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Abstract 

The present thesis describes the development of a translational study combining 

ex vivo and in vivo imaging as well as behavioral experiments in rats to address the 

hypothesis that a 5-HT2A receptor antagonism is one of the substrates of atypicality, i.e. 

enhanced efficacy and reduced side effect burden of atypical vs typical antipsychotic 

agents. A major part of this work was dedicated to the development of simple imaging 

approaches to study the D2/3 and the 5-HT2A receptors in the rat brain. Most importantly, 

a simultaneous, dual-radiotracer methodology was validated, to allow the quantification 

of D2/3 and 5-HT2A receptors in the same in vivo Single Photon Emission Computed 

Tomography (SPECT) scan. This methodology was employed in the biological part of 

this thesis. In this study, the effect of the co-administration of MDL-100,907, a selective 

5-HT2A receptor antagonist, along with a chronic treatment with various clinically 

relevant doses of haloperidol, a typical antipsychotic agent was assessed with a series 

of behavioral tests in rats. Dual radiotracer SPECT imaging allowed to measure 1) the 

occupancy of the D2/3 and 5-HT2A receptor by haloperidol and MDL-100,907, 

respectively and 2) the alterations in the density of D2/3 and 5-HT2A receptors by the 

chronic treatment with their respective antagonists. Co-administration of MDL-100,907 

partially reduced the haloperidol-induced catalepsy (a phenomenon corresponding to 

acute extrapyramidal side effects of antipsychotics) and was associated with a tendency 

towards a higher efficacy of haloperidol in the dizocilpine-disrupted prepulse inhibition of 

the startle reflex (a test that is indicative of efficacy of an antipsychotic agent against 

psychotic symptoms). However, MDL-100,907 co-administration failed to reverse the 

haloperidol-induced vacuous chewing movements (a symptom corresponding to tardive 

dyskinesia). Regarding the neurochemical alterations induced by these chronic 

treatments, haloperidol induced an upregulation of the D2/3 receptor in the striatum of 

rats, while MDL-100,907 had no effect. Similarly, the present study included a previously 

unappreciated finding: an upregulation of the 5-HT2A receptors in various frontal cortical 

regions and the VTA, which was induced by a moderate dose of haloperidol. Overall, 

this thesis underlines the interest of the validation and use of translational SPECT 

neuroimaging. It points to a -partial- implication of a 5-HT2A receptor antagonism to the 

mechanism of action of atypical antipsychotic drugs and emphasizes the need to 

employ clinically pertinent doses of antipsychotics in fundamental 

psychopharmacological research. 
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Résumé 

Cette thèse décrit le développement d’une étude translationelle, combinant 

l’imagerie ex vivo et in vivo, ainsi que des tests comportementaux chez le rat, afin 

d’évaluer l’hypothèse que l’antagonisme du récepteur 5-HT2A est un des substrats de 

l’atypicité, i.e. d’une efficacité augmentée et d’un risque réduit d’effets secondaires des 

antipsychotiques atypiques comparés aux typiques. Une partie importante de cette 

thèse a été dédiée au développement de méthodes de quantification simplifiées des 

récepteurs D2/3 et 5-HT2A. Une contribution importante de ce travail concerne la 

validation d’une méthode d’imagerie par Tomographie par Émission Monophotonique 

(TEMP) in vivo de deux récepteurs en simultané, dans la même séance TEMP. Cette 

approche a été employée dans la partie biologique de la thèse. Dans cette partie, l’effet 

de la co-administration du MDL-100,907, un antagoniste sélectif du récepteur 5-HT2A, 

avec un traitement chronique par de multiples doses, cliniquement pertinentes, 

d’haloperidol a été évalué, sur une série de tests comportementaux chez le rat. Une 

imagerie SPECT a permis de mesurer 1) l’occupation de récepteurs D2/3 et 5-HT2A par 

l’haloperidol et le MDL-100,907, respectivement et 2) les altérations au niveau de la 

densité de ces récepteurs suite au traitement chronique par leurs antagonistes. La co-

administration du MDL-100,907 a partiellement réduit la catalepsie induite par 

l’haloperidol (un test qui correspond aux effets extrapyramidaux aigus des 

antipsychotiques) et a été associée à une tendance de l’haloperidol à être plus efficace 

dans le test du déficit de l’inhibition du réflexe de sursaut (PPI) induit par la dizocilpine 

(ce test est un indicateur de l’efficacité de traitements antipsychotiques face aux 

symptômes psychotiques). Cependant, la co-administration du MDL-100,907 n’a pas 

prévenu l’apparition de mouvements de mastication induits par l’haloperidol (un test qui 

correspond à la dyskinésie tardive). Concernant les altérations au niveau de la densité 

des récepteurs, l’haloperidol a provoqué une augmentation de la densité du récepteur 

D2/3 dans le striatum, un effet qui n’a pas été modifié par la co-administration du MDL-

100,907. De plus, notre étude a mis en évidence pour la première fois, une 

augmentation de la densité du récepteur 5-HT2A dans de régions corticales frontales et 

l’aire tegmentale ventrale, induite par une posologie modérée d’haloperidol. En 

conclusion, cette thèse démontre l’intérêt de l’utilisation de la neuroimagerie TEMP 

dans des études translationnelles. Elle suggère une implication -partielle- de 

l’antagonisme du récepteur 5-HT2A dans l’atypicité et souligne l’importance d’employer 

de doses d’antipsychotiques cliniquement pertinentes dans la recherche fondamentale.  
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1. Introduction 

 

1.1. Schizophrenia and antipsychotic medication  

 

Schizophrenia is a chronic psychiatric disorder, affecting roughly 1% of the 

population with an invalidating character at the individual level and a major socio-

economic impact. At a clinical level, symptoms develop along three well described axes: 

(i) positive symptoms, i.e. disorganized and/or delusional thought and perception 

deficits (hallucinations), (ii) negative symptoms, i.e. blunted affect, anhedonia, 

amotivation and poverty of speech and (iii) cognitive symptoms, i.e. deficits of executive 

functions, attention, working and verbal memory (Ginovart and Kapur, 2012; Lewis and 

Lieberman, 2000). Its etiology comprises a wide spectrum of genetic, developmental 

and environmental factors (Lewis and Lieberman, 2000). The most studied 

pathophysiological aspect of schizophrenia, in a simplified form, suggests a deficiency 

in the dopaminergic neurotransmission at the mesocortical level and a “hyperactivity” of 

the dopaminergic transmission at the mesolimbic level (Demjaha et al., 2012; Fusar-Poli 

and Meyer-Lindenberg, 2013; Ginovart and Kapur, 2012; Howes et al., 2012; Howes 

and Kapur, 2009; Kambeitz et al., 2014; Lewis and Lieberman, 2000; McCutcheon et 

al., 2018; Slifstein et al., 2015). The development of this theory, the “dopaminergic 

hypothesis” of schizophrenia was based on the fact that the first effective treatment 

against positive symptoms (and the majority of treatments ever since) was mainly a D2 

receptor antagonist. However, the dopaminergic hypothesis has been modified, if not 

largely replaced, since its first formulation with new pathophysiological aspects that are 

currently under study. Genomic and epigenetic studies attempt to shed light on the 

etiology of the disease that goes way beyond the dopaminergic system. With the advent 

of new genomic analysis technologies, a polygenic risk score may be determined 

(Kuehner et al., 2019; Zhuo et al., 2019). Transcriptomic analyses allow the elucidation 

of gene expression alterations and the identification of the cellular populations that 

produce these alterations, thus demonstrating potentially causal links between a distinct 

cell type and an aspect of the disease pathology (Skene et al., 2018). Beyond molecular 

imaging techniques, a wide range of brain imaging methods, such as functional and 

structural Magnetic Resonance Imaging (MRI) (McCutcheon et al., 2019), diffusion 

tensor imaging (Collin and Keshavan, 2018) and electroencephalography (EEG) (Lavoie 

et al., 2019), extend our knowledge on brain structure and function in health and 
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disease and intend to provide an arsenal of biomarkers to inform studies on the 

development of new therapeutics and to serve as indicators of the efficacy of the 

various therapeutic interventions. The research on the field is further fueled by 

preclinical animal models that reproduce particular aspects of the disease and 

pathophysiological mechanisms such as inflammation and oxidative stress (Gumusoglu 

and Stevens, 2019; Marissal et al., 2018). Overall, these studies have demonstrated 

that the pathophysiology of schizophrenia is much more than an imbalanced outflow of 

dopamine to cortical and subcortical areas and that a wider range of brain networks are 

implicated.  

Despite the developments in the understanding of the etiopathology of 

schizophrenia, antipsychotic agents still constitute the cornerstone of schizophrenia 

treatment. Based on their pharmacology and their clinical profile they are characterized 

as typical (“first generation”) and atypical (“second generation”) agents. Typical 

antipsychotics (e.g. haloperidol) are efficient against positive symptoms but can induce 

side effects such as acute (parkinsonism, akathisia and dystonia) and later-onset 

(tardive dyskinesia) extrapyramidal syndromes (EPS), hyperprolactinemia and effects 

on cognition and affects (dysphoria/anhedonia, depressed mood and slowed 

mentation). Atypical antipsychotics are efficient against positive symptoms and probably 

have a reduced side effect burden (Ginovart and Kapur, 2012). Despite the fact that the 

actual superiority of atypical over typical antipsychotics is debated (Lewis and 

Lieberman, 2008), recent meta-analyses suggest lower prevalence of extrapyramidal 

side effects of atypical agents compared to typical ones (Table 2) (Leucht et al., 2013; 

Martino et al., 2018). 

 

1.1.1 Atypical antipsychotic medication 

 

The main pharmacodynamic characteristic of all antipsychotic agents is a D2/3 

receptor blockade. Multiple clinical imaging studies have established a precise 

relationship between the level of D2/3 receptor occupancy and the efficacy/side effect 

profile of the antipsychotic agents. It is thus generally admitted that, for most of these 

agents, a D2/3 receptor occupancy between 65 and 80% is associated with an efficacy 

against positive symptoms. Beyond an 80% occupancy level, the propensity for EPS is 

increased, whereas no greater efficacy is observed (Kapur and Remington, 2001; 

Uchida et al., 2011). The emergence of such side effects greatly reduces compliance 

with the treatment, leading to a high symptom relapse risk (Casey, 2006; Dossenbach 
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et al., 2005).  

Concerning the pharmacological determinants of atypicality, multiple theories 

have been developed. According to the most extensively studied among them, atypical 

antipsychotics bind to a large spectrum of receptors, over multiple neurotransmitter 

systems and this is their defining characteristic. Indeed, most typical antipsychotics 

have relatively limited target-receptor spectrum and their actions are mostly associated 

with the D2/3 receptor blockade. More precisely, a strong antagonism of the 5-HT2A 

receptor has been proposed as a major determinant of antipsychotic atypicality (Kuroki 

et al., 1999; Meltzer, 2004; Meltzer et al., 2003). Whereas 5-HT2A antagonism per se is 

not considered as conferring antipsychotic efficacy (Ebdrup et al., 2011), one leading 

hypothesis proposes that a combined blockade of D2 and 5-HT2A receptor is responsible 

for the efficacy and the reduced side effect liability of atypical versus typical agents. 

 

1.1.2 Evidence linking 5-HT2A receptor antagonism to atypicality 

 

The 5-HT2A  receptor is widely expressed in the CNS, especially in layer I and IV-

V of the cerebral cortex, with frontal areas presenting the highest receptor 

concentration, as well as, to a lesser extent, in subcortical areas, such as the striatum. 

They exert their effect via different intracellular signaling pathways, such as the Gαq -

PLC-IP3 pathway, the Gαq-mediated PLCβ/IP3 /calcineurin pathway and the Gα12/13-

phospholipase A2 signal transduction pathway, which promotes arachidonic acid 

release. In addition, 5-HT2A receptors may act via non-G-protein pathways, such as via 

the β-arrestin2/phosphoinositide 3- kinase/Src/Akt cascade (Zhang and Stackman, 

2015). The 5-HT2A receptor is potentially associated to the pathophysiology of 

schizophrenia. Post mortem studies have demonstrated an overall decrease in the 5-

HT2A receptor binding (Rasmussen et al., 2010; Selvaraj et al., 2014) along with an 

increase in the active conformation of 5-HT2A receptor binding the prefrontal cortex of 

schizophrenic patients (Muguruza et al., 2013). 5-HT2A antagonism may be important in 

a subset of patients, as genetic variability may induce a differential role of this receptor 

in the pathophysiology of the disease and the response to treatment (Blasi et al., 2015; 

Kanno-Nozaki et al., 2018; Kaur et al., 2017) 

From a physiological perspective, with a particular focus on the mechanism of 

action of antipsychotic drugs, 5-HT2A receptors expressed on pyramidal cells of the 

prefrontal cortex (Santana et al., 2004) project to the ventral tegmental area (VTA) 

(Vazquez-Borsetti et al., 2008) and the nucleus accumbens (NAcc) (Mocci et al., 2014). 
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In this way, they may modulate the activity of the dopaminergic projections of the VTA 

(Bortolozzi et al., 2005). Blockade of the 5-HT2A receptor has been associated with an 

increase in dopamine release in the prefrontal cortex, compared to the striatum, 

suggesting that the transmission in the mesocortical system, already deficient in 

schizophrenic patients may be relatively preserved under atypical antipsychotic 

treatment, while the “hyperactive” mesolimbic system is safely reduced (Ginovart and 

Kapur, 2012; Huang et al., 2014; Ichikawa et al., 2001; Ichikawa and Meltzer, 1995; 

Kuroki et al., 1999; Liegeois et al., 2002). However, a recent study found that dopamine 

release in prefrontal cortex requires 5-HT1A receptors, not 5-HT2A (Bortolozzi et al., 

2010). 5-HT2A antagonism locally in the midbrain may be associated with a preferential 

blockade of the mesolimbic neurotransmission, while the nigrostriatal system (whose 

blockade leads to EPS) is relatively spared (Olijslagers et al., 2005). Atypical 

antipsychotic administration is also associated with a down-regulation of 5-HT2A 

receptor in rodents (Choi et al., 2017; Huang et al., 2007; Lian et al., 2013; Moreno et 

al., 2013; Steward et al., 2004; Tarazi et al., 2002; Yadav et al., 2011) and this effect is 

considered implicated in their superior efficacy compared to typical antipsychotics.  

The 5-HT2A receptor remains the object of extensive research in the field of the 

psychopharmacology of schizophrenia and psychotic disorders, especially in terms of 

their side effect profile. Newer antipsychotic agents, such as cariprazine (Fleischhacker 

et al., 2019; Herman et al., 2018; Wesolowska et al., 2018), braxpiprazole (McEvoy and 

Citrome, 2016), lumateperone (Vanover et al., 2019) and pimavanserine (Nasrallah et 

al., 2019), have a moderate or high 5-HT2A binding.  Overall, the interest for the 5-HT2A 

receptor remains “alive” in modern psychopharmacology and in this context, the 

evaluation of the role of this receptor in the clinical profile of antipsychotic medication is 

warranted. 
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However, it is impossible to dissociate the effects of the 5-HT2A receptor in either 

clinical or preclinical studies in which the commercially available antipsychotic agents 

are employed. All these agents have considerable affinities for a wide spectrum of 

receptors (as presented in Table 1 (Olten and Bloch, 2018)). This underlines the 

importance of conducting studies with highly specific agents for the receptor of interest. 

In this context, preclinical paradigms and animal models that study aspects of 

antipsychotic pharmacology with a high translational potential are of particular interest.  

 

 

 

 

Table 1. Receptor affinity profiles (Ki values) for various neurotransmitter receptors (Olten et al., 
2018). 
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1.1.3 Preclinical experimental paradigms to study the role of 5-HT2A in 

antipsychotic atypicality 

 

A multitude of preclinical and clinical studies have examined the role of the 5-

HT2A receptor in the mechanism of action of atypical antipsychotic agents. Generally, 

when examining the properties of antipsychotic agents in a preclinical context, several 

experimental paradigms and models are employed, covering multiple aspects of their 

efficacy profile and the side effects. These experimental paradigms have a high 

translational potential: indeed, the efficacy and side effect liability of a pharmacological 

agent in these tests follows the same pattern with respect to the D2 receptor-occupancy 

“window” described above, meaning that a treatment that occupies 65-80% of the D2/3 

receptors in the rat striatum will be efficient in these tests without any side effects, 

whereas an occupancy beyond 80% will be associated to the appearance of side 

effects. In addition, these models are useful in the study of the “atypical” antipsychotic 

profile, as the differences between various typical and atypical antipsychotics that are 

observed clinically are generally present when the same agents are evaluated 

preclinically with these tests (Johnson et al., 2014; Wadenberg et al., 2001b).  The 

existing literature using these paradigms with respect to the role of 5-HT2A in 

antipsychotic atypicality is reviewed in the following paragraphs.  

 

1.1.4 Evaluation of antipsychotic efficacy 

 

In preclinical paradigms that evaluate the antipsychotic efficacy, 5-HT2A 

blockade, when added to a treatment with a typical antipsychotic agent may potentiate 

its effect. One example is the suppression of the Conditioned Avoidance Response 

(CAR), an established paradigm of atypical antipsychotic efficacy against positive 

symptoms with a high predictive validity. In this test, rats are trained to avoid an 

unconditioned stimulus (a mild electric shock) when a conditioned stimulus (a sound) is 

presented. The disruption of this conditioned avoidance response by a pharmacological 

agent predicts that this agent will be efficient against positive psychotic symptoms in 

patients (Wadenberg, 2010). Wadenberg and colleagues demonstrated adding a 

selective 5-HT2A receptor antagonism to a typical antipsychotic agent potentiated its 

effects (Wadenberg et al., 2001a; Wadenberg et al., 1998). However, 5-HT2A 

antagonism with MDL-100,907 at 0.5 mg/kg and 1 mg/kg failed to enhance the effect of 

a low acute dose of haloperidol (0.05 mg/kg) on the conditioned avoidance response in 
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a more recent study (Gao et al., 2019).  

Another well-established translational paradigm of antipsychotic efficacy is the 

disruption of the prepulse-inhibition of the startle response (Bakshi and Geyer, 1998; 

Swerdlow et al., 2008; Wadenberg et al., 2000). In this paradigm, rats are exposed to a 

strong, high-volume auditory stimulus, which produces a startle response. A lower-

volume auditory stimulus that precedes the high-volume one diminishes the magnitude 

of the startle response. This prepulse inhibition (PPI) of the startle response is disrupted 

by a pretreatment with dizocilpine (MK-801), an NMDA antagonist. Several 

antipsychotic agents reverse this disruptive effect of dizocilpine and this property is also 

associated with an efficacy against psychotic symptoms in a clinical setting. Atypical 

antipsychotics have generally been shown to efficiently block this disruption 

(Bubenikova et al., 2005; Hudson et al., 2016; Li et al., 2016; Varty and Higgins, 1995; 

Zangrando et al., 2013) and are probably superior to haloperidol in this respect (Feifel 

and Priebe, 1999; Varty and Higgins, 1995), while a 5-HT2A antagonism per se shows 

antipsychotic efficacy in this particular paradigm (Varty et al., 1999). In light of these 

results, it is possible that the variable level of 5-HT2A antagonism across the different 

antipsychotic agents could explain these differential effects and one could hypothesize 

that further enhancing the 5-HT2A antagonism properties of an antipsychotic agent could 

enhance its efficacy on the dizocilpine-disrupted PPI.  

 

1.1.5 Evaluation of motor side effects 

 
Antipsychotic medication is associated to a risk of motor side-effects, such as 

parkinsonism and tardive dyskinesia. Atypical antipsychotics have a lower risk of 

inducing these phenomena (Carbon et al., 2017; Carbon et al., 2018; Correll, 2017; 

Hartling et al., 2012; Leucht et al., 2013; Martino et al., 2018). In the rat, the acute 

extrapyramidal side effects are assessed using the catalepsy test. An animal is placed 

on an inclined surface and an increased latency in moving its paws is indicative of an 

extrapyramidal syndrome. The catalepsy paradigm has a high translational potential: a 

D2/3  receptor occupancy of >80% is associated to a high risk of positivity in this test, as 

is the risk of induction of an EPS in human subjects treated with equivalent doses of 

antipsychotic agents (Johnson et al., 2014). Assuming that 5-HT2A antagonism is a 

substrate of atypicality, one may hypothesize that adding a 5-HT2A antagonism to a D2/3 

antagonism should alleviate the cataleptogenic effect of the latter treatment. The actual 

literature is controversial on the impact of 5-HT2A antagonism on the cataleptic effects of 
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a D2/3-receptor antagonism (Creed-Carson et al., 2011; McOmish et al., 2012; 

Naumenko et al., 2010; Reavill et al., 1999; Wadenberg et al., 2001a).  

In addition to acute EPS that are assessed with the catalepsy test, the 

phenomenon of tardive dyskinesia may be studied with a relevant animal model: chronic 

treatment with D2/3-receptor antagonists induces vacuous chewing movements (VCM) in 

rats and mice along with an up-regulation of the D2/3 receptor in the striatum (Turrone et 

al., 2003a, b) and decreases in the levels of monoaminergic neurotransmitters in the rat 

brain (Bishnoi et al., 2007). A potent 5-HT2A blockade may prevent the up-regulation of 

D2/3 receptor in the striatum, induced by chronic blockade of this receptor (Ishikane et 

al., 1997; Kusumi et al., 2000), suggesting that such a treatment may prevent the VCM, 

a finding that, in the actual literature is particularly debated (Egan et al., 1995; Fdez 

Espejo and Gil, 1997; Ikeda et al., 1999; Marchese et al., 2004; Naidu and Kulkarni, 

2001). 

 

 
 

 
 

 

 

Table 2. Summary Table of the Classification of Antipsychotic Agents into Four Groups and Mode 
of Action Based on Prevalence Estimates of Acute Movement Disorders (Martino et al, 2018). 
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1.1.6 Evaluation of cognitive side effects 

 

Results from the CATIE trial, a large clinical study comparing the effects of typical 

and atypical antipsychotics showed that high D2/3 receptor occupancy was associated 

with cognitive side effects (Sakurai et al., 2013) and a PET study found that extrastriatal 

D2/3 receptor blockade is associated with cognitive impairment in schizophrenic patients 

(Nørbak-Emig et al., 2016). Haloperidol (Lustig and Meck, 2005) and sulpiride (Naef et 

al., 2017) have been associated with working memory deficits in healthy volunteers. 

Working memory alterations were also induced by high-occupancy of the D2/3 receptor 

by aripiprazole (Kim et al., 2013). Karl et al found that both haloperidol and an atypical 

agent, risperidone, impaired working memory in rats (Karl et al., 2006) and this 

observation has been made in clinical studies of the cognitive side effects of both typical 

and atypical antipsychotics, pointing to a deleterious effect of D2/3. Nevertheless, the 

effect of a 5-HT2A blockade on this side effect has not been thoroughly assessed.  

 

1.1.7 Towards a multi-modal imaging approach 

 

A particularly high number of studies has assessed the role of the 5-HT2A 

receptor on the efficacy and side effect profile of antipsychotic agents. However, the 

actual literature, described in the previous paragraphs, suffers from several technical 

and conceptual limitations. First of all, as mentioned in paragraph 1.1.2., the dissection 

of the role of the 5-HT2A receptor on the antipsychotic pharmacology is difficult to 

perform in clinical studies, mainly because the antipsychotic agents that are actually 

clinically prescribed or under study act on a wide spectrum of receptors other than the 

5-HT2A. Furthermore, in clinical studies and for ethical reasons, only a limited range of 

antipsychotic dosages may be employed, always remaining within the 65-80% “window” 

of D2/3 receptor occupancy.  

Such a study is technically more feasible to perform on rodents and its results, 

both in terms of behavioral experiments and imaging technics can be highly 

translatable, as exposed in paragraphs 1.1.3 to 1.1.6. However, concerning these 

preclinical studies, a major limitation in the actual literature has to do with the absence 

of clinical relevance of the doses of antipsychotics that are employed. In the vast 

majority of the preclinical studies described above, a unique dose of haloperidol (1 

mg/kg) has been used, with no evaluation of the actual D2/3 occupancy ratio. If such 

doses induces irrelevantly high D2/3 occupancy in the striatum, its results are not 
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necessarily translatable in a clinical setting: indeed, clinical data suggests that, even for 

atypical agents, their distinct efficacy and side effect profile is most likely to be observed 

only when their occupancy of the D2 receptor lies within or “close to” the 65-80% 

“window”. Under this assumption, it is still necessary to evaluate if a 5-HT2A receptor 

antagonism could alter the profile of a clinically relevant D2/3 receptor occupancy. In 

addition, in several studies in the literature, mixed 5-HT2A/2C antagonists were 

employed, thus failing to distinguish between the effects of each one of these receptors, 

given that 5-HT2C could well be another substrate of the antipsychotic atypicality 

(Creed-Carson et al., 2011; Pogorelov et al., 2017; Reavill et al., 1999). Another 

limitation in the existing literature concerns the duration of the treatment, given that 

many of the studies use short-term regimens, even single doses of the antipsychotic 

agents. Overall, few if any of these studies have directly assessed the relationship 

between receptor-occupancy, behavioral effects of the treatment and the neurochemical 

alterations induced by this treatment in the level of the implicated receptors.  

In this context, the present thesis proposes an evaluation of the effects of a 

chronic treatment with a typical D2/3-specific antagonist, haloperidol, with and without a 

5-HT2A blockade by a highly specific antagonist, MDL-100,907. Haloperidol will be given 

at different, clinically relevant, doses along the occupancy ratio spectrum. The effects of 

these chronic treatments will be assessed in the following preclinical paradigms of: 1) 

antipsychotic efficacy, as measured with the ability of the treatments to reverse the 

dizocilpine-induced deficits in the PPI of the startle response, 2) acute extrapyramidal 

side effects using the catalepsy test, 3) tardive dyskinesia using the vacuous chewing 

movements paradigm and finally, 4) cognitive side effects with the Y maze test. 

These behavioral experiments will be combined with small animal Single Photon 

Emission Tomography (SPECT), which will be employed to: 1) measure in vivo the 

occupancy of the D2/3  and 5-HT2A receptors by the respective treatments, which is the 

“gold-standard” approach in neuropharmacology,  2) in a second series of scans, in vivo 

SPECT imaging will be employed to assess the neurochemical alterations, which are 

induced after the aforementioned chronic treatments. In the following paragraphs, the 

molecular neuroimaging techniques that were used in this thesis are presented.   
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1.2 Molecular neuroimaging in the service of biology 

 

SPECT and PET are two powerful molecular imaging modalities enabling the in 

vivo study of various molecular processes by quantifying molecules of interest, ranging 

from neurotransmitter receptors (e.g. the D2/3 receptor) to pathological proteins in the 

brain (e.g. Aβ deposits). SPECT and PET are the only neuroimaging modalities that 

may actually quantify molecules in the living brain, with a picomolar sensitivity 

(Cunningham et al., 2004; Frankle et al., 2005; Gunn et al., 2001; Phelps, 2000; 

Slifstein and Laruelle, 2001). In the current project, SPECT imaging has been employed 

to image 1) the occupancy of the D2/3 and the 5-HT2A receptors from the respective 

antagonist molecules and 2) the alteration in these receptors’ concentration after 

chronic treatment with those antagonists, as mentioned in the previous section.  

The following paragraphs aim to shed light on the methodological challenges that 

had to be addressed in the present project. First, a delineation of the molecular imaging 

quantification approaches is necessary. 

 

1.2.1 Why use kinetic modeling in molecular neuroimaging? 

 

In a SPECT or PET study of a brain target (hereon, a receptor or a target), a 

radiotracer that binds to the receptor with a high specificity is intravenously injected into 

very small, “tracer” amounts. At this quantity, the radiotracer is occupying a very low 

proportion of the receptors (< 5%). This is a basic principle of molecular imaging, which 

implies that at this low level of receptor occupancy, the biological system under study is 

not perturbed by the imaging process. After injection, a proportion of the radiotracer 

molecules may be bound to plasma proteins and/or metabolized. Then, its 

physicochemical properties determine the kinetics of blood-brain barrier penetration, 

association to the receptor, dissociation from it and return to the blood circulation for 

elimination. So, the radiotracer may be found in various states, namely, (1) free (non-

bound to any protein) in the plasma, (2) bound to plasma proteins, (3) free in the brain 

tissue, (4) bound specifically to its target-protein and (5) bound to other proteins non-

specifically. It is evident that the images obtained from the scan do not directly 

correspond to the number of receptors in the brain (Bailey et al., 2006; Millet and 

Lemoigne, 2008; Morris et al., 2004) but to an “average” of all these states in which the 

radiotracer may be found (Figure 1 (Morris et al., 2014; Pellerin and Magistretti, 1994)). 
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For this reason, an important number of different methods for quantification, that 

take all the aforementioned parameters into account, have been developed over the 

years. These methods allow to “disentangle” the information pertaining to the quantity of 

receptors from the non-relevant components of the images. In its most classical form, 

i.e. “kinetic” methods employ dynamic scans, i.e. obtaining a series of images of a very 

short duration (usually 30 sec to several minutes), which are called frames. The total 

number of frames required depends on the properties of the tracer. In parallel, serial 

arterial blood samples are collected, as the knowledge of radiotracer plasma 

concentration kinetics is a prerequisite in the application of this method of quantification. 

We may thus follow the kinetic pattern of the concentration of the radiotracer (described 

by time-activity curves-TACs) in the plasma and in the brain over time (Figure 2). The 

knowledge of this kinetic pattern is of capital importance for the quantification. 

 

 

Figure 1. The PET or SPECT measure is an “average” measurement of the concentration of 

the radiotracer may be found in the brain, i.e. in the plasma of the brain vessels, in a “free” state 

in the tissue and bound to its receptor. Modified from Morris et al., 2014 and Pellerin et al., 1994. 

Courtesy of P. Millet. 
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Indeed, in the classical form of PET and SPECT image quantification, the  

biological processes governing the pharmacokinetic properties of the tracer into study, 

i.e. the exchanges of the radiotracer between its different states, as well as its 

interactions with the target receptor are expressed mathematically with the use of 

pharmacokinetic models. In pharmacokinetic modeling, the various states in which the 

radiotracer may be found in the body (described above and presented in Figure 1) are 

called compartments. The exchanges of the radiotracer between the various 

compartments of the model are governed by kinetic constants (represented by the blue 

arrows in Figure 1). Overall, the ultimate goal of the quantification procedure is to 

identify these kinetic transfer or exchange constants, among which are the two most 

important parameters, the absolute quantity of the receptor (Bavail or Bmax) and the 

affinity of the radiotracer for the receptor. 

 In its most detailed form, a pharmacokinetic model includes the following 

compartments, as presented in Figure 3: the plasma compartment Cp(t) represents the 

non-metabolized, non-protein bound radioligand, i.e. the fraction of tracer that is 

available for entry in the brain and eventually interaction with the target receptor, that is 

Figure 2. A dynamic PET study: a number of sequential scan acquisitions allows to follow the 

concentration of the radiotracer over time in a given brain region (pre-defined on an MRI image 

on the left) or even a voxel. This dynamic information is of utmost importance for the 

quantification. Courtesy of P. Millet. 
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measurable with arterial plasma sampling during the scan. The exchange rate between 

the plasma compartment and the free tracer in the tissue (Mf(t)) are governed by the K1 

and k2 transfer constants. Similarly, kon and koff determine the rate of association and 

dissociation of the tracer to and from the receptor, respectively. Finally, a fraction of the 

tracer in the tissue presents non-specific binding to targets other than the receptor-of-

interest (Mns(t)) and in order to distinguish this compartment we have to introduce two 

more parameters in the model (k5 and k6). In general, “what is known” i.e. what PET 

scan measures is the activity that is included in the aforementioned tissue 

compartments, as well as a fraction of the plasma compartments that corresponds to 

the activity in brain tissue capillaries (Fv) (all these components are delineated with the 

dashed red rectangle in Figure 1). Using this information, the constants of the model –

“what we want to know”- are estimated.  

 

 

 

   

 

 

 

 

 

 

 

 

This estimation is performed by non-linearly fitting the kinetic pattern of the 

radiotracer (the TACs) to a pharmacokinetic model (Bailey et al., 2006; Cunningham et 

Figure 3. (a) The 3T-7k model used in analysis of PET time–concentration curves obtained from 

the multi-injection protocol in the Millet et al., (2012) study. The model at the top describes the 

kinetics of the radioligand (quantities denoted with a star superscript). Parameters K1 and k2 are 

associated with the exchanges between the plasma and free ligand compartment; Bavail (here 

depicted as B′max) represents the concentration of receptors available for binding; kon and koff are the 

association and dissociation rate constants respectively; k5 and k6 are the rate constants associated 

with non-specific binding. (b) A more simplified model with two-tissue compartments and four 

parameters to be estimated. C1(t) stands for both “free” and “non-specific binding” compartments. 

C2(t) stands for specific binding of radiotracer on the receptor. Courtesy of P. Millet. 
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al., 2004; Frankle et al., 2005; Gunn et al., 2001; Millet and Lemoigne, 2008; Morris et 

al., 2004; Phelps, 2000; Slifstein and Laruelle, 2001). As illustrated in Figure 4, multiple 

sets of kinetic parameters (represented by the red solid line) are fitted against the actual 

measured data (the TAC, represented by the blue dots). The pharmacokinetic model 

that best fits the data (meaning that the red line is most closely corresponding to the 

TAC), gives the quantitative parameters that we seek to obtain. The fitting procedure 

may be applied either in the level of regions defined a priori or at the voxel level, on the 

ensemble of voxels that constitute the brain PET image.  

 

 

 

 

 

 

 

There are, nevertheless, some exceptions to the aforementioned rule. In fact, in 

several cases, some of the parameters to be estimated present a high level of inter-

correlation, that makes it impossible for them to be separately estimated without a non-

negligible error or without impeding model fitting overall. In these cases, and as long as 

none of these parameters is necessary to be known individually for receptor 

quantification (e.g. K1 and k2), we may fix them into values known a priori (from 

preliminary experiments in vivo or in vitro, see (Tsartsalis et al., 2014) for an example). 

This permits fitting of the model and precise estimation of the “essential” parameters, 

Figure 4. The fitting procedure. The actual PET or SPECT-measured data (unfilled blue dots) are 

fitted with an iterative procedure with a pharmacokinetic model (represented by the solid red line). 

Each iteration tries to fit a different “line” and each line is described by a unique set of parameters 

(shown on the right). The “line”, i.e. the set of parameters that best fits the actual data is the one which 

provides the quantitative parameters of the quantification. Courtesy of P. Millet. 
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i.e. the parameters that give information about receptor quantity in the tissue.  

 

1.2.2 Pharmacokinetic modeling: from the absolute concentration to the 

binding potential 

 

In the most complex form of a pharmacokinetic model, the absolute quantity of 

the receptors in a given area may be estimated. Bavail is a parameter that is explicitly 

included in the model. Similarly, affinity of the radiotracer for the receptor is also 

estimated, given by the ratio: affinity= kon/koff. The inverse of the affinity is called the 

dissociation constant, appKd or Kd  appKd=1/affinity. Naturally, a model that provides 

such an extensive range of parameters requires a complex PET scan protocol that will 

provide a sufficient amount of information about the pharmacokinetic properties of the 

tracer. In this particular case of model, a multi-injection dynamic scan is employed with 

three distinct injections of the tracer together with various concentrations of the exact 

same molecule of the tracer, but non-radiolabelled (the cold ligand, as it is called) (Millet 

et al., 2012). Figure 5 depicts an example of TACs obtained from the Caudate-Putamen 

(CP) region from a multi-injection experiment. A first injection of the radioligand at a 

“tracer-dose” (meaning negligible quantity of the cold ligand) is followed by a co-

injection of radiolabeled and cold ligand. A third injection contains a receptor-saturating 

mass of the cold ligand only, aiming the complete displacement of the radiolabeled 

compound. The complexity of the multi-injection experiment, subjecting the system to 

two “extreme” situations (one with negligible and the other with a saturating mass of 

cold compound), as well as an intermediate situation of the co-injection of radiolabeled 

and cold ligand, gives the maximum amount of information about the pharmacokinetic 

and pharmacodynamic “behavior” of the radiotracer and thus permits the maximum 

number of kinetic transfer constants to be individually identified. Apart from the multi-

injection protocol, other approaches exist to estimate the Bavail and the appKd, based on 

the same principle, of multiple injections of the radiotracers along with variable 

quantities of the cold compound (Carson, 2000; Morris et al., 1999; Morris et al., 2004).  
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The aforementioned method is particularly laborious and, apart from a few 

exceptions, not applicable in routine preclinical and especially in clinical research. In 

addition, injections of the radiotracer’s molecule at pharmacological doses (i.e. non-

tracer quantities) may exert side effects. Thus, in clinical and experimental PET, 

pharmacokinetic models are substantially simplified and the number of tissue 

compartments, as well as the parameters to be estimated are reduced (for an example, 

Figure 3b). This permits estimations to be performed using a single radiotracer injection 

and a dynamic PET scan of a considerably shorter duration (0.5-3 h, compared to multi-

injection that may require up to 6 h). The most important simplification of this kind of 

models is that the Bavail and the appKd are no longer distinguishable. Consequently, an 

index of the quantity of receptor in the brain, called binding potential (BP) (Innis et al., 

2007; Millet and Lemoigne, 2008; Slifstein and Laruelle, 2001; Tsartsalis et al., 2014) is 

obtained. It is estimated as BP= Bavail / appKd and, as the affinity may be considered 

constant across experimental conditions and subjects, the BP presumably reflects Bavail 

in the vast majority of cases and has been established as the most popular index in 

PET receptor quantification. Indeed, the vast majority of the quantification approaches 

Figure 5. TACs from a multi-injection experiment (Tsartsalis et al., 2017). The first injection of a 

labeled radiotracer only induces an uptake of the radiotracer from the brain. The second injection of 

labeled and “cold” ligand (at around 180 min of scan) induces a rapid increase in the radioactivity 

uptake with an equally rapid decrease. Finally, a third injection (at around 260 min of scan) of the 

“cold” ligand alone displaces the radioactivity from the brain.  
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used in routine clinical and preclinical molecular neuroimaging research use the BP as 

their outcome. 

 

1.2.3 Further simplifying the quantification approach: use of a “reference 

region” and “delayed activity” scans 

 

As described above, the absolute quantification in PET and SPECT implicates 

the use of complex protocols with the need for arterial catheterization to measure the 

input function of the pharmacokinetic model. A first level of simplification, also described 

in the previous paragraph, permits the estimation of the BP with the use of a single-

injection experiment with a significantly shorter scan duration. However, even with this 

approach, arterial plasma sampling is necessary because the arterial plasma-derived 

input function is essential in the pharmacokinetic modeling approach. To render 

molecular neuroimaging quantification non-invasive, another level of simplification has 

been proposed and extensively validated.  

 

 

These approaches are based on the principle that, for some receptors in the 

brain, there exist regions in which these receptors are minimally or not expressed at all 

(Cunningham et al., 2004; Gunn et al., 2001; Gunn et al., 1997; Lammertsma and 

Hume, 1996; Logan et al., 1996; Millet and Lemoigne, 2008; Morris et al., 2004). In such 

regions, termed “reference-regions”, the binding that is measured on the PET or SPECT 

images belongs exclusively to the free and non-specific compartments (Figure 6). With 

the assumption that the binding in these two compartments is similar in all the regions of 

the brain, the binding in the reference-region gives us directly the free and non-specific 

binding in the “target” regions. As a result, taking these components into account in the 

pharmacokinetic modeling, permits to reveal the specific binding in the target regions 

and, consequently, the BP. In this case, the BP is termed “non-displaceable” (because 

the free and non-specific binding jointly form the non-displaceable binding component), 

Figure 6. The simplified reference tissue model (SRTM).  
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hence the term BPND. The development of these reference-tissue approaches has 

considerably improved the feasibility of brain molecular imaging studies, rendering more 

accessible to research groups and much less invasive for the patients/participants.  

