

[image: image1]
The Emerging Role of SPECT Functional Neuroimaging in Schizophrenia and Depression












	
	MINI REVIEW
published: 15 December 2021
doi: 10.3389/fpsyt.2021.716600






[image: image2]

The Emerging Role of SPECT Functional Neuroimaging in Schizophrenia and Depression

Anil Kalyoncu* and Ali Saffet Gonul

Department of Psychiatry, Ege University School of Medicine, Izmir, Turkey

Edited by:
Theodore A. Henderson, The Synaptic Space, Inc., United States; Neuro-Luminance, Inc., United States

Reviewed by:
Roberta Assante, University of Naples Federico II, Italy
 Drozdstoy Stoyanov Stoyanov, Plovdiv Medical University, Bulgaria

*Correspondence: Anil Kalyoncu, anilkalyoncu@gmail.com

Specialty section: This article was submitted to Neuroimaging and Stimulation, a section of the journal Frontiers in Psychiatry

Received: 28 May 2021
 Accepted: 15 November 2021
 Published: 15 December 2021

Citation: Kalyoncu A and Gonul AS (2021) The Emerging Role of SPECT Functional Neuroimaging in Schizophrenia and Depression. Front. Psychiatry 12:716600. doi: 10.3389/fpsyt.2021.716600



Over the last three decades, the brain's functional and structural imaging has become more prevalent in psychiatric research and clinical application. A substantial amount of psychiatric research is based on neuroimaging studies that aim to illuminate neural mechanisms underlying psychiatric disorders. Single-photon emission computed tomography (SPECT) is one of those developing brain imaging techniques among various neuroimaging technologies. Compared to PET, SPECT imaging is easy, less expensive, and practical for radioligand use. Current technologies increased the spatial accuracy of SPECT findings by combining the functional SPECT images with CT images. The radioligands bind to receptors such as 5-hydroxytryptamine 2A, and dopamine transporters can help us comprehend neural mechanisms of psychiatric disorders based on neurochemicals. This mini-review focuses on the SPECT-based neuroimaging approach to psychiatric disorders such as schizophrenia and major depressive disorder (MDD). Research-based SPECT findings of psychiatric disorders indicate that there are notable changes in biochemical components in certain disorders. Even though many studies support that SPECT can be used in psychiatric clinical practice, we still only use subjective diagnostic criteria such as the Diagnostic Statistical Manual of Mental Disorders (DSM-5). Glimpsing into the brain's biochemical world via SPECT in psychiatric disorders provides more information about the pathophysiology and future implication of neuroimaging techniques.
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INTRODUCTION

Diagnosis of psychiatric disorders has always been debated, yet there is still no objective diagnostic tool. Throughout the diagnostic revision process of psychiatric diseases, schizophrenia, and depression are two of the most valid and stable psychiatric disorders regarding diagnostic criteria. However, even though diagnostic criteria have evolved to diagnose these diseases better, we still lack the insight to comprehend the biological aspects of these disorders. Thus, there is a huge gap in diagnosis and providing biological information for these disorders via neuroimaging methods.

Functional and structural imaging methods have contributed to a better understanding beyond the molecular process of psychiatric disorders (1). Magnetic resonance imaging (MRI), functional magnetic resonance imaging (fMRI), SPECT, and positron emission tomography (PET) have evolved to enlighten complex psychiatric disorders. Among these imaging methods, SPECT and PET have similar properties in terms of methods they use. Basically, both methods give information based on the spatial concentration of injected radiopharmaceuticals. The fundamental difference between PET and SPECT stems from the radiotracers they utilize. While SPECT uses heavy isotopes like 99mTc and 123I that emit gamma-ray, PET uses lighter isotopes such as 11C, 13N, and 18F that emit positrons. The half-life of the pharmaceutical used in SPECT is longer than PET, which makes it possible to perform more longitudinal scans. The cost of SPECT is lower than PET which makes it much easier to use in clinical practice and more accessible. Despite the many advantages of SPECT imaging, PET offers more spatial resolution than SPECT (2).

Radiotracers used in brain imaging should have some features for obtaining high-quality images. These are high affinity, specificity for the desired target, low non-specific binding, low plasma protein binding, ability to pass through the blood-brain barrier, and high plasma clearance (3). The most used radiotracer in Brain SPECT is Tc-99m-hexamethylpropylene amine oxime (HMPAO) which shows perfusion. Perfusion SPECT can be used to diagnose and assess neuropsychiatric pathologies such as dementia, traumatic brain injury (TBI), toxin exposure, and inflammatory disorders by detecting hypoperfusion in the brain (4, 5). Moreover, perfusion SPECT gives us essential clues in many psychiatric disorders. Perfusion SPECT can help estimate typical stimulant medication response in children with attention deficiency and hyperactivity disorder (ADHD) (6). It can show blood perfusion alteration in treatment resistant MDD (7). Many SPECT studies regarding psychiatric disorders are based on perfusion, but neurochemical SPECT studies provide more specific information about the pathophysiology. That target-specific feature makes SPECT a valuable tool for psychiatric research.

In this mini-review, we summarized and discussed SPECT findings of schizophrenia and depression. To investigate SPECT studies in patients with schizophrenia and depression, we performed a systematic literature search on PubMed database using the keywords “SPECT,” “Schizophrenia,” and “Depression” and any of following words: “GABA,” “Serotonin,” “Glutamate,” and “Dopamine.” Most relevant and recent studies on the subject are included in this mini-review in consideration of the balance between developments and limitations in this area.


