like receptors throughout 
the brains of people with schizophrenia and schizoaffective disorder [38]. The occupancy of dopamine D2-like receptors 
was greater in extrastriatal than in striatal regions of the brains of people with schizophrenia and schizoaffective disorder 
[38]. Higher occupancy of striatal dopamine D2-like receptors was correlated with amelioration of positive, but not negative 
symptoms [38]. The simultaneous antagonism and weak agonism of dopamine stabilizers likely results in the favorable 
therapeutic effects with lesser development of movement disorders [11, 17, 22]. Agents with sufficient efficacy and enough 
affinity for dopamine D2-like receptors are promising agents for the treatment of schizophrenia. Partial agonists for 
dopamine D2-like receptors are suitable to function as novel neuroleptics [65].  

2 Future directions 
The glucocorticoid receptor is a necessary tool to initiate and continue many necessary physiological processes [66]. The 
metabolic syndrome occurring in many people with schizophrenia, particularly those taking neuroleptics, suggests that the 
glucocorticoid receptor may play a role in the pathogenesis and pathophysiology of the disease. The development of 
transgenic mice with alterations of the glucocorticoid receptors may provide a tool for neuroimaging of the glucocorticoid 
receptor and related structures [66]. 

3 Discussion 
The imaging studies of neuroreceptors in schizophrenia produce results to substantiate the dopamine hypothesis of 
schizophrenia that reduced tonic intrasynaptic dopamine produces hyperfunction of the dopaminergic system with 
elevated phasic intrasynaptic dopamine [20, 21]. There likely exist subgroups of people with schizophrenia characterized by 
various genotypes and other variations to be clarified. A subgroup of people with schizophrenia exhibit (1) greater positive 
symptoms of schizophrenia, (2) greater binding potentials in the associative striatal dopamine D2-like receptors [14, 67], and 
(3) a reduction in positive symptoms with neuroleptics [20]. Another subgroup of people with schizophrenia may exhibit  
(1) more negative symptoms of schizophrenia and (2) reduced binding potentials in the extrastriatal dopamine D2-like 
receptors [20]. Research is needed to clarify the genotypes and other characteristics of these subgroups. Future studies using 
high resolution research tomography (see Figure 1) can likely provide information about subtle structures, including the 
ventral striatum [68] likely affected in schizophrenia to produce negative symptoms, such as lack of motivation. 

4 Limitations 
This review selected references to substantiate the key concepts in the utilization of nuclear neuroimaging to visualize 
neurotransmitters, transporters, and receptors. Since a quantitative review was not accomplished, some points may not be 
representative of published findings. Future contributions may be strengthened by comprehensive reviews of all published 
research. Such a project is beyond the scope of the current article. 
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Additionally the current revisions in the criteria for the diagnosis of schizophrenia may contribute to the heterogeneity of 
participants in research studies of schizophrenia in the past and the future. Updates to incorporate developments in the 
fields of radiotracer development, nuclear neuroimaging advances, and the diagnosis and treatment of schizophrenia will 
merit inclusion in future contributions. 
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