The reference-tissue approaches need dynamic scans (lasting up to 3 hours) for 

the quantification to be valid. The duration of the scan still constitutes a certain 

drawback in the realization of clinical and experimental research. In this context, an 

ultimate level of simplification has been proposed and extensively validated, called 

“standardized uptake ratio (SUR) or delayed-activity approach (Millet et al., 2002b; 

Millet and Lemoigne, 2008; Morris et al., 2004; Tsartsalis et al., 2014). This consists in 

the use of static scans, at late time-points after the injection of the radiotracer, of a short 

duration (usually 10-60 min), along with the employment of a reference region (hence 

there is no need for arterial catheterization). The quantification is based on the principle 

that at later time-points, the rate of clearance of the radiotracer from the target and the 

reference region is stable, thus the radiotracer is found at a “pseudo-equilibrium” at 

these brain regions. In this condition, the ratio of the radioactivity at the target to the 

radioactivity at the reference region (Standardized Uptake Ration, SUR) is equivalent to 

the BPND, which was described above. The mathematical validation of this approach is 

out of the scope of this description.  

It is important to note that these simplified approaches may introduce significant 

bias in biological studies if not properly validated (Shrestha et al., 2012) against the 

“gold-standard” quantitative neuroreceptor estimates obtained with full pharmacokinetic 

modeling. An overall presentation of the various quantification approaches, their 

technical characteristics and the outcome measures is presented in Table 3. 
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Approach Type of scan 

Arterial 

plasma 

sampling 

Duration 

Pharmacokinetic 

models/Outcome 

measures 

Multi-injection 

protocol 

Dynamic, multiple 

injections 
yes 3-6 hours 

2T5k, 3T7k/ 

Bavail, appKd, kon, koff, 

K1, k2-6 

Single-injection 

protocol 

Dynamic, one 

injection 
yes 

usually 

< 3 hours 
2T5k, 3T7k/BP, K1, k2-6 

Single-injection 

« non-invasive » 

protocol 

Dynamic, one 

injection 
no 

usually 

< 3 hours 

SRTM, Logan 

“reference-region” 

model/BPND 

Single-injection 

« non-invasive » 

protocol 

Static, one injection no 10-60 min SUR/BPND 

 

 

 

 

1.2.4 Optimization of dynamic image quality: denoising with factor analysis  

 

In nuclear imaging, various physical effects (scatter, partial volume effects and 

crosstalk) give rise to overlapping phenomena between regions of interest. Therefore, 

time activity curves (TACs) obtained from ROI measurements can involve activities from 

different overlapping components. Factor analysis (FA) is a method used to extract a 

few elementary components from a series of dynamic images (Di Paola et al., 1982). 

Using FA, information underlying an image sequence is broken down into several 

pieces of meaningful information which are easier to interpret, while disregarding the 

irrelevant information such as noise. FA is used for the extraction of “pure” TACs from a 

series of PET or SPECT dynamic images (Barber, 1980; Buvat et al., 1993; Di Paola et 

al., 1982) and has been mainly applied in cardiology for extracting the “pure” arterial 

TAC from kinetic PET data (Kim et al., 2006; Kim et al., 2003; Wu et al., 1995) and for 

noise removal (Bruyant et al., 1999; Tsartsalis et al., 2014).  

In neuroreceptor brain imaging, we have shown that FA is a very efficient tool for 

improving image quality (Figure 7) (Millet et al., 2012; Tsartsalis et al., 2014; Tsartsalis 

et al., 2018). Indeed, the crucial role of an image in nuclear imaging is to provide the 

functional information and the accurate physiological parameters of a specific 

radiotracer for the whole brain. However, the noise level is generally very high in 

Table 3. Summary Table of the most characteristic and commonly employed quantification 
approaches in molecular neuroimaging. The 2T5k and 3T7k described the complexity of the 
pharmacokinetic model and the number of parameters obtained. 
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nuclear imaging compared to other imaging modalities. Noise removal is therefore 

essential to improve image quality and to allow parametric imaging (Millet et al., 2002b; 

Millet et al., 2000b; Millet and Lemoigne, 2008; Tsartsalis et al., 2014; Tsartsalis et al., 

2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Methodological developments for molecular imaging D2/3 and 5-HT2A 

receptors. What can we learn about brain function? 

 

A major component of this work was dedicated to the development of 

methodological approaches to study the dopaminergic and serotoninergic systems, 

using SPECT radiotracers for the D2/3 and the 5-HT2A receptors, respectively. This 

development was oriented in four major axes:  

1) the validation of a simplified methodology to quantify (i.e. estimate the BPND) 

the D2/3 receptor using [123I]IBZM. This methodology, never previously validated for rat 

[123I]IBZM studies, constituted the basis for all the D2/3 quantification experiments in the 

biological part of the project, which served for the measurement of the receptor’s 

occupancy ratio by haloperidol and the quantification of the alteration in the D2/3 

receptor binding after chronic treatment with haloperidol and MDL-100,907. In the same 

axis, we further studied [123I]IBZM and validated an approach to separately estimate the 

absolute receptor concentration Bavail and the appKd parameter using a partial saturation 

Figure 7. TACs from a SPECT experiment (Tsartsalis et al., 2014). Raw images (left side) present 

a relatively high level of noise. TACs from the same regions of the same experiment after FA-

treatment considerably diminishes the impact of noise (right side). 
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approach in a simple SPECT scan, as described in section 1.3.1.  

2) [123I]IBZM has a low-affinity for the D2/3 receptor and thus binds only to the 

striatal D2/3 receptor. To overcome this limitation, we validated an approach that allows 

a more “in-depth” mapping of the D2/3 receptor in the whole brain, using a high-affinity 

SPECT radiotracer, the [123I]epidepride. This radiotracer allows imaging of the D2/3 

receptor in the whole brain, however, no methodology existed so far for its 

quantification, as explained in section 1.3.2. We thus employed a similar partial 

saturation approach as with [123I]IBZM. This methodology developed for [123I]epidepride 

SPECT imaging was not employed in the biological part of this thesis. Nevertheless, we 

employed it in a preliminary study of the effects of a chronic haloperidol treatment on 

the absolute quantity of the D2/3 receptor in the brain. 

3) To image the 5-HT2A receptor, we employed [123I]R91150. This radiotracer, 

whose quantification has already been described by the Millet group (Dumas et al., 

2015) is a substrate of P-glycoprotein (P-gp, or Multi-drug resistance protein, Mdr1) and 

its influx in the brain is severely limited in rats, as explained in section 1.3.3. We thus 

studied two different approaches to overcome this limitation by either (i) using a P-gp 

inhibitor treatment during the SPECT scans or (ii) performing the biological study on rats 

that do not express the P-gp at all. 

4) Finally, we describe a SPECT imaging approach that allows a simultaneous, 

dual-radiotracer imaging of both D2/3 and 5-HT2A receptors at the same scan session 

and under the exact same conditions using [123I]IBZM  and [123I]R91150. 

 

1.3.1 [123I]IBZM: simplified BPND estimation and a protocol for separate 

identification of  Bavail and appKd 

 

SPECT imaging of the D2/3 receptor is more frequently performed using 

[123I]IBZM, a low-affinity D2/3 radiotracer, which was employed in the biological part of 

this thesis. Given its low affinity, [123I]IBZM  binds to striatal receptors only with no 

specific binding in extrastriatal D2/3 receptors. SPECT imaging with [123I]IBZM  permits 

the in vivo study of striatal D2/3 receptors in human and translational studies with a 

particular interest in psychosis and addiction (Abi-Dargham et al., 2009; Murnane and 

Howell, 2011).  

For the biological part of the present thesis, we first performed a validation of a 

simplified approach to estimate the BPND of [123I]IBZM, that has never been performed 

before for rat brain imaging. A full quantification of [123I]IBZM  using the multi-injection 
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approach served as a “gold-standard” for the validation of this simplified methodology 

for the quantification of the D2/3 receptor, as well as of its % occupancy by antipsychotic 

agents.  

Secondly, we used the multi-injection approach to validate another quantification 

approach, which went beyond the scope of the biological part of this thesis. As 

mentioned above, full pharmacokinetic modeling allows the estimation of Bavail and 

appKd, thus dissociating the absolute receptor concentration and the affinity of the 

radiotracer for the receptor (Delforge et al., 1989, 1990). However, the established 

multi-injection protocol is impractical for use in biological studies, in which a composite 

index of these parameters, BP is used (for a reminder, BP=Bavail/appKd) (Innis et al., 

2007).  

The use of BP as a quantitative measure in in vivo molecular neuroimaging could 

be indicative of the Bavail of the receptor under study only when the appKd is not altered 

by the physiological or pathological conditions under study. However, the radiotracer’s 

affinity is most likely variable. This is notably because of the effect of the endogenous 

ligand (e.g. the neurotransmitter). Indeed, a radiotracer and the endogenous 

neurotransmitter are binding to the receptor in a competitive manner. Various 

physiological and pathological conditions have been shown to alter the concentration of 

the endogenous neurotransmitter in the vicinity of the receptor, thus directly interfering 

with the radiotracer’s binding and thus altering appKd (Kugaya et al., 2000; Kuwabara et 

al., 2012; Narendran and Martinez, 2008; Vaessen et al., 2015; Volkow et al., 2009a). 

This implies, that alterations in appKd may alter BP, even in the absence of alterations 

in the Bavail. Using BP thus over-simplifies the study of such complex phenomena. In this 

context, a simplified method of in vivo estimation of Bavail and appKd would be of utmost 

value.  

A simplified estimation of both Bavail and appKd , separately, in the same imaging 

session is feasible, as it has been described by Delforge and colleagues (Delforge et 

al., 1996; Delforge et al., 1997; Delforge et al., 1993; Vivash et al., 2014. In this 

approach, a quantity of unlabeled (cold) radiotracer compound is co-injected with the 

labeled radiotracer to partially occupy (i.e. “saturate”, thus “partial saturation” approach). 

Delforge et al. suggested to employ doses of cold compound that occupy of at least 

50% of the receptors in order to permit a relatively rapid decrease in specific binding 

during the scan duration. The Bavail and appKd parameters are estimated as follows: the 

ratio of specific to non-displaceable binding of the radiotracer is plotted against the 

specific binding and has a linear form (the “Scatchard” plot, as it is well known in basic 
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chemistry and experimental pharmacology). The Bavail is the intercept of the Scatchard 

plot to the “specific-binding” axis and the appKd is deduced from the slope of the plot. 

Ideally, receptor occupancy should not exceed 70% so that a relatively large number of 

points are aligned within the regression line. A reference region devoid of receptor gives 

an estimate of the non-displaceable binding, further simplifying the quantification. This 

protocol has been recently employed (Wimberley et al., 2014a; Wimberley et al., 2014b) 

for D2/3 imaging using [11C]raclopride in small animals.  

 

1.3.2 [123I]epidepride: a protocol for brain-wide mapping of the absolute D2/3 

receptor concentration 

 

In the methodological part of this thesis, we aimed at the study of a second 

dopaminergic radiotracer, for reasons exposed here: The various D2/3-specific 

radiotracers that have been developed and routinely used in research settings are 

generally divided in high- and low-affinity radiotracers. Low-affinity radiotracers such as 

[11C]raclopride and [123I]IBZM are perhaps the most widely employed in PET and 

SPECT imaging of the dopaminergic system, respectively. Their low affinity only allows 

imaging of the striatal receptors. Indeed, in extrastriatal brain regions, the quantity of 

D2/3 receptors is (relatively) so small, that the noise from the imaging procedure is 

actually more than the specific signal related to the radiotracer’s binding to the receptor 

(i.e. these radiotracers present a low “signal-to-noise” ratio in extrastriatal regions) (de 

Paulis, 2003; Laruelle, 2000).  

Among these radiotracers, [123I]epidepride presents a particularly high affinity for 

the receptor (Kessler et al., 1991; Leslie et al., 1996). [123I]epidepride’s potent binding to 

the D2/3 receptor allows extrastriatal D2/3 receptor binding quantification. However, this 

advantage comes with a cost: its high affinity produces particularly slow 

pharmacokinetics in striatal regions. The quantification of a receptor necessitates the 

whole pharmacokinetic profile to be studied (i.e. the influx of the radiotracer from the 

arterial blood to the brain region, its association and dissociation from the receptor and 

finally, its efflux from the tissue. With [123I]epidepride, obtaining the whole 

pharmacokinetic profile in the striatum would require impractically long scan durations 

both for small-animal and especially, for clinical imaging. For example, in rats, an 8 

hour-long scan would still not capture this pharmacokinetic profile (unpublished results 

from the Millet group). As a result, [123I]epidepride is only used for imaging of 

extrastriatal receptors in human SPECT imaging (Fagerlund et al., 2013; Fujita et al., 
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1999; Fujita et al., 2000; Kegeles et al., 2008; Lehto et al., 2009; Nørbak-Emig et al., 

2016; Norbak-Emig et al., 2016; Tuppurainen et al., 2006; Tuppurainen et al., 2009; 

Varrone et al., 2000).  

A methodology that would allow the quantification of D2/3 receptors using 

[123I]epidepride would be of interest. Firstly, imaging of both striatal and extrastriatal 

receptors would be possible at the same time, in the same SPECT scan session. 

Secondly, its high-affinity and thus the high signal-to-noise ratio allows a better 

sensitivity for the quantification of biological changes compared to lower-affinity 

radiotracers. For this reason, we evaluated the partial saturation approach described 

above for [123I]IBZM (Delforge et al., 1996; Delforge et al., 1997) to quantify striatal and 

extrastriatal D2/3 receptors in the rat, an approach that may be used as a 

complementary tool for the cartography of D2/3 receptors in the whole brain with respect 

to the effects of antipsychotic agents that are studied in the present thesis.  

 

1.3.3 Multi-drug resistance protein and radiotracer influx to the brain: a 

(blood-brain) barrier to 5-HT2A quantification  

 

This part of the methodological study focused on the optimization of the 5-HT2A 

receptor SPECT imaging in the rat brain, which is necessary for the biological part of 

this thesis. In PET and SPECT imaging of the brain, transport across the blood-brain 

barrier (BBB) is a critical part of the pharmacokinetic behavior of a radiotracer. This 

transport is mainly performed by passive diffusion. However, for multiple radiotracers, 

passive diffusion is not the only mechanisms of transfer across the BBB. In the case of 

these radiotracers, a family of proteins expressed on the cells of the BBB is actively 

transporting molecules out of the brain. In this way, the quantity of the radiotracer that is 

available for binding is lower (Doze et al., 2000; Loscher and Potschka, 2005). P-gp, 

which is present on the brain capillary endothelial cells is a major representative of this 

group of proteins. In human, one isoform of the protein exists, whereas in rodents two 

isoforms exist, Mdr1a and Mdr1b. Mdr1a is expressed in brain capillary endothelial cells 

and Mdr1b is expressed in the brain parenchyma (Loscher and Potschka, 2005).  

The activity of P-gp activity is a limiting factor for the successful use of a wide 

spectrum of radiotracers: for some of them, the activity of P-gp limits their brain uptake 

to such a degree, that a very a low signal-to-noise ratio to a nearly non-detectable 

radioactivity concentration is obtained in in vivo imaging (Buiter et al., 2013; Dumas et 

al., 2014). P-gp activity may also be altered in several disease of the CNS (e.g. in 
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epilepsy) and thus, apparent variations of radiotracer binding may actually not reflect 

brain pathology but merely this altered brain uptake of the radiotracer (Froklage et al., 

2012). Several approaches to overcome the impact of P-gp activity on PET and SPECT 

preclinical and clinical imaging have been proposed, predominantly with a 

pharmacological inhibition of P-gp. Previous studies have evaluated two P-gp inhibitors, 

cyclosporine A (CsA) (Blanckaert et al., 2009; Doze et al., 2000; Kroll et al., 2014; 

Passchier et al., 2000) and tariquidar (TQD) (Froklage et al., 2012; la Fougere et al., 

2010; Zoghbi et al., 2008) regarding their capacity to enhance the brain uptake of 

radiotracers and ameliorate the signal-to-noise ratio, thus making feasible to use these 

radiotracers in in vivo PET and SPECT studies.  

However, enhancing the brain uptake of radiotracers that are substrates of P-gp 

may induce bias in the quantitative parameter estimations. Indeed, some studies have 

demonstrated that P-gp inhibitors may not act homogeneously across the various brain 

regions (Kroll et al., 2014; Lacan et al., 2008). In this case, differences in radiotracer 

binding at the regional level may not reflect actual differences in the quantity of the 

receptor under study but the differences in the uptake of the radiotracer. This lack of 

homogeneity may have an even greater impact when simplified quantification methods 

are employed, i.e. reference-region approaches (Kroll et al., 2014). As these methods 

are perhaps the most popular in nuclear neuroimaging, the impact of an 

inhomogeneous P-gp inhibition is considerable. 

TQD is a potent inhibitor of P-gp (Fox and Bates, 2007) compared to CsA. This 

superior efficacy in terms of P-gp inhibition suggests that its effect could be 

homogeneous over the different brain regions, thus contributing to unbiased receptor 

quantification with radiotracers that are P-gp substrates (Froklage et al., 2012). The 5-

HT2A-specific radiotracer that we employ in this thesis is a P-gp substrate (Blanckaert et 

al., 2009; Dumas et al., 2015; Dumas et al., 2014). [123I]R91150 is a well-studied 

SPECT radiotracer, evaluated in clinical and preclinical studies related to schizophrenia 

and the atypical antipsychotic mechanism of action (Audenaert et al., 2001; Catafau et 

al., 2011; Dumas et al., 2014; Jones et al., 2001; Mertens et al., 1994).  Given the 

limiting role of P-gp activity in the feasibility of a biological study using [123I]R91150, an 

evaluation of the effect of TQD on the quantification with this radiotracer was a 

prerequisite for the SPECT studies undertaken here. The specific question that this 

methodological study aimed to answer, was if TQD could lead to a homogeneous P-gp 

inhibition and thus unbiased and robust quantification results. In the case where this is 

not true, a Mdr1a knock out rat strain, previously employed by the Millet group for 5-
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HT2A quantification with small animal SPECT, would be used in the biological study 

described in this thesis.  

 

1.3.4 Dual-radioisotope SPECT: a tool to simultaneously image two 

neuroreceptors  

 

A multitude of protein-targets in the brain can be quantified with PET and 

SPECT, given the wide range of available radiotracers. The complexity of brain 

physiology and pathology necessitates the study of multiple targets (Cselenyi et al., 

2004; Fakhri, 2012). In the context of the biological part of the present thesis, a joint 

evaluation of D2/3 and 5-HT2A is necessary to measure the occupancy of these 

receptors by their respective antagonists and the alterations in the concentration of 

these receptors after chronic antagonism (Ginovart and Kapur, 2012; Howes et al., 

2012; Selvaraj et al., 2014). However, studying multiple targets on the same animal 

presents a technical difficulty with the actual quantification approaches. In the absence 

of methods that allow a simultaneous quantification using two radiotracers in the same 

SPECT scan, two different scan sessions are required. Nevertheless, this is particularly 

time-consuming. Indeed, the two SPECT scan sessions may need to be separated by 

hours or even days, for the radioisotope of the first scan to decay before the second 

scan and thus prevent bias in the radioactivity measurements. Additional variability may 

also be introduced, given the dynamic nature of the biological phenomena under study, 

that may rapidly evolve or even depend on each other (Fakhri, 2012). As an example, 

D2/3 imaging with radiotracers such as [123I]IBZM  may be subject to the effect of 

endogenous dopamine, that competes with the binding of the radiotracer to its receptor, 

thus altering the quantitative estimates  (Laruelle, 2000). Endogenous dopamine 

concentration is  highly variable, with respect to physiological and pathological 

conditions. Apart from these biological variations, other parameters, inherent to the 

imaging methods, such as the effect of anesthetic agents may alter the radiotracers’ 

binding (McCormick et al., 2011). Overall, when two receptors are studied at different 

scan sessions, their joint interpretation is particularly difficult, given the confounding 

factors described above. To overcome these confounders, the two receptors have to be 

studied at the same scan session, thus under the exact same conditions.  

Simultaneous, dual-radiotracer molecular imaging is theoretically feasible in 

SPECT. The radioisotopes employed in SPECT emit photons in a particular energy 

spectrum. Two (or more) radioisotopes may thus be simultaneously employed in a 
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single scan session. The detectors of the SPECT camera distinguish the photons with 

respect to their energy spectra (Akutsu et al., 2009; Antunes et al., 1992; Bruce et al., 

2000; Ichihara et al., 1993). This is the case for two iodine isotopes used in SPECT. 123I 

has a principal energy emission spectrum of 143.1-179.9 keV and 125I an energy 

spectrum of 15-45 keV. The majority of radiotracers used in SPECT studies of the 

central nervous system (CNS) is radioiodinated (Baeken et al., 1998; De Bruyne et al., 

2010; Dumas et al., 2015; Dumas et al., 2014; Ji et al., 2015; Kessler et al., 1991; Kung 

et al., 1989; Mattner et al., 2011; Mattner et al., 2008; Ordonez et al., 2015; Pimlott and 

Ebmeier, 2007; Sehlin et al., 2016; Tsartsalis et al., 2015; Tsartsalis et al., 2014). 

Nevertheless, 123I also emits photons at a secondary energy spectrum that overlaps 

with the one of 125I and the resulting cross-talk of emissions impedes the accurate 

quantification of 125I. A methodology allowing the correction of this cross-talk is of major 

importance for the present thesis, as it will permit the simultaneous quantification of the 

D2/3 and the 5-HT2A receptors and the occupancy of these receptors by their respective 

antagonists (haloperidol and MDL-100,907), by labeling each one of their respective 

radiotracers with one of the available iodine radioisotopes.  
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1.4 Objectives of the present work 

 

1.4.1 Methodological study 

 

1) To propose a simplified methodology for a full quantification of the D2/3 

receptor in the rat striatum using [123I]IBZM. 

2)  To propose a simplified methodology for a full quantification of the D2/3 in the 

whole rat brain using [123I]epidepride.  

3) To assess the effect of P-gp inhibition on 5-HT2A receptor imaging using 

[125I]R91150 and to propose an approach to overcome the effect of P-gp, which will be 

employed in the biological study.  

4) To develop a simplified methodology that allows a simultaneous, dual-

radiotracer SPECT imaging of D2/3 and 5-HT2A receptors in the rat brain. 

 

1.4.2 Biological study 

 

1) To evaluate the effects of a chronic treatment with haloperidol in the rat, 

inducing various levels of striatal D2-receptor occupancy, on experimental paradigms of 

antipsychotic efficacy and side effects.  

2) To assess if an addition of a high 5-HT2A receptor occupancy may alleviate the 

side effects and enhance the efficacy of the aforementioned haloperidol treatment. In 

vivo SPECT imaging will be used to assess the receptor occupancy. 

3) To assess the effects of these chronic treatments on the in vivo quantity of D2/3 

and 5-HT2A receptors, with the hypothesis that a chronic haloperidol treatment will 

induce a D2/3 up-regulation and that addition of a 5-HT2A antagonism will reverse this 

effect.  
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2. Results 

 

2.1 First Article 

 

2.1.1 Brief summary of the results 

 

In this study, we describe a partial saturation approach for the in vivo estimation 

of Bavail and appKd with [123I]IBZM SPECT using a single-scan protocol in the region- 

and voxel-level. This method is validated against the results of full pharmacokinetic 

modeling with a multiple-injection protocol that provides the “gold-standard” estimates of 

all kinetic parameters along with Bavail and appKd. Other simplified methods to estimate 

BP without an input function estimation are validated. Indeed, a simple static scan of 30 

minutes, obtained between 80 and 110 minutes after the injection of the radiotracer 

allows an accurate estimation of the BPND (SUR) of [123I]IBZM. 

 

2.1.2 Contribution 

 

In this paper, I contributed in the conception of the experiments (along with 

Philippe Millet), participated in the realization of the imaging experiments (with the help 

of Benjamin Tournier), analyzed the imaging data (with the help of Philippe Millet), 

performed the statistical analyses and drafted the first version of the manuscript.  
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2.2 Second Article 

 

2.2.1 Brief summary of the results 

 In this paper, we firstly perform a full-quantification of [123I]epidepride kinetics 

using a multi-injection imaging protocol (Delforge et al., 1990; Millet et al., 2012; 

Tsartsalis et al., 2014; Tsartsalis et al., 2017), which separately identifies Bavail and 

appKd. The results of the multi-injection protocol serve as a “gold-standard” for the 

validation of the partial saturation approach, which is applied at the region- and at the 

voxel-level. We find that scan of less than 180 minutes allows the quantification of the 

D2/3 receptor in the whole brain. 

 

2.2.2 Contribution 

 

In this article, I contributed in the conception of the experiments (along with 

Philippe Millet), participated in the realization of the imaging and surgical procedures 

(with the help of Benjamin Tournier), analyzed the imaging data (with Philippe Millet), 

performed the statistical analyses and drafted the first version of the manuscript. 
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2.3 Third Article 

 

2.3.1 Brief summary of the results 

 

To address the hypothesis that an efficient inhibition of P-gp with TQD will allow 

an unbiased quantification of the 5-HT2A receptor, we evaluated the effect of TQD 

pretreatment on [123I]R91150 ex vivo and in vivo imaging of 5-HT2A receptors in the rat 

brain. We used full-kinetic modeling and a simplified tissue ratio method to quantify the 

receptor (Dumas et al., 2015). As a “gold-standard” of quantification under complete P-

gp inhibition, we employed a Mdr1a knock out (Mdr1a KO) rat strain. We showed that 

inhibition of P-gp with tariquidar induced a region-dependent increase in the 

radiotracer’s uptake, thus an inhomogeneous effect over the various brain regions. In 

addition, wild type, tariquidar-treated rats had higher SUR estimates, compared to 

Mdr1a knock out rats, and, most importantly, a much higher variability (in terms of % 

CV). Consequently, with such a high variability and biased SUR estimates the statistical 

power of biological studies of the [123I]R91150 could be compromised. This prompted us 

to use Mdr1a knock out rats for the biological study, in order to be able to use in vivo 

imaging of the 5-HT2A receptor. 

 

2.3.2 Contribution 

 

In this article, I contributed in the conception of the experiments, participated in 

the realization of the imaging (in vivo and ex vivo) experiments, analyzed the imaging 

data, performed the statistical analyses (with the help of Benjamin Tournier) and drafted 

the first version of the manuscript. 
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2.4 Fourth Article 

 

2.4.1 Brief summary of the results 

 

   SPECT imaging with two radiotracers at the same time is feasible if two 

different radioisotopes are employed, given their distinct energy emission spectra. In the 

case of 123I and 125I, dual SPECT imaging is not straightforward: 123I emits photons at a 

principal energy emission spectrum of 143.1-179.9 keV. However, it also emits at a 

secondary energy spectrum (15-45 keV) that overlaps with the one of 125I and the 

resulting cross-talk of emissions impedes the quantification of 125I. In this paper, we 

described three different methods for the correction of this cross-talk and the 

simultaneous in vivo [123I]IBZM  and [125I]R91150 imaging of D2/3 and 5-HT2A receptors 

in the rat brain. A simple subtraction of the fraction of the 123I-emitted signal from the 

signal measured at the energy window of 125I allows the estimation of valid BPND (SUR) 

values. In addition, we applied this approach to the study of the relationship between 

the D2/3 and 5-HT2A receptors in the striatum and found a positive correlation in the 

nucleus accumbens, which we also confirmed ex vivo.  

 

2.4.2 Contribution 

 

In this article, I contributed in the conception of the experiments, participated in 

the realization of the imaging (in vivo and ex vivo) experiments, analyzed the imaging 

data (along with Philippe Millet), performed the statistical analyses (with the help of 

Benjamin Tournier) and drafted the first version of the manuscript. 
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2.5 Fifth Article 

 

2.5.1 Brief summary of the results 

 

A considerable amount of studies has suggested that an antagonism at the 5-

HT2A receptor, shared by many atypical antipsychotic agents, may provide a more 

favorable efficacy and side-effect profile in the antipsychotic treatment. However, no 

study so far has performed a thorough evaluation of the effect of adding a 5-HT2A 

antagonism on a chronic treatment with haloperidol, a typical agent, administered at 

clinically-relevant doses. Here, we chronically treated male Mdr1a knock out rats with 

several doses of haloperidol alone or haloperidol with a saturating dose of a pure 5-

HT2A receptor antagonist, MDL-100,907. The occupancy of the receptors at clinically 

relevant levels was validated with a dual-radiotracer in vivo SPECT imaging to assess 

D2/3 and 5-HT2A receptor occupancy, simultaneously, at the same scan session. A 

range of well-validated experimental tests of efficacy and side effects was performed 

(dizocilpine-disrupted prepulse inhibition of the startle response (PPI), catalepsy, 

vacuous chewing movements (VCM) measurement and Y-maze). Finally, a second 

dual-radiotracer in vivo SPECT scan was performed at the end of the treatment period 

to assess neurochemical changes at the level of D2/3 and 5-HT2A receptor binding with 

respect to the chronic treatment regimes. Chronic haloperidol treatment failed to reverse 

the disruption of the PPI by dizocilpine, whilst administration of MDL-100,907 along with 

haloperidol was associated with a tendency towards the reversal of the effect of 

dizocilpine. Haloperidol at 0.5 mg/kg/day and at 1 mg/kg/day induced a strong catalepsy 

that was significantly reversed by co-treatment with MDL-100,907 only in the case of 0.5 

mg/kg/day. These two highest doses of haloperidol induced VCM that were not 

reversed by MDL-100,907 co-administration. Chronic haloperidol treatment, event at 

doses as low as 0.1 mg/kg/day induced a significant upregulation of the D2/3 receptor in 

the striatum, that failed to be reversed by MDL-100,907 co-administration. Finally, a 

previously unappreciated upregulation of the 5-HT2A receptor after chronic haloperidol 

treatment at a moderate dose only (0.25 mg/kg/day) was demonstrated with in vivo 

statistical parametric mapping and confirmed ex vivo. These results point to a partial 

contribution of the 5-HT2A receptor to the amelioration of the efficacy and side-effect 

profile of haloperidol in preclinical behavioral paradigms, whilst the antagonism at this 

receptor fails to alter the neurochemical changes that such a chronic haloperidol 
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treatment induces.  

2.5.2 Contribution 

 

In this article, I contributed in the conception of the experiments (along with 

Nathalie Ginovart, for the biological experiments and Philippe Millet for the dual 

radiotracer SPECT imaging experiments), performed the surgical experiments (along 

with Marouane Ben-Ammar), performed the imaging experiments (in vivo and ex vivo) 

with Benjamin Tournier and Nathalie Ginovart, the analysis of images, the statistical 

analysis of the results and drafted the first version of the manuscript.  
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3. Discussion 

 

3.1 Overview: going from complex neuroimaging approaches to simple 

methods to address biological questions 

 

The results of the present thesis are discussed in detail in the relevant sections of 

the individual articles. In the following paragraphs, the major discussion points are 

exposed, allowing the reader to gain insight into the strengths and limitations of the 

undertaken experiments from a methodological and biological standpoint. Especially 

concerning the methodology (sections 3.2 to 3.5), the following discussion focuses on 

the aspects that are more relevant to its application in the biological part of this thesis 

(section 3.6). 

 

3.2 Full quantitative modeling of [123I]IBZM and simplified quantification 

 

This thesis described, for the first time, the full pharmacokinetic modeling of 

[123I]IBZM in vivo in the rat using the multi-injection protocol. This step was necessary 

for the validation of simpler quantification approaches. Bavail values (i.e. the absolute 

concentration of the receptor) in the Caudate-Putamen and the Nucleus accumbens are 

highly similar to the values described in the literature (Mauger et al., 2005; Millet et al., 

2012; Wimberley et al., 2014b). The multi-injection approach allows a quantification of 

all the kinetic parameters that describe a pharmacokinetic model and it provides a “gold-

standard” for the validation of other quantification approaches (Delforge et al., 1990; 

Dumas et al., 2015; Millet et al., 2002a; Millet et al., 2000a; Millet et al., 2006; Millet et 

al., 2012).  

The development and validation of simplified methodologies is a prerequisite for 

the realization of biological studies, especially in the context of preclinical imaging. 

Indeed, scans of a short duration (less than 30 min), that require no arterial 

catheterization and are quantified in a straightforward manner are necessary. For this 

reason, using the Bavail values from the multi-injection approach, we validated the results 

of the estimation of a Standardized Uptake Ratio value (SUR, also referred to as BPND 

in the articles of this thesis) using a “delayed-activity” approach and the cerebellum as 

reference region. A SPECT scan obtained between 80 and 110 minutes after 

radiotracer injection gave the highest correlations of the SUR values with the Bavail 
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values (see Figure 2 of Article 1). Previously, such an approach was employed in the 

literature to quantify the D2/3 receptor in using [123I]IBZM  but this is the first study to 

actually validate its results against a full quantitative approach (Crunelle et al., 2012; 

Meyer et al., 2008a, b; Meyer et al., 2008c; Nikolaus et al., 2011; Scherfler et al., 2005; 

Verhoeff et al., 1991). Apart from its technical simplicity, this simplified approach has the 

advantage to provide robust estimates with minimal variability (Lyoo et al., 2015; 

Tsartsalis et al., 2016). Consequently, this validated simplified approach was employed 

in the biological study of the present thesis.  

 

3.3 Estimating Bavail and appKd non-invasively using the partial saturation 

approach with [123I]IBZM  and [123I]epidepride 

 

In molecular neuroimaging, the quantitative parameter that is provided by the 

vast majority of approaches is a conjoint estimation of the Bavail (the absolute receptor 

concentration) and the appKd (with 1/appKd being the affinity of the radiotracer for the 

receptor and can be considered an indirect index of the endogenous ligand, e.g. 

dopamine in this case), named BP (BP=Bavail/appKd, see sections 1.2.1 to 1.2.3 and 

Table 3 in the Introduction for a detailed description). Nevertheless, when the BP is the 

outcome measure in human and small animal neuroimaging studies, valuable 

information may be lost. Indeed, several authors have stressed the difficulty to interpret 

the results of biological studies, given that both the absolute quantity of the receptors 

and the endogenous transmitter levels (which are indissociable when BP is the outcome 

of the quantification)  may be altered in a physiological or pathological condition 

(Egerton et al., 2009; Hillmer et al., 2014; Howes et al., 2009; Howes et al., 2012; 

Martinez et al., 2012; Tomasi et al., 2016; Vaessen et al., 2015; Vivash et al., 2014; 

Volkow et al., 2007; Volkow et al., 2009b; Volkow et al., 2008; Wang et al., 1997; Wiers 

et al., 2016; Wooten et al., 2012; Wooten et al., 2013). 

In the present thesis, to separately estimate the Bavail and appKd in D2/3 receptor 

imaging, we employed a partial saturation approach (for a detailed description, see 

section 1.3.1 in the Introduction), proposed by Delforge et al., for the quantification of 

GABAA receptor with [11C]flumazenil (Bouvard et al., 2005; Delforge et al., 1996; 

Delforge et al., 1997; Freeman et al., 2015). This approach requires no blood sampling, 

as the cerebellum is employed as reference region. Another advantage of this approach 

is that it may provide the Bavail and appKd values using SPECT scans of a considerably 

shorter duration than that needed with more complex full quantitative methods, i.e. the 
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multi-injection protocol. We described this approach for both [123I]IBZM  and 

[123I]epidepride. The advantage of [123I]IBZM  is the feasibility of its use and its 

sensitivity towards variations of the endogenous dopamine levels (Laruelle, 2000). 

However, quantification with [123I]IBZM may only be performed in the striatum. On the 

other hand, [123I]epidepride presents the undeniable advantage of being able to quantify 

both striatal and extrastriatal D2/3 receptors. In the following paragraphs, the results of 

the quantification with these two radiotracers will be discussed.  

 

3.3.1 [123I]IBZM  partial saturation quantification 

 

The Bavail and appKd values obtained with the partial saturation method correlate 

well with the corresponding values obtained with the multi-injection protocol. An 

apparent overestimation of the Bavail values in the Caudate Putamen compared to the 

respective values from the multi-injection experiment is observed (see Tables 2 and 4 of 

Article 1). This could be explained by the fact that, in the partial saturation, as in all 

simplified, non-invasive approaches (Slifstein et al., 2000), the cerebellum is employed 

as a reference region and the kinetics in this region are used as an approximation of the 

kinetics of the radiotracer in the arterial plasma. The arterial plasma, on the contrary, is 

directly measured in the multi-injection approach. The cerebellar kinetics in our study 

were scaled by a factor r. This r parameter served in the correction of the TAC of the 

cerebellum (the reference region). Indeed, in the partial saturation approach, the free 

and non-specific binding in the reference region (CCER) are employed as an 

approximation of the free and non-specific binding in the target regions (CND). The r 

parameter corrects the cerebellar TAC so that CND= r x CCER,  to more accurately reflect 

the kinetics of the free radioligand in the striatum, as previously suggested (Delforge et 

al., 1996; Wimberley et al., 2014b). The r parameter value was estimated using the 

results of the full quantification using the multi-injection approach (r=1.55) and validated 

with an experimental approach (r=1.68) that yielded a similar value. In addition, this 

value corroborates the results from a previous paper on the application of the partial 

saturation protocol on another D2/3-binding radiotracer, [11C]raclopride (Wimberley et al., 

2014b). The major limitation of SPECT imaging with [123I]IBZM  lies on the fact that this 

radiotracer, due to its low affinity for the receptor, may only quantify the striatal regions. 

For this reason, we proceeded to the development of a similar approach with a 

radiotracer that allows whole-brain imaging, the [123I]epidepride, as described in section 

3.3.3.  
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3.3.2 A demonstration of the potential of the partial saturation approach to 

study the dopaminergic system with [123I]IBZM   

 

As a preliminary evaluation of the sensitivity of the partial saturation approach, 

we performed two experiments: firstly, a unilateral overexpression of the D2 receptor 

was induced in the striatum of one rat (shown in Figure 6b of Article 1). The 

quantification with the partial saturation approach confirmed, as expected, an increase 

of the Bavail of about 18% (as the overexpression of this receptor should increase its 

concentration), while appKd remained stable (as the concentration of the endogenous 

dopamine should remain stable) (Laruelle, 2000). This result is a mere demonstration of 

the potential of the method, having been performed in one rat. An application in a group 

of rats with a proper statistical analysis should confirm this preliminary finding. 

Secondly, we evaluated the efficacy of the partial saturation method to detect 

simultaneous changes in both the receptor concentration and the level of endogenous 

dopamine. For this purpose, we employed a well-established imaging protocol, which 

consists in the realization of two separate [123I]IBZM SPECT scans. The second scan is 

identical to the first but it is preceded by an amphetamine injection to induce dopamine 

release (thus augmenting the appKd) (Ginovart, 2005; Laruelle, 2000) and D2/3 receptor 

endocytosis (thus reducing the Bavail) (Ginovart et al., 2004; Jongen et al., 2008; 

Skinbjerg et al., 2010; Sun et al., 2003). Amphetamine induced a 16.93% decrease in 

Bavail and a 39.12% increase in appKd. This finding corresponds to a previous study 

using [11C]raclopride in cats, where a 28% decrease in Bavail and a 36% increase in 

appKd were found (Ginovart et al., 2004). These results suggest the potential of the 

partial saturation approach to be used to an in-depth evaluation of the D2/3 receptor and 

its interaction with endogenous dopamine. 