SPECT in Schizophrenia

Schizophrenia is a heterogenous and chronic psychiatric disorder that manifests with positive and negative symptoms. These symptoms arise from complex molecular alterations in the brain. The molecular aspect of schizophrenia has been investigated for many years to understand the nature of the disease better. One of the most studied molecular components of schizophrenia is dopamine (8). Dopaminergic pathways consist of presynaptic and post-synaptic compartments. The presynaptic compartment comprises dopamine synthesis, dopamine storage into vesicle by vesicular monoamine transporter 2 (VMAT), dopamine degradation by monoamine oxidase (MAO), dopamine release, and dopamine reuptake by dopamine transporter (DAT). The post-synaptic compartment includes dopamine receptors and post-receptor signaling [(9); Figure 1].
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FIGURE 1. The dopaminergic transmission on synaptic cleft.




Imaging of Dopaminergic System

It has been previously known that dopaminergic pathway alteration takes part in schizophrenia pathophysiology. Many studies with imaging methods indicate that increased subcortical dopamine activity and decreased cortical dopamine are part of the disease process (10). Of those imaging tools that are targeting the molecular mechanism of schizophrenia, SPECT has a significant contribution. The first SPECT study on schizophrenia was published in 1986 (11). 77Br-bromospiperone, which is not popular today due to poor imaging characteristics, was used in that study to show D2 receptor density.

With the advancement of dopamine studies in schizophrenia, new molecules have emerged to assess post-synaptic dopaminergic activity, such as [123I] iodobenzamide (IBZM) and [123I] epidepride [(12); Table 1]. These radiotracers act by binding to the post-synaptic receptors and allow us to assess post-synaptic dopamine activity. However, antipsychotics used for the treatment of schizophrenia also bind to the same receptor and display the radiotracer. Thus, patients taking antipsychotic medications may test at lower levels of dopamine receptor availability than is actually the case (28). In studies on the effects of antipsychotics on dopamine receptors, the basal ganglia/frontal cortex ratio, which shows striatal dopaminergic activity, was found to be negatively correlated with extrapyramidal side effects (13, 14). In addition, the BG/FC ratio of IBZM was lower in inadequate treatment response to antipsychotics (14). In general, in meta-analysis studies, we see that the post-synaptic D2/D3 receptor activity of patients with schizophrenia is slightly elevated, but this effect is not significant in patients who do not receive treatment (16, 29).


Table 1. Binding sites and summary of studies of available SPECT radiotracers for dopamine, serotonin, GABA, and glutamate.
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Another process of the dopaminergic pathway, which is dopamine release into the synaptic cleft, could also be probed in vivo by IBZM (30). Dopamine release into the synaptic cleft could be assessed by the combination of dopamine release induction by amphetamine or methylphenidate and SPECT technique. When the dopamine receptors are occupied by dopamine, it results in decreased radiotracer binding. There is a negative linear relationship between dopamine release and radiotracer availability. Imaging studies assessing dopamine release in patients with schizophrenia indicate an increased amphetamine-induced dopamine release (31–33).

[123I] epidepride is another radiotracer to identify extrastriatal frontal D2/D3 receptors, which involve cognitive functions like planning, attention, and task switching (34–36). Inhibition of these extrastriatal receptors by antipsychotics results in decreased attentional focus, as shown in a previous study (15). Moreover, positive symptom reduction was positively correlated with the binding potential of frontal D2/D3 receptors in the three mounts of zuclopenthixol and risperidone treatment study (15).

The dopamine transporter is another part of the dopaminergic system. SPECT studies comparing schizophrenia with healthy controls (HC) that assess dopamine transporter by [123I]-FP-CIT (N-omega-fluoropropyl-2beta-carboxymethoxy-3beta-{4-iodophenyl} tropane), [123I]-β-CIT (Iodine-123-beta-carbomethoxy-3 beta-(4-iodophenyltropane)), and [99mTc]-TRODAT show no difference (16). Besides the dopamine transport and post-synaptic dopamine receptor, dopamine synthesis is one of the important processes of the dopamine pathway in schizophrenia. Even though SPECT studies cannot address it, PET meta-analysis shows elevated dopamine synthesis capacity in schizophrenia (16).

It could be inferred from these findings that the synaptic space of the dopaminergic system might be affected by the treatment process rather than by the disease itself (29). Studies related to the presynaptic dopaminergic system, mainly investigated by PET rather than SPECT due to lack of suitable radiotracers, point out that increased dopamine release and dopamine synthesis capacity result in presynaptic dopaminergic neurotransmission activity (37). This presynaptic dopaminergic activity is regulated primarily by other neurotransmitter pathways such as glutamate and GABA (28).



Imaging of GABAergic System

GABA has an essential role in the molecular aspects of schizophrenia pathogenesis by regulating presynaptic dopaminergic activity (28, 38). In vivo imaging and post-mortem studies evaluating the role of GABA in schizophrenia show important results. SPECT studies can visualize α1, α2, α3, and α6 subunits of GABAA receptors by utilizing [123I] iomazenil (39). Inconsistent results were reported in different studies evaluating GABA bioavailability and symptom severity in schizophrenia. While no correlation was found in two of the studies investigating the relationship between symptom severity and GABA receptor availability in patients with schizophrenia (40, 41), a correlation was found in one study evaluating this relationship based on negative and positive symptoms (42). Negative symptoms were found to be negatively correlated with the GABA binding in medial frontal region, whereas positive symptoms were found to be negatively correlated with GABA binding in the medial temporal lobe (42). Three voxel-wise studies to evaluate regional differences in the brain show that GABA binding is generally low despite regional inconsistencies (40, 43, 44).

Even though there are inconsistent results in GABA studies in schizophrenia, the most replicated findings are reduced glutamic acid decarboxylase 67 (GAD67) mRNA, which plays a role in cytosolic GABA-synthesis, in post-mortem studies (45–47). Subtypes of alpha unit findings in post-mortem studies show that there is a decrease in alpha 1 (47–49) subunit and an increase in alpha 2 subunit (49, 50), and inconsistent results for alpha 5 subunit (50–52).

A systematic review comparing HC and schizophrenia regarding GABAA/BZ receptor binding availability reported no significant group differences (17). Consequently, even consistent results have been replicated in post-mortem studies and in vivo neuroimaging studies have not shown promising results for GABA alteration in patients with schizophrenia.



Imaging of Glutamatergic System

Dysfunction in GABA results in disinhibition of the glutamatergic pathway and asynchronous cortical activity (17). Glutamate acts as a regulatory neurotransmitter in the presynaptic dopaminergic pathway as well as GABA. Glutamate has both G-coupled metabotropic and ligand-gated ionotropic receptors. It has been demonstrated that NMDA, which is an ion-gated glutamate receptor, is involved in schizophrenia pathogenesis (53). However, SPECT studies that investigate NMDA levels are insufficient despite the importance of glutamatergic transmission in schizophrenia. In literature, the glutamatergic pathway has been assessed by [123I] CNS-1261. [123I] CNS-1261 acts as an NMDA receptor ligand. One SPECT study indicates that the total volume binding distribution of [123I] CNS-1261 does not show any difference between healthy control and drug-free schizophrenia patients (18). In the same study, global binding of [123I] CNS-1261 was reduced in patients on clozapine treatment compared with drug-free patients (18). This result could be related to downregulation due to clozapine treatment, disease-related pathology, or competition of clozapine and radiotracer at the binding site. Further study revealed a significant negative correlation between [123I] CNS-1261 binding and residual symptom severity in patients under treatment of typical antipsychotics (18). Otherwise, the symptom duration of the medication-free group was positively correlated with [123I] CNS-1261 binding in the middle inferior frontal cortex (54). These two studies may underpin the probable importance of the glutamatergic system in schizophrenia.



SPECT in Depression

Depression is a widespread disabling mental disorder that lifetime prevalence is around 20%, with a high risk of recurrence (55). Various molecular pathologic processes lie behind depression, which have not been fully comprehended. Molecular imaging of depression has been a widely investigated field to establish molecular aspects of depression. One of the most prominent suggestions to elucidate this brain disorder is the monoamine hypothesis which proclaims that depressive patients have lower serotonin, noradrenaline, and dopamine (56). This argument has been studied for the last decades, and the research put forward some evidence on that subject. However, the monoamine hypothesis is still debated, and there is still insufficient evidence of this subject (57). Molecular imaging methods may help with this controversial topic via advanced radiotracers to assess dopamine, noradrenalin, and serotonin levels, and, lately, the degrading enzyme of these monoamines called monoamine oxidase (MAO). Unfortunately, MAO cannot be assessed by SPECT imaging due to lack of radiotracer.



Studies of Blood Perfusion

Although neuroimaging studies focus on brain function and cerebral blood flow, in this review, we will largely discourse the molecular imaging of neurotransmitters and receptors in major depressive disorder. Briefly, the articles have reported hypoactivity in dorsolateral prefrontal cortex, pregenual anterior cingulate cortex, posterior anterior cingulate cortex, left superior temporal gyrus, insula, and cerebellum (58). In contrast, the subcortical structures (caudate, thalamus) and limbic structures (amygdala, anterior hippocampus) show hyperactivity (58).

One of the other significant regional activity findings related to depression is subgenual anterior cingulate cortex (sgACC) hyperactivity, which has been shown in studies that hyperactivity of sgACC is related to treatment-resistant depression (59, 60). The relationship between sgACC activity and treatment response has been studied many times, and this finding could be beneficial for assessing treatment response in clinical practice in the future.



Imaging of Serotoninergic System

In addition to cerebral blood flow imaging studies, neurochemical imaging of depression provides information on molecular alteration. The most known neurotransmitter in depression is serotonin. The serotoninergic system is responsible for regulating sleep, stress responses, pain, motor activity, cognition, emotional behavior, appetite, aggression, and impulsivity which are prominently altered in depression (61). However, it is still not well-known how the serotoninergic system is impaired in depression.

Serotonin is synthesized from tryptophan which is transported by large amino acid transporter over the blood-brain barrier. First, tryptophan is hydroxylated by tryptophan hydroxylase to 5-hydroxy-tryptophan, and then 5-hydroxy-tryptophan is decarboxylated into 5-hydroxy-tryptamine (5-HT), which is known as serotonin (62). Then, the produced serotonin is stored into synaptic vesicles by a vesicular monoamine transporter. Vesicles fuse with the synaptic membrane, and serotonin is secreted into the synaptic cleft. After serotonin is released into the synaptic cleft, it binds to its specific receptor, crucial for post-synaptic transmission. The effect of synaptic transmission is resolved by serotonin reuptake via serotonin transporter (SERT) (62).

Another essential structure related to the serotonergic system in depression is the serotonin receptors, which have various subtypes, including 5HT1A, 5HT1B, and 5HT2A. 5HT1A receptors are located in the presynaptic compartment of serotoninergic cell bodies of raphe nucleus and post-synaptic side of terminal area. The 5HT1A receptors are Gi-coupled receptors that hinder neuronal transmission (63). [123I] p-MPPI (4-(2′-methoxy-) phenyl-1-[2′-(N-2′′-pyridinyl)-p-iodobenzamido-]ethyl-piperazine) is a SPECT radiotracer that binds 5HT1A receptors in vivo which is available for rat and non-human primate but not for human. 5HT1A imaging via SPECT radioligands is restricted due to possible brain excretion by efflux transporter (25). 5HT1B is the other receptor on serotoninergic neuron terminal, an autoreceptor that regulates 5-HT levels by downregulating the serotoninergic system (63). To investigate this molecular process, SPECT provides an opportunity to assess the serotoninergic system. However, evaluation of serotonin synthesis by SPECT is currently limited with SERT and 5HT2A receptors in humans due to the lack of suitable radiotracers.