 

3.3.3 Brain-wide cartography of Bavail and appKd using [123I]epidepride and a 

 partial saturation protocol 

 

The partial saturation protocol, as described above for [123I]IBZM, was employed 

for the quantification of [123I]epidepride SPECT scans. The major development with this 

approach for [123I]epidepride lies on the fact that, as described in the Introduction 
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(section 1.3.2), there is no methodology described so far to quantify the D2/3 using this 

radiotracer. The multi-injection protocol was also employed as the “gold-standard” for 

the validation of the results of the partial saturation study. The correlation of the results 

of these two approaches were high (Figure 6, Article 2). The validity of the results of the 

partial saturation study was also confirmed by comparing them to previous results from 

our group, notably Article 1 using [123I]IBZM  (Tsartsalis et al., 2017), and a previous 

work using a PET radiotracer,  [18F]fallypride (Millet et al., 2012), which yielded highly 

similar Bavail values. 

The high-affinity of [123I]epidepride allows to obtain excellent quality images. 

Figure 9 of Article 2 illustrates the superiority of the quality of a [123I]epidepride SPECT 

image compared to an image obtained with the low-affinity [123I]IBZM. The binding of 

[123I]epidepride is considerably higher than the binding of [123I]IBZM (note the difference 

in the range of radioactive concentrations, 0-10 and 0-2.5 KBq/ml, respectively). The 

high binding of [123I]epidepride also allows an adequate anatomical delineation of the 

striatal substructures and notably the distinction of the Nucleus Accumbens from the 

Caudate Putamen Nucleus, which is not possible with [123I]IBZM. 

The quality of the radioactive signal and the robustness of the quantitative 

parameters that are obtained with the partial saturation approach with [123I]epidepride 

are supported by the low standard deviations and percent coefficients of variance (CV) 

of the Bavail values (Table 2 of Article 2): indeed, the CV of these values obtained with 

[123I]epidepride in the Caudate-Putamen is 5.87% and in the Nucleus accumbens it is 

24.14%. In the extrastriatal regions, CV values range from 10 to 35%. In comparison, 

the same approach with [123I]IBZM yielded Bavail values with a CV of 25.43% and 58% in 

the Caudate/Putamen and the Nucleus accumbens, respectively (Article 1). Using the 

same approach and the low-affinity PET radiotracer [11C]raclopride, Wimberley et al 

found Bavail values with a CV around 40% in mice (as roughly depicted in Figure 8 of the 

aforementioned paper) (Wimberley et al., 2014b). In rat PET imaging with [18F]fallypride 

(Millet et al., 2012), CV of BP values were also higher than the CV of Bavail values 

presented here. Overall, the robustness of the quantitative parameters obtained with the 

partial saturation approach in [123I]epidepride SPECT suggests that biological studies 

using this radiotracer may provide high statistical power compared to other available 

PET and SPECT imaging modalities of the dopaminergic system.  

As in the case of [123I]IBZM (Article 1) and other partial saturation studies 

(Delforge et al., 1996; Wimberley et al., 2014b), the kinetics of the radiotracer in the 

cerebellum were scaled by a r parameter, estimated from the multi-injection study. 
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Contrary to [123I]IBZM, the r parameter in the case of [123I]epidepride, also takes into 

account a minimal, but non negligible, specific binding in the cerebellum. This could be 

a limitation in some applications of [123I]epidepride imaging (Pinborg et al., 2007). For 

this reason, before a biological study is performed, the stability of this specific binding in 

the cerebellum across the different experimental groups has to be confirmed. If a 

condition under study alters the specific binding in the cerebellum, the results of the 

quantification, especially in the extrastriatal regions, may be biased (as illustrated in the 

simulation study in section 2.4.4 in Article 2). 

 

3.3.4 A preliminary biological application of the partial saturation approach 

with [123I]Epidepride  

 

A preliminary evaluation of the potential of [123I]epidepride to be used in biological 

studies was performed. With a chronic haloperidol treatment identical to the protocol 

described in Article 5, an upregulation of the D2/3 receptor’s binding was induced in the 

striatum (Ginovart et al., 2008; Turrone et al., 2003a). Chronic haloperidol treatment led 

to an increase in the Bavail of [123I]epidepride of 17.97% in the left CP and of 13.84% in 

the right CP. The p values of the comparison with a two-samples t test between the 

Bavail values in haloperidol- vs vehicle-treated rats were 0.07 and 0.12, respectively, i.e. 

not statistically significant using a conventional two-tailed threshold of p=0.05. This 

study, merely illustrative in the present thesis, was limited by a small sample size (4 rats 

in the control and 3 in the haloperidol treatment group), which suggests a limited 

statistical power. In spite of this limitation, this preliminary study underlines the potential 

of using [123I]epidepride and a partial saturation protocol in carefully chosen 

antipsychotic-treated groups of rats to gain a more in-depth evaluation of changes in the 

absolute concentration of D2/3 receptor and the endogenous dopamine levels in 

response to the chronic antipsychotic treatments, as described in the Discussion of the 

biological part of this thesis (Article 5).  

 

3.4 Overcoming the effect of P-gp on 5-HT2A SPECT imaging with 

[125I]R91150   

 

In the present thesis, the second neurotransmitter receptor under study was the 

5-HT2A, which was imaged with [125I]R91150. Several radiotracers used in PET and 

SPECT are substrates of the P-gp, which compromises the quality of quantification, by 
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reducing the availability of these radiotracers in the brain. This is the case for 

[125I]R91150. Human and animal studies have consistently demonstrated that inhibiting 

P-gp may ameliorate the quantification process because it augments  signal-to-noise 

ratio and enhances the kinetic parameter identifiability (Doze et al., 2000; Kroll et al., 

2014; la Fougere et al., 2010; Lacan et al., 2008; Liow et al., 2007).  

One of the means of overcoming this issue would be the pharmacological 

inhibition of P-gp, which, ideally, should have a complete and homogenous effect 

across brain regions. Nevertheless, this does not seem to be the case: Kroll et al., (Kroll 

et al., 2014) have shown that [18F]altanserin, a 5-HT2A-binding radiotracer is a substrate 

of P-gp. CsA pretreatment (50 mg/kg) augmented the radiotracer’s uptake in the brain. 

However, BPND (another term essentially describing SUR in the present thesis) values 

were modified in a region-dependent manner, suggesting that inhibition of P-gp may 

induce a bias in the quantification. For this reason, we studied the effect of tariquidar 

(TQD)-mediated inhibition of P-gp activity, which is more selective and potent inhibitor 

of the P-gp (Bansal et al., 2009). We compared the results to these of the quantification 

of [123I]R91150 in Mdr1a knock out rats (Dumas et al., 2015; Dumas et al., 2014), in 

which there is a complete absence of the transporter. Kinetic analysis with arterial 

plasma-derived input function and ex vivo autoradiography quantification was 

performed. 

The principal finding of this study was that TQD-inhibition induces a region-

dependent increase in the radiotracer’s uptake, thus an inhomogeneous effect over the 

various brain regions. The cerebellum, the reference region used in the simplified 

estimation of the SUR was particularly affected, a  finding similar to the results of 

another study with cyclosporin A (CsA) (Kroll et al., 2014), despite the fact that the TQD 

dose that was administered here was a saturating one (Kroll et al., 2014; Wagner et al., 

2009). Wild type-TQD rats had higher SUR estimates, compared to Mdr1a knock out 

rats, and, most importantly, a much higher variability (in terms of % CV). Consequently, 

with such a high variability and biased SUR estimates the statistical power of biological 

studies of the [123I]R91150 could be compromised (Winterdahl et al., 2014).  

Alternatively, the use of Mdr1a knock out rats in translational biological studies 

could rule out the deficient brain penetration of [125I]R91150 and allow the extraction of 

robust quantitative estimates, if the biological system under study is not perturbed by 

the absence of P-gp. This would be a certain limitation of using this rat strain. However, 

the present and previous studies of our group (Dumas et al., 2015; Dumas et al., 2014) 

gave no argument in favor of a supposed effect of the absence of P-gp on brain 
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receptor binding. For this reason, the Mdr1a knock out strain was employed in the 

biological study of this thesis. 

 

3.5 A dual-radiotracer SPECT imaging approach to simultaneously study 

D2/3 and 5-HT2A receptors in the brain 

 

3.5.1 Validation 

 

Perhaps the most important development of the present thesis was the 

methodology to quantify two neurotransmitter receptors simultaneously, under identical 

conditions in the same SPECT scan session. This is not technically possible either in 

SPECT or PET because of a cross-talk (i.e. a “contamination” of the measured 

radioactive signal of one radiotracer by the signal of the other). In SPECT, many 

radiotracers of interest for neuroimaging are labeled with iodine radioisotopes. Even if 

there exist two different iodine radioisotopes that may be used in SPECT imaging, 123I 

and 125I, which emit photons at distinct energy emission spectra, no simultaneous 

imaging with these two radioisotopes may be performed. Indeed, a part of the 

radioactive signal of 123I is emitted at the same energy window as of 125I. Thus, while the 

signal from the 123I-labeled radiotracer may be directly quantified because it is not 

“contaminated”, the signal of the 125I-labeled radiotracer suffers from the effect of cross-

talk. Article 4 described three different methods that allow this dual-radiotracer 

quantification, using [123I]IBZM and [125I]R91150, with the correction of the signal 

measured at the 125I spectrum to remove the “contaminating” 123I signal. A group of rats 

was employed in a single-radiotracer [123I]R91150 imaging study and served as a “gold-

standard”. All three of these methods provided equally valid results and SUR values of 

[125I]R91150 from dual-radiotracer experiments correlated highly with values obtained 

from single-radiotracer [123I]R91150 experiments and are similar to values from the 

literature (Dumas et al., 2015; Tsartsalis et al., 2017; Tsartsalis et al., 2016). Here, we 

will focus on the 1st of them, the dual-energy window (DEW) approach, which was the 

most extensively studied approach in Article 4 and, most importantly, the one that was 

finally employed in the biological part of this thesis (Article 5).  

Indeed, the DEW approach is particularly straightforward and technically feasible. 

It consists simply in subtracting a stable fraction of the measured 123I-emitted 

radioactive signal from the measured 125I-emitted signal. This ratio is determined by the 

α coefficient, which is defined the ratio of the radioactivity from 123I that is emitted at the 
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secondary energy window (the one that contaminates the 125I signal) to the radioactivity 

from 123I that is emitted at the principal energy window. As such, the DEW approach has 

no statistical noise. In the present study, the quantitative parameter values (SUR) from 

the dual-radiotracer experiments had excellent test-retest variability of 14% for both 

[123I]IBZM  and [125I]R91150 (see section S2.1 of Article 4), which is highly acceptable 

for small animal imaging studies (Catafau et al., 2008; Constantinescu et al., 2011).  

To our knowledge, the present thesis is the first to employ this method in brain 

imaging (Lee et al., 2015; Lee et al., 2013). One disadvantage of the DEW method is 

the fact that the α coefficient is determined by the interaction of the emitted photons with 

matter, i.e. the cerebral and extra-cerebral tissue, as it has been described for another 

pair of SPECT-employed radioisotopes, 111In111 and 177Lu (Hijnen et al., 2012). This 

implies that the value of this coefficient will likely vary across the different brain regions. 

Importantly, in our experiments, the effect of the interaction with matter is quite 

homogeneous across the brain VOI and across rats with a coefficient of variation of α at 

17%. This variation in the α parameter values, albeit non-negligible per se, probably has 

a little impact in the context of this study. Indeed, looking into the value of this 

parameter in individual VOI across rats shows that in cortical, receptor-rich regions, as 

well as in the striatum and the CER, α values are less variable (with a coefficient of 

variation <10% as described in section 3.1 of Article 4 and close to the average value 

that was used in the application of the DEW method).  

Another limitation of the work described in Article 4 lies on the fact that neither 

scatter nor attenuation correction was performed in the in vivo imaging studies. Both 

corrections are important (Andersen et al., 2014; Lee et al., 2015), especially regarding 

125I, which is more sensitive to attenuation and scatter effects than 123I  (Feng et al., 

2007; Gregor et al., 2007). Indeed, a slight overestimation of the SUR values with 

[125I]R91150  from the dual-radiotracer experiments, compared to the “gold-standard” 

[123I]R91150  experiments could be attributed to a differential effect of scatter and 

attenuation on the various brain regions. However, as stated above, despite a bias in 

the absolute SUR values, [125I]R91150 SUR  values from dual-radiotracer experiments 

correlate well with [123I]R91150  SUR values from single-radiotracer experiments and do 

not differ significantly from them. In our experiments, acquiring computed tomography 

data was not possible, so no attenuation correction could be performed. Regarding 

scatter, a preliminary correction performed in part of our data yielded highly similar SUR 

values than these without scatter correction (data not shown). Given this result, the fact 

that scatter correction may be time-consuming and that scatter correction alone without 
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attenuation correction may add further bias (Hutton et al., 2011), we chose not to 

implement scatter correction in our DEW methodology. In any case, our proposed 

methods may be optimized with the correction of the scatter and attenuation effects 

(Lee et al., 2015), which was out of the scope of the present thesis. 

The work undertaken here, being the first description of a dual-radiotracer 

imaging procedure with iodinated radiotracers in the brain, is an important addition in 

the field. Dual radiotracer SPECT has already been described with radiotracer couples 

that do not emit photons at overlapping spectra (Akutsu et al., 2009; Antunes et al., 

1992; Bruce et al., 2000; Hijnen et al., 2012; Ichihara et al., 1993), notably in the study 

of multiple aspect of cardiovascular pathophysiology (Akutsu et al., 2004). Similar 

efforts have been made in PET imaging. In this modality, the emission spectrum of all 

radiotracers is identical, so the correction of the cross-talk between the two radiotracers’ 

signals has to be based on the differences in the kinetics of the two radiotracers (El 

Fakhri et al., 2013; Fakhri, 2012; Kadrmas et al., 2013; Koeppe et al., 2001). Overall, 

the development of multi-radiotracer methods is expected to enhance the neuroimaging 

research in both translational and clinical settings. 

 

3.5.2 An application of the simultaneous, dual-radiotracer SPECT approach 

to study the relationship between D2/3 and 5-HT2A receptor binding in the 

striatum 

 

Understanding brain physiology and pathology with molecular imaging may be 

enhanced by the simultaneous study of multiple molecular targets. For this reason, we 

applied dual-radiotracer [123I]IBZM  and [125I]R91150 imaging and provided preliminary 

evidence for an association of D2/3 and 5-HT2A receptors in the nucleus accumbens. 

Using the DEW method, a positive correlation between D2/3 and 5-HT2A binding in the 

nucleus accumbens, both at the VOI- and at the voxel-level was found. Evidently, we 

suspected that this correlation is an artefact of the dual-radiotracer imaging approach. 

This gave us the opportunity to perform a series of simulation and experimental studies 

(see Supplement 1 in Article 4) that, to our view, conclusively excluded the possibility 

the dual-radiotracer approach considerably distorts the quantification results to 

artificially produce this correlation. In addition, the literature provides some evidence to 

support the correlation between the D2/3 and 5-HT2A receptor found in this study, which 

could be the result of a co-expression of these two receptors on the same cells (Ma et 

al., 2006), or of a formation of functional heterodimers (Albizu et al., 2011; Borroto-
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Escuela et al., 2014; Lukasiewicz et al., 2010; Varela et al., 2015). Although the 

absence of biological data from this study to support this correlation is a clear limitation, 

the intention of this preliminary study was to illustrate the potential of simultaneous, 

dual-radiotracer imaging.  

 

3.6 Assessment of the impact of 5-HT2A antagonism using MDL-100,907 to 

the effect of haloperidol on behavioral paradigms of efficacy and side 

effects  

 

3.6.1 Overview of the in vivo imaging approach and the design of the study 

 

This study presents an evaluation of the impact of 5-HT2A antagonism on multiple 

aspects of the efficacy and side effect profile of haloperidol. To enhance its translational 

potential, various doses of haloperidol were administered. They induced levels of 

occupancy of the D2/3 receptors in the striatum that were, to our view, clinically 

pertinent. Indeed, we employed doses ranging from relatively low (0.1 mg/kg/day) to 

particularly high (1 mg/kg/day). The 0.1 mg/kg/day produces an occupancy of around 

60% of the D2/3 receptors in the striatum, i.e. at the lowest end of the 65-80% 

occupancy window that is considered optimal in a clinical and a translational setting 

(Ginovart and Kapur, 2012; Kapur et al., 2000). This occupancy was confirmed both ex 

vivo and in vivo (Figure 2a and 2b of Article 5). At this occupancy, the 0.1 mg/kg/day 

dose is supposed to be marginally efficient, without any side effects. The 0.25 

mg/kg/day produces a D2/3 receptor occupancy that largely lies within the 65-80% 

occupancy window, thus being efficient and inducing minimal side effects. These two 

doses allowed to assess the hypothesis that the addition of an MDL-100,907 chronic 

treatment would ameliorate the efficacy of the haloperidol treatment (i.e. in the 

dizocilpine-disrupted PPI). The two highest haloperidol doses (0.5 and 1 mg/kg/day) 

produce a maximal D2/3 receptor occupancy, that lies largely beyond the highest end of 

the 65-80% occupancy window. Both doses induce side effects and were important for 

the assessment of the hypothesis that the addition of an MDL-100,907 chronic 

treatment would alleviate the haloperidol-induced side effects. The 1 mg/kg/day dose, in 

particular, was included in the design of this study to allow a direct comparison with the 

majority of previous studies in the literature. The use of a 1 mg/kg/day dose of 

haloperidol (which has been criticized as unreasonably high (Kapur et al., 2000)) may 

“conceal” any ameliorative effects of co-administered substances, such as the MDL-
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100,907. On the contrary, the use of a 0.5 mg/kg/day dose almost saturates the D2/3 

receptors in the striatum (Figure 2, Article 5), induces clinically relevant side effects (e.g. 

catalepsy and VCM) and allows to demonstrate potential ameliorative effects of MDL-

100,907, that were previously unappreciated in the literature (discussed thoroughly in 

section 4.2 of Article 5). 

The haloperidol and MDL-100,907 treatment were chronically administered using 

osmotic minipumps, an administration route that induces a continuous receptor 

occupancy, thus providing a relatively good resemblance to the pharmacokinetics of 

haloperidol in human (Ginovart et al., 2008; Kapur et al., 2000; Turrone et al., 2003a). In 

vivo and ex vivo imaging was employed to assess the level of occupancy of the 

receptors from the chronic treatments, using the simultaneous, dual-radiotracer imaging 

approach described in Article 4 (see section 3.5 of the present thesis). The same 

imaging method allowed to assess the changes in the D2/3 and 5-HT2A receptors’ 

binding induced by the chronic treatment.  

 

3.6.2 5-HT2A antagonism partially alleviates haloperidol-induced catalepsy 

but has no effect on vacuous chewing movements (VCM) 

 

As expected, chronic treatment with haloperidol at high doses (0.5 and 1 

mg/kg/day) induced catalepsy in rats (Creed-Carson et al., 2011; Karl et al., 2006; 

McOmish et al., 2012; Reavill et al., 1999; Wadenberg et al., 2001b). Interestingly, co-

administration of MDL-100,907, along with haloperidol, managed to reduce catalepsy 

but only at the 0.5 mg/kg/day dose of haloperidol, not at the 1 mg/kg/day dose. This lack 

of efficacy of 5-HT2A antagonism to alleviate the catalepsy induced by the highest dose 

of haloperidol has already been reported in the literature (Creed-Carson et al., 2011; 

McOmish et al., 2012). However, it is the first time, to our knowledge, that the effect of 

MDL-100,907 on catalepsy with a lower dose (of 0.5 mg/kg/day) is evaluated. This 

finding suggests that a 5-HT2A antagonism may be beneficial against the extrapyramidal 

side effects that are induced by high doses of haloperidol but this beneficial effect is lost 

when particularly high doses of this agent are administered. To our view, the 0.5 

mg/kg/day dose of haloperidol, which already induces a high D2/3 occupancy (>85%) in 

the striatum, is more clinically pertinent than the supersaturating dose of 1 mg/kg/day. 

Previous studies using the 0.5 mg/kg/day dose of haloperidol to assess the effects of 

MDL-100,907 on catalepsy have yielded negative results. This apparent contradiction 

with the results of the present study may be explained by the difference in the 
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administration schemes (acute administration of haloperidol and MDL-100,907 in 

previous studies (Creed-Carson et al., 2011; Mombereau et al., 2017)  vs chronic in our 

study). Indeed, the mode of administration of haloperidol has been shown to 

differentially impact the cataleptic response, with the same dose inducing a milder 

response when administered chronically, than when administered acutely (Osborne et 

al., 1994; Turrone et al., 2003a). 

Regarding the second motor side effect that was studied, our results confirm 

previous reports associating a chronic high occupancy of the D2/3 receptor to vacuous 

chewing movements (VCM) in rats (Glenthoj, 1993; Karl et al., 2006; Turrone et al., 

2003a, b). Previous reports had indeed shown that a pure 5-HT2A antagonism with 

MDL-100,907 had no effect on VCM that was induced by a particularly high dose of 

haloperidol (1 mg/kg/day) but no study evaluated the effect when a lower dose was 

employed. Here, we extend the existing literature by using the more clinically pertinent 

0.5 mg/kg/day dose of haloperidol and show that MDL-100,907 not only failed to reduce 

the VCM but was associated with a tendency to augment them (Figure 5, Article 5). 

Overall, our results suggest that a 5-HT2A antagonism has a partial contribution to 

the reduction of (acute) extrapyramidal side effects of haloperidol. Other receptors, such 

as the 5-HT2C, which is also a common target of atypical antipsychotics, might 

contribute along with 5-HT2A to the reduced motor side effect burden of these agents, 

compared to typical antipsychotics, as proposed by previous studies (Carbon et al., 

2018; Creed-Carson et al., 2011; Di Giovanni and De Deurwaerdere, 2016; Egan et al., 

1995; Egerton et al., 2008; Ikeda et al., 1999; Liegeois et al., 2002; Lucas et al., 2000; 

Marchese et al., 2004; Naidu and Kulkarni, 2001; Reavill et al., 1999; Rosengarten and 

Quartermain, 2002; Wadenberg et al., 2001a; Wadenberg and Ahlenius, 1995). 

 

3.6.3 Impact of 5-HT2A antagonism on the effect of haloperidol in the 

dizocilpine-disrupted prepulse inhibition (PPI) 

 

PPI is a physiological phenomenon observed both in human and rodents. In 

preclinical research, disruption of this phenomenon by glutamatergic and dopaminergic 

agents is used in studies of the efficacy of antipsychotic agents (Bakshi and Geyer, 

1998; Swerdlow et al., 2008; Wadenberg et al., 2000). Here, we chose a glutamatergic 

agent (dizocilpine) to disrupt the PPI, as it has been shown that its mechanism of action 

might be more relevant for the study of antipsychotic agents (Geyer et al., 2001). In this 

model, haloperidol has been found inefficient to reverse the effect of dizocilpine, while 
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atypical antipsychotics manage to do so  (Bubenikova et al., 2005; Feifel and Priebe, 

1999; Hudson et al., 2016; Li et al., 2016; Varty and Higgins, 1995; Zangrando et al., 

2013). Consequently, our hypothesis was that, if a 5-HT2A antagonism is one of the 

substrates of atypicality, the co-treatment with MDL-100,907 may render haloperidol 

capable of reversing the disruption of PPI by dizocilpine, thus more efficient overall. Our 

results of the MANOVA indeed showed that MDL-100,907 and the interaction of the 

effect of haloperidol and MDL-100,907 had a significant effect on the dizocilpine treated 

rats, partially restoring the PPI (Figure 3, Article 5). This is in accordance with a recent 

paper that demonstrated that a 5-HT2A antagonism may act synergistically with a 5-HT6 

antagonist to reverse the effect of dizocilpine on the PPI (Fijal et al., 2014). A limitation 

of our study was the high variability of our data. Indeed, the post hoc assessments of 

the effect of the various treatment groups on the PPI failed to reach significance. 

Despite this limitation, the results of the PPI experiments provide further argument in 

favor of the efficacy of a 5-HT2A antagonism by MDL-100,907 along with haloperidol in 

the reversal of dizocilpine-disruption of the PPI. This suggests that an antagonism of the 

5-HT2A receptor by atypical antipsychotics may contribute in their increased efficacy 

over typical agents. However, further research is needed to confirm this hypothesis both 

in the setting of small animal and clinical studies.  

 

3.6.4 Effect of haloperidol and MDL-100,907 on the Y-maze test of spatial 

working memory 

 

The present study failed to detect any significant effect of either antagonist, 

haloperidol or MDL-100,907 on the spatial working memory (Ott and Nieder, 2016). This 

finding differs from results of clinical and preclinical studies, which suggest that 

haloperidol induces a working memory deficit (Csomor et al., 2007; Hutchings et al., 

2013; Karl et al., 2006; Kim et al., 2013; Lustig and Meck, 2005; Naef et al., 2017; 

Nielsen et al., 2015; Nørbak-Emig et al., 2016; Sakurai et al., 2013; Xu et al., 2012). 

The discrepancy between our findings and the findings of previous small animal studies 

may be explained by the higher doses of haloperidol (up to 2 mg/kg/day) (Xu et al., 

2012) and the different tests of working memory that were employed in previous studies 

(Karl et al., 2006). It is interesting to note that antipsychotic agents (both typical and 

atypical) have also been found to exert a beneficial action in the cognitive deficits of 

schizophrenic patients (Desamericq et al., 2014; Goozee et al., 2016; Shin et al., 2018; 

Steen et al., 2016; Takano, 2018; Williams et al., 2002; Zhang and Stackman, 2015; 
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Zhou et al., 2018). To our view, these findings suggest that the complexity of cognitive 

processes and the -probably- differential effect of antipsychotic agents in healthy 

individuals and schizophrenic patients impose that the impact of antipsychotic treatment 

on cognition, at the preclinical level, should be studied in animal models of 

schizophrenia (Castner et al., 2000) and not in healthy rats. 

 

3.6.5 Effect of chronic treatment with haloperidol and MDL-100,907 on the 

D2/3 and 5-HT2A receptor binding 

 

Chronic D2/3 antagonism by haloperidol (at each one of the administered doses) 

led to a significant increase in the binding of this receptor in the caudate-putamen 

nucleus and the nucleus accumbens (Figure 6, Article 5), in accordance with the 

relevant literature (Inoue et al., 1997; Ishikane et al., 1997; Kusumi et al., 2000; 

Mahmoudi et al., 2014; Silvestri et al., 2000; Turrone et al., 2003a, b; Varela et al., 

2014). The literature also suggests that this D2/3 upregulation is present to a lesser 

extent, if at all, with atypical antipsychotics, notably clozapine (Kusumi et al., 2000; 

Lidow and Goldman-Rakic, 1994; Tarazi et al., 1997a; Tarazi et al., 1997b), leading us 

to hypothesize that a 5-HT2A antagonism, if it is a substrate of atypicality, should prevent 

the haloperidol-induced D2/3 upregulation. No study so far has addressed this 

hypothesis. A first interesting finding of the present study was that haloperidol 

upregulated the D2/3 receptors in the striatum at all doses (even the lowest one, of 0.1 

mg/kg/day). This finding challenges the theory that an upregulation of these receptors is 

causally linked to VCM in haloperidol-treated rats (Turrone et al., 2003a, b) suggesting 

that a D2/3 receptor upregulation is not a sufficient condition for the induction of this 

symptom. Indeed, only rats treated with 0.5 and 1 mg/kg/day of haloperidol presented 

this symptom, while all the doses of haloperidol were associated to an upregulation of 

the D2/3 receptors. MDL-100,907 co-administration with haloperidol in this study failed to 

reverse its effects, suggesting that other mechanisms than a 5-HT2A receptor 

antagonism should be responsible for the finding that atypical antipsychotics do not 

upregulate the D2/3 receptor (Ishikane et al., 1997).  

Our study also showed that a moderate dose of haloperidol (0.25 mg/kg/day) and 

not any of the other doses, induced an upregulation of the 5-HT2A receptor in frontal 

cortical areas and the ventral tegmental area (VTA) in vivo and ex vivo (section 4.6 and 

Figure 7, Article 5). This is a surprising finding, given the fact that only atypical 

antipsychotics have been shown to alter the 5-HT2A receptor binding in rodents 



 

 56 

(inducing a downregulation). No study has associated haloperidol to any alteration of 

the 5-HT2A receptor before.  (Amato et al., 2011; Choi et al., 2017; Huang et al., 2007; 

Kurita et al., 2012; Lian et al., 2013; Moreno et al., 2013; Steward et al., 2004; Tarazi et 

al., 2002; Yadav et al., 2011). This could be explained by the fact that higher doses than 

0.25 mg/kg/day were employed in all these studies. The present study, given the 

absence of any 5-HT2A binding properties of haloperidol, points to an indirect 

modulation possibly via an alteration of serotonin release. If serotonin release is 

diminished, this transmitter competes less with the [125I]R91150 radiotracer for binding 

to the receptor and the binding of this radiotracer is augmented. Several hypothesis 

may be formulated to explain this finding, mainly regarding: 1) that D2 receptor 

activation mediates the effects of several agents on serotonin release (Amargos-Bosch 

et al., 2007; Amargos-Bosch et al., 2003; Amargós-Bosch et al., 2004; Amargos-Bosch 

et al., 2006; Maejima et al., 2013; Mendlin et al., 1998), 2) the fact that a haloperidol 

treatment has been associated to a reduction in the concentration of serotonin and one 

of its metabolites (Bishnoi et al., 2007; Burnet et al., 1996), 3) haloperidol may possibly 

alter the formation of D2/5-HT2A heteromers, thus altering the affinity of the 5-HT2A 

receptor for [125I]R91150  (Albizu et al., 2011) and 4) a differential effect of low- versus 

high-haloperidol doses on D2/3  autoreceptors and heteroreceptors (i.e. the 0.25 

mg/kg/day dose of haloperidol might act solely on the autoreceptors, while the higher 

doses of this agent probably act on both auto- and heteroreceptors).  

 

3.6.6 Limitations of the biological part of this thesis (Article 5) 

 

The main limitation of this study lies on the use of Mdr1a knock out rats. We had 

to use this strain to be able to employ [125I]R91150 for the in vivo imaging of 5-HT2A. 

This radiotracer has minimal brain penetration in wild-type rats, impeding the in vivo use 

in SPECT imaging (Dumas et al., 2015; Dumas et al., 2014; Tsartsalis et al., 2016). 

However, Mdr1a knock-out and wild type rats present identical D2/3 and 5-HT2A receptor 

binding in the brain (confirmed by ex vivo imaging, Article 3), and identical dose-

occupancy curves for haloperidol (Natesan et al., 2005; Wadenberg et al., 2001b). In 

addition, the behavioral responses to haloperidol were highly comparable to those 

observed in previous studies. It also has to be noted among the limitations of this study 

that the results on 5-HT2A upregulation by moderate doses of haloperidol and not by 

high doses of this typical antipsychotic are mostly exploratory. No inference on a causal 

contribution on the effect of this antipsychotic agent may be formulated in the present 
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study and further research is required to shed light on the implications of this 

neurochemical alteration. 

 

3.7 General discussion and perspective for future studies 

 

The present thesis emphasized the potential of molecular imaging approaches in 

neuropsychiatric research. The work performed here covered the development of new 

approaches to neuroreceptor quantification using small animal SPECT and the 

optimization of existing ones. The validation of the quantification approaches is a major 

prerequisite to obtain consistent and reproducible results in biological studies using 

SPECT or PET imaging. As described in the introduction of this thesis, SPECT and PET 

images can be obtained and quantified with a wide variety of scan protocols, ranging 

from long scans of several hours to short scans of a few minutes. The complexity of the 

scan may vary as well, going from a multi-injection scan that requires an arterial 

catheterization for the measurement of the arterial plasma concentration of the 

radiotracer at multiple time-points to simple, non-invasive scans (see sections 1.2.1 to 

1.2.3 and Table 3 in the Introduction for a detailed description). The use of simplified 

approaches provides high throughput and robust quantification results with relatively low 

variability, hence augmenting the feasibility and statistical power of imaging studies. 

However, using simplified approaches indiscriminately for every radiotracer without prior 

validation may lead to serious errors and even the opposite results in different imaging 

studies of the same clinical population, as it has been criticized by the review paper of 

Shrestha et al, in the case of studies of the 5-HT1A receptor in major depressive 

disorder (Shrestha et al., 2012).   

Convinced of the primordial role of methodological developments in molecular 

imaging, we firstly proceeded to the optimization of the quantification approach of the 

D2/3 receptor using [123I]IBZM  and of the 5-HT2A receptor using [125I]R91150. In the 

case of [123I]IBZM, a methodology that employs a short scan, between 80 and 110 

minutes after the administration of the radiotracer, without the need of arterial plasma 

catheterization was validated against the results of a complex approach with 

established validity, the multi-injection approach (Delforge et al., 1990). Regarding the 

5-HT2A receptor quantification, having the inability to employ the [125I]R91150  imaging 

in vivo given the very low influx of the radiotracer in the brain, we established that using 

a Mdr1a knock out rat strain led to more robust results than attempting to inhibit the 

activity of Mdr1a pharmacologically. Secondly, we proceeded to the development of a 
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simplified approach to the in-depth study of the D2/3 receptor. Using a partial saturation 

approach (Delforge et al., 1996; Delforge et al., 1993) we proposed a method that 

allowed a separate estimation of the absolute quantity of the D2/3 receptor and the 

affinity of the radiotracer for the receptor, which gives an index of the dynamics of 

endogenous dopamine. This approach was validated for the study of the striatal (using 

[123I]IBZM) and whole-brain (using [123I]epidepride) D2/3 receptor. Finally, the 

simultaneous study of both D2/3 and 5-HT2A receptors in the same SPECT scan, under 

the same conditions was rendered possible with a methodology that simply consists in 

subtracting a stable proportion of the [123I]IBZM-emitted  radioactivity from the 

[125I]R91150-emitted radioactivity  to deal with the contamination of the signal of the 

latter radiotracer by the former.  

These approaches ultimately allowed the study of a biological question, regarding 

the role of 5-HT2A receptor in the efficacy and side-effect profile of the antipsychotic 

agents. The results indicated that antagonism at the 5-HT2A receptor may reduce the 

catalepsy induced by a typical antipsychotic agents, haloperidol, and lead to enhanced 

efficacy of this agent in the experimental paradigm of dizocilpine-disrupted PPI. Finally, 

a previously unappreciated upregulation of the 5-HT2A receptor binding induced by a 

narrow range of haloperidol doses was demonstrated. 

Overall, this thesis describes all the stages of development of a translational 

imaging project. The methodological approaches proposed here may be applied to the 

study of a wide variety of targets in the brain, well beyond the D2/3 and the 5-HT2A 

receptor and the study of antipsychotic agents. The partial saturation approach may be 

applied to a more in-depth study of the dopaminergic system and provide more 

information about how a chronic antipsychotic treatment alters the quantity of the D2/3 

receptors at the whole-brain level, as well as the alterations of endogenous dopamine in 

this context. The study of extrastriatal regions with [123I]epidepride in particular, such as 

the frontal cortex and the mesencephalic structures would be of particular interest in the 

context of the study of antipsychotic agents. Similarly, after a proper validation, the 

partial saturation approach could be applied to [123I]R91150 imaging. This would permit 

a better understanding of the upregulation of 5-HT2A receptor that the chronic 

haloperidol treatment induces and conclusively answer if this upregulation is due to an 

increase in the absolute quantity of 5-HT2A receptors or, as hypothesized, a reduction in 

the endogenous serotonin. The simultaneous, dual-radiotracer imaging approach may 

be applied in the study of any given couple of iodine-labeled radiotracers, most 

importantly, without the need for any further validation.  
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As a conclusion, the results of the biological part of the present thesis underline 

the interest of further study of the 5-HT2A receptor in the action of antipsychotic agents. 

This thesis had the advantage of employing approaches of translational interest, i.e. the 

behavioral tests that have a demonstrated validity to predict the clinical effects of 

antipsychotic agents and molecular imaging approaches that can be used in clinical 

research. However, it is important to note that, in order to conclusively elucidate the 

substrates of atypicality and confirm causal relationships, further in-depth studies have 

to be performed. These include genetic manipulations of the various receptors and the 

downstream pathways that relate to these receptors, as well as of the neural circuits 

that are implicated in the mechanism of action of antipsychotic agents. In the present 

thesis, we worked on the hypothesis that 5-HT2A antagonism, as one of the 

mechanisms of action of atypical antipsychotic agents is a “friend” for their clinical 

profile. However, there is evidence that 5-HT2A antagonism may be the “foe” with 

respect to several major side effects, such as weight gain and sedation (Joshi et al., 

2017; Joshi et al., 2019; Rasmussen et al., 2014). These aspects haven’t been treated 

at all here and have to be addressed in subsequent studies. Most importantly, the 

results of this thesis have to be confirmed in animal models of schizophrenia and of 

other disorders in which these agents are clinically used. They also need to be 

confronted to studies of other putative mechanisms of atypicality, such as 1) other 

serotoninergic receptors (Olten and Bloch, 2018), 2) other neurotransmitter systems 

(Choy et al., 2016), 3) epigenetic changes via alteration of the activity of histone 

deacetylase inhibitors (González-Maeso et al., 2008; Kurita et al., 2012), 4) implication 

of receptor dimers (Szlachta et al., 2018), 5) activation of alternative cellular signaling 

pathways downstream of the D2/3 receptor, with the prominent example of the arrestin-

dependent pathway (Donthamsetti et al., 2018; Schmid et al., 2014; Urs et al., 2016). 

We believe that the developments undertaken in the present thesis provide a solid 

framework for further studies in the field of psychopharmacology and the 

pathophysiology of neuropsychiatric disorders. 
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A B S T R A C T

Purpose: Molecular imaging of the D2/3 receptor is widely used in neuropsychiatric research. Non-displaceable
binding potential (BPND) is a very popular quantitative index, defined as the product of the receptor
concentration (Bavail) and the radiotracer affinity for the receptor (1/appKd). As the appKd is influenced by
parameters such as the endogenous neurotransmitter dynamics, it often constitutes a confounding factor in
research studies. A simplified method for absolute quantification of both these parameters would be of great
interest in this context. Here, we describe the use of a partial saturation protocol that permits to produce an in
vivo Scatchard plot and thus estimate Bavail and appKd separately, through a single dynamic SPECT session. To
validate this approach, a multi-injection protocol is used for the full kinetic modeling of [123I]IBZM using a 3-
tissue compartment, 7-parameter model (3T-7k). Finally, more “classic” BPND estimation methods are also
validated against the results of the 3T-7k.
Methods: Twenty-nine male rats were used. Binding parameters were estimated using the 3T-7k in a multi-
injection protocol. A partial saturation protocol was applied at the region- and voxel-level and results were
compared to those obtained with the 3T-7k model. The partial saturation protocol was applied after an
adenovirus-mediated D2 receptor striatal overexpression and in an amphetamine-induced dopamine release
paradigm. The Simplified Reference Tissue Model (SRTM), the Logan's non-invasive graphical analysis
(LNIGA) and a simple standardized uptake ratio (SUR) method were equally applied.
Results: The partial saturation experiments gave similar values as the 3T-7k both at the regional and voxel-
level. After adenoviral-mediated D2-receptor overexpression, an increase in Bavail by approximately 18% was
observed in the striatum. After amphetamine administration, a 16.93% decrease in Bavail (p < 0.05) and a
39.12% increase (p < 0.01) in appKd was observed. BPND derived from SRTM, LNIGA and SUR correlated well
with the Bavail values from the 3T-7k (r=0.84, r=0.84 and r=0.83, respectively, p < 0.0001 for all correlations).
Conclusion: A partial saturation protocol permits the non-invasive and time-efficient estimation of Bavail and
appKd separately. Given the different biological phenomena that underlie these parameters, this method may be
applied for the in-depth study of the dopaminergic system in translational molecular imaging studies. It can
detect the biological variations in these parameters, dissociating the variations in receptor density (Bavail) from
affinity (1/appKd), which reflects the interactions of the receptor with its endogenous ligand.