Imaging of SERT

The SERT bioavailability is assessed by [123I] β-CIT and its analog [123I] nor-β-CIT, which has a 10-fold higher affinity to SERT than [123I] β-CIT (62, 64, 65). These two radiotracers are not specifically binding to SERT but also bind to noradrenaline transporter (NET) and dopamine transporter (DAT) (66). [123I] ADAM is a recently developed radiotracer for SPECT, and it is more specific to SERT than [123I] β-CIT and [123I] nor-β-CIT (67). However, it is still controversial what SERT availability represents. The increased availability of SERT might indicate enhanced serotonin clearance in the synaptic cleft and vice versa (68). On the other hand, the low level of endogenous serotonin might also impact SERT availability by downregulating it (69, 70). In consequence of unclear alteration of SERT bioavailability in depression, SPECT studies assessing SERT bioavailability in depression have inconsistent results.

The serotonin transporter enriched regions are midbrain, thalamus/diencephalon, and medial prefrontal cortex (mPFC) (71). Some SPECT studies comparing SERT availability in the midbrain between healthy controls and depressive patients show no difference (19–21). However, some studies also indicate that SERT binding is decreased in the midbrain (22–24). The SERT density in the midbrain might be negatively correlated with depression severity (24). Perceived adverse life events, which is considered a trigger of depression, impact SERT by reducing it even in healthy subjects (72). Moreover, one study asserts that higher midbrain SERT is related to antidepressant treatment efficiency (73). During treatment with selective serotonin reuptake inhibitors (SSRI), higher occupancy of SERT by SSRI is correlated with a lower Hamilton Depression Rating Scale Score (74). A recent study with drug-naïve first episode major depressive disorder (MDD) patients found no SERT bioavailability difference between HC and MDD, but found a positive correlation between SERT bioavailability and kynurenine/tryptophan ratio, which indicates tryptophan metabolism (75). A meta-analysis of in vivo SERT imaging studies found significantly reduced SERT availability in striatum, amygdala, and brainstem but no significant change in thalamus and hippocampus in in vivo studies. In addition, a meta-analysis of post-mortem studies did not find any SERT alteration in brainstem, frontal cortex, and hippocampus but found a significant reduction in amygdala and striatum (76). These inconsistent findings could be caused by different imaging methods, possible brain atrophy that influences the SERT quantification, and the strength of the studies (75).



Imaging of 5HT2A

Although there are few SPECT studies associated with 5HT2A receptors in depressed patients, [123I] R91150, which better evaluates 5HT2A receptors than their PET equivalents because of their lower signal-to-noise ratio, provides essential information about depression (25–27). [123I] R91150 studies are concerned with behavioral patterns in depression rather than directly reflecting the depressive scores. For example, one study evaluating the correlation between harm avoidance and 5HT2A receptors reported that high harm avoidance scores related to shyness, fearfulness, and fatigue are positively correlated with left DLPFC 5HT2A receptor binding (26). Another study of six mounts drug-free patients with suicide attempt reports reduced 5HT2A binding in the frontal cortex (27).



Conclusion

Many tools have provided advances in the knowledge of molecular aspects of psychiatric disorders. Significant contributors to this progress are molecular imaging methods, including SPECT and PET. Among those imaging methods, SPECT is remarkable for its feasibility and cheapness, which makes it useful in clinical practice (2). However, even though studies support SPECT usage in psychiatric disorders such as evaluating dementia, inflammation, toxic exposure, and TBI, there is still a lack of proper objective diagnostic tools besides the Diagnostic Statistical Manual of Mental Disorders (DSM-5), which is based on subjective criteria (5, 6, 77).

In addition, these subjective criteria address neither the pathophysiology nor the treatment of psychiatric disorders (77). As a result, the pathogenesis, correlation to neurological function, and treatment options of psychiatric disorders with profound morbidity, such as schizophrenia and depression, remain hotly debated. The fact that 60% of DSM-5 diagnoses lose their validity when tested in clinical studies supports this mismatch between DSM-5 diagnostic constructs and the neurobiology of patients (78). In view of the above, we can conclude that new diagnostic methodological approaches, including molecular imaging, are essential to elucidate the molecular pathophysiology underlying these complex psychiatric disorders.

Most of these SPECT studies have a small number of participants. Hence, significant but slight alterations could not be detected. Multi-centered and meta-analytic studies could reveal undetected pathophysiological changes. Available SPECT radiotracers to investigate the neurotransmission process in human is still insufficient. Novel radiotracers may help us obtain detailed information about neurochemical aspects of neurotransmission in psychiatric disorders. Furthermore, schizophrenia and depression have different subtypes and heterogeneity. Combined studies of structural and functional MRI with SPECT might clarify this complexity derived by heterogeneity. Additionally, the machine-learning approach in molecular imaging could help the diagnostic process (79). Further studies using novel radiotracers, combined imaging techniques, and machine-learning algorithms are needed to understand psychiatric disorders better and support the clinical utility of SPECT in the future.




AUTHOR CONTRIBUTIONS

AK took the lead in writing the manuscript. AG provided critical feedback, supervision, and helped shape the manuscript. Both authors contributed to the article and approved the submitted version.



REFERENCES

 1. Masdeu JC. Neuroimaging in psychiatric disorders. Neurotherapeutics. (2011) 8:93–102. doi: 10.1007/s13311-010-0006-0

 2. Rahmim A, Zaidi H. PET versus SPECT: strengths, limitations and challenges. Nucl Med Commun. (2008) 29:193–207. doi: 10.1097/MNM.0b013e3282f3a515

 3. Pimlott SL. Radiotracer development in psychiatry. Nucl Med Commun. (2005) 26:183–8. doi: 10.1097/00006231-200503000-00002

 4. Pavel D, Jobe T, Devore-Best S, Davis G, Epstein P, Sinha S, et al. Viewing the functional consequences of traumatic brain injury by using brain SPECT. Brain Cogn. (2006) 60:211–3.

 5. CANM Guidelines for Brain Perfusion Single Photon Emission Computed Tomography (SPECT. (2020). Available online at: https://www.canm-acmn.ca/guidelines (accessed October 4 2021). 

 6. Henderson TA, van Lierop MJ, McLean M, Uszler JM, Thornton JF, Siow YH, et al. Functional neuroimaging in psychiatry-aiding in diagnosis and guiding treatment. What the American psychiatric association does not know. Front Psychiatry. (2020) 11:276. doi: 10.3389/fpsyt.2020.00276

 7. Tastevin M, Boyer L, Korchia T, Fond G, Lançon C, Richieri R, et al. Brain SPECT perfusion and PET metabolism as discordant biomarkers in major depressive disorder. EJNMMI Res. (2020) 10:121. doi: 10.1186/s13550-020-00713-2

 8. Cumming P, Abi-Dargham A, Gründer G. Molecular imaging of schizophrenia: neurochemical findings in a heterogeneous and evolving disorder. Behav Brain Res. (2021) 398:113004. doi: 10.1016/j.bbr.2020.113004

 9. Weinstein JJ, Chohan MO, Slifstein M, Kegeles LS, Moore H, Abi-Dargham A. Pathway-specific dopamine abnormalities in schizophrenia. Biol Psychiatry. (2017) 81:31–42. doi: 10.1016/j.biopsych.2016.03.2104

 10. Conn KA, Burne THJ, Kesby JP. Subcortical dopamine and cognition in schizophrenia: looking beyond psychosis in preclinical models. Front Neurosci. (2020) 14:542. doi: 10.3389/fnins.2020.00542

 11. Crawley JC, Crow TJ, Johnstone EC, Oldland SR, Owen F, Owens DG, et al. Uptake of 77Br-spiperone in the striata of schizophrenic patients and controls. Nucl Med Commun. (1986) 7:599–607. doi: 10.1097/00006231-198608000-00006

 12. Barnas C, Quiner S, Tauscher J, Hilger E, Willeit M, Küfferle B, et al. In vivo (123)I IBZM SPECT imaging of striatal dopamine 2 receptor occupancy in schizophrenic patients. Psychopharmacology. (2001) 157:236–42. doi: 10.1007/s002130100813

 13. Broich K, Grünwald F, Kasper S, Klemm E, Biersack HJ, Möller HJ. D2-dopamine receptor occupancy measured by IBZM-SPECT in relation to extrapyramidal side effects. Pharmacopsychiatry. (1998) 31:159–62. doi: 10.1055/s-2007-979321

 14. Schröder J, Silvestri S, Bubeck B, Karr M, Demisch S, Scherrer S, et al. D2 dopamine receptor up-regulation, treatment response, neurological soft signs, and extrapyramidal side effects in schizophrenia: a follow-up study with 123I-iodobenzamide single photon emission computed tomography in the drug-naive state and after neuroleptic treatment. Biol Psychiatry. (1998) 43:660–5. doi: 10.1016/s0006-3223(97)00442-3

 15. Nørbak-Emig H, Ebdrup BH, Fagerlund B, Svarer C, Rasmussen H, Friberg L, et al. Frontal D2/3 receptor availability in schizophrenia patients before and after their first antipsychotic treatment: relation to cognitive functions and psychopathology. Int J Neuropsychopharmacol. (2016) 19:pyw006. doi: 10.1093/ijnp/pyw006

 16. Howes OD, Kambeitz J, Kim E, Stahl D, Slifstein M, Abi-Dargham A, et al. The nature of dopamine dysfunction in schizophrenia and what this means for treatment: meta-analysis of imaging studies. Arch Gen Psychiatry. (2012) 69:776–86. doi: 10.1001/archgenpsychiatry.2012.169

 17. Lee JS, Lee JD, Park H, Oh M, Chun JW, Kim S, et al. Is the GABA system related to the social competence improvement effect of aripiprazole? An18F-fluoroflumazenil PET study. Psychiatry Investig. (2013) 10:75. doi: 10.4306/pi.2013.10.1.75

 18. Bressan RA, Erlandsson K, Stone JM, Mulligan RS, Krystal JH, Ell PJ, et al. Impact of schizophrenia and chronic antipsychotic treatment on [123I]CNS-1261 binding to N-methyl-D-aspartate receptors in vivo. Biol Psychiatry. (2005) 58:41–6. doi: 10.1016/j.biopsych.2005.03.016

 19. Ahonen A, Heikman P, Kauppinen T, Koskela A, Bergstrom K. Serotonin transporter availability in drug free depression patients using a novel SERT ligand. Eur J Nuclear Med Mol Imaging. (2004) 31:S227–8.

 20. Catafau AM, Perez V, Plaza P, Pascual JC, Bullich S, Suarez M, et al. Serotonin transporter occupancy induced by paroxetine in patients with major depression disorder: a 123I-ADAM SPECT study. Psychopharmacology. (2006) 189:145–53. doi: 10.1007/s00213-006-0540-y

 21. Dahlström M, Ahonen A, Ebeling H, Torniainen P, Heikkilä J, Moilanen I. Elevated hypothalamic/midbrain serotonin (monoamine) transporter availability in depressive drug-naive children and adolescents. Mol Psychiatry. (2000) 5:514–22. doi: 10.1038/sj.mp.4000766

 22. Lehto S, Tolmunen T, Joensuu M, Saarinen PI, Vanninen R, Ahola P, et al. Midbrain binding of [123I]nor-β-CIT in atypical depression. Progr Neuro Psychopharmacol Biol Psychiatry. (2006) 30:1251–5. doi: 10.1016/j.pnpbp.2006.03.019

 23. Tsai HC, Lin SH, Chen PS, Chang HH, Lee IH, Yeh TL, et al. Quantifying midbrain serotonin transporter in depression: a preliminary study of diagnosis and naturalistic treatment outcome. Pharmacopsychiatry. (2015) 48:58–64. doi: 10.1055/s-0034-1396800

 24. Newberg AB, Amsterdam JD, Wintering N, Ploessl K, Swanson RL, Shults J, et al. 123I-ADAM binding to serotonin transporters in patients with major depression and healthy controls: a preliminary study. J Nucl Med. (2005) 46:973–7.