1. Introduction

Molecular imaging of the dopaminergic system has been a particu-
larly useful tool in the study of neurobiological mechanisms of
neuropsychiatric disorders. Single photon emission tomography
(SPECT) with [123I]IBZM permits the in vivo study of striatal D2/3

receptors in human and translational studies with a particular interest

in psychosis and addiction (Abi-Dargham et al., 2009; Murnane and
Howell, 2011). Molecular imaging enables a wide range of functional
studies ranging from D2/3 receptor quantification, receptor occupancy
by medications to the effect of induced endogenous dopamine release
across physiological and pathological conditions (Kugaya et al., 2000).

Full pharmacokinetic modeling requires a complex scanning pro-
tocol to identify the absolute neuroreceptor density, available for
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binding (Bavail) and the kinetic constants governing the transfer of the
radiotracer between the plasma- and tissue compartments as well as its
interaction with the receptor. Furthermore, it is highly invasive.
Regarding the radiotracer-receptor interactions, the ratio of radiotracer
dissociation (koff) and association constants (kon) provides the equili-
brium dissociation constant (appKd), which equals the inverse of
radiotracer affinity (1/appKd) (Delforge et al., 1989, 1990). Because
of technical limitations inherent to the complexity of scanning proto-
cols and the limited parameter identifiability, pharmacokinetic models
are simplified with respect to the number of compartments and
parameters to be estimated: thus, Bavail and appKd are jointly estimated
as the binding potential (BP=Bavail/appKd), perhaps the most popular
index of receptor density in in vivo imaging studies (Innis et al., 2007).
Beyond this simplification, the use of a brain region devoid of the
receptor under study as an index of non-displaceable binding abolishes
the need for arterial blood sampling and estimation of the model's
input function (Gunn et al., 1997; Lammertsma and Hume, 1996;
Logan et al., 1996). It is important to note that these simplified
approaches may introduce significant bias in biological studies if not
properly validated (Shrestha et al., 2012) against the “gold-standard”
quantitative neuroreceptor estimates obtained with full pharmacoki-
netic modeling.

The use of BP as a quantitative measure in in vivo molecular
neuroimaging may reflect the Bavail of the receptor under study only if
the radiotracer's affinity for the receptor (thus the appKd) remains
stable across subjects of a given population in physiological conditions
and disease states. However, there is evidence pointing to variations in
a radiotracer's affinity for its target-receptor, violating this assumption.
For instance, a radiotracer and the endogenous ligand (e.g. the
neurotransmitter) present a competitive binding to the receptor.
Baseline neurotransmitter levels in the vicinity of the receptor as well
as challenge-induced neurotransmitter changes both vary with respect
to physiological parameters and pathological conditions (Kuwabara
et al., 2012; Narendran and Martinez, 2008; Vaessen et al., 2015;
Volkow et al., 2009a), thereby modifying appKd while changes in Bavail

may also occur in the same contexts. Using BP over-simplifies the study
of such complex phenomena. In other words, a simplified method of in
vivo estimation of Bavail and appKd would be of utmost value,
particularly in studies of dopamine neurochemistry.

The in vivo separate estimation of Bavail and appKd has been
described by Delforge et al. (1996, 1997, 1993); Vivash et al. (2014)
for the quantification of benzodiazepine receptors in the human brain
using [11C]flumazenil positron emission tomography (PET). In this
approach, a quantity of unlabeled radiotracer compound is co-injected
with the labeled radiotracer to induce a partial saturation of the
receptor sites. The pharmacological properties of the radiotracer
permit the equilibrium to be rapidly installed. Delforge et al. proposed

the saturation of at least 50% of receptor sites in order to permit a rapid
decrease in specific binding during the scan duration. Plotting the ratio
of specific to non-displaceable binding against specific binding forms a
Scatchard plot from which Bavail and appKd can be deduced. Ideally,
receptor occupancy should not exceed 70% so that a relatively large
number of points are aligned within the regression line. A region
devoid of receptor gives an estimate of the non-displaceable binding,
further simplifying the quantification.

In this study, we describe a partial saturation approach for the in
vivo estimation of Bavail and appKd with [123I]IBZM SPECT using a
single-scan protocol in the region- and voxel-level. This method is
validated against the results of full pharmacokinetic modeling with a
multiple-injection protocol that provides the “gold-standard” estimates
of all kinetic parameters along with Bavail and appKd. Other simplified
methods to estimate BP without input function estimation are vali-
dated against the aforementioned results.

2. Materials and methods

2.1. Animals and general SPECT scan protocol

Thirty-two male Sprague-Dawley rats (Janvier Laboratories, Le
Genet-St-Isle, France), weighing between 380 and 500 g were em-
ployed in the study. Of these, three rats were employed in an in vivo
multi-injection SPECT imaging protocol for absolute D2/3 receptor
quantification. One rat was employed in a long (180 min) single-
injection SPECT scan. Four rats were employed in an arterial plasma
analysis for the study of plasma kinetics of the radiotracer and the
estimation of the free parent radiotracer fraction. Fourteen rats were
employed in an ex vivo study to determine the dose-occupancy
relationship of the unlabeled IBZM when co-injected with the radi-
olabeled compound (described in Supplementary Materials and
Methods S1.2). Two rats were employed in a presaturation SPECT
study (described in detail in Supplementary Materials and Methods
S1.3). Seven rats were employed in a SPECT experiment with a partial
D2/3 receptor saturation design for the determination of Bavail and
appKd parameters from an in vivo Scatchard plot. Two rats out of seven
of the partial saturation experiment were employed in an in vivo study
of the effect of amphetamine-induced dopamine release on the Bavail

and appKd parameters as determined with two SPECT scans with a
partial saturation design, one before and one after amphetamine
administration. Finally, one rat was employed in an adenoviral-
mediated D2-receptor overexpression experiment. The repartition of
rats is summarized in Table 1.

SPECT scans were performed with a U-SPECT-II camera (MiLabs,
Utrecht, Netherlands). In rats that underwent SPECT scans with the
multi-injection protocol, two polyethylene catheters (i.d.=0.58 mm,

Table 1
Repartition of rats into experimental groups.

Experiment n Methods Model/Outcome measures

Multi-injection protocol 3 SPECT scan and arterial blood sampling 3T-7k/Bavail, appKd, K1, k2-6
SRTM, LNIGA, SUR/BPND

Single-injection protocol 1 SPECT scan of a long duration (180 min) SRTM, Full RTM, 2-TRM
Free parent radiotracer fraction

estimation
4 Serial arterial blood sampling after radiotracer injection and TLC Tri-exponential model of free parent radiotracer in

arterial plasma
Dose- occupancy curve for

unlabeled IBZM
14 Ex-vivo whole-tissue radioactivity measurements after administration of

various doses of unlabeled IBZM along with labeled radiotracer
Receptor occupancy

Presaturation study 2 A 50-min long SPECT scan after administration of fully-saturating doses of
unlabeled IBZM

Relationship between the non-displaceable binding
in striatum and cerebellum (r factor)

In vivo Scatchard analysis study 5 SPECT scan after co-injection of a partially saturating dose of unlabeled
compound, along with labeled one

Scatchard plot analysis/Bavail, appKd

1 SPECT scan as above after AAV-mediated overexpression of D2 receptors in
unilateral striatum

2 Two SPECT scans as above, the second preceeded by administration of
amphetamine (15 mg/kg, i.v.)
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o.d= 0.96 mm) were inserted in the left femoral vein and artery for
radiotracer administration and blood sampling, respectively. SPECT
scans were performed under isoflurane anesthesia (3% for induction
and 1–2% for maintenance). In rats that underwent SPECT scans for
the partial saturation protocol or ex vivo imaging, radiotracer injection
was performed via a tail vein catheter. Body temperature was mon-
itored during the scans and maintained at 37 ± 1 °C by means of a
thermostatically controlled heating blanket.

SPECT image reconstruction was performed using a pixel ordered
subsets expectation maximization (P-OSEM, 0.4-mm voxel size, 4
iterations, 6 subsets) algorithm using MiLabs image reconstruction
software. Radioactive decay correction was performed while correction
for attenuation or scatter was not. Following reconstruction, dynamic
images from the partial saturation experiment were denoised with
factor analysis (FA) using Pixies software (Apteryx, Issy-les-
Moulineaux, France) as previously described (Tsartsalis et al., 2014).
FA permits the decomposition of dynamic signal into a few elementary
components, termed factors (Di Paola et al., 1982; Millet et al., 2012;
Tsartsalis et al., 2014). In this study, four factors were retained and the
rest of the signal was discarded as noise.

All experimental procedures were approved by the Ethical
Committee on Animal Experimentation of the Canton of Geneva,
Switzerland.

2.2. Radiotracer preparation

123I radioiodide was purchased from Heider AG (Schöftland,
Switzerland). [123I]IBZM was obtained by incubation, for 15 min at
68 °C, of a mixture containing 5 μl of BZM precursor (24 nmol/μl in
ethanol), 2 μl of glacial acetic acid, 1 μl of 30% H2O2 and 10 mCi of
carrier-free 123I sodium iodide in 0.05 M NaOH. Radiotracer was
isolated by a linear gradient HPLC run (from 5% acetonitrile, ACN,
to 95% ACN, 10 mM H3PO4, in 10 min).

HPLC was equipped with a reverse-phase column (Phenomenex
Bonclone C18, Phenomenex, Schlieren, Switzerland) and radiotracer
was eluted at a flow of 3 ml/min. Fractions containing [123I]IBZM were
diluted in water and loaded on a Sep-Pak cartridge (Sep-Pak C18,
Waters, Switzerland). [123I]IBZM was eluted with 0.5 ml of 95% ACN,
10 mM H3PO4 and concentrated using a rotary evaporator, and the
final product was diluted in saline prior to animal administration.

2.3. SPECT single- and multi-injection imaging and quantification,
arterial plasma analysis and free parent radiotracer fraction
estimation

A multi-injection protocol for full kinetic modeling of [123I]IBZM
was employed (Millet et al., 2006; Millet et al., 2012). The scan
protocol began with a first injection of the radiotracer (91.47 ± 2.91
MBq) at a high specific activity (934.04 ± 114.37 GBq/μmol), followed
by a second co-injection of [123I]IBZM (93.06 ± 7.11 MBq) and the
unlabeled compound (6.2 nmol/kg) at 120 min and a third injection of
the unlabeled compound only at 180 min (1.24 μmol/kg). The overall
scan protocol included 240 1-minute frames.

During dynamic SPECT acquisitions, forty arterial blood samples
(of 25 μl each) were withdrawn after each radiotracer injection at
regular time intervals. Radioactivity was measured in a gamma
counting system and expressed in kBq/ml after calibration. To estimate
the plasma input function in in vivo SPECT experiments, only whole-
blood radioactivity was measured individually.

Metabolite correction and plasma protein binding analysis for the
estimation of radiotracer plasma input function was performed in an
independent group of four rats, as previously described (Gandelman
et al., 1994; Millet et al., 2008, 2012; Mintun et al., 1984; Tsartsalis
et al., 2014, 2015). A detailed description can be found in
Supplementary Materials and Methods paragraph S1.1.

To evaluate the pharmacokinetic behavior of [123I]IBZM in scans

with a longer duration, a 180-min scan was performed using one rat.
The scan protocol began with an injection of the radiotracer (66.6
MBq) at a high specific activity ( > 900 GBq/μmol). The overall scan
protocol included 80 2-minute frames.

2.4. In vivo Scatchard plot study

A partial saturation imaging experiment was designed to estimate
Bavail and appKd as proposed by Delforge et al. (1996, 1997) and
optimized by Wimberley et al. (2014a, b). In theory, the original
Scatchard plot can be approached with an in vivo imaging experiment
by plotting the specifically bound fraction of radiotracer activity in a
given region (CS) versus the ratio of specific-to-non-displaceable
binding in the same region (CS/CND) during the time course of a single
imaging experiment. When a dose of unlabeled compound is co-
administered with the radiotracer at a concentration to occupy 50–
70% of the receptor binding sites, the natural decrease of radiotracer
binding over time permits to the different points of the plot to form a
straight line when equilibrium has been reached. Bavail and appKd may
be estimated from the intercept to the Cs axis and the inverse of the line
slope, respectively.

SPECT scans and image reconstruction were performed in the same
conditions as in experiment 2.3. A single radiotracer injection (50.8 ±
6.3 MBq) (containing a dose of unlabeled IBZM determined in the ex
vivo occupancy study, described in supplementary Materials and
Methods section S1.2 and leading to specific activities of 8.94 ± 0.33
GBq/μmol) was followed by a scan composed of 90 frames of 1-min. No
arterial blood sampling took place and cerebellum was employed as the
reference region.

2.5. Simulation study, adenovirus-mediated D2 receptor
overexpression and amphetamine-induced dopamine release
experiment

A simulation study was also performed to verify the validity of the
Scatchard equilibrium conditions across different Bavail and appKd

parameters values: using the results of one multi-injection experiment,
we simulated striatal specific- and free-binding TACs corresponding to
a 30% higher and lower Bavail and appKd using a partially saturating
dose of unlabeled IBZM compound (see results section).

One animal was employed in the D2-receptor overexpression
experiment by a stereotactic viral injection. The D2R adenovirus was
generated using the pENTR directional TOPO cloning kit (Invitrogen)
and the pAD/CMV/V5-DEST gateway vectors kit (Invitrogen). Briefly,
the full-length cDNA corresponding to the sequence of rattus D2R was
inserted into the pENTR vector. After plasmid purification from
transformed Top10 competent cells, the cDNA was transferred into
the pAd/CMV/V5-DEST vector by means of the Gateway system using
LR Clonase. Following propagation of plasmids in Top10 competent
cells, the recombinant adenoviral DNA was digested with PacI (New
England Biolabs) and purified (QIAquick nucleotide removal kit,
Qiagen). Linear D2R adenovirus was transfected into subconfluent
293 A cells according to the manufacturer's instructions (ViraPower
Adenovirus Expression System, Invitrogen). The 293 A cells were
cultured until regions of cytopathic effect are clearly observed (1–2
weeks). Cells and culture medium were centrifuge and freeze-thawed
twice (−80 °C overnight; +25 °C, 15 min) to obtain the adenovirus-
enriched supernatants. Aliquots of the crude viral stock were used to
amplify D2R adenovirus using fresh 293 A cell cultures. After ampli-
fication, D2R adenovirus were purified using the Vivapure AdenoPack
500 kit (Sartorius) and titered using the QuickTiter Adenovirus Titer
Immunoassay Kit (Cell Biolabs). The D2R adenovirus titer was of 2 ×
1010 infectious units per ml (Ifu/ml).

The animal was anesthetized with 2.5% isoflurane in O2 and
preventively treated against postoperative pain with buprenorphine
(0.05 mg/kg, s.c.). Gel moisturizer (Lacryvisc) was applied on both eyes
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and a 2 mm diameter hole was carefully drilled through the skull at the
injection site. Two microliters of the D2R adenovirus were injected in
the left striatum (coordinates from bregma: anteroposterior = −0.5
mm; lateral = +3.0 mm; dorsoventral = −5.0 mm).

In two out of six rats of the partial saturation experiment of
paragraph 2.5, a second partial saturation experiment (under the exact
same conditions) took place two days after the first SPECT scan,
preceded by an amphetamine injection (1.5 mg/kg i.v.) at 30 min
before the radiotracer injection. This preliminary study aimed to
evaluate the efficacy of this partial saturation paradigm to detect
changes on the Bavail and appKd parameters owed to the ampheta-
mine-induced dopamine release in the striatum.

2.6. Data analysis

SPECT images were processed with PMOD software v3.7 (PMOD
Technologies Ltd, Zurich, Switzerland). Averaged images correspond-
ing to the first ten frames of acquisition were co-registered to an MRI
template integrated in PMOD (Schiffer et al., 2006). Transformation
matrices were then applied to dynamic images. Tissue-activity curves
(TACs) from the striatum as a whole, from the striatal sub-regions
(Caudate-Putamen, CP, and Nucleus Accumbens, NAcc, bilaterally),
and cerebellum were extracted from dynamic images using the
predefined VOI template integrated in PMOD.

Several model configurations were employed for quantitative
analysis of radiotracer kinetics in the multi-injection experiments.
The whole multi-injection study TAC data was fitted with a two-tissue
compartment five-parameter model (2T-5k), to estimate K1, k2, kon, koff
and Bavail and a three-tissue compartment seven-parameter model (3T-
7k) in order to obtain K1, k2, kon, koff, k5, k6 and Bavail and the binding
potential (BP=Bavail/appKd). Given the number of parameters to
estimate with the 3T-7k model and the subsequent low identifiability
of model parameters, koff was fixed at a pre-determined value after a
preliminary fit of the model on whole-striatum TACs from the three
rats, as previously described (Ginovart et al., 2001; Millet et al., 1995,
2006, 2000b). Average koff value was fixed for further application of 3T-
7k. The free, non-metabolized radiotracer fraction in the plasma was
used as the input function (Delforge et al., 1999). Analysis was
performed in Matlab software R2015b (Mathworks, USA). All other
models were applied using PMOD software. TAC data corresponding to
the first (high specific activity) injection of the multi-injection experi-
ments were fitted with the 1) Simplified reference tissue model (SRTM)
and the 2) Logan non-invasive graphical analysis (hereon, LNIGA),
using a pre-defined k2’ value estimated with the SRTM, to obtain BPND

images (Innis et al., 2007). Cerebellum was used as the reference
region, given that no [123I]IBZM specific binding is observed. Finally,
the standardized uptake ratio (SUR) was obtained by normalizing
delayed activity images to the activity in the reference region. For all
methods of quantification, analysis was performed on TACs from the
whole-striatum VOI as well as from the four sub-regions.

For SRTM and LNIGA, we evaluated the minimum duration of scan
required to obtain stable binding parameters. BPND was estimated in
whole-striatum TACs of diminishing duration (by 10-min decrements).
The mean deviation of the BPND value, across the three rats, for a given
scan duration from the value corresponding to the maximal duration
was used as the evaluation criterion. A mean estimation within 5% of
the parameter value at maximum duration with a coefficient of
variation (CV) < 10% was considered a stable estimate. For SUR,
BPND values were estimated over different fragments of data with a
fixed-duration (10 min).

TACs from the long-duration single-injection study were first fitted
with SRTM. To explain a misfit in the last time-points (see Results
section), the full reference tissue model (Full-RTM) (Lammertsma
et al., 1996) and the 2-tissue reference model (2-TRM) (Millet et al.,
2002; Watabe et al., 2000) were also employed in PKIN. 2-TRM
considers a second compartment in the reference region, correspond-

ing either to specific or non-specific binding. Kinetic constants
corresponding to this compartment were fixed with average values
extracted from the multi-injection study.

TACs from the partial saturation experiments (whole- and sub-
regional striatal VOIs) were processed in a Matlab R2015b code. Data
corresponding to the linear part of the Scatchard plot were used for the
estimation of Bavail and appKd as previously described (Delforge et al.,
1996). Cerebellum TAC was employed as an index of the non-displace-
able binding in striatum. As described in Supplementary Materials and
Methods section S1.3, the ratio (r) of striatal-to-cerebellar non-
displaceable binding was used to correct the cerebellar TAC (Ccer)
before it was used in the Scatchard plot analysis, so CND=r×Ccer

(Wimberley et al., 2014b). In addition, the Matlab R2015b code was
employed to estimate Bavail and appKd at the voxel level in the striatum,
after masking the extrastriatal voxels, using the TAC from the
cerebellum as the non-displaceable binding index as in the VOI-level
estimation. To evaluate the validity of voxel-wise application of the in
vivo Scatchard analysis, we averaged the Bavail and appKd values in the
striatum of each rat and compared it to the VOI-wise estimated value.

2.7. Statistical analysis

Bavail, appKd and BPND values resulting from fitting the data of the
whole duration of the multi-injection protocol were used as the “gold
standard” for comparison of estimations with the non-invasive quanti-
fication approaches by means of regression analysis. Comparisons of
average Bavail and appKd values from the multi-injection study and the
partial saturation experiments were performed by means of a two-
samples t-test.

3. Results

3.1. Arterial plasma input function estimation

The mean percentage of non-metabolized radiotracer in the plasma
was fitted with a triexponential function resulting in the following
values: A1=0.035, B1=0.0064, A2=0.1097, B2=0.3597, A3=0.8546,
B3=42. Average percentage of radiotracer bound to plasma proteins
was 87.3%.

3.2. Full kinetic modeling of [123I]IBZM with the multi-injection
approach

Fit of the 3T-7k models is shown in Fig. 1. 3T-7k provides excellent
fits, while 2T-5k failed to fit, especially in cerebellar TACs: this is due to
a non-negligible amount of non-specific binding, requiring the inclu-
sion of the k5 and k6 parameters in the model that are the constants of
radiotracer exchange between the free ligand and non-specific binding
compartments. We thus only consider the results of 3T-7k fits for
further comparisons in our study. Average Bavail values (in pmol/ml)
were 13.41 ± 2.35 in left and 15.30 ± 1.35 in right NAcc. In the
respective CP regions values were 20.28 ± 4.75 and 19.96 ± 1.87.
appKd values (in pmol/ml) were 6.21 ± 0.48 in left NAcc and 5.44 ±
0.45 in right NAcc. In CP, values were 7.20 ± 2.00 and 7.63 ± 2.87,
respectively.

Cerebellar TACs from the multi-injection protocol showed no
radiotracer displacement with the third injection (unlabeled IBZM).
The ratio of non-displaceable binding between the striatum and
cerebellum was found equal to r=1.55 ± 0.08 (Supplementary
Materials and Methods S1.3 and Results S2.1). Regarding the non-
specific binding, given by the ratio of k5/k6 kinetic constants, it took
values of 0.56 ± 0.21 in the whole-striatum VOI and 1.83 ± 0.50 in the
cerebellum. The respective kinetic parameter values estimates in the
individual sub-regions of the striatum are presented in Table 2.
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3.3. BPND estimation using non-invasive approaches

SRTM and LNIGA, using cerebellum as reference region, provided
excellent fits to data corresponding to the first injection (120 min) of
the multi-injection scanning protocol. Average BPND values across the
three rats are presented in Table 3. Application of both these models on
TACs of diminishing duration revealed BPND values within 5% of the
value at 120 min with a SD of < 10% for duration up to 70 min.
Average striatal SUR values obtained from time fragments within the
time window between 80 and 110 min of acquisition satisfied this
stability criterion, thus, SUR values were estimated over data between
the 80th and the 110th minute of acquisition for further comparisons in
our study. Comparison of the quantitative estimates from all three non-
invasive methods gave excellent correlations with Bavail values of the
multi-injection protocol data (r=0.84 for SRTM, r=0.84 for LNIGA and
r=0.83 for SUR, p < 0.0001 for all correlations) (Fig. 2).

The application of SRTM on TACs with a long duration ( > 120 min)
failed to provide an optimal fit (Fig. 3) as did the Full RTM. In contrast,
only the 2-TRM provided an excellent fit to the whole range of data.

3.4. Partial saturation experiments

An injected dose between 12 and 24 nmol/kg occupies 50–70% of
the receptors in the striatum as demonstrated in the ex vivo dose-
occupancy study in 14 rats (see supplementary section S1.2 and
supplementary Figure S1). 12 nmol/kg was the concentration of
unlabeled compound that was co-injected with the radiotracer for the
partial saturation scans.

Fig. 4a shows representative TACs obtained from the striatum and
the cerebellum of a partial saturation experiment on one rat. The
corresponding Scatchard plot is shown in Fig. 4b. The time-points that

were employed for the Scatchard analysis, for all rats were found
between then 10th and the 45th minute post radiotracer injection. They
provided a sufficiently high number of points to be used for tracing the
regression line. Average Bavail values (pmol/ml) were 11.99 ± 8.47 in
left and 16.36 ± 7.89 in right NAcc. In the respective CP regions values
were 30.44 ± 7.57 and 28.77 ± 7.49. appKd values (pmol/ml) were 8.38
± 4.18 in left NAcc and 9.84 ± 3.16 in right NAcc. In CP, values were
10.57 ± 1.63 and 9.67 ± 1.60, respectively (Table 4). Bavail and appKd

values from the partial saturation experiment were in accordance with
the respective values from the multi-injection study (p > 0.05 in two-
sample t test). Fig. 5 shows a parametric image of Bavail, as estimated at
the voxel level. Averaged voxel values correlated with VOI-wise
estimates in an excellent manner (r=0.96, p < 0.0001).

3.5. Simulation study and application of the partial saturation
protocol in adenoviral-mediated D2-receptor increase and
amphetamine-induced dopamine release

The results of the simulation study are shown in Fig. 6a. Both a 30%
increase and decrease in Bavail and appKd did not alter the validity of
the Scatchard equilibrium conditions thereby permitting the extraction
of unbiased parameter values from the Scatchard plot. The results of
the partial saturation study in the rat that participated in the
adenovirus-mediated D2-receptor overexpression experiment are
shown in Fig. 6b. The ipsilateral striatum has a Bavail of 19.56 pmol/
ml versus 16.58 pmol/ml in the contralateral striatum (an increase of
18%). appKd values were 5.40 pmol/ml and 5.56 pmol/ml, respec-
tively. Finally, a coronal section of the parametric Bavail image of this
rat is shown in Fig. 6c. In two of the six rats that were employed in the
partial saturation study, a second SPECT scan under the same
conditions was performed two days after the first one. Amphetamine
(0.15 mg/kg) pretreatment led to an average 16.93% decrease in Bavail

(p < 0.05 in a paired t-test comparison) and a 39.12% increase in appKd

(p < 0.01), as shown in Figs. 7a and 7b, respectively.

4. Discussion

4.1. Full quantitative modeling of [123I]IBZM and validation of non-
invasive approaches

The present study presents and validates a wide range of applica-
tions of molecular imaging of the D2/3 receptor in fundamental and –
potentially- clinical research. To the best of our knowledge, this is the
first description of full pharmacokinetic modeling of [123I]IBZM in

Fig. 1. TACs extracted from the striatum of one multi-injection dynamic SPECT scan,
along with 3T-7k model fit and the kinetics specific, free and non-specific binding. Note
the remnant striatal radioactivity at the end of the scan and after a displacement with
unlabeled IBZM, explained the presence of non-specific binding.

Table 2
Mean and standard deviations of binding parameter estimates Obtained from 3 rats.

VOI Bavail ± SD appKD ±SD Κ1 ± SD k2 ±SD kon ± SD koff ±SD k5 ± SD k6 ±SD

Acb L 13.41 2.35 6.21 0.48 1.09 0.32 0.09 0.02 0.06 0.005 0.4 – 0.04 0.02 0.04 0.02
Acb R 15.30 1.35 5.44 0.45 1.00 0.31 0.10 0.03 0.07 0.01 0.4 – 0.04 0.03 0.04 0.02
CP L 20.28 4.75 7.20 2.00 1.20 0.34 0.06 0.01 0.06 0.01 0.4 – 0.013 0.01 0.07 0.04
CP R 19.96 1.87 7.63 2.87 1.21 0.35 0.06 0.02 0.06 0.02 0.4 – 0.02 0.02 0.10 0.04
Cer – – – – 1.06 0.29 0.23 0.03 0.06 0.03 0.4 – 0.02 0.01 0.01 0.00

Acb: nucleus accumbens, CP: caudate-putamen, Cer: cerebellum, Bavail and appKd are in pmol/ml, K1 in mL.cm−3.min−1, k2, k3, koff, k5 and k6 in min-1

Table 3
Mean and standard deviations of binding parameter estimates obtained from 3 rats.

VOI BPND-SRTM ±SD BPND-LNIGA ±SD SUR ±SD

Acb L 1.52 0.16 1.53 0.15 3.46 0.76
Acb R 1.39 0.20 1.39 0.19 3.17 0.34
CP L 2.63 0.28 2.61 0.29 6.04 0.89
CP R 2.58 0.24 2.57 0.26 5.83 0.58

Acb: nucleus accumbens, CP: caudate-putamen, BPND values are unitless
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vivo. Bavail values in Caudate-Putamen and Nucleus accumbens are in
accordance with values previously described by our group Millet et al.
(2012) and others (Mauger et al., 2005; Wimberley et al., 2014b),
despite an apparent underestimation, probably due to a different

delineation of VOIs in the two studies. appKd values of this size range
correspond to the modest affinity of [123I]IBZM and are comparable for
respective estimations for [11C]raclopride in small animals (Mauger
et al., 2005; Wimberley et al., 2014b). As expected, no displaceable
binding was observed in regions other than the striatum. The cere-
bellum was an exception, given that radioactivity binding in this
“reference” region is used as an estimate of non-displaceable binding
in striatum.

The mutli-injection approach can be considered a “gold-standard”
in modeling radiotracer kinetics in the brain, permitting an in-depth
decomposition of the radioactive signal and full quantification of
kinetic parameters, to our knowledge more than any other approach.
Its use to validate simpler quantitative methods is invaluable (Dumas
et al., 2015; Millet et al., 2002, 2000a, 2006, 2012). However, the
estimation of a high number of parameters through a very complex
protocol naturally comes at a cost. Indeed, the full quantification of the
kinetic parameters may sometimes be difficult and some assumptions

Fig. 2. Linear regression plots of comparisons between Bavail and BPND estimated with (a) SRTM, (b) LNIGA and (c) SUR.

Fig. 3. TACs extracted from the striatum and cerebellum of data from the 180-min long
single injection study. SRTM, Full-RTM and 2-TRM fits to the striatum. Note that SRTM
and Full-RTM produce a misfit, especially during the latest time-points. 2-TRM fits well
to the whole duration of data. In the magnified field, note the fits of the different models
in detail.

Fig. 4. (a) TACs extracted from the striatum and cerebellum of a partial saturation dynamic SPECT scan in one rat. (b) Corresponding Scatchard plots along with linear fit.

Table 4
Mean and standard deviations of Bavail and appKd estimates obtained from the partial
saturation protocol in 7 rats.

VOI Bavail ± SD appKD ±SD

Acb L 11.99 8.47 8.38 4.18
Acb R 16.37 7.89 9.85 3.17
CP L 30.44 7.57 10.58 1.64
CP R 28.77 7.49 9.67 1.61

Acb: nucleus accumbens, CP: caudate-putamen, Bavail and appKd are in pmol/ml
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and simplifications may need to be applied: a fundamental assumption
is that the kinetics of the unlabeled ligand are identical to this of the
labeled one (Delforge et al., 1990). Fixing koff to reduce uncertainty in
parameter estimations is also necessary for this radiotracer, which,
nevertheless, as described elsewhere, does not induce bias in Bavail or
appKd estimates (Millet et al., 1995). Measuring the arterial plasma
input function also is an invasive and technically difficult procedure,
especially in small-animal SPECT and an overestimation of K1 values
may occur, as is the case in the present study (this does not influence
Bavail and appKd values, as discussed elsewhere (Dumas et al., 2015)).
Despite criticism, the interest of accurately estimating Bavail and appKd

is well accepted (Morris et al., 1999). In this context, the partial
saturation method is much more interesting for routine research

application given its simplicity and robustness, especially for voxel-
wise estimations, as discussed in Section 4.3, especially compared to
the multi-injection protocol.

Using cerebellum as reference region for the estimation of BPND

with all three methods (SRTM, LNIGA and SUR) gave excellent
correlations with Bavail values estimated from full kinetic modeling,
the “gold-standard” of kinetic parameters in molecular neuroimaging,
thus validating the use of these non-invasive methods. Despite other
studies having employed non-invasive approaches before and mainly
the SUR with inconsistent time-windows (Crunelle et al., 2012; Meyer
et al., 2008a, b, c; Nikolaus et al., 2011; Scherfler et al., 2005; Verhoeff
et al., 1991), the present is the only one validating these results against
Bavail. SRTM and LNIGA applied on scans as short as 70-min long and

Fig. 5. (a) Coronal, (b) sagittal and (c) axial planes of a parametric Bavail images (the image presented here is the average image of 6 rats that underwent the partial saturation protocol
and is filtered with a Gaussian kernel with a FWHM of 0.6×0.6×0.6 mm3). (d) After extraction of the average Bavail values in each of the four sub-striatal VOIs, they were compared to the
VOI-wise estimated Bavail values by means of linear regressions.

Fig. 6. (a) Scatchard plots corresponding to simulated specific and non-displaceable binding from striatum. Note that the Scatchard equilibrium condition is satisfied in all simulated
variations of Bavail and appKd, permitting accurate estimation of these parameters. (b) Scatchard plots from a partial saturation experiment in the rat that participated in the adenovirus-
mediated D2-receptor overexpression experiment. Red points correspond to the left striatum, ipsilateral to adenovirus injection, while the blue points correspond to the contralateral
striatum. Note the augmentation of Bavail whilst appKd remains virtually stable. (c) Parametric image of Bavail (pmol/ml), the injection point is on the left side of the image.

S. Tsartsalis et al. NeuroImage 147 (2017) 461–472

467



the SUR, estimated at 80–110 min post radiotracer injection, accu-
rately reflect Bavail in rat imaging.

4.2. Impact of non-specific binding on BPND

An apparent bias in the absolute values of BPND, when compared to
BP values of the 3T-7k likely originates from the difference in non-
displaceable binding between striatum and cerebellum. In addition, BP
values obtained from the 3T-7k model are quite homogenous across the
four striatal subregions, an observation that differs from BPND values.
BPND values present a difference between CP and NAcc, the latter
having consistently lower BPND. The kinetic pattern of non-specific
binding was identified in the multi-injection data using the 3T-7k
model (Fig. 1). Non-specific binding is more important in late time-
points, in terms of proportion of the total tissue-radioactivity. Thus, the
impact of this difference between striatum and cerebellum is only
observable in late time-points. This may be clearly observed in the
quality of SRTM fits in striatum as a function of the duration of SPECT
acquisition: the SRTM fits are excellent and BPND values are stable
when applied on data corresponding to 70–120 min of acquisition. For
a scan-duration of more than 120 min, the SRTM model fails to fit the
natural decrease in radioactivity in striatum (Fig. 3). To confirm that
this misfit derives from the difference in non-specific binding between

striatum and cerebellum, we fitted the data with reference tissue
models other than the SRTM, that do not depend on the assumption
that the target and reference region present a one tissue-compartment
kinetics: the Full-RTM includes a two tissue-compartment model in the
target region and a one tissue-compartment in the reference region.
Thus, if the misfit were due to the striatal kinetics, Full-RTM would
correct it, which is clearly not the case. On the other hand, the 2-TRM,
which assumes a two tissue-compartment model kinetics in the
reference region, perfectly fits the data for the whole duration of the
scan and gives BPND values that are virtually identical to SRTM-derived
values extracted from TACs shorter than 120-min long. As the presence
of a specific binding in the cerebellum is excluded by the multi-
injection, the second compartment in the cerebellum may conclusively
be considered as non-specific binding and the misfit in striatum with
SRTM on data longer that 120 min are most probably due to the non-
negligible difference in non-specific binding between this region and
the cerebellum.

This difference in non-displaceable binding between striatum and
cerebellum and within the striatal subregions does not impede the use
of these simplified methods, provided that it is stable across different
subjects of a given population and independent of the experimental
conditions of a biological study. Indeed, the striatal-to-cerebellar non-
displaceable distribution volumes (VND) ratios (1.55 ± 0.08) present a
minimal variability, thus supporting this argument for [123I]IBZM. The
excellent correlation of BPND values with Bavail further confirms that
BPND values reflect the absolute receptor concentration. Simplified
quantification models generally provide robust kinetic parameters with
a lower variability than invasive models that use the plasma-derived
input function (Lyoo et al., 2015; Tsartsalis et al., 2016b). BPND values
obtained with the SRTM, LNIGA and SUR present a reasonable
variability and may thus be employed as an index of D2/3 receptor
expression in preclinical biological studies.

4.3. Non-invasive estimation of Bavail and appKd using a partial
saturation experiment

A simple method for the estimation of both parameters would be of
great interest in the context of translational and clinical molecular
imaging. To date, only few biological studies have considered both
parameters because their separate estimation is very complicated. This
is frequently cited as a limitation of imaging studies of brain physiology
and pathology. For instance, regarding normal brain function, Wooten
et al. (2012, 2013), after having showed a lack of correlation between
Bavail and BPND for the 5-HT1A PET radiotracer [18F]mefway (Wooten
et al., 2012), demonstrated that sex-based differences in BPND in
rhesus monkeys, that could have otherwise been attributed to differ-
ences in 5-HT1A receptor concentration (Bavail), were actually due to
differences in appKd (Wooten et al., 2013), probably reflecting the
endogenous serotonin level. Modifications both in the absolute recep-
tor concentration and endogenous neurotransmitter levels are probably
implicated in addiction (Hillmer et al., 2014; Martinez et al., 2012;
Wang et al., 1997). Similarly, Vivash et al. (2014) demonstrated that
both [18F]flumazenil-measured GABAA receptor density and affinity
are diminished in epileptic rats. In this case, a reduced appKd could be
attributed, according to the authors, to differences in endogenous
ligand concentration (GABA) or into a modified composition of GABAA

receptor subunits. In other words, if appKd can be robustly dissociated
from Bavail, valuable information is extracted, which is otherwise only
subject to speculation when only BP is estimated. A robust appKd

measurement may permit a more direct study of endogenous ligand
level and the detection of more subtle variations across the spectrum of
normal and pathological brain function. This is probably not the case in
the way the study of endogenous neurotransmitter level is actually
performed, that is by evaluating the impact of pharmacologically
induced ligand release (e.g. using amphetamine in the case of
dopamine) on BPND. Interestingly, a recent study associated person-

Fig. 7. (a) Bavail and (b) appKd of partial saturation experiments in all four sub-striatal
VOIs in two rats. CTRL (in blue color) describes baseline values and AMPH (red), the
corresponding values from a second partial saturation study in the same rats, two days
after the first and 30 min post-amphetamine administration. Statistically significant
differences in Bavail and appKd values after the amphetamine challenge are marked (*, p
< 0.05 and **, p < 0.01).
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ality traits with endogenous serotonin levels as reflected on 5-HT4

receptor BPND (da Cunha-Bang et al., 2016). In this type of studies,
using the partial saturation protocol described here could potentially
significantly enhance precision when simultaneously estimating ser-
otonin levels (using appKd) and Bavail that is clearly a confounding
parameter in BPND because it may as well vary according to study
conditions.

In this paper, we present and validate such a simplified method that
employs a partial saturation protocol. This method has been developed
by Delforge et al., for the estimation of Bavail and appKd of [11C]
flumazenil (Delforge et al., 1996, 1997) and has been employed in
clinical research ever since (Bouvard et al., 2005; Freeman et al., 2015).
It requires no blood sampling as it relies on cerebellar kinetics for the
estimation of the non-displaceable radioactivity fraction in the stria-
tum. Another advantage is that Scatchard equilibrium is rapidly
established after injection of a partially saturating dose of unlabeled
radiotracer with the radiolabeled one, thus requiring only short scans
of a maximum duration of less than 60 min. A preliminary ex vivo
study demonstrated that a dose between 12 and 24 nmol/kg of
unlabeled IBZM, when injected with labeled radiotracer, occupies
between 50 and 70% of striatal D2/3 receptors. We chose to use the
lowest concentration of the spectrum (i.e. 12 nmol/kg) because we
considered that saturation of a higher percentage of receptors would
lead to very few data-points in the Scatchard equilibrium, given that
[123I]IBZM has already a rapid kinetic behavior. Such a dose of
unlabeled IBZM induces a rapid decrease in specific binding (Fig. 4a)
for a sufficient period of time in order to trace the Scatchard plot.