 25. Paterson LM, Kornum BR, Nutt DJ, Pike VW, Knudsen GM. 5-HT radioligands for human brain imaging with PET SPECT. Med Res Rev. (2013) 33:54–111. doi: 10.1002/med.20245

 26. Baeken C, Bossuyt A, De Raedt R. Dorsal prefrontal cortical serotonin 2A receptor binding indices are differentially related to individual scores on harm avoidance. Psychiatry Res. (2014) 221:162–8. doi: 10.1016/j.pscychresns.2013.12.005

 27. Audenaert K, Van Laere K, Dumont F, Slegers G, Mertens J, van Heeringen C, et al. Decreased frontal serotonin 5-HT 2a receptor binding index in deliberate self-harm patients. Eur J Nucl Med. (2001) 28:175–82. doi: 10.1007/s002590000392

 28. Dierckx RAJO, Otte A, de Vries EFJ, van Waarde A, den Boer JA. PET and SPECT in Psychiatry. Heidelberg: Springer. (2014) 35:57–67.doi: 10.1007/978-3-642-40384-2 

 29. Chen KC, Yang YK, Howes OD, Lee IH, Yeh TL, Chiu NT, et al. Striatal dopamine D2/3 receptors in medication-naïve schizophrenia: an [123I] IBZM SPECT study. Psychol Med. (2021) 8:1–9. doi: 10.1017/S0033291720005413

 30. Laruelle M. Imaging dopamine transmission in schizophrenia. A review and meta-analysis. Q J Nucl Med. (1998) 42:211–21.

 31. Abi-Dargham A, Gil R, Krystal J, Baldwin RM, Seibyl JP, Bowers M, et al. Increased striatal dopamine transmission in schizophrenia: confirmation in a second cohort. Am J Psychiatry. (1998) 155:761–7. doi: 10.1176/ajp.155.6.761

 32. Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de Bartolomeis A, et al. Schizophrenia is associated with elevated amphetamine-induced synaptic dopamine concentrations: evidence from a novel positron emission tomography method. Proc Natl Acad Sci USA. (1997) 94:2569–74. doi: 10.1073/pnas.94.6.2569

 33. Laruelle M, Abi-Dargham A, van Dyck CH, Gil R, D'Souza CD, Erdos J, et al. Single photon emission computerized tomography imaging of amphetamine-induced dopamine release in drug-free schizophrenic subjects. Proc Natl Acad Sci USA. (1996) 93:9235–40. doi: 10.1073/pnas.93.17.9235

 34. Kessler RM, Mason NS, Votaw JR, De Paulis T, Clanton JA, Ansari MS, et al. Visualization of extrastriatal dopamine D2 receptors in the human brain. Eur J Pharmacol. (1992) 223:105–7. doi: 10.1016/0014-2999(92)90825-o

 35. Tsartsalis S, Tournier BB, Millet P. In vivo absolute quantification of striatal and extrastriatal D2/3receptors with [123I] epidepride SPECT. EJNMMI Res. (2020) 10:66. doi: 10.1186/s13550-020-00650-0

 36. Fagerlund B, Pinborg LH, Mortensen EL, Friberg L, Baaré WF, Gade A, et al. Relationship of frontal D(2/3) binding potentials to cognition: a study of antipsychotic-naive schizophrenia patients. Int J Neuropsychopharmacol. (2013) 16:23–36. doi: 10.1017/S146114571200003X

 37. Abi-Dargham A, van de Giessen E, Slifstein M, Kegeles LS, Laruelle M. Baseline and amphetamine-stimulated dopamine activity are related in drug-naïve schizophrenic subjects. Biol Psychiatry. (2009) 65:1091–3. doi: 10.1016/j.biopsych.2008.12.007

 38. Taylor SF, Tso IF. GABA abnormalities in schizophrenia: a methodological review of in vivo studies. Schizophr Res. (2015) 167:84–90. doi: 10.1016/j.schres.2014.10.011

 39. Lewis DA, Curley AA, Glausier JR, Volk DW. Cortical parvalbumin interneurons and cognitive dysfunction in schizophrenia. Trends Neurosci. (2012) 35:57–67. doi: 10.1016/j.tins.2011.10.004

 40. Verhoeff NP, Soares JC, D'Souza CD, Gil R, Degen K, Abi-Dargham A, et al. [123I]Iomazenil SPECT benzodiazepine receptor imaging in schizophrenia. Psychiatry Res Neuroimaging. (1999) 91:163–73.

 41. Abi-Dargham A. No evidence of altered in vivo benzodiazepine receptor binding in schizophrenia. Neuropsychopharmacology. (1999) 20:650–61.

 42. Busatto GF, Pilowsky LS, Costa DC, Ell PJ, David AS, Lucey JV, et al. Correlation between reduced in vivo benzodiazepine receptor binding and severity of psychotic symptoms in schizophrenia. Am J Psychiatry. (1997) 154:56–63. doi: 10.1176/ajp.154.1.56

 43. Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, et al. Gene expression deficits in a subclass of GABA neurons in the prefrontal cortex of subjects with schizophrenia. J Neurosci. (2003) 23:6315–26. doi: 10.1523/JNEUROSCI.23-15-06315.2003

 44. Volk DW, Austin MC, Pierri JN, Sampson AR, Lewis DA. Decreased glutamic acid decarboxylase67 messenger RNA expression in a subset of prefrontal cortical gamma-aminobutyric acid neurons in subjects with schizophrenia. Arch Gen Psychiatry. (2000) 57:237–45. doi: 10.1001/archpsyc.57.3.237

 45. Akbarian S, Kim JJ, Potkin SG, Hagman JO, Tafazzoli A, Bunney WE Jr, et al. Gene expression for glutamic acid decarboxylase is reduced without loss of neurons in prefrontal cortex of schizophrenics. Arch Gen Psychiatry. (1995) 52:258–66. doi: 10.1001/archpsyc.1995.03950160008002