The results of the partial saturation experiments are in accordance
with the Bavail and appKd values obtained with the 3T-7k model on the
multi-injection data. Bavail values in CP present an apparent over-
estimation compared to the respective values from the 3T-7k on multi-
injection data. Applying the partial saturation method is based on the
assumption that the free binding in the region of interest is described
by the kinetics of radioactivity in the reference region after proper
correction (Delforge et al., 1996; Wimberley et al., 2014b). As with all
simplified methods that use the kinetics in a reference region as an
input to the pharmacokinetic model (Slifstein et al., 2000), such a bias
in the absolute values is acceptable, as for all other simplified methods
of quantification. Regarding the estimation of the r factor that scales
the TAC from the cerebellum to better represent the striatal non-
displaceable binding, two approaches were employed: in the first one
the r value was estimated by the ratio of the VND values between the
striatum and cerebellum (in this case r=1.55), as estimated with the
multi-injection approach. The ratio of VND is in fact not identical to the
actual ratio of the CND in the striatum to the CND in cerebellum, which
is not even perfectly stable during the scan. However, in equilibrium
and even in a pseudo-equilibrium condition (that is approached by the
Scatchard equilibrium during the partial saturation scan) the ratio of
VND is the best approximation of the striatal-to-cerebellar CND. The
second method that we employed, a presaturation study (Wimberley
et al., 2014b) gave an average r value (r=1.68) very close to those
estimated with the first method. As discussed by Delforge et al., the
presaturation experiment may lead to biased estimates of the non-
displaceable binding kinetics (Delforge et al., 1996, 1993) given the fact
that the totality of specific binding sites is occupied by the unlabeled
ligand, whereas in the partial saturation experiment the occupation is
between 50% and 70%. In any case, the simulation study
(Supplementary Figure S2) demonstrates that 1) as with all simplified
“reference-tissue” methods (Salinas et al., 2015), a difference in the
non-displaceable binding leads to biases in the binding parameter
values (in this case mainly in Bavail) and 2) this bias is virtually identical
for a range of simulated Bavail values meaning that an existing
difference in Bavail or appKd will still be detected regardless of this bias.

To demonstrate the feasibility of performing biological studies of
the dopaminergic system with [123I]IBZM with this partial saturation
protocol we first performed a simulation study. 30% variations in Bavail

and appKd that are comparable, if not superior, to any biological
variation expected in the context of a molecular imaging study were
simulated. As the objective of the simulation study was to verify the
validity of the Scatchard equilibrium condition, free ligand kinetics was
directly extracted from the striatum and not from cerebellum. The
results of a partial saturation experiment, considering a fixed dose of
unlabeled compound (12 nmol/kg), demonstrated that virtually no bias
is introduced in Bavail or appKd. The only considerable parameter that
changed in this study was the duration of the Scatchard equilibrium
condition. The number of time points that form the Scatchard plot is
diminished for lower Bavail values.

As a preliminary evaluation of the sensitivity of the partial satura-
tion approach, we induced a unilateral overexpression of D2 receptors
in the striatum of one rat. This permitted a direct comparison of the
Scatchard plots from the two regions (shown in Fig. 6b). D2-receptor
overexpression induced an increase in Bavail of about 18%, while appKd

remained stable. This finding seems justifiable, as the overexpression of
the receptor should increase its concentration. Of course, this experi-
ment is a mere demonstration of the sensitivity of the partial saturation
approach. A statistical analysis in a sufficiently large groups of rats
should examine the changes in Bavail and appKd after adenovirus
injection, to answer in two important questions: 1) whether an over-
expression of the receptor actually translates into an increase in the
receptor concentration in the brain (so this increase in Bavail found here
may be confirmed) and 2) whether the increase in receptor concentra-
tion follows the cellular and sub-cellular distribution of the receptor at
baseline conditions. In this case, no modification of appKd should be
detected (Laruelle, 2000).

Next, we evaluated the feasibility of studying amphetamine-induced
dopamine release in striatal sub-regions. This paradigm is widely
employed to assess the function of presynaptic dopaminergic terminals
(Ginovart, 2005; Laruelle, 2000). Dopamine is thought to act on [123I]
IBZM binding by direct competitive antagonistic binding to the D2/3

receptor (thereby augmenting the appKd) as well as by provoking
receptors’ endocytosis, thereby diminishing receptor concentration that
is available for binding (Ginovart et al., 2004; Jongen et al., 2008;
Skinbjerg et al., 2010; Sun et al., 2003). Given the complexity of this
phenomenon and the potential biological implications, the partial
saturation protocol could provide a simple method to assess the impact
of the amphetamine challenge on both Bavail and appKd. Our results
demonstrate that the partial saturation study is robust enough to detect
such changes even at the sub-striatal level. Moreover, they are in
accordance with previously reported effects of amphetamine on [11C]
raclopride in vivo binding in cats, where a 28% decrease in Bavail and a
36% increase in appKd were found (Ginovart et al., 2004). The partial
saturation approach permits perhaps a more efficient study of this
phenomenon, especially in the light of the results of microdialysis
studies that have assessed the kinetics of amphetamine-induced
dopamine release (using equivalent administration schemes). Indeed,
dopamine concentrations peak rapidly ( > 1000-fold) after ampheta-
mine administration and return to baseline, very rapidly at early and
more slowly at late time-points (Breier et al., 1997; Butcher et al.,
1988; Kuczenski and Segal, 1989; Laruelle et al., 1997; Shoblock et al.,
2003; Tsukada et al., 1999). The time-window in which our experi-
ments are performed (that is roughly at 40–75 min after amphetamine
administration) falls within a period during which dopamine concen-
trations decrease relatively slowly and are certainly still significantly
higher than baseline. Based on current literature and quantification
methods, the partial saturation method seems to be one of the most
appropriate for this purpose, at least in terms of simplicity and timing.
Previous studies of this phenomenon that dissociated Bavail from appKd

estimates have employed complex and long scan protocols composed of
three or four scans overall (because of the need to perform scans with
different specific activities) with a total duration well beyond the
temporal window in which the dopamine release can be captured
(Ginovart et al., 2004) while an important effect of timing of scans after
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induction of dopamine release has been demonstrated (Doudet and
Holden, 2003a, b; Doudet et al., 2003; Doudet et al., 2006).

The partial saturation method in [123I]IBZM imaging has potential
applications in clinical SPECT imaging. The arguments exposed in
previous paragraphs, in favor of the separate study of Bavail and appKd

are even more prominent in clinical imaging studies of the dopami-
nergic system. The complexity of the human brain may not be
diminished to the study of animal models that only approach some
of the aspects of brain physiology and disease while others remain
totally out of reach (to cite only few of them; higher cognitive processes
and pathological conditions such as perception and thought disorders).
In addition, brain neurochemistry underlies a plexus of functional and
pathological properties that compose the clinical picture: for instance,
psychiatric pathologies are often present in several dimensions going
from acute “diseases” to permanent traits of personality that potentially
interact with both the quantity of a neurotransmitter receptor and the
endogenous neurotransmitter concentration that may not be assessed
with the BP. That said, the development of clinical molecular imaging
has been a capital step towards a better understanding of how the brain
functions and dysfunctions. The possibility for a more in-depth study
with the partial saturation protocol, which is as technically feasible as
currently employed methods to estimate BPND is highly promising to
alleviate the confounding effect of appKd on Bavail and vice versa. To
date, variations BP may not be conclusively attributed to differences in
actual receptor concentration or in endogenous dopamine quantity and
this confounding effect (to cite only a few relevant studies; (Egerton
et al., 2009; Howes et al., 2009, 2012; Tomasi et al., 2016; Vaessen
et al., 2015; Volkow et al., 2007, 2009b, 2008; Wiers et al., 2016)) is
only approached theoretically. Assessing appKd may also permit the
(indirect) evaluation of the level of endogenous dopamine without
relying on the stimulant-induced dopamine release paradigm that not
only involves the administration of the stimulant agent but also
presents an important biological complexity per se (Laruelle, 2000).
Currently employed methods to separately estimate Bavail and appKd

are very difficult to employ in routine clinical research and are
practically limited to animal and very rarely in human studies
(Delforge et al., 1993; Doudet et al., 2003; Ginovart et al., 2004;
Millet et al., 2000a, 2006). Regarding the feasibility of applying the
partial saturation protocol in clinical [123I]IBZM SPECT, it should not
be problematic, in theory. Indeed, occupying 50–70% of striatal D2/3

receptors for the application of the partial saturation approach induces
little, if any, adverse effects. Indeed, this level of blockade is identical to
the one induced by antipsychotic agents at therapeutic doses and it is
accepted that adverse events appear when blockade is higher that 80–
85% (Ginovart and Kapur, 2012). Proper validation of safety of
administering partially saturating doses of unlabeled IBZM through
animal and clinical studies could thus permit the application of this
protocol in clinical imaging where its impact in the understanding of
brain function and disease would be invaluable.

4.4. Denoising of [123I]IBZM SPECT images with FA

SPECT images are particularly noised. Employing raw images for
analysis was in fact particularly difficult, even when TACs extracted
from the whole-striatal VOI were considered. Indeed, the variability of
3T-7k-derived parameters from the multi-injection study was high in
raw images (data not shown). In the case of partial saturation scans,
noise induced important deviations from linearity in Scatchard plots
and a high uncertainty in estimations as linear fits were of poor quality
(data not shown). We thus employed FA, as previously described (Di
Paola et al., 1982; Millet et al., 2012; Tsartsalis et al., 2016a), retaining
four prevalent factors that efficiently removes noise while inducing
negligible bias (if any), given that is a relatively “conservative”
configuration, compared to a two- (Tsartsalis et al., 2016a) or three-
factor analysis applied before (Tsartsalis et al., 2014). FA notably
permits to construct valid parametric images of Bavail using the partial

saturation method, as demonstrated by the quality of parametric
images and the excellent correlation of the voxel-wise estimated results
with their VOI-estimated counterparts. It is important to note that FA
application may also correct for the contamination of brain structures
under study with radioactivity from adjacent structures due to partial
volume effects (Millet et al., 2012).

5. Conclusion

In conclusion, we validate here the use of simplified methods for the
estimation of either BPND or Bavail and appKd. SRTM and LNIGA
applied on 70-minute long scans and SUR applied on data correspond-
ing to a static scan between 80 and 110 minutes after radiotracer
injection may robustly provide BPND estimates that accurately reflect
the Bavail estimation after full kinetic modeling of [123I]IBZM. We also
describe here a simplified and robust method for the separate estima-
tion of Bavail and appKd, at both the VOI- and the voxel-level for a more
in-depth study of the absolute receptor quantity in striatum and the
interactions between receptor and endogenous ligand. This method
may thus be used for more technically demanding studies of the
dopaminergic system, such as the amphetamine-induced dopamine
release effect in translational and, potentially, in clinical imaging
studies.
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Supplementary Materials and Methods 
 

S1.1 SPECT single- and multi-injection imaging and quantification, arterial plasma 

analysis and free parent radiotracer fraction estimation 

 

A multi-injection protocol for full kinetic modeling of [123I]IBZM was employed (Millet et al., 

2006; Millet et al., 2012). The scan protocol began with a first injection of the radiotracer 

(91.47±2.91 MBq) at a high specific activity (934.04±114.37 GBq/μmol), followed by a second 

co-injection of [123I]IBZM (93.06±7.11 MBq)  and the unlabeled compound (6.2 nmol/kg) at 

120 min and a third injection of the unlabeled compound only at 180 min (1.24 μmol/kg). The 

overall scan protocol included 240 1-minute frames.  

During dynamic SPECT acquisitions, forty arterial blood samples (of 25 μl each) were 
withdrawn after each radiotracer injection at regular time intervals and immediately 

centrifuged for 5 min. Radioactivity was measures in a gamma counting system and 

expressed in kBq/ml after calibration. To estimate the plasma input function in in vivo SPECT 

experiments, only whole-blood radioactivity was measured individually.  

Metabolite correction was performed in an independent group of four rats, as previously 

described (Millet et al., 2012; Tsartsalis et al., 2014; Tsartsalis et al., 2015) using acetonitrile 

extraction of serial arterial blood samples and Thin Layer Chromatography (TLC) for 

separation of radioactive molecules. The distribution of radioactivity on the TLC sheet was 
detected using a phosphor imaging plate (BAS-IP MS2325; Fuji Photo Film Co, Ltd.) and the 

Fujifilm BAS-1800 II phosphor imager system and Image Reader v2.02 software (Raytest, 

Straubenhardt, Germany). Quantitative analysis was performed with the Aida Mac Software 

v4.06 (Raytest Isotopenmessgerate GmbH).  

The mean percentage of non-metabolized radiotracer was fitted with a triexponential 

model as follows:  Pnm(t) = A1e− B1 t + A2e− B2 t+ A3e− B3 t, while the metabolite-corrected plasma 

input function (Cp) was calculated using Cp(t) = f1 * Pnm(t) * CTotal plasma(t) with f1, defined as the 
free fraction of plasma parent compound  (Mintun et al., 1984). These parameters were 

adjusted with a coupled-fitting over the four (bilateral) striatal sub-regions in the four rats used 

in this experiment, as previously described (Millet et al., 2008; Millet et al., 2012). The 

percentage of parent compound that is bound to plasma proteins was also estimated as 

previously described and was considered constant over the duration of the SPECT scan 

(Gandelman et al., 1994; Mintun et al., 1984).  

To evaluate the pharmacokinetic behavior of [123I]IBZM in scans with a longer duration, a 

180-min scan was performed using one rat. The scan protocol began with an injection of the 
radiotracer (66.6 MBq) at a high specific activity (>900 GBq/μmol). The overall scan protocol 

included 80 2-minute frames.  

 

 

 



S1.2 Ex vivo study of the unlabeled compound dose-occupancy curve 

 

Fourteen rats were employed in this study to establish the dose-D2/3 receptor occupancy 

curve for the unlabeled IBZM. Rats were injected with 12.42±1.37 MBq of [123I]IBZM at a high 
specific activity (>900 GBq/μmol) through a tail vein catheter under isoflurane anesthesia (as 

described above). A quantity of non-radiolabeled compound was co-injected with the 

radiolabeled tracer at concentrations ranging from 0 to 10 μmol/kg of rat body weight. 120 

minutes post-injection, bilateral striatal regions and cerebellum were excised and radioactivity 

was measured using a gamma counting system. Radiotracer binding (Specific Binding Ratio) 

was estimated as follows: SBR=(Activity in striatum)/(Activity in cerebellum)-1. The receptor 

occupancy at a given dose of unlabeled compound was expressed as the percentage of SBR 

value (corrected for the non-saturable radioactive concentration), when radiolabeled 
[123I]IBZM is injected at a high specific activity. The dose-occupancy plot was fitted with a 

sigmoid curve using the Prism software (GraphPad). 

 

S1.3 Estimation of the ratio (r) of striatal-to-cerebellar non-displaceable binding and 

simulation of its effect on Bavail and appKd values of the partial saturation approach 

 

The non-displaceable binding in the cerebellum is employed as an index of the non-

displaceable binding in the striatum. A difference between the target and reference-regions is 
possible and may induce a bias in the estimates. For this reason, as Wimberley et al., 

(Wimberley et al., 2014) have proposed, we corrected the cerebellar TAC by a scaling factor 

(r) that represents the ratio of non-displaceable binding between the striatal subregions and  

the difference in the non-displaceable binding  ratio (r) of striatal-to-cerebellar non-

displaceable binding was used to correct the cerebellar TAC (Ccer) before it was used in the 

Scatchard plot analysis, so CND = r x Ccer. To estimate and validate the r value we employed 

several different methods: 
Method 1: given that a full quantification of the radiotracer kinetics was performed using 

the multi-injection protocol, we used the precise estimation of the non-displaceable 

distribution volumes (VND) in striatum and cerebellum as an index of the relationship of the 

non-displaceable binding during the scans.  

Method 2: we performed a presaturation SPECT study in two rats in which a fully-

saturating dose of unlabeled IBZM (1.24 μmol/kg) was administered five minutes before the 

injection of a high-specific activity (>900 GBq/μmol) [123I]IBZM injection (at radioactive doses 

of 60.79 and 72.91 MBq, respectively). A dynamic SPECT scan composed of 60 1-minute 
long frames was initiated right after radiotracer injection. SPECT acquisition and image 

processing was performed as described in section 2.1. The ratio of non-displaceable binding 

between target and reference regions was estimated as the ratio of the average radioactive 

concentration between the four striatal subregions to the one of the cerebellum. This was 

estimated over time-frames between the 10th and the 45th minute of scan, during which the 



Scatchard equilibrium is observed and estimations are performed (see section 3.4) 

(Wimberley et al., 2014).  

In order to study the impact of the choice of r factor and any possible deviation from its 

true value in Bavail and appKd estimates with the partial saturation approach, the simulated 
curves of the specific and free binding in the striatum that were generated as described in 

paragraph 2.5 were processed using a +20% and a -20% deviation from the true value (r=1, 

given that the true free binding in striatum is simulated). Furthermore, to determine if any 

possible bias due to the deviation from the true r value is stable across experimental 

conditions, the same simulation study was performed on simulated specific and free binding 

curves corresponding to a +30% higher Bavail (as in section 2.5).  

 

Supplementary Results 
 

S2.1 Estimation of the ratio (r) of striatal-to-cerebellar non-displaceable binding and 

simulation of its effect on Bavail and appKd values of the partial saturation approach 

Using Method 1, the r value was found r=1.55±0.08. Method two gave similar results with 

the ratio of non-displaceable binding between the striatum and cerebellum being 1.68 for rat 

one and 1.69 in rat two over the period between the 10th and 45th minute post radiotracer 

injection.  

The results of the simulated study are presented in Supplementary Figure S2. Using a r 
value that deviates from the true one induces a bias in the Bavail estimates that takes values 

roughly up to +20% and -20%, while appKd estimates are much less affected and present a 

negligible bias. Interestingly, the bias induced by the deviation in the applied r value is 

virtually identical when applied to simulated curves corresponding to the baseline condition 

and to the +30% simulated Bavail value. 

 
Supplementary Figures 
 
Figure S1. Unlabeled IBZM dose and D2/3 receptor occupancy curve. Note that dose 

window covering 60-70% of receptors (ideal occupancy for the partial saturation study) is 

between 12 and 24 nmol/kg.  

 
Figure S2. Bias introduced in Bavail and appKd values estimated with the partial saturation 

approach when the applied r value deviates from the true by +20% and -20%. The simulation 

is performed on a set of curves corresponding to a baseline Bavail value and a simulated +30% 
increase in Bavail.  
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Abstract 
 

Purpose [123I]epidepride is a high-affinity radiotracer used in Single Photon Emission Computed 

Tomography (SPECT) imaging of the D2/3 receptors. It has the ability to bind with high affinity to both 
striatal and extrastriatal receptors. Nevertheless, its particularly slow kinetics in the striatum impedes 

the quantification in this region. In this context, a quantification approach that would permit a 

simultaneous quantification of both striatal and extrastriatal D2/3 receptors would be of great interest for 

preclinical and clinical SPECT neuroimaging. Here, we describe the use of a partial saturation protocol 

that permits to produce an in vivo Scatchard plot and thus estimate Bavail and appKd separately in both 

striatal and extrastriatal regions,, through a single dynamic SPECT session. To validate this approach, 

a multi-injection protocol is used for the full kinetic modelling of [123I]epidepride using a 2-tissue 

compartment, 5-parameter model (2T-5k). 
Methods 18 male rats were used. Binding parameters were estimated using the 2T-5k multi-injection 

protocol. A set of simulation studies was performed to estimate the optimal conditions for the application 

of the partial saturation protocol and to assess the impact of the presence of specific binding in the 

cerebellum (reference region) on the quantification. A partial saturation protocol was applied at the 

region- and pixel-level. In the extrastriatal regions, the separate estimation of Bavail and appKd led to 

values that were highly variable, so the appKd value was fixed at an average value extracted from the 

multi-injection study. The results of the partial saturation study were compared to those obtained with 

the 2T-5k model. To illustrate the interest of the partial saturation approach, we performed a preliminary 
study of the effect of a chronic, subcutaneous administration of haloperidol (1 mg/kg/day), a D2 receptor 

antagonist, on the Bavail of [123I]epidepride in the rat striatum.  

Results A series of simulations demonstrated that a mass of 3 ug/kg of unlabelled epidepride allows 

the formation of an in vivo Scatchard plot. The partial saturation study led to robust estimations of Bavail 

in all brain regions that highly correlated (r=0.99) with the corresponding values from the multi-injection 

study. If the specific binding in the reference region (cerebellum) varies, a bias is induced in the Bavail 

values from the extrastriatal regions, as well as in the appKd value estimations. A chronic haloperidol 
treatment resulted in a 17.9% increase in the Bavail values in the left Caudate Putamen nucleus (CP) 

(p=0.07) and a 13.8% increase in the right CP (p=0.12). 

Conclusion A partial saturation method allowed the robust quantification of D2/3 receptors in striatal 

and extrastriatal D2/3 receptors in the rat brain with a single-scan approach. This approach may be 

applied in the whole-brain mapping of the D2/3 receptor in translational biological studies and potentially, 

in clinical SPECT imaging.  
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1. Introduction 
 

Molecular imaging of the dopaminergic system with Positron Emission Tomography (PET) and 

Single Photon Emission Tomography (SPECT) is a powerful tool for the non-invasive study of the living 
brain in clinical and translational settings. Molecular imaging of the D2/3 receptor in particular has 

provided insight into the pathophysiology of a wide spectrum of neuropsychiatric disorders, ranging 

from mood and psychotic disorders to addiction and neurodegeneration (Abi-Dargham et al., 2009; 

Murnane and Howell, 2011). Imaging of the D2/3 receptor provides information on the receptor density 

and, after appropriate experimental manipulation, such as the administration of amphetamine or the 

performance of a neurocognitive test, its interaction with the endogenous ligand, thus allowing an 

indirect measure of the endogenous dopamine availability (Kugaya et al., 2000).  

Several D2/3-binding radiotracers have been developed and routinely used in research settings. 
Among them, [11C]raclopride and [123I]IBZM are perhaps the most widely employed in PET and SPECT 

imaging of the dopaminergic system, respectively. These radioligands have the disadvantage of a 

relatively low affinity for the D2/3 receptor, limiting their use to imaging of the striatal receptors with a 

relatively low signal-to-noise binding ratio (de Paulis, 2003; Laruelle, 2000). For this reason, high-affinity 

radiotracers have been developed, allowing extrastriatal receptor imaging (de Paulis, 2003). 

Nevertheless, the high-affinity of the radiotracer is a serious impediment for the quantification of striatal 

D2/3 receptors. In this region, the kinetics of these radiotracers is particularly slow, meaning that a 

quantitative approach with standard pharmacokinetic modeling would require an impractical scan 
duration, both for preclinical and, especially, for clinical imaging (Ichise et al., 1999).  

One prominent example of such radiotracers is [123I]epidepride (Kessler et al., 1991; Leslie et al., 

1996). Because of its very high affinity for the D2/3 receptor, [123I]epidepride is only used for imaging of 

extrastriatal receptors in human SPECT imaging (Fagerlund et al., 2013; Fujita et al., 1999; Fujita et 

al., 2000; Kegeles et al., 2008; Lehto et al., 2009; Nørbak-Emig et al., 2016; Norbak-Emig et al., 2016; 

Tuppurainen et al., 2006; Tuppurainen et al., 2009; Varrone et al., 2000). However, a quantification 

approach permitting the use of [123I]epidepride SPECT for whole-brain imaging would be highly 
advantageous: on one hand, its high-affinity and thus the high signal-to-noise ratio allow a better 

sensitivity for the quantification of biological changes compared to lower-affinity radiotracers.  On the 

other hand, compared to PET imaging, SPECT has the advantage of being more accessible to clinical 

or experimental use, given that it requires no in-house cyclotron (as is the case for PET imaging). 123I 

has a considerably longer half-life (~13h) than positron-emitting radioisotopes, which is a crucial feature 

for these high-affinity radiotracers, for which imaging over sufficiently long periods is required to 

accurately quantify receptor binding. In addition, the development of novel SPECT cameras, in the 

preclinical and very recently in the clinical level, has led to SPECT imaging with a high spatial resolution, 
comparable to that PET (Meikle et al., 2005). Interestingly, the use of 124I, a positron-emitting 

radioisotope has been employed to label epidepride, allowing the use of this radiotracer in PET and 

providing another argument for the development of epidepride imaging for both SPECT and PET 

(Pandey et al., 2014).  



In this context, a methodology that would allow to quantify [123/124I]epidepride in both the striatum 

and the extrastriatal regions would be of great interest. Given that the main obstacle in [123I]epidepride 

imaging is its very slow kinetics in the striatum, we proposed to employ the partial saturation approach, 

which, in principle, implies an alteration of the radiotracer’s kinetics. The partial saturation approach 
has been originally developed for [11C]flumazenil imaging of GABAA receptors (Delforge et al., 1996; 

Delforge et al., 1997). In this approach, a dose of unlabeled ligand is co-injected with the labeled 

radiotracer. The resulting kinetics of the radiotracer allow an in vivo Scatchard plot to be formed and 

the Bavail and appKd to be separately estimated. This protocol has been recently employed by our group 

(Tsartsalis et al., 2017) and others (Wimberley et al., 2014a; Wimberley et al., 2014b) for D2/3 imaging 

using [123I]IBZM  and [11C]raclopride in small animals. Overall, this approach has been used to quantify 

radiotracers with rapid kinetics and this paper presents that first application for a radiotracer with such 

slow kinetics as [123I]epidepride.  
In this paper, we firstly perform a full-quantification of [123I]epidepride kinetics using a multi-injection 

imaging protocol (Delforge et al., 1990; Millet et al., 2012; Tsartsalis et al., 2014; Tsartsalis et al., 2017), 

which separately identifies Bavail and appKd. The results of the multi-injection protocol serve as a “gold-

standard” for the validation of the partial saturation approach, which is applied at the region- and at the 

voxel-level. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



2. Materials and Methods 
 

2.1 Animals and general SPECT scan protocol 

 
18 male Mdr1a knock-out (KO) rats (Janvier Laboratories, Le Genet-St-Isle, France), weighing 

between 380 and 500 g were employed in the study. Of these, 3 rats were employed in an in vivo multi-

injection SPECT imaging protocol for absolute D2/3 receptor quantification (SPECT-MI in Table 1). 4 

rats were employed in an arterial plasma analysis for the study of plasma kinetics of the radiotracer and 

the estimation of the free parent radiotracer fraction (TLC in Table 1) (Tsartsalis et al., 2017). 4 rats 

were employed in a SPECT experiment with a partial D2/3 receptor saturation design for the 

determination of Bavail and appKd parameters from an in vivo Scatchard plot (SPECT-PSA in Table 1) 

(Tsartsalis et al., 2017). Finally, 7 rats were employed in a proof-of-concept study of the effect of a 
chronic haloperidol treatment on the Bavail and appKd of the D2/3 receptors in rats (SPECT_PSA_HAL 

for haloperidol-treated and SPECT_PSA_CON for control rats in Table 1, see Supplement 1).  

SPECT scans were performed with a U-SPECT-II camera (MiLabs, Utrecht, Netherlands). In rats 

that underwent SPECT scans with the multi-injection protocol, two polyethylene catheters (i.d.=0.58 

mm, o.d= 0.96 mm) were inserted in the left femoral vein and artery for radiotracer administration and 

blood sampling, respectively. SPECT scans were performed under isoflurane anaesthesia (3% for 

induction and 1-2 % for maintenance). In rats that underwent SPECT scans for the partial saturation 

protocol, radiotracer injection was performed via a tail vein catheter. Body temperature was monitored 
during the scans and maintained at 37±1 °C by means of a thermostatically controlled heating blanket. 

SPECT image reconstruction was performed using a pixel ordered subsets expectation 

maximization (P-OSEM, 0.4-mm voxel size, 4 iterations, 6 subsets) algorithm using MiLabs image 

reconstruction software. Radioactive decay correction was performed, while correction for attenuation 

or scatter was not. Following reconstruction, dynamic images from the partial saturation experiment 

were denoised with factor analysis (FA) using Pixies software (Apteryx, Issy-les-Moulineaux, France) 

as previously described (Tsartsalis et al., 2014; Tsartsalis et al., 2017; Tsartsalis et al., 2018). FA 
permits the decomposition of dynamic signal into a few elementary components, termed factors (Di 

Paola et al., 1982; Millet et al., 2012; Tsartsalis et al., 2014). In this study, 3 factors were retained and 

the rest of the signal was discarded as noise (Tsartsalis et al., 2014; Tsartsalis et al., 2017). SPECT 

images were processed with PMOD software v3.7 (PMOD Technologies  Ltd, Zurich, Switzerland). 

Averaged images corresponding to the ten first frames of acquisition were co-registered to an MRI 

template integrated in PMOD (Schiffer et al., 2006). Transformation matrices were then applied to 

dynamic images. Tissue-activity curves (TACs) from the following regions were extracted: caudate-

putamen (CP), nucleus accumbens (NAc), ventral tegmental area (VTA), frontal cortex (FC), amygdala 
(Amy), hypothalamus (Hyp), superior colliculus (SupC), inferior colliculus (InfC) and cerebellum. 

All experimental procedures were approved by the Ethical Committee on Animal Experimentation 

of the Canton of Geneva, Switzerland.  

 

 



2.2 Radiotracer preparation 

 

[123I]epidepride was prepared as previously described (Kessler et al., 1991), using a commercially 

available precursor (ABX, Radenberg, Germany). Radiochemical purity was >99%. The specific 
activities in the experiments are shown in Table 1. 

 

2.3 SPECT multi-injection imaging protocol and quantification, arterial plasma analysis and free 

parent radiotracer fraction estimation 

 

A multi-injection protocol for full kinetic modelling of [123I]Epidepride was employed (Millet et al., 

2006; Millet et al., 2012; Tsartsalis et al., 2017). The scan protocol began with a first injection of the 

radiotracer at a high specific activity, followed by a second co-injection of [123I]Epidepride and the 
unlabeled compound at 180 min and a third injection of the unlabeled compound alone at 240 min. The 

overall scan protocol included 360 1-minute frames (Figure 1). The specific activities and radioactive 

doses of each experiment are presented in Table 1. 

The whole multi-injection study TAC data was fitted in with a two-tissue compartment five-parameter 

model (2T-5k), to estimate K1, k2, kon, koff and Bavail as previously described (Ginovart et al., 2001; Millet 

et al., 1995; Millet et al., 2006; Millet et al., 2000). The free, non-metabolized radiotracer fraction in the 

plasma was used as the input function (Delforge et al., 1999). During dynamic SPECT acquisitions, 40 

arterial blood samples (of 25 μl each) were withdrawn after each radiotracer injection at regular time 
intervals. Radioactivity was measured in a gamma counting system and expressed in kBq/ml after 

calibration. To estimate the plasma input function in in vivo SPECT experiments, only whole-blood 

radioactivity was measured individually. Metabolite correction and plasma protein binding analysis for 

the estimation of radiotracer plasma input function was performed in an independent group of 4 rats, 

as previously described (Gandelman et al., 1994; Millet et al., 2008; Millet et al., 2012; Mintun et al., 

1984; Tsartsalis et al., 2015; Tsartsalis et al., 2014) (the radioactive doses employed in this experiment 

are presented in Table 1). Analysis was performed in Matlab software R2015b (Mathworks, USA). 
 

2.4 Simulations and in vivo partial saturation study 

2.4.1 The partial saturation protocol 

 

A partial saturation protocol was employed to estimate Bavail and appKd as recently described for 

another D2/3 radiotracer (Tsartsalis et al., 2017) based on the original description by Delforge et al 

(Delforge et al., 1996; Delforge et al., 1997), as optimized by Wimberley et al (Wimberley et al., 2014a; 

Wimberley et al., 2014b). Briefly, co-injection of a dose of unlabeled compound at doses that occupy 
50-70% of the receptors permits to form a Scatchard plot when the specifically bound fraction of 

radiotracer (CS) is plotted against the ratio of CS to the non-displaceable binding at the same region 

(CS/CND). The intercept to the CS axis provides the Bavail and the inverse of the slope the appKd.  

 



2.4.2 Simulation study 1: estimation of the dose of the unlabeled epidepride for the partial 

saturation study 

 

A first simulation study was performed to estimate the dose of the unlabeled compound that is 
needed to produce an in vivo Scatchard plot. This simulation study was based on the results of the full 

quantification from one of the multi-injection experiments. This full-quantification approach allows the 

complete discrimination of the different components of the radiotracer’s kinetics, namely the free and 

the specific binding in each VOI. As a consequence, in Simulation study 1, single injection experiments 

using variable doses of unlabeled Epidepride were simulated and in vivo Scatchard plots were 

delineated using the free and the specific binding from the CP (a high-binding) and VTA (a low-binding 

VOI). Bavail and appKd were estimated and compared to the results of the full-quantification using the 

multi-injection study, to estimate the % bias in the parameter values as a function of the dose of 
unlabeled epidepride. The dose of the unlabeled epidepride that allows an optimal estimation of Bavail 

and appKd using the partial saturation method was thus determined.  

 

2.4.3 Estimation of the r parameter for the correction of the cerebellar TAC 

 

In the partial saturation approach, the cerebellar TAC is employed as an approximation of the non-

displaceable binding in the target brain VOIs. Given the differences in the concentration of this binding 

between the cerebellum and the target VOIs, as well as the presence of a non-negligible specific binding 
in the cerebellum with [123I]epidepride, the cerebellar TAC has to be corrected. As originally proposed 

by Delforge et al. (Delforge et al., 1996; Delforge et al., 1997) and more recently by Wimberley et al. 

(Wimberley et al., 2014b) the concentration of the non-displaceable binding in a given brain VOI (CND) 

is approximated by the corrected concentration of the total (measured) cerebellar binding (Ccer) using 

an estimated r parameter, so that  CND= r x Ccer.  

The estimation of r was based on Simulation study 1 using the optimal concentration of unlabeled 

compound as determined in section 2.4.2. Average radioactivity data corresponding to the time points 
between the 30th and the 180th minutes from the simulated TACs of the non-displaceable binding in the 

CP (CND-CP), representing the high-binding, striatal VOIs and the VTA (CND-VTA), representing the low-

binding, extrastriatal VOIs and the total binding in the cerebellum (Ccer) were used. The r parameter 

was determined using the ratio r = CND-CP/Ccer for the striatal VOI and r = CND-VTA/Ccer for extrastriatal 

VOIs.  

 

2.4.4 Simulation study 2: evaluation of the bias induced by the presence of specific binding in the 

cerebellum 

 

[123I]epidepride has a non-negligible specific binding in the cerebellum, a region which is used as 

an approximation of the non-displaceable binding in the whole brain (“reference” region). The presence 

of specific binding may induce a bias in the estimation of the quantitative parameters. To evaluate this 

phenomenon, we employed the results of the full-quantification from one of the multi-injection 



experiments, as in Simulation study 1. Various levels of specific binding in the cerebellum were 

simulated. A partial saturation experiment, using the optimal dose of unlabeled epidepride as 

determined in Simulation study 1, was simulated. The results of the quantification of Bavail and appKd 

were compared to the results of the full-quantification of the multi-injection study and the % bias in these 
parameters was estimated as a function of the specific binding in the cerebellum. 

 

2.4.5 In vivo partial saturation study  

 

In vivo partial saturation SPECT scans and image reconstruction were performed in the same 

conditions as described in section 2.3. A single radiotracer injection (containing a dose of unlabeled 

Epidepride determined in the simulation study) was followed by a scan composed of 180 frames of 1-

min. No arterial blood sampling took place and the cerebellum was employed as the reference region. 
The radioactive doses of each experiment are presented in Table 1. TACs were processed in PMOD 

(PKIN module), in which the model for the analysis of data from partial saturation experiments, as 

optimized by Wimberley et al (Wimberley et al., 2014a; Wimberley et al., 2014b), is implemented.  

 

2.4.6 In vivo partial saturation study with a fixed appKd in extrastriatal regions 

 

Given the low binding of [123I]epidepride in extrastriatal regions, the estimation of both Bavail and 

appKd may be suboptimal, suffering from high inter-subject variability. For this reason, we performed 
the same in vivo partial saturation protocol as described in section 2.4.5 by fixing the appKd value in 

PMOD and thus only fitting Bavail. This fixed appKd value was determined as the average appKd across 

the extrastriatal VOIs of the three multi-injection experiments (section 2.3).  

 

2.4.7 Simulation study 3: impact of fixing the appKd value on the estimation of Bavail  

 

The appKd parameter may be altered across experimental conditions, notably with respect to the 
concentration of the endogenous ligand in the vicinity of the receptor under study. As a consequence, 

if the fixed appKd value in the partial saturation experiments (as in section 2.4.6) differs from the real 

appKd value, a bias in the estimation of Bavail may be induced. To study this phenomenon, we performed 

a simulation study based on Simulation study 1. Using the optimal dose of unlabeled compound, as 

determined in 2.4.2, a series of partial saturation experiments was performed, in which varying appKd 

values were simulated. In vivo Scatchard plots were delineated and Bavail was estimated using the same 

fixed appKd value as determined in section 2.4.6. The % bias in the Bavail estimates, compared to the 

simulated Bavail values, was calculated.  
 

2.6 Parametric images of Bavail using [123I]epidepride 

 

Bavail values may also be estimated with the partial saturation approach at the voxel-level to 

produce parametric images (Tsartsalis et al., 2017). Nevertheless, the partial saturation quantification 



method that we employed in this study, included in the PKIN module for VOI-wise estimations, has not 

been included in the PXMOD module of the PMOD software yet, in which parametric estimations are 

performed. For this reason, to produce parametric images of Bavail, we applied the partial saturation 

protocol on a coronal section including the CP and the NAc and another one including the VTA. TACs 
were extracted from each pixel and processed in PKIN, exactly as described in section 2.4.6. The 

resulting pixel-wise Bavail values were used to create parametric images in Matlab.  

 

2.7 Statistical Analysis 

 

Bavail and appKd values resulting from fitting the data of the whole duration of the multi-injection 

protocol were used as the “gold standard” for comparison of estimations with the partial saturation 

approach by means of regression analysis. Comparisons of average Bavail and appKd values from the 
multi-injection study and the partial saturation experiments were also performed by means of a two-

samples t-test. 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 



3. Results 
 
3.1 Quantitative parameters from the multi-injection study 

 

The parameters of the bi-exponential function describing the kinetics of the mean percent non-

metabolized plasma radiotracer were: A1=0.61, B1=-0.20, A2=0.27, B2=-0.006. Average percentage of 

radiotracer bound to plasma proteins was 22%. The 2T-5k model provided satisfactory fits to the TACs 

of the multi-injection study, as shown in Figure 1. Parameter estimates are provided in Table 2. A non-

negligible amount of displaceable binding in Cer is observed (data not shown). 

 

3.2 Simulation studies 

3.2.1 A simulation study to determine the dose of unlabeled Epidepride that needs to be injected 

for the partial saturation protocol 

 

As shown in Figure 2, a dose of unlabeled Epidepride of 3 μg/kg or higher produces a Scatchard 

plot in both high- and low-binding VOI (Figure 2A and 2B, respectively). We chose to employ this dose 

of 3 μg/kg, as it produces a Scatchard plot with the highest range of CS/CND values. In this case, the 

impact of noise in the in vivo experiments should be the lowest.  

 

3.2.2 A simulation study to determine the r value for the correction of the cerebellar TAC 

 

In addition, according to the simulation study (Figure 3), the r value for the correction of the 

cerebellar TAC was found to be equal to 1 for CP and NAc and equal to 0.4 for the extrastriatal VOI 

and this value presents an adequate temporal stability in time points beyond 70 min after the injection 

of the radiotracer, i.e. the time points that are employed in the Scatchard plot. In addition, small 

variations in the mass of the unlabeled epidepride do not remarkably modify the r value.  