 46. Glausier JR, Lewis DA. Selective pyramidal cell reduction of GABA(A) receptor α1 subunit messenger RNA expression in schizophrenia. Neuropsychopharmacology. (2011) 36:2103–10. doi: 10.1038/npp.2011.102

 47. Beneyto M, Abbott A, Hashimoto T, Lewis DA. Lamina-specific alterations in cortical GABA(A) receptor subunit expression in schizophrenia. Cereb Cortex. (2011) 21:999–1011. doi: 10.1093/cercor/bhq169

 48. Volk DW, Pierri JN, Fritschy JM, Auh S, Sampson AR, Lewis DA. Reciprocal alterations in pre- and postsynaptic inhibitory markers at chandelier cell inputs to pyramidal neurons in schizophrenia. Cereb Cortex. (2002) 12:1063–70. doi: 10.1093/cercor/12.10.1063

 49. Impagnatiello F, Guidotti AR, Pesold C, Dwivedi Y, Caruncho H, Pisu MG, et al. A decrease of reelin expression as a putative vulnerability factor in schizophrenia. Proc Natl Acad Sci USA. (1998) 95:15718–23.

 50. Akbarian S, Huntsman MM, Kim JJ, Tafazzoli A, Potkin SG, Bunney WE, et al. GABAA receptor subunit gene expression in human prefrontal cortex: comparison of schizophrenics and controls. Cereb Cortex. (1995) 5:550–60. doi: 10.1093/cercor/5.6.550

 51. Egerton A, Modinos G, Ferrera D, McGuire P. Neuroimaging studies of GABA in schizophrenia: a systematic review with meta-analysis. Transl Psychiatry. (2017) 7:e1147. doi: 10.1038/tp.2017.124

 52. Kang JI, Park H, Kim SJ, Kim KR, Lee SY, Lee E, et al. Reduced binding potential of GABA-A/benzodiazepine receptors in individuals at ultra-high risk for psychosis: an [18F]-fluoroflumazenil positron emission tomography study. Schizophr Bull. (2014) 40:548–57. doi: 10.1093/schbul/sbt052

 53. Balu DT. The NMDA receptor and schizophrenia: from pathophysiology to treatment. Adv Pharmacol. (2016) 76:351–82. doi: 10.1016/bs.apha.2016.01.006

 54. Pilowsky LS, Bressan RA, Stone JM, Erlandsson K, Mulligan RS, Krystal JH, et al. First in vivo evidence of an NMDA receptor deficit in medication-free schizophrenic patients. Mol Psychiatry. (2006) 11:118–9. doi: 10.1038/sj.mp.4001751

 55. Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D, et al. Acute and longer-term outcomes in depressed outpatients requiring one or several treatment steps: a STAR*D report. AJP. (2006) 163:1905–17.doi: 10.1176/ajp.2006.163.11.1905

 56. Ruhé HG, Mason NS, Schene AH. Mood is indirectly related to serotonin, norepinephrine and dopamine levels in humans: a meta-analysis of monoamine depletion studies. Mol Psychiatry. (2007) 12:331–59. doi: 10.1038/sj.mp.4001949

 57. Lacasse JR, Leo J. Serotonin and depression: a disconnect between the advertisements and the scientific literature. PLoS Med. (2005) 2:e392. doi: 10.1371/journal.pmed.0020392

 58. Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ. A meta-analytic study of changes in brain activation in depression. Hum Brain Mapp. (2008) 29:683–95. doi: 10.1002/hbm.20426

 59. Drevets WC, Savitz J, Trimble M. The subgenual anterior cingulate cortex in mood disorders. CNS Spectr. (2008) 13:663–81. doi: 10.1017/s1092852900013754

 60. Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H, et al. Resting-state functional connectivity in major depression: abnormally increased contributions from subgenual cingulate cortex and thalamus. Biol Psychiatry. (2007) 62:429–37. doi: 10.1016/j.biopsych.2006.09.020

 61. Olivier B. Serotonin: a never-ending story. Eur J Pharmacol. (2015) 753:2–18. doi: 10.1016/j.ejphar.2014.10.031

 62. Best J, Nijhout HF, Reed M. Serotonin synthesis, release and reuptake in terminals: a mathematical model. Theor Biol Med Model. (2010) 7:34. doi: 10.1186/1742-4682-7-34

 63. Barnes NM, Sharp T. A review of central 5-HT receptors and their function. Neuropharmacology. (1999) 38:1083–152. doi: 10.1016/s0028-3908(99)00010-6

 64. Innis R, Baldwin R, Sybirska E, Zea Y, Laruelle M, Al-Tikriti M, et al. Single photon emission computed tomography imaging of monoamine reuptake sites in primate brain with [123I]CIT. Eur J Pharmacol. (1991) 200:369–70. doi: 10.1016/0014-2999(91)90599-l

 65. Bergström KA, Halldin C, Hall H, Lundkvist C, Ginovart N, Swahn CG, et al. In vitro and in vivo characterisation of nor-beta-CIT: a potential radioligand for visualisation of the serotonin transporter in the brain. Eur J Nucl Med. (1997) 24:596–601. doi: 10.1007/BF00841395

 66. Laruelle M, Baldwin RM, Malison RT, Zea-Ponce Y, Zoghbi SS, Al-Tikeriti MS, et al. SPECT imaging of dopamine and serotonin transporters with [123I]beta-CIT: pharmacological characterization of brain uptake in nonhuman primates. Synapse. (1993) 13:295–309. doi: 10.1002/syn.890130402

 67. Frokjaer VG, Pinborg LH, Madsen J, de Nijs R, Svarer C, Wagner A, et al. Evaluation of the serotonin transporter ligand 123I-ADAM for SPECT studies on humans. J Nucl Med. (2008) 49:247–54. doi: 10.2967/jnumed.107.046102

 68. Meyer JH. Neuroimaging markers of cellular function in major depressive disorder: implications for therapeutics, personalized medicine, and prevention. Clin Pharmacol Ther. (2012) 91:201–14. doi: 10.1038/clpt.2011.285

 69. Meyer JH. Imaging the serotonin transporter during major depressive disorder and antidepressant treatment. J Psychiatry Neurosci. (2007) 32:86–102.