 
3.2.3 A simulation study to assess the impact of variations in the specific binding in the cerebellum 

on Bavail and appKd values 

 

The results of the simulation study, in which the impact of varying specific binding levels in the Cer 

on Bavail and appKd are evaluated, are presented in Figure 4. The Bavail values estimated with the partial 

saturation method from high-binding VOI (the CP) are minimally influenced by this variation in cerebellar 

specific binding. However, the Bavail values from the low-binding VOI (such as the VTA in this simulation) 

and the appKd values from both high- and low-binding VOI may be biased, depending on the variation 
in the specific binding in Cer. Indeed, a variation of ±30% in the specific binding in the Cer will lead to 

±20% bias in the appKd at the striatum, a ±18% bias in the Bavail in the VTA and a ±7% bias in the appKd 

in the VTA. 

 

 



3.2.4 Assessing the impact of fixing appKd in extrastriatal Bavail value estimations 

 

In the last simulation study, the impact of fixing appKd values in extrastiatal Bavail value estimations 

was evaluated. A fixed appKd led to a percent bias in the estimation of the Bavail value in the VTA that 
is almost linear as a function of the percent difference between the “true”-simulated and the fixed appKd 

(Figure 5). In detail, a fixed appKd which is higher than the simulated value by 60% leads to an 

underestimation of the Bavail value by 16%. On the contrary, a fixed appKd which is lower than the 

simulated value by 60% leads to an overestimation of the Bavail by 25%.  

 

3.3 Quantitative parameters from the in vivo partial saturation study at the VOI and pixel level 

 

Bavail and appKd values estimated from the in vivo partial saturation experiments are also provided 
in Table 2. These values are comparable and highly correlated to the corresponding values from the 

multi-injection experiments, as the linear regression analysis demonstrates (r= 0.99, p<0.01 for Bavail 

Figure 6). In addition, no significant difference in the average Bavail or appKd values from the multi-

injection and the partial saturation studies was found (p>0.05). The parametric images of Bavail in the 

section including the CP and VTA and in the section including the VTA are shown in Figure 7.  

 

3.4 Preliminary study of the effect of chronic haloperidol treatment on the striatal D2/3 Bavail values 

 
A chronic  (28 days) haloperidol treatment (1 mg/kg/day), as described in the supplemental 

materials and methods (S1), resulted in an increase in the Bavail values (Figure 8): 25.67±2.30 pmol/ml 

in the haloperidol-treated group vs 21.76±2.20 pmol/ml in the vehicle-treated group in the left CP 

(p=0.07 using two-samples t test) and 25.33±2.52 pmol/ml vs 22.25±3.40 pmol/ml in the right CP 

(p=0.12). 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 



4. Discussion 
 
4.1 Validation of Bavail and appKd values 

 

In this study, we applied a partial saturation approach in nuclear neuroimaging for the separate 

quantification of D2/3 Bavail and appKd. The multi-injection approach, the “gold-standard” for the validation 

of the results of the partial saturation method was also applied in a group of rats. The results of the 

multi-injection experiment are in accordance with previous studies of absolute D2/3 receptor 

quantification from our group (Tsartsalis et al., 2017), using the same protocol: using [123I]IBZM and a 

multi-injection protocol, Bavail values in the CP were found in the range between 19 and 20 pmol/ml. At 

the level of NAc, the Bavail values were found in the range between 13 and 15 pmol/ml, slightly higher 

than those found in the present study. Considering the extrastriatal VOI, Bavail values were roughly 
between 2 and 4 pmol/ml. In a previous study from our group using [18F]fallypride, Bavail values were 

found in the range between 2 and 9 pmol/ml (Millet et al., 2012). This difference may be explained by 

the different delineation of the VOI in the two studies. In the [18F]fallypride study, VOI were spherical 

structures placed in the middle of the corresponding anatomical structure of the brain, whereas in the 

present study the Schiffer atlas (Schiffer et al., 2006) was employed to delineate VOI that correspond 

to the entire size of the anatomical structure.  

For the partial saturation study, we first estimated the r parameter that is necessary for the 

correction of the cerebellar TAC and its use as an index of the non-specific binding of a given VOI in 
the partial saturation studies. The r parameter was estimated using a simulation study in which the total 

PET signal was decomposed and the non-displaceable binding in striatal and extrastriatal VOI was 

extracted. The ratio of this non-displaceable binding of the target VOI to the total binding in the Cer 

gave the r parameter.  We did not use a pre-saturation in vivo study as described previously from our 

group (Tsartsalis et al., 2017) and others (Wimberley et al., 2014a; Wimberley et al., 2014b). This was 

impossible, because a pre-saturation study would not be able to take the specific binding in the Cer into 

account in the estimation of r. This is because In that case, the specific binding in this region would 
have been displaced. Taking the specific binding in the reference region into account has already been 

described for the application of the partial saturation approach with [11C]flumazenil (Delforge et al., 

1996). In this way, the correction of the TAC of the reference region more accurately represents the 

ratio of the non-specific binding in the target VOI. Another finding considering the use of the Cer as a 

reference region in [123I]epidepride imaging is illustrated in the simulation study described in 2.4.4. The 

results of this study suggest that should the specific binding in the Cer vary, the Bavail values in the low-

binding, extrastriatal regions will vary accordingly. Bavail values in high-binding regions remain virtually 

unbiased even with large variations of the specific binding in the Cer. Similarly, appKd estimations in 
both striatal and extrastriatal regions will vary considerably as a function of the variation in the specific 

binding in the Cer in a given experimental context (e.g. a brain pathology). [123I]epidepride has been 

employed in multiple studies (discussed in more detail in the following section) of different psychiatric 

conditions, in which the cerebellar specific binding of the radiotracer is considered unchanged. As 

demonstrated by Pinborg et al (Pinborg et al., 2007), this issue may be particularly problematic when 



extrastriatal occupancy of D2/3 receptors by pharmaceutical agents is estimated. Possible variations in 

the specific binding in the Cer have to be taken into account in the design of biological studies using 

[123I]epidepride and the stability of this specific binding across the experimental conditions has to be 

verified in order to obtain unbiased results.  
The partial saturation approach using [123I]epidepride gave highly similar values with previous 

studies of the D2/3 receptor using the same method (Tsartsalis et al., 2017; Wimberley et al., 2014b) in 

the striatum. All Bavail values obtained with the partial saturation approach highly correlated with the 

corresponding Bavail values from the multi-injection experiment. However, the appKd values obtained 

using the partial saturation method in the striatal VOI differ considerably from the corresponding values 

obtained using the multi-injection approach (Table 2). This is could possibly be due to inter-individual 

variations in the specific binding in the reference region and in the overall correction of the cerebellar 

TAC with the r parameter. As predicted in the simulation study (Figure 4), a variation in the specific 
binding in the Cer induces a considerable bias in the appKd in such high-binding VOI, whereas the Bavail 

values are minimally impacted and this is observed in the estimated parameter values here. Regarding 

the extrastriatal VOI, the appKd values were fixed in a value obtained from the multi-injection 

experiment, as attempting to fit both Bavail and appKd led to highly variable estimations (data not shown). 

Fixing appKd in these VOI permitted estimation of Bavail with acceptable variability (Table 2). In this case, 

as the simulation study suggests (Figure 5), if the “true” appKd varies, the Bavail estimations vary 

accordingly. This means that, by fixing the appKd parameter value, the Bavail becomes a composite 

parameter which integrates information on both the absolute concentration of the target protein (i.e. the 
Bavail per se) and the affinity of the radiotracer for the target protein (i.e. 1/appKd). In this case, in a 

molecular neuroimaging study involving [123I]epidepride, a variation in the Bavail value in the extrastriatal 

VOI in a given experimental condition may be interpreted as either an true elevation of the quantity of 

the D2/3 receptor or a modification of the affinity of the radiotracer for the receptor, which could be linked 

to alterations in the concentration of dopamine in the synapse. This is essentially similar to the 

information provided by the binding potential (BP=Bavail/appKd), a composite measure that is most 

widely employed in molecular neuroimaging (Innis et al., 2007).  
 

4.2 Potential applications of [123I]epidepride imaging using the partial saturation approach 

 

The method proposed here is the first approach that allows the quantification of the striatal binding 

of [123I]epidepride. The high-affinity of this radiotracer allows to obtain excellent quality images. Figure 

9 illustrates the superiority of the quality of a [123I]epidepride SPECT image compared to an image 

obtained with another SPECT D2/3 radiotracer, the low-affinity [123I]IBZM. The binding of [123I]epidepride 

is considerably higher that the binding of [123I]IBZM (note the difference in the range of radioactive 
concentrations, 0-10 KBq/ml and 0-2.5 KBq/ml, respectively). The high binding of [123I]epidepride also 

allows for an adequate anatomical delineation of the striatal substructures and notably the distinction 

of the NAc from the CP, which is not possible with [123I]IBZM. 

The quality of the radioactive signal and the robustness of the quantitative parameters that are 

obtained with the partial saturation approach are supported by the low standard deviations and the 



percent coefficients of variance (CV) of the Bavail values (Table 2): indeed, the CV of these values 

obtained with [123I]epidepride in the CP is 5.87% and in the NAc is 24.14%. In the extrastriatal regions, 

CV values range from 10 to 35%. In comparison, the same approach with [123I]IBZM yielded Bavail values 

with a CV of 25.43% in the CP and 58% in the NAc in rats (Tsartsalis et al., 2017). Using the same 
approach and the low-affinity PET radiotracer [11C]raclopride, Wimberley et al found Bavail values with a 

CV around 40% in mice (as roughly depicted in Figure 8 of the aforementioned paper) (Wimberley et 

al., 2014b). In rat PET imaging with [18F]fallypride (Millet et al., 2012), CV of BP values estimated with 

the Logan graphical analysis approach (38.31% in CP and 30% in the NAc and from 38 to 58% in the 

extrastriatal VOI) were also higher than the CV of Bavail values presented here. Overall, the robustness 

of the quantitative parameters obtained with the partial saturation approach in [123I]epidepride SPECT 

suggests that biological studies using this radiotracer may provide high statistical power compared to 

other available PET and SPECT imaging modalities of the dopaminergic system.  
To illustrate the potential application of the partial saturation approach, we performed a preliminary 

study of the effect of a chronic, high-dose haloperidol treatment (Turrone et al., 2003) on the absolute 

quantity of D2/3 receptors in the striatum. We found an up-regulation of the D2/3 receptor in the CP, as 

suggested by previous studies in the literature (Ginovart et al., 2008). Chronic haloperidol treatment led 

to an increase in the Bavail of [123I]epidepride of 17.97% in the left CP and of 13.84% in the right CP. 

Associated p values with respect to a comparison by means of a two-samples t test were 0.07 and 0.12, 

respectively, i.e. the differences are not statistically significant using a conventional two-tailed threshold 

of p=0.05. Indeed, the small sample size (4 rats in the control and 3 in the haloperidol treatment group) 
suggests that this study was underpowered. However, if a one-tailed significance threshold is 

considered, the difference in Bavail values in the left CP achieves statistical significance. Given the purely 

illustrative purpose of this experiment, we chose to maintain its preliminary character in the context of 

the present study. It is for the same reason that we only studied the effect of haloperidol in high-binding 

VOIs and not in extrastriatal VOIs. Another prominent experimental paradigm where [123I]epidepride 

imaging with the partial saturation protocol is the study of endogenous dopamine alterations in 

physiological and pathological conditions. It has been experimentally and theoretically established 
(Morris and Yoder, 2007) that [123I]epidepride binding is not sensitive to “rapid” changes in endogenous 

dopamine binding in the D2/3 receptor, as in the case of amphetamine induced dopamine release. 

Nevertheless, using the partial saturation protocol described here, one may gain access into enduring 

alterations of baseline receptor occupancy by endogenous dopamine in experimental models and 

pathological conditions, such as in schizophrenia (Caravaggio et al., 2019; Kegeles et al., 2010).  

The high affinity of the binding of [123I]epidepride allowed it to be employed in clinical studies of the 

extrastriatal D2/3 receptors in various psychiatric conditions, such as in major depressive disorder (Lehto 

et al., 2008) and schizophrenia (Glenthoj et al., 2006; Tuppurainen et al., 2003; Tuppurainen et al., 
2009). Using the partial saturation approach presented here, striatal and extrastriatal D2/3 receptor 

binding can be studied simultaneously. The interest of dissociating Bavail and appKd estimations in PET 

studies has been discussed extensively in a previous study from our group (Tsartsalis et al., 2017). The 

application of the partial saturation protocol in translational [123I]epidepride imaging may further 

potentialize the preclinical studies of the dopaminergic system, well beyond the mesostriatal circuit.  



The partial saturation protocol described here for preclinical imaging is potentially applicable in clinical 

PET studies of the dopaminergic system. Indeed, occupying 50-70% of striatal D2/3 receptors for the 

application of the partial saturation approach induces little, if any, adverse effects. Indeed, this level of 

blockade is identical to the one induced by antipsychotic agents at therapeutic doses and it is accepted 
that adverse events appear when blockade is higher that 80-85% (Ginovart and Kapur, 2012). After the 

safety of administering pharmacological doses of epidepride is confirmed, the application of this 

protocol in clinical imaging will be feasible and its impact in the understanding of brain function and 

disease can be invaluable. 

 

5. Conclusions 

 

In conclusion, we propose here, for the first time, a method that allows a simultaneous quantification 
of striatal and extrastriatal D2/3 receptors using [123I]epidepride. A whole-brain cartography of the D2/3 

receptor is now feasible using this radiotracer. The robustness of the radioactive signal (especially 

compared to low-affinity D2/3 radiotracers) and the stability of the resulting quantitative parameters, 

which highlight the potential of conducting studies with high statistical power, have been demonstrated. 

In addition, this approach is relatively simple to apply and already integrated in a commercial image-

analysis software. Overall, this study highlights an innovative tool of preclinical brain SPECT imaging 

in the study of dopamine neurochemistry in physiology and animal models of disease with an approach 

that is validated for rat SPECT studies but is potentially applicable in clinical brain SPECT.  
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TABLE 1: Numerical values of the SPECT and metabolite protocol parameters corresponding to the 18 experiments. 
   Injection 1 (T = 0 min)  Injection 2  Injection 3 

Rats Modality/tracer Duration 
(min) 

SA† 

(GBq/µmol) J1
* (MBq/µg)   Time 

(min) J2
* (MBq/µg) J2 (µg)   Time 

(min) J3 (µg) 

1 TLC/[123I]Epidepride 180 >1000 89.6/<0.05  - - -  - - 

2 TLC/[123I]Epidepride 180 >1000 98.2/<0.05  - - -  - - 

3 TLC/[123I]Epidepride 180 >1000 96.9/<0.05  - - -  - - 

4 TLC/[123I]Epidepride 180 >1000 77.4/<0.05  - - -  - - 

5 SPECT-MI/[123I]Epidepride 360 1065.86 95.4/0.043  180 103.4/0.047 1.07  240 214.00 
6 SPECT-MI/[123I]Epidepride 360 967.71 87.4/0.043  180 93.5/0.046 2.35  240 234.50 
7 SPECT-MI/[123I]Epidepride 360 955.45 87.6/0.044  180 97.5/0.049 1.10  240 221.00 
8 SPECT-PSA/[123I]Epidepride 180 19.50 52.7/1.30   - - -   - - 
9 SPECT-PSA/[123I]Epidepride 180 23.74 58.6/1.19  - - -  - - 

10 SPECT-PSA/[123I]Epidepride 180 40.67 113.06/1.34  - - -  - - 
11 SPECT-PSA/[123I]Epidepride 180 29.51 75.24/1.23  - - -  - - 
12 SPECT-PSA_CON/[123I]Epidepride 180 18.85 49.35/1.26  - - -  - - 
13 SPECT-PSA_CON/[123I]Epidepride 180 16.98 43.48/1.23  - - -  - - 
14 SPECT-PSA_CON/[123I]Epidepride 180 22.74 45.65/0.97  - - -  - - 
15 SPECT-PSA_CON/[123I]Epidepride 180 17.10 41.15/1.16  - - -  - - 
16 SPECT-PSA_HSPE/[123I]Epidepride 180 18.81 46.09/1.18  - - -  - - 
17 SPECT-PSA_HSPE/[123I]Epidepride 180 16.72 40.7/1.17  - - -  - - 
18 SPECT-PSA_HSPE/[123I]Epidepride 180 16.95 38.47/1.09  - - -  - - 

Ji* and Ji correspond respectively to  [123I]Epidepride activity (activity/mass) and unlabeled Epidepride mass,  injected during the ith injection. †Specific 
activity at the beginning of the experiment. 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 



Table 2 Mean and Standard Deviations of Binding Parameter Estimates Obtained from 3 Rats of 

the Multi-injection Study and from 4 rats of the Partial Saturation Study. 

 Multi-injection study Partial saturation 

VOI Bavail ±SD appKD ±SD Κ1 ±SD k2 ±SD kon ±SD koff ±SD Bavail ±SD appKD ±SD 

NAc 10.18 1.72 0.15 0.04 0.53 0.14 0.10 0.02 0.26 0.06 0.04 0.00 11.75 2.84 0.27 0.22 

CP 24.22 2.62 0.22 0.06 0.69 0.16 0.10 0.04 0.21 0.06 0.04 0.01 21.25 1.25 0.08 0.03 

VTA 3.77 1.86 0.34 0.21 0.57 0.07 0.14 0.04 0.28 0.36 0.04 0.02 4.01 1.40 - - 

FC 20.67 22.60 4.50 5.25 0.40 0.15 0.09 0.03 0.01 0.01 0.03 0.01 5.15 2.05 - - 

Amy 2.71 1.53 0.36 0.12 0.38 0.11 0.16 0.10 0.09 0.02 0.03 0.00 2.77 0.72 - - 

Hyp 3.64 1.10 0.37 0.09 0.50 0.21 0.13 0.03 0.15 0.03 0.05 0.01 3.85 0.90 - - 

SupC 3.86 1.65 0.28 0.18 0.70 0.19 0.16 0.04 0.26 0.20 0.05 0.02 3.97 0.93 - - 

InfC 3.03 0.40 0.18 0.02 0.80 0.26 0.17 0.03 0.23 0.02 0.04 0.00 4.46 0.45 - - 

Cer 2.02 1.09 0.65 0.27 0.66 0.18 0.20 0.02 0.04 0.03 0.02 0.01 - - - - 

NAc: nucleus accumbens, CP: caudate-putamen, VTA: ventral tegmental area, FC: frontal cortex, Amy: amygdala, Hyp: 
hypothalamus, SupC: superior colliculus, InfC: inferior colliculus, Cer: cerebellum, Bavail and appKd are in pmol/ml, K1 in mL.cm-

3 .min-1, k2, k3, koff, in min-1 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure legends 
 
Figure 1 TACs extracted from the CP of one multi-injection dynamic SPECT scan, along with 2T-5k 

model fit and the decomposition of the radioactive signal into the specific and the free binding. 
 

Figure 2 Scatchard plots of the simulation study in the (A) CP (a high-binding VOI) and (B) VTA (a low-

binding VOI) for various masses of injected unlabelled ligand. Note that a dose of unlabelled ligand of 

3 ng/kg or higher produces a Scatchard plot in both VOI. The dose of 3 ng/kg produces a Scatchard 

plot with the highest range of CS/CND values. 

 

Figure 3 The ratio of radioactivity in the CP (a high-binding VOI) or VTA (a low-binding VOI) to the 

radioactivity in the Cer (the reference region), as estimated on the basis of a simulated partial saturation 
experiment. At time-points beyond 70 min post radiotracer injection, this ratio is around 1 in the CP and 

0.4 in the VTA. This ratio is relatively temporally stable at the time points employed in the Scatchard 

plot quantification with the partial saturation approach.  

 

Figure 4 The bias (%), in the Bavail and appKd values in the CP and the VTA, induced by a simulated 

variation (%) in the specific binding in the Cer (reference region), expressed as a variation in the Bavail 

of this VOI. The Bavail estimations in the VTA and the appKd estimations in both CP and VTA may be 

considerably biased in case of a variation in the specific binding in the Cer. The Bavail in the CP remains 
virtually unbiased and independent of any variation in the specific binding in the Cer.  

 

Figure 5 The potential impact of fixing the appKd value in low-binding regions (here the VTA was 

employed in the simulation study) for the partial saturation quantification. If the “true” appKd of the VOI 

differs from the fixed value, a bias is introduced in the Bavail value estimation. This bias is virtually linearly 

proportional to the bias in the fixed appKd value. 

 
Figure 6 Correlation between the Bavail values estimated with the multi-injection approach (horizontal 

axis) in three rats and the corresponding values estimated with the partial saturation approach (vertical 

axis). 

 

Figure 7 Parametric images of Bavail values, estimated with the partial saturation method on a coronal 

section including (A) the CP and NAc and a section including (B) midbrain structures, notably the VTA. 

Color bars describe the Bavail values in pmol/ml. 

 
Figure 8 Result of the preliminary study of the effect of a chronic haloperidol treatment on the Bavail 

values in the rat left and right CP.  

 

Figure 9 A SPECT image (coronal, sagittal and axial planes) obtained with (A) [123I]epidepride and (B) 

[123I]IBZM. The colour scale is in KBq/ml. Note the superior quality of the image obtained from the 



[123I]epidepride experiment in terms of a better anatomical delineation of the striatum and the highest 

binding of the radiotracer (the colour scale of the [123I]epidepride image ranges from 0-10 KBq/ml, while 

the [123I]IBZM  image ranges has a much lower binding, ranging from 0-2.5 KBq/ml).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
7. References 
 
Abi-Dargham, A., van de Giessen, E., Slifstein, M., Kegeles, L.S., Laruelle, M., 2009. Baseline and 

amphetamine-stimulated dopamine activity are related in drug-naive schizophrenic subjects. Biol 
Psychiatry 65, 1091-1093. 

Caravaggio, F., Iwata, Y., Kim, J., Shah, P., Gerretsen, P., Remington, G., Graff-Guerrero, A., 2019. 
What proportion of striatal D2 receptors are occupied by endogenous dopamine at baseline? A 
meta-analysis with implications for understanding antipsychotic occupancy. Neuropharmacology. 

de Paulis, T., 2003. The discovery of epidepride and its analogs as high-affinity radioligands for 
imaging extrastriatal dopamine D(2) receptors in human brain. Curr Pharm Des 9, 673-696. 

Delforge, J., Bottlaender, M., Loc'h, C., Guenther, I., Fuseau, C., Bendriem, B., Syrota, A., Maziere, 
B., 1999. Quantitation of extrastriatal D2 receptors using a very high-affinity ligand (FLB 457) and 
the multi-injection approach. J Cereb Blood Flow Metab 19, 533-546. 

Delforge, J., Spelle, L., Bendriem, B., Samson, Y., Bottlaender, M., Papageorgiou, S., Syrota, A., 
1996. Quantitation of benzodiazepine receptors in human brain using the partial saturation 
method. J Nucl Med 37, 5-11. 

Delforge, J., Spelle, L., Bendriem, B., Samson, Y., Syrota, A., 1997. Parametric images of 
benzodiazepine receptor concentration using a partial-saturation injection. J Cereb Blood Flow 
Metab 17, 343-355. 

Delforge, J., Syrota, A., Mazoyer, B.M., 1990. Identifiability analysis and parameter identification of an 
in vivo ligand-receptor model from PET data. IEEE Trans Biomed Eng 37, 653-661. 

Di Paola, R., Bazin, J.P., Aubry, F., Aurengo, A., Cavailloles, F., Herry, J.Y., Kahn, E., 1982. Handling 
of dynamic sequences in nuclear medicine. IEEE Trans on Nuclear Science NS29, 1310-1321. 

Fagerlund, B., Pinborg, L.H., Mortensen, E.L., Friberg, L., Baare, W.F., Gade, A., Svarer, C., 
Glenthoj, B.Y., 2013. Relationship of frontal D(2/3) binding potentials to cognition: a study of 
antipsychotic-naive schizophrenia patients. Int J Neuropsychopharmacol 16, 23-36. 

Fujita, M., Seibyl, J.P., Verhoeff, N.P., Ichise, M., Baldwin, R.M., Zoghbi, S.S., Burger, C., Staley, 
J.K., Rajeevan, N., Charney, D.S., Innis, R.B., 1999. Kinetic and equilibrium analyses of 
[(123)I]epidepride binding to striatal and extrastriatal dopamine D(2) receptors. Synapse 34, 290-
304. 

Fujita, M., Verhoeff, N.P., Varrone, A., Zoghbi, S.S., Baldwin, R.M., Jatlow, P.A., Anderson, G.M., 
Seibyl, J.P., Innis, R.B., 2000. Imaging extrastriatal dopamine D(2) receptor occupancy by 
endogenous dopamine in healthy humans. Eur J Pharmacol 387, 179-188. 

Gandelman, M.S., Baldwin, R.M., Zoghbi, S.S., Zea-Ponce, Y., Innis, R.B., 1994. Evaluation of 
ultrafiltration for the free-fraction determination of single photon emission computed tomography 
(SPECT) radiotracers: beta-CIT, IBF, and iomazenil. J Pharm Sci 83, 1014-1019. 

Ginovart, N., Kapur, S., 2012. Role of dopamine D(2) receptors for antipsychotic activity. Handb Exp 
Pharmacol, 27-52. 

Ginovart, N., Wilson, A.A., Hussey, D., Houle, S., Kapur, S., 2008. D2-Receptor Upregulation is 
Dependent upon Temporal Course of D2-Occupancy: A Longitudinal [11C]-Raclopride PET Study 
in Cats. Neuropsychopharmacology 34, 662-671. 

Ginovart, N., Wilson, A.A., Meyer, J.H., Hussey, D., Houle, S., 2001. Positron emission tomography 
quantification of [(11)C]-DASB binding to the human serotonin transporter: modeling strategies. J 
Cereb Blood Flow Metab 21, 1342-1353. 

Glenthoj, B.Y., Mackeprang, T., Svarer, C., Rasmussen, H., Pinborg, L.H., Friberg, L., Baare, W., 
Hemmingsen, R., Videbaek, C., 2006. Frontal dopamine D(2/3) receptor binding in drug-naive first-
episode schizophrenic patients correlates with positive psychotic symptoms and gender. Biol 
Psychiatry 60, 621-629. 

Ichise, M., Fujita, M., Seibyl, J.P., Verhoeff, N.P., Baldwin, R.M., Zoghbi, S.S., Rajeevan, N., Charney, 
D.S., Innis, R.B., 1999. Graphical analysis and simplified quantification of striatal and extrastriatal 
dopamine D2 receptor binding with [123I]epidepride SPECT. J Nucl Med 40, 1902-1912. 

Innis, R.B., Cunningham, V.J., Delforge, J., Fujita, M., Gjedde, A., Gunn, R.N., Holden, J., Houle, S., 
Huang, S.C., Ichise, M., Iida, H., Ito, H., Kimura, Y., Koeppe, R.A., Knudsen, G.M., Knuuti, J., 
Lammertsma, A.A., Laruelle, M., Logan, J., Maguire, R.P., Mintun, M.A., Morris, E.D., Parsey, R., 
Price, J.C., Slifstein, M., Sossi, V., Suhara, T., Votaw, J.R., Wong, D.F., Carson, R.E., 2007. 
Consensus nomenclature for in vivo imaging of reversibly binding radioligands. J Cereb Blood 
Flow Metab 27, 1533-1539. 



Kegeles, L.S., Abi-Dargham, A., Frankle, W.G., Gil, R., Cooper, T.B., Slifstein, M., Hwang, D.R., 
Huang, Y., Haber, S.N., Laruelle, M., 2010. Increased synaptic dopamine function in associative 
regions of the striatum in schizophrenia. Arch Gen Psychiatry 67, 231-239. 

Kegeles, L.S., Slifstein, M., Frankle, W.G., Xu, X., Hackett, E., Bae, S.A., Gonzales, R., Kim, J.H., 
Alvarez, B., Gil, R., Laruelle, M., Abi-Dargham, A., 2008. Dose-occupancy study of striatal and 
extrastriatal dopamine D2 receptors by aripiprazole in schizophrenia with PET and [18F]fallypride. 
Neuropsychopharmacology 33, 3111-3125. 

Kessler, R.M., Ansari, M.S., de Paulis, T., Schmidt, D.E., Clanton, J.A., Smith, H.E., Manning, R.G., 
Gillespie, D., Ebert, M.H., 1991. High affinity dopamine D2 receptor radioligands. 1. Regional rat 
brain distribution of iodinated benzamides. J Nucl Med 32, 1593-1600. 

Kugaya, A., Fujita, M., Innis, R.B., 2000. Applications of SPECT imaging of dopaminergic 
neurotransmission in neuropsychiatric disorders. Ann Nucl Med 14, 1-9. 

Laruelle, M., 2000. Imaging synaptic neurotransmission with in vivo binding competition techniques: a 
critical review. J Cereb Blood Flow Metab 20, 423-451. 

Lehto, S.M., Kuikka, J., Tolmunen, T., Hintikka, J., Viinamaki, H., Vanninen, R., Haatainen, K., 
Koivumaa-Honkanen, H., Honkalampi, K., Tiihonen, J., 2008. Temporal cortex dopamine D2/3 
receptor binding in major depression. Psychiatry Clin Neurosci 62, 345-348. 

Lehto, S.M., Kuikka, J., Tolmunen, T., Hintikka, J., Viinamaki, H., Vanninen, R., Koivumaa-Honkanen, 
H., Honkalampi, K., Tiihonen, J., 2009. Altered hemispheric balance of temporal cortex dopamine 
D(2/3) receptor binding in major depressive disorder. Psychiatry Res 172, 251. 

Leslie, W.D., Abrams, D.N., Greenberg, C.R., Hobson, D., 1996. Comparison of iodine-123-
epidepride and iodine-123-IBZM for dopamine D2 receptor imaging. J Nucl Med 37, 1589-1591. 

Meikle, S.R., Kench, P., Kassiou, M., Banati, R.B., 2005. Small animal SPECT and its place in the 
matrix of molecular imaging technologies. Phys Med Biol 50, R45-61. 

Millet, P., Delforge, J., Mauguiere, F., Pappata, S., Cinotti, L., Frouin, V., Samson, Y., Bendriem, B., 
Syrota, A., 1995. Parameter and index images of benzodiazepine receptor concentration in the 
brain. J Nucl Med 36, 1462-1471. 

Millet, P., Graf, C., Moulin, M., Ibanez, V., 2006. SPECT quantification of benzodiazepine receptor 
concentration using a dual-ligand approach. J Nucl Med 47, 783-792. 

Millet, P., Ibanez, V., Delforge, J., Pappata, S., Guimon, J., 2000. Wavelet analysis of dynamic PET 
data: application to the parametric imaging of benzodiazepine receptor concentration. Neuroimage 
11, 458-472. 

Millet, P., Moulin, M., Bartoli, A., Del Guerra, A., Ginovart, N., Lemoucheux, L., Buono, S., Fagret, D., 
Charnay, Y., Ibanez, V., 2008. In vivo quantification of 5-HT1A-[18F]MPPF interactions in rats 
using the YAP-(S)PET scanner and a beta-microprobe. Neuroimage 41, 823-834. 

Millet, P., Moulin-Sallanon, M., Tournier, B.B., Dumas, N., Charnay, Y., Ibanez, V., Ginovart, N., 2012. 
Quantification of dopamine D(2/3) receptors in rat brain using factor analysis corrected 
[18F]Fallypride images. Neuroimage 62, 1455-1468. 

Mintun, M.A., Raichle, M.E., Kilbourn, M.R., Wooten, G.F., Welch, M.J., 1984. A quantitative model 
for the in vivo assessment of drug binding sites with positron emission tomography. Ann Neurol 
15, 217-227. 

Morris, E.D., Yoder, K.K., 2007. Positron emission tomography displacement sensitivity: predicting 
binding potential change for positron emission tomography tracers based on their kinetic 
characteristics. J Cereb Blood Flow Metab 27, 606-617. 

Murnane, K.S., Howell, L.L., 2011. Neuroimaging and drug taking in primates. Psychopharmacology 
(Berl) 216, 153-171. 

Nørbak-Emig, H., Ebdrup, B.H., Fagerlund, B., Svarer, C., Rasmussen, H., Friberg, L., Allerup, P.N., 
Rostrup, E., Pinborg, L.H., Glenthøj, B.Y., 2016. Frontal D2/3Receptor Availability in 
Schizophrenia Patients Before and After Their First Antipsychotic Treatment: Relation to Cognitive 
Functions and Psychopathology. International Journal of Neuropsychopharmacology 19, pyw006. 

Norbak-Emig, H., Pinborg, L.H., Raghava, J.M., Svarer, C., Baare, W.F., Allerup, P., Friberg, L., 
Rostrup, E., Glenthoj, B., Ebdrup, B.H., 2016. Extrastriatal dopamine D2/3 receptors and cortical 
grey matter volumes in antipsychotic-naive schizophrenia patients before and after initial 
antipsychotic treatment. World J Biol Psychiatry, 1-11. 

Pandey, S., Venugopal, A., Kant, R., Coleman, R., Mukherjee, J., 2014. (1)(2)(4)I-Epidepride: a PET 
radiotracer for extended imaging of dopamine D2/D3 receptors. Nucl Med Biol 41, 426-431. 

Pinborg, L.H., Videbaek, C., Ziebell, M., Mackeprang, T., Friberg, L., Rasmussen, H., Knudsen, G.M., 
Glenthoj, B.Y., 2007. [123I]Epidepride binding to cerebellar dopamine D2/D3 receptors is 
displaceable: Implications for the use of cerebellum as a reference region. Neuroimage 34, 1450-
1453. 



Schiffer, W.K., Mirrione, M.M., Biegon, A., Alexoff, D.L., Patel, V., Dewey, S.L., 2006. Serial microPET 
measures of the metabolic reaction to a microdialysis probe implant. J Neurosci Methods 155, 
272-284. 

Tsartsalis, S., Dumas, N., Tournier, B.B., Pham, T., Moulin-Sallanon, M., Gregoire, M.C., Charnay, Y., 
Millet, P., 2015. SPECT imaging of glioma with radioiodinated CLINDE: evidence from a mouse 
GL26 glioma model. EJNMMI Res 5, 9. 

Tsartsalis, S., Moulin-Sallanon, M., Dumas, N., Tournier, B.B., Ghezzi, C., Charnay, Y., Ginovart, N., 
Millet, P., 2014. Quantification of GABAA receptors in the rat brain with [(123)I]Iomazenil SPECT 
from factor analysis-denoised images. Nucl Med Biol 41, 186-195. 

Tsartsalis, S., Tournier, B.B., Aoun, K., Habiby, S., Pandolfo, D., Dimiziani, A., Ginovart, N., Millet, P., 
2017. A single-scan protocol for absolute D2/3 receptor quantification with [123I]IBZM SPECT. 
Neuroimage 147, 461-472. 

Tsartsalis, S., Tournier, B.B., Graf, C.E., Ginovart, N., Ibanez, V., Millet, P., 2018. Dynamic image 
denoising for voxel-wise quantification with Statistical Parametric Mapping in molecular 
neuroimaging. PLoS One 13, e0203589. 

Tuppurainen, H., Kuikka, J., Viinamaki, H., Husso-Saastamoinen, M., Bergstrom, K., Tiihonen, J., 
2003. Extrastriatal dopamine D 2/3 receptor density and distribution in drug-naive schizophrenic 
patients. Mol Psychiatry 8, 453-455. 

Tuppurainen, H., Kuikka, J.T., Laakso, M.P., Viinamaki, H., Husso, M., Tiihonen, J., 2006. Midbrain 
dopamine D2/3 receptor binding in schizophrenia. Eur Arch Psychiatry Clin Neurosci 256, 382-
387. 

Tuppurainen, H., Kuikka, J.T., Viinamaki, H., Husso, M., Tiihonen, J., 2009. Dopamine D2/3 receptor 
binding potential and occupancy in midbrain and temporal cortex by haloperidol, olanzapine and 
clozapine. Psychiatry Clin Neurosci 63, 529-537. 

Turrone, P., Remington, G., Kapur, S., Nobrega, J.N., 2003. Differential effects of within-day 
continuous vs. transient dopamine D2 receptor occupancy in the development of vacuous chewing 
movements (VCMs) in rats. Neuropsychopharmacology 28, 1433-1439. 

Varrone, A., Fujita, M., Verhoeff, N.P., Zoghbi, S.S., Baldwin, R.M., Rajeevan, N., Charney, D.S., 
Seibyl, J.P., Innis, R.B., 2000. Test-retest reproducibility of extrastriatal dopamine D2 receptor 
imaging with [123I]epidepride SPECT in humans. J Nucl Med 41, 1343-1351. 

Wimberley, C., Angelis, G., Boisson, F., Callaghan, P., Fischer, K., Pichler, B.J., Meikle, S.R., 
Gregoire, M.C., Reilhac, A., 2014a. Simulation-based optimisation of the PET data processing for 
Partial Saturation Approach protocols. Neuroimage 97c, 29-40. 

Wimberley, C.J., Fischer, K., Reilhac, A., Pichler, B.J., Gregoire, M.C., 2014b. A data driven method 
for estimation of B and appK using a single injection protocol with [C]raclopride in the mouse. 
Neuroimage. 

 
 
 
 



 
 

Figure 1 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 2 
 

 
 



 
 
 
Figure 3 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 4 
 

 
 
 
 
 
 
 
 



 
 
Figure 5 
 

 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Figure 7 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 8 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 9 
 

 
 



Supplement 1 
 
S1 Supplemental Materials and Methods 
 

S1.1 A preliminary study of the effect of a chronic haloperidol treatment on D2/3 Bavail and appKd 

 

To demonstrate the potential of the partial saturation method proposed here, we performed a 

preliminary, proof-of-concept study of the effect of a chronic haloperidol treatment on the Bavail and the 

appKd of D2/3 receptors in the rat brain. For this purpose, two groups of rats were treated with either 

haloperidol (1 mg/kg/day, n=4) or vehicle (n=3) for 28 days. A [123I]epidepride SPECT scan using the 

partial saturation protocol was performed 7 days (a sufficient period for the complete elimination of 

haloperidol) after the end of the treatment period to assess neurochemical changes with respect to the 
D2/3 receptor. The radioactivity doses that were employed are presented in Table 1 (SPECT_PSA_HAL 

for haloperidol-treated and SPECT_PSA_CON for control rats). Statistical analysis of the difference in 

the quantitative parameter values between the groups was performed by means of a two-sample t test.  