 70. Rattray M, Baldessari S, Gobbi M, Mennini T, Samanin R, Bendotti C. p-Chlorphenylalanine changes serotonin transporter mRNA levels and expression of the gene product. J Neurochem. (1996) 67:463–72. doi: 10.1046/j.1471-4159.1996.67020463.x

 71. Joensuu M, Lehto SM, Tolmunen T, Saarinen PI, Valkonen-Korhonen M, Vanninen R, et al. Serotonin-transporter-linked promoter region polymorphism and serotonin transporter binding in drug-naïve patients with major depression. Psychiatry Clin Neurosci. (2010) 64:387–93.doi: 10.1111/j.1440-1819.2010.02111.x

 72. Yeh TL, Lee IH, Chen KC, Chen PS, Yao WJ, Yang YK, et al. The relationships between daily life events and the availabilities of serotonin transporters and dopamine transporters in healthy volunteers–a dual-isotope SPECT study. Neuroimage. (2009) 45:275–9. doi: 10.1016/j.neuroimage.2008.12.004

 73. Kugaya A, Sanacora G, Staley JK, Malison RT, Bozkurt A, Khan S, et al. Brain serotonin transporter availability predicts treatment response to selective serotonin reuptake inhibitors. Biol Psychiatry. (2004) 56:497–502. doi: 10.1016/j.biopsych.2004.07.001

 74. Ruhé HG, Ooteman W, Booij J, Michel MC, Moeton M, Baas F, et al. Serotonin transporter gene promoter polymorphisms modify the association between paroxetine serotonin transporter occupancy and clinical response in major depressive disorder. Pharmacogenet Genomics. (2009) 19:67–76. doi: 10.1097/FPC.0b013e32831a6a3a

 75. Chiu YC, Yang BH, Yang KC, Liu MN, Hu LY, Liou YJ, et al. A study of tryptophan, kynurenine and serotonin transporter in first-episode drug-naïve major depressive disorder. Psychiatry Res Neuroimaging. (2021) 312:111296. doi: 10.1016/j.pscychresns.2021.111296

 76. Kambeitz JP, Howes OD. The serotonin transporter in depression: meta-analysis of in vivo and post mortem findings and implications for understanding and treating depression. J Affect Disord. (2015) 186:358–66. doi: 10.1016/j.jad.2015.07.034

 77. Ghaemi SN. After the failure of DSM: clinical research on psychiatric diagnosis. World Psychiatry. (2018) 17:301–2. doi: 10.1002/wps.20563

 78. Regier DA, Narrow WE, Clarke DE, Kraemer HC, Kuramoto SJ, Kuhl EA, et al. DSM-5 field trials in the United States and Canada, part II: test-retest reliability of selected categorical diagnoses. Am J Psychiatry. (2013) 170:59–70. doi: 10.1176/appi.ajp.2012.12070999

 79. Veronese M, Santangelo B, Jauhar S, D'Ambrosio E, Demjaha A, Salimbeni H, et al. A potential biomarker for treatment stratification in psychosis: evaluation of an [18F] FDOPA PET imaging approach. Neuropsychopharmacology. (2021) 46:1122–32. doi: 10.1038/s41386-020-00866-7

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kalyoncu and Gonul. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Emerging Role of SPECT Functional Neuroimaging in Schizophrenia and Depression



		Introduction



		SPECT in Schizophrenia



		Imaging of Dopaminergic System



		Imaging of GABAergic System



		Imaging of Glutamatergic System



		SPECT in Depression



		Studies of Blood Perfusion



		Imaging of Serotoninergic System



		Imaging of SERT



		Imaging of 5HT2A



		Conclusion







		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Psychiatry

The Emerging Role of SPECT
Functional Neuroimaging in
Schizophrenia and Depression





OPS/images/fpsyt-12-716600-g001.gif
Postsynaptic
neuroh.






OPS/images/fpsyt-12-716600-t001.jpg
Radiotracers

['28)) iodobenzamide

["221] epidepride
[1%8))-FP-CIT
[*23))-p-CIT

[23)) nor-p-CIT
[°™Tc]- TRODAT
[1231) iomazenil

['2%]) CNS-1261

1231 ADAM

[12%]) R91150

Neurotransmitters Binding sites

Dopamine Striatal post-synaptic Dz/Ds
receptor

Doparine Extrastriatal frontal Dz/Ds
receptors

Dopamine, serotonin DAT, SERT

Dopamine, serotonin DAT, SERT, NET

Dopamine, serotonin DAT, SERT, NET

Dopamine DAT

GABA GABA receptors (a1, a2, a3,
and o6 subunits)

Glutamate NMDA receptor

Serotonin SERT

Serotonin 5HT2A

Additional findings

BG/FG binding ratio was found to be negatively correlated
with EPS and lower in patients with schizophrenia on
antipsychotic treatment (13, 14).

Frontal D/Ds binding was found to be positively correlated
with positive symptom recuction (15).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16),

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

Inconsistent results have been reported in patients with
schizophrenia (17).

Global binding was found to be reduced in schizophrenia on
clozapine treatment. No significant difference was found
between HC and treatment naive schizophrenia (18).
Results are controversial. Some studies found no significant
difference between HG and depression (19-21). Other studies
found lower SERT bicavailability in depression (22-24).
Compared to equivalent PET tracers, it has a lower
signal-to-noise ratio.

Harm avoidance was found correlated with high DLPFC
S5HT2A binding (25-27).
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