 

S1.2 Osmotic minipump preparation and surgery 

 

Haloperidol was purchased from Sigma-Aldrich (Buchs, Switzerland). It was dissolved in dimethyl-

sulfoxide (DMSO) 50% v/v in water. Osmotic pumps (Alzet, Durect, Cupertino, CA, USA) were 
employed to continuously deliver the treatment at a dose of 1 mg/kg/day over 28 days. For the pump 

implantation, rats were anesthetized with isoflurane (3% for induction and 1-2 % for maintenance). Body 

temperature was monitored during the scans and maintained at 37±1 °C by means of a thermostatically 

controlled heating blanket. An incision was performed in the lateral abdominal wall and a pump was 

subcutaneously implanted. Subcutaneous analgesia (0.02 mg/kg/8h sc; Temgesic, Reckitt Benckiser 

Pharmaceuticals Inc) was administered right before surgery and was continued per os in the drinking 

water for 48h. For the removal of the osmotic pumps, the same surgical procedure was performed after 
the end of the treatment period (28 days). 
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Introduction: Pharmacological P-glycoprotein (P-gp) inhibition with tariquidar (TQD) is considered a promising
strategy for the augmentation of radiotracer brain uptake. However, a region-dependent effectmay compromise
the robustness of quantitative studies. For this reason, we studied the effect of a TQD pretreatment on 5-HT2A
imaging with [123I]R91150 and compared results with those obtained in Mdr1a knock-out (KO) rats.
Methods: Ex vivo autoradiography was performed in TQD (15 mg/kg) pretreated wild-type (WT-TQD), Mdr1a
knock-out (KO) and untreatedWT rats for Specific Binding Ratio (SBR) estimation. In vivo dynamic SPECT imag-
ing with serial arterial blood sampling was performed in the former two groups of rats and kinetic analysis was
performed with a one tissue-compartment (1TC) model and the Specific Uptake Ratio (SUR). Results were ana-
lyzed statistically using repeated measures ANOVA.
Results: SBR values differed between WT-TQD, Mdr1a KO and WT rats in a region-dependent manner
(p b 0.0001). In vivo brain uptake of radiotracer did not differ between groups. Similarly, kinetic analysis provid-
ed distribution volume (VT) values that did not differ significantly between groups. SUR binding potential (BPND)
values from both groups highly correlated with corresponding VT (r = 0.970, p b 0.0001 and r = 0.962,
p b 0.0001, respectively). However, SUR measured over averaged images between 100 and 120 min, using cere-
bellum as reference region, demonstrated values that were, by average, 2.99± 0.53 times higher in theWT-TQD
group, with the difference between groups being region-dependent (p b 0.001). In addition, coefficient of varia-
tion of the SUR BPND values across brain regions was significantly higher in the WT-TQD rats (41.25% ± 9.63%
versus 11.13% ± 5.59%, p b 0.0001).
Conclusion: P-gp inhibitionwith TQD leads to region-dependent effect in the rat brain,with probably sub-optimal
effect in cerebellum. This warrants attention when it is used as a reference region for quantitative studies.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Nuclear and molecular imaging techniques, namely Positron Emis-
sion Tomography (PET) and Single Photon Emission Tomography
(SPECT) provide an excellent means of study of functional aspects of
the Central Nervous System (CNS) in both physiological and disease
states. In these approaches, a molecule that binds to a particular
target-receptor in the brain is labeled with a radioactive isotope and
injected intravenously. Then, transport across the blood–brain barrier
(BBB), mainly by passive diffusion of the radiotracer, permits interac-
tion with the receptor. However, passive diffusion is, in several cases,
not the only process governing uptake ofmolecules by the brain. A fam-
ily of proteins is involved in active transport of molecules out of the

brain, thus hampering nuclear imaging by lowering the concentration
of tracer that is available for binding to its target [1,2]. The most prom-
inent member of this protein family, concerning radiotracer kinetics, is
the P-glycoprotein (P-gp, or Multi-drug resistance protein, Mdr1). In
humans, Mdr1 is expressed in brain capillary endothelium, whereas in
rodents two isoforms exist, Mdr1a andMdr1b, of which only the former
is present in brain capillary endothelium, the latter being expressed in
brain parenchyma [1].

P-gp activity constitutes a considerable limitation for brain imaging
with radiotracers that are its substrates. A multitude of molecules that
show promising characteristics when evaluated by preclinical in vitro
or ex vivo imaging show a less-than-optimal pharmacokinetic profile
in vivo that can range from a low signal-to-noise ratio to a nearly non-
detectable radioactivity concentration [3,4]. Furthermore, P-gp activity
may vary with respect to disease states (e.g. in epilepsy) and thus, ap-
parent variations of radiotracer binding may actually not reflect brain
neurochemistry but merely this modified brain uptake [5]. This has
led to the development of strategies to overcome the impact of P-gp
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activity on PET and SPECT preclinical and clinical imagingwith pharma-
cological inhibition of P-gp. In this context, previous studies have dem-
onstrated the potential of two P-gp inhibitors, cyclosporine A (CsA)
[2,6–8] and tariquidar (TQD) [5,9,10] to augment brain uptake of radio-
tracers and signal-to-noise ratio.

However, translating the aforementioned effects to an amelioration
of quantitative measures is not straightforward. Indeed, a number of
studies have raised important concerns about the robustness of quanti-
tative measures under P-gp inhibition mainly because the effect of in-
hibitors is not homogeneous across brain regions, as it has been
shown with small animal PET imaging [7,11]. This lack of homogeneity
may have an even greater impact when simplified quantification
methods are employed, in which radiotracer kinetics in a brain region
with negligible specific binding (“reference” region) is used to model
the kinetics of radiotracer in arterial plasma [7]. With these simplified
methods having gained great popularity, the impact of this heterogene-
ity could be an obstacle to the widespread use of P-gp inhibition in nu-
clear neuroimaging.

To date, no study has evaluated the applicability of different quantifi-
cation approaches after P-gp pretreatmentwith TQD, a potent P-gp inhib-
itor [12]. This agent is proposed as an alternative to CsA in neuroreceptor
PET and SPECT studies, assuming that a more efficient P-gp inhibition
should be homogeneous across brain regions. As a result, an unbiased
brain receptor quantification could be performed, in normal as well as
in disease states where P-gp activity is already regionally modified [5].

To address this hypothesis, we evaluated the effect of TQD pretreat-
ment on [123I]R91150 ex vivo and in vivo imaging of 5-HT2A receptors in
the rat brain. [123I]R91150 has been employed in human and small-
animal SPECT studies, related to schizophrenia and the atypical antipsy-
chotic mechanism of action [3,13–16]. Previous rodent SPECT studies
have established the impact of P-gp on the brain kinetics of this partic-
ular tracer, which is an almost complete inhibition of its uptake to virtu-
ally non-quantifiable concentrations and its reversal by genetic absence
of P-gp or pharmacological inhibitionwith CsA [3,8,17]. In order to have
an in-depth evaluation of the effect of TQD, we used full-kinetic model-
ing and a simplified tissue ratio method to extract quantitative mea-
surements [17]. As the objective of TQD pretreatment is supposed to
be a complete inhibition of P-gp, we also employed Mdr1a knock out
(Mdr1a KO) as a measure of comparison of inhibition efficiency.

2. Materials and methods

2.1. Animal preparation

Thirteenmale Sprague–Dawley rats, (Janvier Laboratories, Le Genet-
St-Isle, France) and eight Mdr1a KO rats, weighing 370 to 400 g were
used. The repartition of rats into groups is presented in Table 1. Of the
Sprague–Dawley rats, four were employed in [123I]R91150 U-SPECT-II
scans (miLabs, Utrecht, Netherlands) and four in ex vivo autoradiogra-
phy under prior TQD treatment (hereof, WT-TQD group). Four rats did
not receive any prior treatment (WT group) and were employed in
ex vivo autoradiography. Given the absence of any quantifiable SPECT
signal (see Results section) in untreated WT rats, only one rat of this
group was employed in a [123I]R91150 SPECT experiment for demon-
strative reasons. Of the Mdr1a KO rats, four were employed in SPECT
scan experiments and four in ex vivo autoradiography. In the rats that

underwent SPECT scans (n = 9), one polyethylene catheter (i.d. =
0.58mm, o.d= 0.96mm)was inserted into the left femoral vein for ra-
diotracer injection and one in the left femoral artery for blood sampling.
SPECT scans were performed under isoflurane anesthesia (4% for induc-
tion, 2,5% for maintenance). Body temperature wasmaintained at 37 ±
1 °C by means of a thermostatically controlled heating blanket. In rats
that only underwent autoradiography experiments (n = 12), a 24G
catheter was inserted in the tail vein for radiotracer injection.

All experimental procedures were performed in accordance with the
Swiss Federal Law on animal care under a protocol approved by the Ethical
CommitteeonAnimalExperimentationof theCantonofGeneva, Switzerland.

2.2. Radiotracer preparation

123I radioiodide was purchased from GE Healthcare (Eindhoven, the
Netherlands). TQD was purchased from Toronto Research Chemicals
(Toronto, Canada). All other chemicals were purchased from Sigma-
Aldrich (Buchs, Switzerland) with the highest purity available. R91150
precursor preparation was described elsewhere [3]. For radiolabeling,
300 μg of R91150 precursor in 3 μL ethanol was mixed with 3 μL of gla-
cial acetic acid, 15 μL of carrier-free 123I sodium iodide (10 mCi) in
0.05 M NaOH, and 3 μL of 30% H2O2. [123I]R91150 was isolated by an
isocratic HPLC run (ACN/water 50/50, 10 mM acetic acid buffer pH 5)
with a reversed-phase column (Bondclone C18 10 μm 300 × 7.8 mm,
Phenomenex, Schlieren, Switzerland) at a flow rate of 3mL/min. The ra-
diotracer retention time was 11.0 min. Radiochemical purity, assessed
by HPLC, was above 98% [3].

2.3. SPECT imaging, arterial plasma analysis and free parent radiotracer
fraction estimation

FourWT-TQD, fourMdr1a KO and oneWT ratwere employed in this
experiment. WT-TQD rats were pre-treated with TQD (15 mg/kg, i.v.),
30 min before radiotracer injection. SPECT scanning experimental pro-
tocol included a bolus injection of radiotracer at a volume of 0.6 ml
over a 1-min period using an infusion pump. Specific activity of radio-
tracer at the time of injection was 94.79 ± 26.61 GBq/μmol. A
120 × 1-min frame acquisition was initiated upon radiotracer injection.
SPECT image reconstruction was performed using a pixel ordered sub-
sets expectation maximization (P-OSEM, 0.4 mm voxels, 4 iterations, 6
subsets) algorithm using miLabs image reconstruction software. Radio-
active decay correction was performed while correction for attenuation
or scatter was not.

During SPECT acquisitions, 15 arterial blood samples (corresponding
to a plasma volume of 25 μl each)werewithdrawn at regular time inter-
vals and immediately centrifuged for 5min. Radioactivity wasmeasures
by means of a gamma counting system and expressed in kBq/ml after
calibration. For kinetic analysis of in vivo SPECT experiments, only
whole-blood radioactivity was measured individually.

For themetabolite and protein-bound fraction correction, the results
of a previouswork of our groupwere employed [17]. Themean percent-
age of non-metabolized [123I]R91150 in plasma (Pnm) was fitted using a
tri-exponential model to obtain the following An and Bn parameters:
Pnm(t) = A1.e− B1.t + A2.e− B2.t + A3.e− B3.t. In order to estimate jointly
the model parameters and the metabolite correction model, a coupled
fitting procedure was used to adjust the mean metabolite parameters,

Table 1
Repartition of rats into experimental groups.

Rat group Treatment n Experiment Outcome measures

WT – 4 Ex-vivo autoradiography SBR
1 SPECT scan –

WT-TQD TQD, 15 mg/kg, i.v. 4 Ex-vivo autoradiography SBR
4 SPECT scan Brain and plasma radioactivity AUC, VT, K1, k2, BPND

Mdr1a KO – 4 Ex-vivo autoradiography SBR
4 SPECT scan Brain and plasma radioactivity AUC, VT, K1, k2, BPND
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as described byMillet et al. [18]. Mean parameter estimates were: A1=
0.4002; B1 = 1.049; A2 = 0.2529; B2 = 0.2135; A3 = 0.4131; B3 =
0.0003295. The free tracer plasmatic fraction (fp) was 97% ± 3%. The
free andmetabolite-corrected plasmatic input function (Cp)was obtain-
ed by multiplying the total plasmatic activity (CTotal) with the non-
metabolized fraction (Pnm) and the free fraction (fp).

2.4. Ex vivo autoradiography

FourWT-TQD, fourMdr1a KO and fourWT ratswere employed in this
experiment. As in the in vivo SPECT imaging experiments, WT-TQD rats
were pre-treated with TQD (15 mg/kg), 30 min before radiotracer injec-
tion. Under isoflurane anesthesia, rats were injected with 11.45 ±
0.48 MBq of radiotracer and sacrificed by decapitation 120 min later.
Brains were removed and frozen in precooled isopentane at −20 °C
and cut into 20 μm-thick sections that were exposed – along with a stan-
dard of a range of radioactivity concentrations – to phosphor imaging
plates overnight (Fuji Photo Film Co., Tokyo, Japan). Finally, the plates
were scanned with a Fuji Bio-Imaging Analyzer BAS 1800II scanner (Fuji
Photo Film Co.), at 50 μmresolution, to obtain the ex vivo autoradiograms.
Acetylcholinesterase immunohistochemistry of brain sections was per-
formed to better delineate regions-of-interest (ROIs) [19]. Regional quan-
tification of specific binding ratios (SBRs) was performed using AIDA
software as follows: (Activity in ROIs)/(Activity in Cerebellum) − 1.

2.5. Data analysis

SPECT images were processed using PMOD software (version 3.6,
2014, PMOD Technologies Ltd, Zurich, Switzerland). Manual co-
registration to a rat MRI and volume-of-interest (VOI) template, incor-
porated in PMOD [20], was performed using averaged images of frames
corresponding to the last 60min of SPECT scan data. Co-registration pa-
rameters were then applied to dynamic images and time–activity
curves (TACs) were generated. Area under the curve (AUC) for time
points corresponding to the first 60 min of SPECT experiments was cal-
culated on injected dose-normalized TACs and metabolite-corrected
plasma radioactivity curves, using Matlab (R2011a, Mathworks Inc,
USA). The ratio of brain-to-plasma AUC for each VOI was employed as
an index of brain uptake of radioactivity. PMOD was employed for re-
gional analysis under different pharmacokinetic model configurations
for distribution volume (VT) estimation [21]: (1) a one and two tissue-
compartment model (1TC), (2) a specific uptake ratio (SUR) method,
previously validated for analysis inMdr1a KO rats [17]. BPND is obtained
by dividing the averaged activity in each VOI, between the 100th and
120th min of SPECT scan with the corresponding activity in cerebellum
minus one [17]. To validate the employment of this particular time win-
dow for SUR analysis in WT-TQD rats we estimated the parameter over
different timewindows (20min long each) and compared to VT parame-
ter values deriving from the same animal bymeans of regression analysis.

2.6. Statistical analysis

Statistical analysis was performed with Statistica software v.12
(Statsoft, Inc., USA). Linear regression analysis, Student’s t-test and re-
peated measures ANOVA (rmANOVA, using “group” as between-
subject independent variable and “ROI” or “VOI” aswithin-subject inde-
pendent variable)were employed to compare SBR values obtained from
autoradiography and kinetic parameters (VT, K1, k2, BPND and coeffi-
cients of variation, COVs) obtained from in vivo experiments over the
different groups of rats. Significance level was set at p b 0.05.

3. Results

Representative SPECT images, averaged over frames corresponding
to the last 60 min of the scans, from a WT-TQD, an Mdr1a KO and a
WT rat are presented in Fig. 1. [123I]R91150 brain binding follows the

same pattern in WT-TQD and Mdr1a KO rats: frontal cortical regions
present the highest binding while posterior cortical and subcortical re-
gions the lowest. An example of %ID/cc TACs for two VOIs (orbitofrontal
cortex and cerebellum) is presented in Fig. 2. Radiotracer uptake, in
terms of brain-to-plasma radioactivity AUC did not differ between
groups (p N 0.05).

The 1TC provided excellent fits to the data. Results of kinetic analysis
of dynamic SPECT scans are presented in detail in Table 2. Average VT

values were found between 167.11 ± 76.29 in orbitofrontal cortex
and 17.90 ± 5.30 in cerebellum for WT-TQD rats, while in Mdr1a KO
it ranged from239.91±132.54 to 36.17±9.35, respectively. rmANOVA
failed to demonstrate any significant difference between WT-TQD and
Mdr1a KO rats. Regarding K1, they were found between 1.58 ± 1.02 in
thalamus and 0.71±0.43 in visual cortex forWT-TQD rats and between
1.58± 0.13 in superior colliculus and 1.02± 0.08 in auditory cortex for
Mdr1a KO. A brain region-dependent difference between the values of
the two groups was indicated by rmANOVA (p b 0.01), but there was
no VOI-wise difference. Similarly, k2 values were found between
0.071 ± 0.025 in cerebellum and 0.005 ± 0.002 in motor and
orbitofrontal cortex forWT-TQD rats and between 0.037± 0.009 in cer-
ebellum and 0.006 ± 0.002 in orbitofrontal cortex for Mdr1a KO. They
differed between WT-TQD and Mdr1a KO rats in a region-dependent
manner (p b 0.001). Post hoc analysis shows a highly significant differ-
ence notably with respect to the k2 value in the cerebellum
(p b 0.0001) that was 1.92-fold higher in the former group of rats. A
marginally significant difference was also observed in thalamus
(p b 0.05), in which values were 0.027 ± 0.006 and 0.019 ± 0.003, re-
spectively. Concerning the 2TC model, it failed to provide better fits to
the data than the 1TC. In addition, it was associated to remarkably
high standard errors (thus, low identifiability) of kinetic parameters
reaching, or often exceeding 100% of the parameter value. As a result,
2TC was not further employed in our study.

The SUR method (Fig. 3) resulted in BPND values that vary from
11.46 ± 3.33 in the motor cortex to 2.16 ± 0.66 in the Superior

Fig. 1.Averaged frames of SPECT images (coronal, sagittal and axial planes), corresponding
to 60–120min post radiotracer injection from: (a) an untreatedWT, (b) anMdr1a KO and
(c) a TQD-treated WT rat. Color bars represent % ID/cc values.

83S. Tsartsalis et al. / Nuclear Medicine and Biology 43 (2016) 81–88

Image of Fig. 1


Colliculus in the WT-TQD group. Their Mdr1a KO rat-derived counter-
parts ranged from 3.66± 0.33 to 0.99± 0.02, respectively. These values
from both groups of rats almost perfectly correlate with the respective
VT values obtained with the 1TC (r = 0.970, p b 0.0001 and r = 0.962,
p b 0.0001, respectively). However, differences in rmANOVA analysis
proved to be highly significant with respect not only to main effect of
factors “group” (p b 0.01) and “VOI” (p b 0.0001) but also to their inter-
action (p b 0.0001), meaning that differences between WT-TQD and
Mdr1a KO rats are not homogeneous across VOI. A pattern of
diminishing magnitude of BPND between the two groups of rats from
high- to low-binding areas was observed, as shown in Fig. 3. Post hoc
analysis supported the existence of this pattern as it demonstrated
that differences between the two groups of rats are more marked in
VOI corresponding to frontal cerebral regions (orbitofrontal, auditory,
cingulate, motor and somatosensory cortex aswell as in nucleus accum-
bens and caudate nucleus-putamen, p b 0.001 for all comparisons),
being on average 3.43 ± 0.36 times higher inWT-TQD rats, with differ-
ences in more posterior VOI (visual cortex, hippocampi, hypothalamus,
thalamus) not attaining significance. Nevertheless, SUR BPND values cor-
related highly between the two groups (r = 0.964, p b 0.0001).

We also compared the percent COV of average VT and BPND values
across the different rats by means of Student’s t-test. COV of VT values
varied from 19.93% to 45.29% across VOI in the WT-TQD group while,
in the Mdr1a KO rats, they were found between 19.15% and 55.25%.
The average values were 35.32% ± 8.86% in the former and 29.92% ±
9.81% for the latter group, a difference that failed to show statistical sig-
nificance in the t-test. Concerning SUR BPND values, the associated COVs
were between 29.08% and 54.40% in the WT-TQD group and between
2.57% and 20.43% in the Mdr1a KO group. Here, the average values
were significantly higher; 41.25% ± 9.63% in the WT-TQD group com-
pared with the average COV values in the Mdr1a KO rats that were
11.13% ± 5.59% (p b 0.0001).

SBR values obtained from the quantitative analysis of ex vivo autoradi-
ography experiments from the three groups of rats (WT, WT-TQD and
Mdr1a KO) are included in Fig. 4. rmANOVA analysis revealed a region-
dependent difference between the three groups (p b 0.0001). VOI-wise
post hoc analysis of the effects of the different levels of the main factor
“group” showed that average SBR values obtained from Mdr1a KO rats
are significantly higher than the corresponding values from WT rats
(p b 0.05) in the nucleus accumbens, orbitofrontal, motor, somatosensory

Fig. 2. Average (and standard deviations) TACs (in %ID/cc) extracted from the orbitofrontal cortex (OFC) and the cerebellum (Cb), from Mdr1a KO and WT-TQD rats.

Table 2
Mean and standard deviations of 1TC parameter estimates obtained from 8 experimental subjects.

VOIa WT-TQD-treated rats Mdr1a KO rats

VT-1TC ±SD K1 ±SD k2 ±SD VT-1TC ±SD K1 ±SD k2 ±SD

Acb 120 26 1.15 0.50 0.009 0.002 134 49 1.35 0.15 0.011 0.002
CPu 104 37 1.35 0.71 0.013 0.003 127 39 1.36 0.14 0.011 0.002
OFC 167 76 0.84 0.49 0.005 0.002 240 133 1.30 0.14 0.006 0.002
AudC 64 33 0.82 0.50 0.013 0.002 78 17 0.96 0.07 0.013 0.002
CgC 159 43 1.13 0.56 0.007 0.002 179 71 1.34 0.16 0.008 0.002
MC 150 39 0.81 0.50 0.005 0.002 171 70 1.20 0.05 0.008 0.002
SSC 126 63 1.01 0.69 0.008 0.002 128 40 1.16 0.11 0.010 0.002
VsC 44 21 0.71 0.43 0.016 0.002 68 19 1.02 0.08 0.016 0.002
dHip 55 24 0.97 0.55 0.020 0.004 82 17 1.24 0.17 0.016 0.002
vHip 51 27 1.05 0.64 0.019 0.005 80 20 1.31 0.20 0.016 0.003
Hyp 57 28 1.26 0.73 0.022 0.004 81 21 1.49 0.19 0.019 0.003
ColSup 38 17 1.26 0.73 0.032 0.005 66 18 1.58 0.13 0.025 0.006
VTA 44 19 1.18 0.65 0.026 0.006 71 14 1.43 0.18 0.021 0.003
Thal 56 28 1.58 1.02 0.027 0.006 81 16 1.53 0.17 0.019 0.003
Cb 18 5 1.35 0.87 0.071 0.025 36 9 1.26 0.12 0.037 0.009

Acb: nucleus accumbens, CPu: caudate-putamen, OFC: orbitofrontal cortex, AudC: auditory cortex, CgC: cingulate gyrus, MC: motor cortex, SSC: somatosensory cortex, VsC: visual cortex,
dHip: dorsal hippocampus, vHip: ventral hippocampus, Hyp: hypothalamus, ColSup: superior colliculus, VTA: ventral tegmental area, Thal: thalamus, Cb: cerebellum.

a Values refer to the mean of both left and right VOIs.
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and visual cortex, as presented in Fig. 4. SBR ofWT-TQD rats is significant-
ly higher than that ofWT rats (p b 0.01) in all aforementioned regions, as
well as in the auditory and cingulate cortex. In these two particular re-
gions, the SBR values of WT-TQD rats are significantly higher than those
of Mdr1a KO rats (p b 0.05). Correlations between results in these three
groups are high (r = 0.962 and 0.979, respectively, p b 0.0001 for both
comparisons), as presented in Fig. 5.

4. Discussion

A wide number of radiotracers show compromised brain uptake
because of P-gp-mediated tracer efflux. Therefore, the incorporation of
P-gp inhibition in in vivo imaging protocols has been proposed.
Human and small animal studies have demonstrated the benefits of
this approach in terms of amelioration of signal-to-noise ratio that ren-
ders signal quantificationmore feasiblewith potential benefits on kinet-
ic parameter identifiability and statistical analysis of data [2,7,10,11,22].
This is of particular importance, especially for small animal imaging,
given that P-gp has a higher impact on rodent brain pharmacokinetics,
compared to human [23]. In fact, with the development of high-
resolution dedicated rodent PET and SPECT scanners, preclinical studies
have gained popularity for the initial evaluation of novel radiotracers
and as a powerful tool in translational biomedical research [24]. So, a

radiotracer may show excellent in vitro affinity profile, with highly spe-
cific receptor binding while in vivo imaging results are disappointing,
because of a minimal brain uptake, a limitation that could be reversed
with P-gp inhibition [3]. Another benefit from P-gp inhibition would
be the neutralization of the effect of P-gp activity variations in disease
states, such as epilepsy andAlzheimer’s disease [1,5], this being very im-
portant from a biological point of view. Indeed, in radiotracer kinetic
modeling, plasma-to-brain transport kinetics, are in close relationship
with the receptor binding parameters, which, when systematically bi-
ased due to variations of brain uptake of a radiotracer could falsely be
interpreted asmodifications of a biological system. In addition, themag-
nitude of brain uptake augmentation after inhibition has been proposed
as ameans of assessment of P-gp activity, whichmay be of particular in-
terest in oncology and neuropsychiatry. This is the case for radiotracers
that are markedly affected by this enzyme, such as [11C]verapamil and
[11C]-N-desmethyl-loperamide [23,25–30].

Ideally, an inhibitor should have a complete and homogeneous –
spatially and temporally – inhibition of efflux proteins, rendering pas-
sive diffusion the only determinant of plasma-to-brain transport. There-
by, an estimation of binding parameters, as an index of an underlying
biological phenomenon would be feasible, especially with the use of
non-invasive quantification approaches, the overall goal being to estab-
lish high-throughput and cost-effective study designs. Thus, the benefits

Fig. 3. Histogram (mean and standard deviations) of regional variation of SUR BPND values from WT-TQD and Mdr1a KO rats. *p b 0.001 compared to Mdr1a KO.

Fig. 4.Histogram (mean and standard deviations) of regional variation of SBR values fromWT,WT-TQD andMdr1a KO rats. (a) p b 0.001 compared toWT value. (b) p b 0.05 compared to
WT value. (c) p b 0.05 compared to Mdr1a KO value.
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of in vivo PET and SPECT under conditions of P-gp inhibition in terms of
counting statistics have been demonstrated in human and small-animal
studies using ciclosporin A (CsA) [2,7,10,11,27,31] and TQD [5,25,32,33].
However, the implementation of this strategy in quantitative protocols
is not straightforward: Kroll et al., [7] have recently demonstrated that
[18F]altanserin, a 5-HT2A-binding radiotracer is a substrate of P-gp.
CsA pretreatment (50 mg/kg) significantly augmented the radiotracer
uptake in all brain regions (two- to three-fold), after P-gp inhibition.
However, BPND values, as estimated with several different reference-
tissue models showed a region-dependent increase with pretreatment,
thus questioning the concept of pharmacological inhibition as a mere
“neutralization” of P-gp activity. For this reason, we studied the effect
of TQD-mediated inhibition of P-gp activity and compared the resulting
brain kinetics with those from Mdr1a KO rats, in which there is a com-
plete absence of the transporter. Consequently, any region-dependent
effect of TQD would be more readily observed.

TQD, compared toCsA, is characterizedbyhigher selectivity and inhib-
itory potential and a clearly more favorable side effect and pharmacoki-
netic interactions profile. Overall, it is considered to have a superior
efficacy as a P-gp inhibitor regarding PET and SPECT radiotracer pharma-
cokinetics [34]. We thus employed a TQD pretreatment protocol to study
the kinetics of [123I]R91150, a 5-HT2A-binding radiotracer, that shows
nearly non-detectable brain uptake in WT rats, as measured with SPECT
[3,8,17]. Previously, we have shown that this uptake is markedly en-
hanced inMdr1a KO rats [3,17] and similarly, Blanckaert et al. [8] demon-
strated a comparable augmentation in CsA-treated animals. In the present
study, we show that a pretreatment ofWT ratswith TQD led to an uptake
that did not differ from that inMdr1aKO rats.Αdose of 15mg/kg, injected
30min before radiotracer injection, has been shown to produce themax-
imal inhibitory effect elsewhere in the literature [29].

In the present study, we employed partial P-gp KO, as our rat strain
presents a normal expression of the Mdr1b isoform. This could be a po-
tential limitation to the interpretation of the differences in the kinetic
parameters in our data: TQD pretreatment inhibits both isoforms
whileMdr1b remains functional in theMdr1a KO rats [12,35]. However,
its effect should be limited in the hippocampus as the expression of
Mdr1b in the brain is mostly localized in this structure [36]. Moreover,
Mdr1b as well as the other efflux proteins, such as Breast cancer resis-
tance protein (BCRP) [12,35], seemingly has no considerable effect on
[123I]R91150 whatsoever. If the opposite was true, WT-TQD rats should
have a higher uptake thanMdr1a KO for two reasons: because TQD also
inhibits BCRP andMdr1b and thus uptake should be augmented inWT-
TQD rats, while compensatory augmentations in these proteins’

expression inMdr1aKO ratswoulddiminishuptake in this group, ultimate-
ly augmenting the difference between the two groups even more [37].

Regarding plasma pharmacokinetics of [123I]R91150, free parent
tracer plasma radioactivity did not significantly differ with respect to
the main effect of “group” of rats and not surprisingly, no differences
were observed in terms of brain-to-plasma AUC ratio. Nevertheless, it
should be noted that correction for radiolabeled metabolites of [123I]
R91150 was based on a previous work of our group, where it was per-
formed on treatment-naïve Mdr1a KO rats [17]. As a result, we may
not eliminate a possible confounding effect of tariquidar-induced P-gp
inhibition on the metabolism of [123I]R91150 and thus on free parent
tracer radioactivity in plasma, brain-to-plasma AUC ratio and results of
full kinetic modeling with the 1TC model in the WT-TQD. But even if
this was the case, quantitative results using the SUR, which present
the most significant finding of this study, would not be modified at all
in the WT-TQD group, as no plasma input is required for their estima-
tion. Furthermore, concerning P-gp inhibition per se, it has been
shown not to interfere with [123I]R91150 metabolism [8].

We performed kinetic analysis of dynamic SPECT imaging using the
1TCmodel, the reason being that it provided excellentfits to TACs,while
the 2TC model did not ameliorate fits and provided kinetic parameters
associatedwith high standard errors (data not shown). Our kinetic anal-
ysis with the 1TC demonstrated that no significant differences in VT are
observed, a finding that supports the argument that 5-HT2A receptor
level does not differ between the two groups of rats. Furthermore,
mean K1 and k2 values across VOI were not significantly different be-
tween the two groups. The fact that both values are significantly influ-
enced by the interaction of the factors “group” and “VOI” points to a
non-homogeneous impact, particularly on k2 parameter. Interestingly,
the post hoc analysis of k2 estimate differences with respect to the rat
group and VOI demonstrated a marked difference in cerebellum, in
which k2 for TQD-treated WT rats is nearly double than that observed
in Mdr1a KO rats (0.071 ± 0.025 in WT-TQD rats and 0.037 ± 0.009
in Mdr1a KO). In this particular brain region, where negligible specific
binding is observed, 1TC-derived k2 parameter is indicative of radiotrac-
er efflux, thus suggesting a higher rate in cerebellum for WT-TQD rats.

This finding has a particular significance for the interpretation of the
markedly increased SUR BPND values inWT-TQD rats with this augmen-
tation being region-dependent, as the interaction of main factors
“group” and “VOI” is significant in rmANOVA. In the absence of in vivo
quantitative binding estimates fromWT rats in order to validate the re-
sults from WT-TQD and Mdr1a KO rats, we used ex vivo autoradiogra-
phy that has greater sensitivity than in vivo SPECT imaging for this
purpose. SBR values from ex vivo imaging follow a similar pattern with
in vivo SUR BPND estimations: average SBR values across all VOIs are
higher in theWT-TQDgroup compared to theWTgroup, with this effect
being region-dependent (significant differences in VOI-wise compari-
sons are illustrated in Fig. 4). On the contrary, SBR values from Mdr1a
KO rats more closely corresponded to values from WT rats, but region-
dependent differences may still be found.

Given the aforementioned difference in k2 estimates, this discrepan-
cy may be, at least partially, explained by a more rapid efflux of radio-
tracer from cerebellum in WT-TQD rats. This suggests that TQD-
mediated P-gp inhibitionmight be suboptimal in the cerebellum region,
an argument supported by the results of Kroll et al. [7] with CsA-
mediated inhibition. Importantly, the doses that were employed in
their study (50 mg/kg for CsA) and in the present one (15 mg/kg for
TQD) produce the maximal effect in rats, as no additional inhibition
was observed after administration of higher doses [7,29]. A possible ex-
planation for this distinct level of inhibition in the cerebellum could be
that, in this region, P-gp expression is the highest in the brain [11]. A
region-dependent effect of TQD is more readily observed in other
brain regions when it is administered in lower doses: at 3 mg/kg, the
augmentation of VT of [11C]verapamil, an indicator of P-gp inhibition
differs across regions of the rat brain [32]. Consequently, it could be as-
sumed that, despite the high dose employed in our study, the effect was

Fig. 5. Correlation of SBR values from WT rats (x-axis) with WT-TQD (black dots) and
Mdr1a KO rats (white dots) (both in y-axis). Dotted line represents line of equality.
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still suboptimal, notably in the cerebellum. Another possible explana-
tion of this phenomenon could lie on the pharmacokinetics of TQD it-
self: its effect probably starts to decline at 2 h post injection [38],
which could explain the brain kinetics of [123I]R91150.

These results on TQDpretreatment for 5-HT2A receptor SPECT imag-
ing warrant attention when quantification studies are performed. This
concerns quantitative approaches in which a reference tissue, devoid
of specific binding (here, the cerebellum) is employed to estimate the
BPND [17,39]. If disproportionate inhibition of P-gp is induced in this ref-
erence tissue, all estimates are biased. Full kineticmodelingwith arterial
sampling for input function estimation and estimation of VT may be
more robust. On the other hand, in small-animalmolecular imaging, de-
velopment of a high-throughput, cost-effective experimental design is
critical, which implies that the full kineticmodelingwith arterial plasma
samplingmay not be readily employed. Quantitative studies in molecu-
lar imaging are, in fact, a trade-off between precision and parsimony.
Reference-tissuemethods aremuch less invasive (no arterial sampling)
and, in the case of SUR, based on short image acquisitions.

In the present study, WT-TQD rats had higher SUR BPND estimates,
compared to Mdr1a KO rats, but correlations between these groups of
values and the respective VT values were excellent, suggesting that the
SUR method is applicable. Correlations between ex vivo SBR values
from WT-TQD and Mdr1a KO with WT rats are excellent, suggesting
that P-gp inhibition is still a viable option for 5-HT2A SPECT imaging
with [123I]R91150. However, the marked region-dependent effect of
TQD on BPND estimates, as well as their much higher variability (in
terms of % COV), suggests that this approachmight not be optimal in ex-
periments where high statistical power is required, i.e. when small bio-
logical differences need to be precisely detected. On the other hand,
TQD-inhibition of P-gp may be of particular use when novel potential
radiotracers are evaluated [4,40–42,44–46].

Alternatively, the use of P-gp KO rats in translational biological stud-
ies could rule out the deficient brain penetration of radiotracers and
permit extraction of robust quantitative estimates with reference-
tissue approaches, provided that neuroreceptor systems of focus are
not for any reason perturbed by the absence of P-gp expression. The
present and previous studies of our group [3,17] have not provided ev-
idence for the opposite. Concerning human imaging, it is worthy to note
that brain region-wise differences in P-gp expression and function seem
to be less pronounced than in rat [43]. The results of our study suggest
that a careful evaluation of the applicability of the quantification
methods must be verified before the employment of TQD inhibition in
human imaging. A more sophisticated TQD administration design may
be necessary, i.e. a continuous intravenous infusion of TQD throughout
the scan. This was studied with [11C]verapamil human PET imaging
and demonstrated a superior efficacy of P-gp inhibition, as it resulted
in an increase of VT to a level comparable to that in pituitary, a structure
lacking BBB [28].

Taken together, the results of the present study illustrate the advan-
tages and limitations of pharmacological P-gp inhibition. We employed
Mdr1a KO rats to “get a glimpse” of complete Mdr1a inhibition and
compare to the effect of TQD pretreatment on 5-HT2A SPECT imaging.
Region-dependent effects, more pronounced in the cerebellum pro-
duced a positive bias in binding potential estimations in TQD-treated
rats, which still remained highly correlated with these obtained in
Mdr1a KO rats.
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Dual-radiotracer translational SPECT neuroimaging. Comparison of three
methods for the simultaneous brain imaging of D2/3 and 5-HT2A receptors
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A B S T R A C T

Purpose: SPECT imaging with two radiotracers at the same time is feasible if two different radioisotopes are
employed, given their distinct energy emission spectra. In the case of 123I and 125I, dual SPECT imaging is not
straightforward: 123I emits photons at a principal energy emission spectrum of 143.1–179.9 keV. However, it also
emits at a secondary energy spectrum (15–45 keV) that overlaps with the one of 125I and the resulting cross-talk of
emissions impedes the accurate quantification of 125I. In this paper, we describe three different methods for the
correction of this cross-talk and the simultaneous in vivo [123I]IBZM and [125I]R91150 imaging of D2/3 and 5-HT2A
receptors in the rat brain.
Methods: Three methods were evaluated for the correction of the effect of cross-talk in a series of simultaneous,
[123I]IBZM and [125I]R91150 in vivo and phantom SPECT scans. Method 1 employs a dual-energy window (DEW)
approach, in which the cross-talk on 125I is considered a stable fraction of the energy emitted from 123I at the
principal emission spectrum. The coefficient describing the relationship between the emission of 123I at the
principal and the secondary spectrum was estimated from a series of single-radiotracer [123I]IBZM SPECT studies.
In Method 2, spectral factor analysis (FA) is applied to separate the radioactivity from 123I and 125I on the basis of
their distinct emission patterns across the energy spectrum. Method 3 uses a modified simplified reference tissue
model (SRTMC) to describe the kinetics of [125I]R91150. It includes the coefficient describing the cross-talk on
125I from 123I in the model parameters. The results of the correction of cross-talk on [125I]R91150 binding po-
tential (BPND) with each of the three methods, using cerebellum as the reference region, were validated against
the results of a series of single-radiotracer [123I]R91150 SPECT studies. In addition, the DEW approach (Method
1), considered to be the most straightforward to apply of the three, was further applied in a dual-radiotracer
SPECT study of the relationship between D2/3 and 5-HT2A receptor binding in the striatum, both at the voxel
and at the regional level.
Results: Average regional BPND values of [125I]R91150, estimated on the cross-talk corrected dual-radiotracer
SPECT studies provided satisfactory correlations with the BPND values for [123I]R91150 from single-radiotracer
studies: r¼ 0.92, p< 0.001 for Method 1, r¼ 0.92, p< 0.001 for Method 2, r¼ 0.92, p< 0.001, for Method 3.
The coefficient describing the ratio of the 123I-emitted radioactivity at the 125I-emission spectrum to the radio-
activity that it emits at its principal emission spectrum was 0.34 in vivo. Dual-radiotracer in vivo SPECT studies
corrected with Method 1 demonstrated a positive correlation between D2/3 and 5-HT2A receptor binding in the rat
nucleus accumbens at the voxel level. At the VOI-level, a positive correlation was confirmed in the same region
(r¼ 0.78, p< 0.01).
Conclusion: Dual-radiotracer SPECT imaging using 123I and 125I-labeled radiotracers is feasible if the cross-talk of
123I on the 125I emission spectrum is properly corrected. The most straightforward approach is Method 1, in which
a fraction (34%) of the radioactivity emitted from 123I at its principal energy spectrum is subtracted from the
measured radioactivity at the spectrum of 125I. With this method, a positive correlation between the binding of
[123I]IBZM and [125I]R91150 was demonstrated in the rat nucleus accumbens. This result highlights the interest
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of dual-radiotracer SPECT imaging to study multiple neurotransmitter systems at the same time and under the
same biological conditions.

Introduction

Molecular neuroimaging permits the study of brain function in health
and disease. Radiotracers targeting a wide panel of neurobiological
processes have been developed: regarding the neurotransmitter systems,
single-photon emission computed tomography (SPECT) and positron
emission tomography (PET) studies provide knowledge on neuroreceptor
levels, receptor-neurotransmitter-interactions, endogenous neurotrans-
mitter levels etc. (Frankle et al., 2005; Laruelle, 2000). With the advent of
modern small-animal scanners, molecular imaging is now employed in
the study of animal models of neuropsychiatric diseases. The advantage
of using the same techniques in fundamental as in clinical research lies on
the fact that animal models may provide insight into mechanistic aspects
of human disease while the knowledge obtained from small-animal im-
aging may be more directly implemented in human research (Cunha
et al., 2014; Frankle and Laruelle, 2002; Meikle et al., 2005; Nestler and
Hyman, 2010; Xi et al., 2011).

Given the arsenal of radiotracers available in molecular neuro-
imaging, multiple biological targets may be studied on the same subject
and permit a more thorough evaluation of brain physiology and pa-
thology (Cselenyi et al., 2004; Fakhri, 2012). For example, a joint eval-
uation of D2/3 and 5-HT2A receptors would be of interest for the study of
schizophrenia as both receptors are implicated in the pathophysiology of
the disease and a target for multiple antipsychotic agents (Ginovart and
Kapur, 2012; Howes et al., 2012; Selvaraj et al., 2014). Another highly
interesting example of joint exploration of multiple biomarkers would be
in dementia imaging (Jack et al., 2013). However, studying multiple
targets on the same animal is technically difficult. Multiple scan sessions
are time-consuming as theymay need to be separated by various amounts
of time for the radioisotope of the first scan to decay before the second
scan and thus prevent bias in the radioactivity measurements. However,
studying two or more biological phenomena using scan sessions that are
separated by hours or even days may induce variability and bias due to
the dynamic nature of most of biological phenomena that may rapidly
evolve or even depend on each other (Fakhri, 2012). For instance, results
from neuroreceptor studies may be subject to the effect of endogenous
ligand binding to the receptors (Laruelle, 2000), which is a dynamic
phenomenon, subject to physiological variations. Other parameters, such
as the effect of anesthetic agents may alter the radiotracers' binding
(McCormick et al., 2011) and thus hamper the joint interpretation of two
phenomena under study unless they are studied at the exact same time,
thus under the exact same conditions. Furthermore, multiple scan ses-
sions may reduce the throughput of small animal imaging studies. Given
the limitations described above, the development of simultaneous,
dual-radiotracer molecular imaging could optimize biological studies
both in terms of technical feasibility and of biological understanding of
brain function (Fakhri, 2012).

Simultaneous, dual-radiotracer molecular imaging is theoretically
feasible in SPECT. Each radioisotope used in SPECT emits photons in a
particular energy spectrum. Two (or more) radioisotopes may thus be
simultaneously employed in a single scan session and their respective
radioactive signals be distinguished based on their emission spectra
(Akutsu et al., 2009; Antunes et al., 1992; Bruce et al., 2000; Ichihara
et al., 1993). This is the case for two iodine isotopes used in SPECT. 123I
has a principal energy emission spectrum of 143.1–179.9 keV and 125I an
energy spectrum of 15–45 keV. The majority of radiotracers used in
SPECT studies of the central nervous system (CNS) is radioiodinated
(Baeken et al., 1998; De Bruyne et al., 2010; Dumas et al., 2014, 2015; Ji
et al., 2015; Kessler et al., 1991; Kung et al., 1989; Mattner et al., 2008,
2011; Ordonez et al., 2015; Pimlott and Ebmeier, 2007; Sehlin et al.,
2016; Tsartsalis et al., 2014a, 2015) and the possibility to perform

dual-radiotracer SPECT using 123I and 125I would thus be of interest for a
wide spectrum of in vivo studies in animal models of neuropsychiatric
conditions. Nevertheless, distinction of 123I- and 125I-emitted photons is
not straightforward: 123I emits at a secondary energy spectrum that
overlaps with the one of 125I and the resulting cross-talk of emissions
impedes the accurate quantification of 125I.

In this paper, we compare three different methods for the correction
of cross-talk between 123I and 125I and apply them to the simultaneous
quantification of D2/3 and 5-HT2A receptors, using the [123I]IBZM and
[125I]R91150, respectively. Furthermore, we apply this methodology to
study the relationship between the [123I]IBZM and [125I]R91150 binding
in the rat striatum and thus illustrate the potential of dual-radiotracer
imaging for in vivo biological studies of brain function and pathology.

Materials and methods

123I and 125I phantom SPECT studies

Eighteen groups of three cylindrical phantoms each (2ml Eppendorf®

tubes) were prepared. In each group, one tube was filled with a solution
containing 123I (GE Healthcare, Eindhoven, Netherlands), one with the
same radioactive concentration of 125I (Perkinelmer, Schwerzenbach,
Suisse) and a third tube with a mixture of equal concentrations of both
radioisotopes (each radioisotope at half the quantity of radioactivity in
the adjacent single radioisotope-containing tube). Attention was paid for
the tubes to be filled with the exact same radioactive concentration so
that the measurement in the single-radioisotope containing tubes to be
exactly twice the radioactivity of the same radioisotope in the tubes
containing both. In this way, the measurements in the single
radioisotope-containing tubes could serve as controls for the measure-
ment in the dual-radioisotope containing tubes after correction for cross-
talk. Radioactive concentrations varied from 0.9 to 3.5 MBq/ml. The
tubes of each group were positioned along the longitudinal axis of the U-
SCAN-II SPECT camera (MiLabs, Utrecht, Netherlands) on a rectangular
polystyrene scaffold. A 10-min static SPECT acquisition was performed.

Radiotracer preparation

All chemicals were purchased from Sigma-Aldrich (Buchs,
Switzerland) with the highest purity available, unless otherwise speci-
fied. [123I]IBZM was obtained by incubation, for 15min at 68 �C, of a
mixture containing 5 μL of BZM precursor (ABX, Germany, 24 nmol/μl in
ethanol), 2 μL of glacial acetic acid, 1 μL of 30% H2O2 and 10mCi of
carrier-free 123I sodium iodide in 0.05M NaOH (GE Healthcare, Eind-
hoven, Netherlands). The radiotracer was isolated by a linear gradient
HPLC run (from 5% acetonitrile, ACN, to 95% ACN, 10mMH3PO4, in
10min).

For R91150 radiolabeling, 300 μg of R91150 precursor in 3 μL
ethanol was mixed with 3 μL of glacial acetic acid, 15 μL of carrier-free
123I or 125I (Perkin Elmer) sodium iodide (10mCi) in 0.05M NaOH,
and 3 μL of 30% H2O2. [123I]R91150/[125I]R91150 was isolated by an
isocratic HPLC run (ACN/water 50/50, 10mM acetic acid buffer) with a
reversed-phase column (Bondclone C18 10 μm 300� 7.8mm, Phenom-
enex, Schlieren, Switzerland) at a flow rate of 3ml/min. Radiochemical
purity, assessed by HPLC, was above 98% (Dumas et al., 2014).

In vivo SPECT studies and scan procedures

Thirty-two male Mdr1a KO rats (SD-Abcba1tm1sage, Sigma Advance
Genetic Engineering Labs, USA), weighing 370–573 g were used. Their
repartition was as follows: 1) Three rats were used in a single-radiotracer
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[123I]IBZM SPECT study. This study allowed the estimation of the α co-
efficient describing the relationship between the emission of [123I]IBZM
at the 15–45 keV spectrum and the emission of the same radiotracer at
the 143,1–179,9 keV spectrum (see section 2.5.1 for more detail). 2) Four
rats were used in a single-radiotracer [123I]R91150 study and the results
of the quantification were used as “ground truth” for the validation of the
results of cross-talk correction in dual-radiotracer SPECT studies. 3)
Three rats were employed in a simultaneous, dual-radiotracer SPECT
study to validate the three different methods of correction of the cross-
talk between [123I]IBZM and [125I]R91150 by comparing the results of
quantification with the results of study 2. 4) Ten rats were used in a dual-
radiotracer [123I]IBZM and [125I]R91150 study to evaluate the test-retest
reliability of the quantification of D2/3 and 5-HT2A receptors with this
protocol. In addition, with these ten rats, the correlation between these
two receptors in the nucleus accumbens (NAcc) was studied. 5) In a
supplemental study, one rat was employed in a dual-radiotracer study in
which [123I]R91150 was labeled with 123I and [125I]IBZM with 125I. 6)
Finally, eight rats were used in a supplemental in vitro study of D2/3 and
5-HT2A quantification in the NAcc to validate the results of the in vivo
study. Table 1 summarizes the above description. All experimental pro-
cedures were performed in accordance with the Swiss Federal Law on
animal care under a protocol approved by the Ethical Committee on
Animal Experimentation of the Canton of Geneva, Switzerland.

SPECT scans were performed under isoflurane anesthesia (4% for
induction, 2.5% for maintenance). Body temperature was maintained at
37� 1 �C by means of a thermostatically controlled heating blanket. A
polyethylene catheter (22G) was inserted in the tail vein for radiotracer
injection, at a volume of 0.6ml over a 1-min period using an infusion
pump. The scan protocol, regarding the number of image-frames is pre-
sented for each study in Table 1.

SPECT image reconstruction, co-registration and regional radioactivity
measurement extraction

SPECT image reconstruction from phantom and in vivo rat studies
(single- and dual-radiotracer) was performed using a pixel ordered sub-
sets expectation maximization (P-OSEM, 0.4 mm voxels, 4 iterations, 6
subsets) algorithm using MiLabs image reconstruction software. Recon-
struction of dynamic SPECT images was performed using the radioac-
tivity measured at each radioisotope's principal energy spectrum, that is
at 143,1–179,9 keV for 123I and at 15–45 keV for 125I. Reconstruction of
static SPECT images was performed at the aforementioned energy spectra
but also over the whole energy spectrum from 0 to 200 keV, with 5 keV-
wide windows (in this case, image-volumes containing the re-
constructions of a static SPECT image over the whole spectrum are
termed “spectral images”). In this way, the pattern of emission of each
radioisotope over the whole energy spectrum is studied. Radioactive
decay correction was performed while correction for attenuation or
scatter was not.

SPECT images were processed using PMOD software (version 3.8,
2014, PMOD Technologies Ltd, Zurich, Switzerland). Radioactivity from
the phantom study (section 2.1) was extracted from the SPECT image by
means of an ellipsoid volume-of-interest (VOI) manually placed at the
center of the tube (2 cm3). In vivo SPECT scans were manually co-
registered to a rat MRI and a VOI template (including 57 VOIs), incor-
porated in PMOD (Schiffer et al., 2006). In the case of dynamic SPECT
images, manual co-registration was performed on images of average
radioactivity over many frames of acquisition, to enhance the visualiza-
tion of the brain. Co-registration parameters of these averaged images
were then applied to individual frames of the dynamic images and
time-activity-curves (TACs) were generated.

Simultaneous dual-radiotracer SPECT signal separation

For the dual-radiotracer study, a 240 x 1-min frame SPECT acquisition
started immediately after a [125I]R91150 injection at t¼ 0
(62.88� 19.14 MBq), while [123I]IBZM was injected at t¼ 20min
(66.33� 26.02 MBq). The protocol for the dual-radiotracer studies is
presented in Fig. 1. For the single radiotracer studies, a 120 x 1-min frame
SPECT acquisition was initiated upon radiotracer injection. Radioactive
concentration at the time of injection was 100.45� 34.15 MBq for the
single-radiotracer [123I]R91150 study and 90.45� 3.27 MBq for the
single-radiotracer [123I]IBZM study. Three different methods of signal
separation in dual-radiotracer SPECT were employed in this paper:

Table 1
Repartition of rats into experimental groups.

Experiment n SPECT protocol Objective/Outcome
measures

1. Single-radiotracer
[123I]IBZM study

3 120 x 1-min frames Estimation of α
coefficient
Estimation of BPND
(SUR)

2. Single-radiotracer
[123I]R91150 study

4 120 x 1-min frames Estimation of BPND
(SUR)

3. Dual-radiotracer [123I]
IBZM/[125I]R91150
validation study

3 240 x 1-min frames,
(125I]R91150 injected
at t¼ 0 and [123I]IBZM
injected at t¼ 20min)

Validation of BPND
estimation with SUR
after cross-talk
correction with DEW/
Spectral FA/SRTMC

4. Study of the D2/3-5-
HT2A binding in
striatum and test-retest
variability assessment

10 4� 10-min frames
scan, initiated at
t¼ 80min after the
simultaneous injection
of [123I]IBZM/[125I]
R91150

Estimation of BPND
(SUR) after DEW-
correction for cross-
talk/Test-retest
variability/
correlation between
D2/3-5-HT2A

5. Supplemental
experiment Dual-
radiotracer [123I]
R91150/[125I]IBZM
validation study

1 240 x 1-min frames,
(125I]IBZM injected at
t¼ 0 and [123I]R91150
injected at t¼ 20min)

Evaluation of a
possible bias of [123I]
R91150 on [125I]
IBZM

6. Supplemental
experiment Single-
radiotracer [125I]
R91150 study

3 1� 20-min frame,
(initiated at
t¼ 100min after [125I]
R91150 injection)

Evaluation of a
possible bias in BPND
due to the use of 125I

7. Supplemental
experiment In vitro
autoradiography study
of D2/3 and 5-HT2A

binding

8 – Estimation of 1) D2/3

binding in brain slices
from frontal cortical
and striatal regions
and 2) 5-HT2A binding
onto immediately
adjacent slices

Fig. 1. The protocol employed in the dual-radiotracer experiments (as described
in section 2.3). The SPECT scan starts with an injection of [125I]R91150, fol-
lowed by the injection of [123I]IBZM, 20min later. The [125I]R91150 TAC is
unbiased until the moment of [123I]IBZM injection. The time-windows on which
the BPND values for the two radiotracers is estimated, are indicated with the
vertical lines.
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Method 1: correction of the cross-talk between 123I and 125I by subtracting the
123I-derived contamination from the 125I radioactive signal (hereon, dual
energy window method)

Lee and colleagues (Lee et al., 2013, 2015) proposed a dual energy
window (DEW)method, exploiting the fact that the emission of 123I at the
principal (high) energy spectrum at 143,1–179,9 keV and the emission at
the secondary (low) energy spectrum at 15–45 keV (this one producing
the cross-talk with 125I) have a linear relationship, described by the
following equation:

123Ilow ¼ α* 123Ihigh (1)

where 123Ilow and 123Ihigh denote the radioactivity of the low and high-
energy emission spectra, respectively and α is an unknown coefficient.
The α coefficient was estimated from the 123I phantom study (section 2.1)
and the in vivo single-radiotracer [123I]IBZM SPECT study (section 2.5). It
was given by fitting equation (1) to the scatter plot of the radioactivity
measured at the high-energy spectrum and the corresponding measure-
ment at the low-energy spectrum, across 123I phantoms. For the in vivo
imaging study, the α coefficient was estimated by fitting equation (1) to
the radioactivity measured at the high-energy spectrum and the corre-
sponding measurement at the low-energy spectrum, in each of the 57 VOIs
over the three rats of the single-radiotracer [123I]IBZM study (section 2.3).

Knowing the α coefficient permits to correct the total radioactivity
measured at the low-energy window (125/123I), where the cross-talk be-
tween 123I and 125I is observed. Indeed, in this case, the radioactivity
emitted by 125I only (125I) will be given by the following equation:

125I ¼ 125=123I � α * 123Ihigh (2)

all other parameters are known, including the radioactivity measured at
the high-energy spectrum (123Ihigh), which is not influenced by cross-talk
and directly quantified. After application of the DEW method, the non-
displaceable binding potential (BPND) (Innis et al., 2007) was estimated
on static images corresponding to acquisitions between the 80th and the
110th min after injection for the [123I]IBZM studies and between the
100th and the 120th min after injection for [125I]R91150. These
time-windows correspond to pseudo-equilibrium conditions and permit a
simple specific uptake ratio method (SUR) to be used for BPND estima-
tion, as previously demonstrated (BPND¼Radioactivity in target
region/Radioactivity in reference region-1) (Dumas et al., 2015; Tsart-
salis et al., 2017). These time-windows where employed whenever the
estimation of BPND was performed over static SPECT images with the
SUR method in this paper.

Method 2: spectral factor analysis (FA)
As described in section 2.4, static images from phantom and in vivo

experiments were reconstructed across the energy spectrum in 5 keV-
wide energy windows and all these reconstructed images were combined
in a single volume, termed a spectral image, one for each phantom or rat.
Spectral images were processed in the Pixies software (Apteryx, Issy-les-
Moulineaux, France) as previously described (Di Paola et al., 1982; Millet
et al., 2012; Tsartsalis et al., 2014a). In this paper, FA is used for the
decomposition of spectral images into a few elementary
component-images, each one of them representing the emission pattern
of one radioisotope over the emission spectrum. The decomposition is
based on the distinct spectral pattern of each component-image and is
performed at the voxel level. The objective is to distinguish the radio-
active signal with respect to the radioisotope (123I or 125I) that emitted it.
Thus, the emission pattern of radioactivity in each voxel (i) of an original
(raw) spectral image, Vraw

i ðrÞ (where r is the energy window at which
reconstruction was performed), is expressed as a function of a finite
number (k) of curves called factors fk, each one corresponding to a
distinct radioactivity emission pattern across the energy spectrum and a
set of factor-images Мk that represent the spatial distribution of the

factors. Overall, the decomposition of the radioactive signal may be
expressed using the following equation:

Vraw
i ðrÞ ¼

XK

k¼1

MkðiÞfkðrÞ þ eiðrÞ (3)

where ei(r) represents the error term for each voxel (i) at energy (r)
including both noise and modeling errors. In the present study, K¼ 3,
given that we know a priori that the whole radioactive signal is emitted
by two radioisotopes and the third factor corresponds to the data that is
not attributed to either 123I- or 125I-emitted signal. In addition, the
distinct pattern of emission from each radiotracer over the energy spec-
trum is known from the reconstruction of the single-radiotracer images
(section 2.1) that contained only one of the radioisotopes at a time. This a
priori known pattern of emission was employed as a constraint of simil-
itude in FA, i.e. obliging the software to extract factors similar to the
known patterns of emission of 123I and 125I. For a more detailed
description of FA and the application of a constraint of similitude, please
see (Millet et al., 2012). After FA, the images corresponding to the factor
representing 125I and more precisely its emission spectrum at 15–45 keV
were extracted and considered cross-talk-corrected. BPND was estimated
over [123I]IBZM and [125I]R91150 SPECT images with the SUR method.

Method 3: inclusion of the effect of cross-talk in the compartmental analysis
Correction of the effect of cross-talk was also performed by including

it in the equation of the simplified reference-tissue model (SRTM)
(Lammertsma and Hume, 1996; Wu and Carson, 2002), as previously
described (Carson et al., 2003; Tsartsalis et al., 2014b). The SRTM
equation is the following:

CVOIðtÞ ¼ R1CREFðtÞ þ ðk2 � R1k2=ð1þ BPNDÞÞCREFðtÞ � e�k2=ð1þBPNDÞt (4)

where CVOIðtÞ and CREFðtÞ are the TACs in the VOI and the reference
region, respectively, R1 is the relative delivery of the radiotracer in the
VOI with respect to the reference region (K1=K '

1), k2 are tissue efflux
constants in the VOI.

In the present study, the radioactive signal measured at 15–45 keV
corresponds to [125I]R91150 and a part of the [123I]IBZM signal as a
result of cross-talk. Taken equation (2) into account, at any time point

C125
VOIðtÞ ¼ Ctotal

VOI ðtÞ � α C123
VOIðtÞ (5)

and

C125
REFðtÞ ¼ Ctotal

REFðtÞ � α' C123
REFðtÞ (6)

where C125
VOIðtÞ and C125

REFðtÞ are the true TACs corresponding to [125I]
R91150 in the VOI and reference region, Ctotal

VOI ðtÞ and Ctotal
REF ðtÞ correspond

to the measured TAC, that includes the cross-talk from [123I]IBZM,
C123
VOIðtÞ and C123

REFðtÞ are measured radioactivities at the 123I principal
emission spectrum in the VOI and reference region, respectively. The α
parameter, corresponding to the VOIs, is fitted. On the other hand,
considering the reference region (α'Þ it is fixed with the value estimated
as described in section 2.5.1.

Combining equations (4)–(6) gives the operational equation of the
“corrected” SRTM or SRTMC:

Ctotal
VOI ðtÞ ¼ R1

�
Ctotal

REFðtÞ � α' C123
REFðtÞ

�þ ðk2 � R1k2=ð1þ BPNDÞÞ
�
Ctotal

REFðtÞ

� α' C123
REFðtÞ

�� e
� k2
ð1þBPNDÞt þ α C123

VOIðtÞ
(7)

that was implemented in PMOD software, as previously described
(Tsartsalis et al., 2014b). Thus, the number of parameters to fit with
SRTMC is one more than in the SRTM, which is the α coefficient for every
VOI (given that for the reference region it is fixed (Tsartsalis et al.,
2014b)).
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Statistical analysis

In phantom experiments, radioactivity measurements from cross-talk
corrected images of phantoms that contained both radioisotopes were
compared to measurements from the respective adjacent phantoms
containing a single radioisotope. In rat experiments, regional BPND values
resulting from the quantification of cross-talk-corrected dual-radiotracer
images, were compared with corresponding values from single-
radiotracer images of in vivo experiments. Comparisons in both cases
were performed by means of linear regression analysis and paired-
sampled t-test. Statistical significance was set to p< 0.05.

Evaluation of the relationship between striatal D2/3 and 5-HT2A-receptor
binding at the voxel and VOI level

The relationship between D2/3 and 5-HT2A binding in the striatum has
been evaluated in an independent group of ten Mdr1a KO rats, weighing
370–520 g. SPECT scans and image reconstruction were performed as
described in sections 2.3 and 2.4, respectively, with the difference that a
shorter scanning protocol was employed: a scan composed of four,
10min-long frames was initiated at t¼ 80 after a concurrent injection of
30.42� 8.92 MBq of [123I]IBZM and 24.6� 5.63 MBq of [125I]R91150.
In this experiment, no time interval was left between the injections of the
two radiotracers, contrary to the dual-radiotracer studies described in
section 2.3. In that case, the interval served in the dynamic SPECT pro-
tocol and the SRTMC method, to demonstrate the effect of cross-talk on
the radiotracer's kinetics. Dual-radiotracer imaging was performed using
the DEW method (Method 1 in section 2.5.1) and BPND was estimated as
in section 2.5.1 with the SUR over frames corresponding to 80–110min
post radiotracer injection for [123I]IBZM and 100–120min for [125I]
R91150. A test-retest analysis of BPND estimations using this approach is
described in the supplemental material. To perform voxel-wise linear
regression analysis between D2/3 and 5-HT2A receptor binding across the
group of six rats, static SPECT images corresponding to 80–110min post
radiotracer injection for [123I]IBZM and 100–120min for [125I]R91150
were spatially normalized as follows: at first, a [125I]R91150 template-
image was created with the Small Animal Molecular Imaging Toolbox
(Vallez Garcia et al., 2015) (SAMIT, Groningen, Netherlands) using the
static [125I]R91150 SPECT scans mentioned above, in Matlab (R2016,

Mathworks Inc, USA). Then, spatial normalization of the [125I]R91150
SPECT images of each rat was performed in PMOD, which implements
methods according to SPM5 software (Wellcome Trust Center for Neu-
roimaging, UCL, London, UK). The resulting transformation matrix was
applied to the corresponding [123I]IBZM images. Then, voxel-wise
regression analysis of [123I]IBZM and [125I]R91150 binding was per-
formed in Matlab (estimated using the SUR) and images of the Pearson's r
coefficient and associated p-values were produced. Linear regression
analysis was also performed at the VOI level (in the NAcc and the cau-
date/putamen nucleus, CPu, bilaterally) on these same parametric im-
ages of BPND. An experimental and simulation study to validate that the
observed correlation between D2/3 and 5-HT2A binding is not due to any
residual cross-talk activity from [123I]IBZM on [125I]R91150 images is
described in the supplemental material.

Results

In Fig. 1, the protocol used in the dual-radiotracer experiments (see
section 2.3) is presented. The [125I]R91150 TAC is unbiased until the
20th min, when [123I]IBZM is injected. From this moment on, the [125I]
R91150 TAC is considerably biased for the whole duration of the
experiment. The effect of cross-talk on the radioactivity measurements at
the low-energy spectrum is also presented in Fig. 2. Indeed, in Fig. 2A, the
SPECT image of the three phantoms was reconstructed at the low-energy
window, in which both 123I and 125I are visualized. The emission from the
123I-containing phantom shows that 123I emits a considerable radioactive
signal at this energy spectrum thus producing the cross-talk phenomenon
with the 125I-derived radioactivity.

Correction of the cross-talk between 123I and 125I with the DEW method

Fig. 3 A depicts the radioactivity measured in a 123I-phantom SPECT
experiment across the energy spectrum. The radioactive counts measured
from the 123I phantoms at the high- (123Ihigh) and the low-energy spectra

(123Ilow) highly correlated with each other (Fig. 3B, r¼ 0.99, p< 0.001).
The α coefficient was found to be 0.58 in the phantom experiments.
Fig. 3C depicts an image of three of the dual-radiotracer phantoms
reconstructed at the low-energy spectrum before the correction for cross
talk. In Fig. 3D, the images have been reconstructed at the high-energy

Fig. 2. (A) A static SPECT image from three phantoms filled with 123I, 125I and both (“Mixed”) radioisotopes, reconstructed at the low energy spectrum. The respective
radioactive emissions across the energy spectrum are shown in (B–D). The double emission of 123I, at the high and low spectra, the latter one overlaps with the 125I
spectrum and is at the origin of the cross-talk.
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window, clearly demonstrating the disappearance of the 125I-containing
phantom and the diminution in the activity in the mixed-radioactivity
tube that contains both radioisotopes. In Fig. 3E, the image has been
corrected for cross-talk with the DEW method. This led to an almost-
disappearance of the 123I-containing phantom and a similar decrease in
the radioactivity measured in the phantom containing both
radioisotopes.

Fig. 4 A presents the corrected [125I]R91150 image from an in vivo
dual-radiotracer experiment. The images acquired correspond to the
window between the 100th and the 120th minute post-injection. The
predominance of binding in frontal cortical areas with respect to
subcortical structures is observed, along with a fronto-caudal gradient in
binding, a pattern typical of 5-HT2A distribution (Tsartsalis et al., 2016a).
In Fig. 4B, the good correlation between the radioactive counts emitted

Fig. 3. (A) The radioactivity emission of 123I, across the
energy spectrum. The radioactivity measured at the high
(123Ihigh) and the low energy spectrum (123Ilow) is noted on

the plot. (B) linear regression between 123Ihigh and 123Ilow
for all the phantoms and estimation of the α coefficient
from the slope of the regression line (0.58). (C) An image
of three phantoms reconstructed at the low energy win-
dow. (D) the same image reconstructed at the high energy
window. (E) the same image reconstructed at the low en-
ergy window, corrected for cross-talk with the DEW
method.

Fig. 4. (A) Coronal, sagittal and axial planes of a DEW-corrected in vivo [125I]R91150 SPECT image. (B) The correlation between the radioactivity emitted from [123I]
IBZM at the high and the low energy spectra is plotted in blue dots. Each one of them corresponds to the measurements in one of the 57 brain VOIs in three rats in vivo.
The correlation between the high and low energy emission of 123I as measured in phantom experiments (shown in Fig. 3B) is also shown in red dots.
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by [123I]IBZM in vivo at the high- and the low-energy spectrum across the
brain VOIs is presented (r¼ 0.95, p< 0.001). The same correlation from
the phantom experiments is included for comparison. The α coefficient
was 0.34� 0.057 in vivo for all VOI and across the three rats. The vari-
ability of the α coefficient values was mainly due to some low-binding
VOI. On the contrary, high binding VOI, striatal VOI and the CER, had
less variable α coefficient values (0.33� 0.04 in the motor cortex, MC,
0.36� 0.04 in the medial prefrontal cortex, MPFC, 0.30� 0.02 in the
orbitofrontal cortex, OFC, 0.35� 0.04 in the somatosensory cortex, SSC,
0.31� .04 in the cingulate cortex, CC, 0.35� 0.03 in the NAcc,
0.33� 0.02 in the Caudate/Putamen, CPu and 0.34� .03 in the CER).

Correction of the cross-talk between 123I and 125I using spectral FA

Fig. 5 shows the result of the application of spectral FA to correct for
the effect of cross-talk on 125I signal in a phantom dual-radiotracer
experiment. The factor-images corresponding to the 123I- and 125I-
emitted radioactive signal and the third factor (Fig. 5A, C and 5E,
respectively) are presented along with their respective factor-curves
(Fig. 5B, D and 5F). In Fig. 5A, in which the 123I-emitted signal is
retained, the 125I-containing phantom virtually disappears and the
opposite is observed in Fig. 5C, where 125I-emitted signal is retained. The
third factor-image (Fig. 5E–F, respectively) and the associated curve
presents a negligible amount of radioactivity compared to the first two

factors. The magnitude of the associated radioactivity concentration is
hundreds of times lower than the radioactivity of the first two factors.

Fig. 6 shows the result of the application of FA for cross-talk correc-
tion in one in vivo dual-radiotracer experiment ([123I]IBZM in Fig. 6A and
[125I]R91150 in Fig. 6B) and the three factor curves (Fig. 6C). The images
acquired in vivo correspond to the window between the 80th and the
110th minute post radiotracer injection for [123I]IBZM and between the
100th and the 120th minute post-injection for [125I]R91150. The cor-
rected in vivo brain images present a predominant binding in striatum,
compatible with the known spatial distribution of the [123I]IBZM. The
spatial distribution of [125I]R91150 binding is as described in section 3.1.
The third factor curve represents the rest of the radioactive signal that is
negligible compared to the factor-images described above, as was the
case for the phantom experiments. Both in the phantom and in vivo ex-
periments, the two predominant factors have a visually similar spectral
distribution pattern as the spectral patterns of energy emission extracted
from single-radiotracer experiments (Fig. 2).

Correction of the cross-talk between 123I and 125I using the SRTMC

Fig. 7 shows the TACs extracted from a dynamic dual-radiotracer in
vivo SPECT experiment using a VOI corresponding to the OFC (average of
bilateral VOIs), a high 5-HT2A binding region. The TAC extracted from
the image reconstructed at the high-energy spectrum is shown in red

Fig. 5. Image-factors (A, C, E) and associated factor-curves (B, D, E) corresponding to 123I, 125I and the third factor, obtained from FA application in phantom ex-
periments. Note the minimal radioactivity attributed to the third factor (E and F) as opposed to the radioactivity from the first two factors.
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color. This TAC corresponds to D2/3 binding and is unaffected by any
cross-talk effect. In black color is the uncorrected TAC extracted from the
image reconstructed at the low-energy spectrum. It is important to note
that the initial part of the TAC (first 20min) that corresponds to the scan
duration before the injection of [123I]IBZM overlaps completely with the
blue TAC, which is the corrected TAC with the SRTMC method. The in-
jection of [123I]IBZM at the 20th minute induces a steep increase in the
radioactive signal of [125I]R91150 and produces an important deviation
from the normal kinetic pattern of this radiotracer. The SRTMC fitted the
[125I]R91150-derived TACs in an excellent manner (data not shown).
The α’ coefficient in CER, the reference region, was fixed at 0.34, the
average value estimated in the series of rats that received only [123I]
IBZM, as described in 2.5.1. The coefficient values for the brain VOIs,
which were fitted with SRTMC had an average value of 0.29� 0.07,
which was close to the average value of the α coefficients estimated in the
series of rats that received only [123I]IBZM, as described in 2.5.1.

Comparison of the methods for cross-talk correction

The radioactive concentrations obtained after cross-talk correction of
the images of the phantoms containing both 123I and 125I were compared
with the values obtained from the corresponding adjacent single-
radioisotope containing tubes, which served as controls. For the DEW
method, the linear regression for 125I provided an excellent correlation
(r¼ 0.998, p< 0.001, with a slope of the regression line of 0.96). Simi-
larly, the 125I measurements after FA correction of cross-talk were
excellent (r¼ 0.998, p< 0.001, with a slope of 0.916). The 123I mea-
surement after FA correction of cross-talk gave equally good results
(r¼ 0.999, p< 0.001, with a slope of 1.03).

Table 2 presents BPND values extracted from in vivo experiments.
Examples of high- and low-binding VOIs for 5-HT2A (MC, MPFC, OFC)
and D2/3 receptors (NAcc and CPu) are included. The SUR approach was
applied over static dual-radiotracer images corrected with the DEW
method and FA. The same approach was applied to single-radiotracer
SPECT images for comparison. BPND values extracted from dynamic
dual-radiotracer images using the cross-talk correction in the SRTMC are
also included. BPND values from frontal cortical regions estimated from
DEW-corrected dual-radiotracer images ranged from 3.86� 0.24 in the
MC to 4.75� 0.96 in the OFC. FA-corrected images provided similar
values ranging from 3.77� 0.29 to 4.77� 0.93, respectively. SRTMC-
derived BPND values were found in a similar range, i.e. from 3.78� 0.11
in the MC to 5.18� 1.73 in the OFC. Regarding the high-5-HT2A binding
VOIs, all correction methods provide overestimated values, compared to
values estimated using the same methods from single-radiotracer ex-
periments and in the case of the DEW- and FA-derived BPND values
reached statistical significance (as evaluated by means of paired-samples
t-test). The extraction of [123I]IBZM images from dual-radiotracer ex-
periments using FA provides average BPND values which are very close to
the values estimated from [123I]IBZM images that were directly recon-
structed at the high energy window (shown in the last column of
Table 2).

Furthermore, an evaluation of the cross-talk correction methods was
performed. BPND estimations from the dual-radiotracer experiments,
corrected with each one of the three methods were compared to the es-
timations from single-radiotracer [123I]R91150 experiments by means of
linear regression analysis. BPND values were averaged in every VOI across
the rats of the same group and regression analysis was performed using
average these VOI values. Average BPND values estimated in cross-talk
corrected [125I]R91150 images using the DEW method correlated well
with average BPND values from single-radiotracer [123I]R91150 experi-
ments (r¼ 0.92, p< 0.001, Fig. 8A). Similarly, BPND values from [125I]
R91150 images corrected with FA correlated equally well (r¼ 0.92,
p< 0.001, Fig. 8B). BPND values from the spectral FA-extracted [123I]
IBZM images from dual-radiotracer experiments were compared to BPND
values from the exact same images that were reconstructed at the high-
energy spectrum, where only unbiased 123I-emitted radioactivity is
detected (r¼ 0.99, p< 0.001, Fig. 8C). A similar same level of agreement
was observed using the SRTMC to account for the impact of cross-talk on
[125I]R91150 kinetics (r¼ 0.92, p< 0.001, Fig. 8D).

Evaluation of the relationship between striatal D2/3 and 5-HT2A-receptor
binding at the voxel and VOI level

Fig. 9 A presents a coronal section of a parametric image of Pearson's r
coefficients. Linear regression analysis was performed to compare D2/3
and 5-HT2A binding across the six rats of the experiment at the voxel
level. Parametric images of associated p values of statistical significance
reveal that two small clusters of voxels (<20 voxels) in each NAcc reach

Fig. 6. Coronal, sagittal and axial planes of a FA-corrected in vivo [125I]R91150 (A) and [123I]IBZM (B) SPECT image. (C) the associated factor-curves.

Fig. 7. TACs extracted from a dynamic dual-radiotracer in vivo SPECT experi-
ment using a VOI corresponding to the OFC. The TAC extracted from the image
reconstructed at the high-energy spectrum is shown in red color. In black color is
the uncorrected TAC extracted from the image reconstructed at the low-energy
spectrum. The blue TAC corresponds to the corrected [125I]R91150 TAC with
the SRTMC method.

S. Tsartsalis et al. NeuroImage 176 (2018) 528–540

535



Table 2
BPND (ml/ml) values extracted from dual- and single-radiotracer studies. Values are presented as mean� standard deviation. The unbiased (control) values were
obtained from a single-radiotracer [123I]R91150 experiment (4 rats) while the unbiased [123I]IBZM values were obtained after the reconstruction of the images of the
dual-radiotracer experiments at the high energy window, which is not affected by any cross-talk. No BPND values outside the striatum are presented for [123I]IBZM.

VOI Dual radiotracer-experiments Unbiased (control) experiments

[125I]R91150 [123I]IBZM [123I]R91150 [123I]IBZM

DEW (SUR) FA (SUR) SRTMC FA (SUR) SUR SUR

MC 3.86� 0.24 3.77� 0.29 3.78� 0.11 – 2.85� 0.21 –

MPFC 4.20� 1.13 4.76� 0.87 4.28� 0.74 – 3.48� 0.48 –

OFC 4.75� 0.96 4.77� 0.93 5.18� 1.73 – 3.34� 0.24 –

NAcc 1.94� 0.66 2.26� 0.64 2.04� 0.45 2.61� 0.29 2.55� 0.43 2.59� 0.6
CPu 2.51� 0.54 2.66� 0.57 2.94� 0.42 5.12� 0.59 2.53� 0.34 4.93� 0.92

Fig. 8. Scatterplot of average (across rats) regional [125I]R91150 BPND values (vertical axis) from the dual-radiotracer in vivo experiments corrected with the (A) DEW
(Method 1) and (B) spectral FA (Method 2). They are plotted against average [123I]R91150 BPND values from the single-radiotracer experiments (horizontal axis). (C)
Correlation between average [123I]IBZM BPND values obtained after the application of FA (vertical axis) and the average BPND values from the direct reconstruction of
[123I]IBZM at the high-energy spectrum (which is unbiased) from the same experiments (horizontal axis). SRTMC (Method 3). (D) Scatterplot of average [125I]R91150
BPND values (vertical axis) obtained with the SRTMC method plotted against the average [123I]R91150 BPND values from the single-radiotracer experiments (hori-
zontal axis).
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significance at p< 0.05. Linear regression analysis was also performed
for the comparison of D2/3 and 5-HT2A binding across these six rats at the
VOI level in bilateral CPu and NAcc. A statistically significant correlation
is observed (r¼ 0.78, p< 0.01, Fig. 9B) in NAcc, but not in CPu (data not
shown).

Discussion

BPND estimation from dual-radiotracer SPECT studies

The present paper evaluates three different methods for the simul-
taneous, dual-radiotracer imaging using a 123I- and a 125I-labeled mole-
cule. These methods correct the effect of cross-talk on radioactivity
measurements of 125I. All three methods provide BPND values of [125I]
R91150 that correlate highly with values obtained from single-
radiotracer [123I]R91150 experiments and are similar to values from
the literature (Dumas et al., 2015; Tsartsalis et al., 2016b, 2017). Using
one of the proposed methods (DEW), we also demonstrated that BPND
values from dual-radiotracer experiments have an acceptable test-retest
variability, which is 14% for [123I]IBZM and 14.10% for [125I]R91150
(see section S2.1). Indeed, in SPECT, [123I]R91150 BPND values'
test-retest variability ranges between 10 and 20% (Catafau et al., 2008).
In small animal imaging in general, a variability of 15–20% is considered
acceptable (Constantinescu et al., 2011), as is the case for the BPND values
presented here.

The DEW method (Method 1) provides the most straightforward
means of correction of the cross-talk between 123I- and 125I-labeled
molecules. It exploits the linear relationship between the 123I-emitted
activity on the 125I spectrum and thus its use has no statistical noise. To
our knowledge, the present paper is the first to employ this method in
brain imaging (Lee et al., 2013, 2015). The validity of this methods is
supported by the excellent correlation between BPND values from
DEW-corrected, dual-radiotracer and from single-radiotracer SPECT
studies. One disadvantage of this method is the variability of the α co-
efficient values across the brain regions, due to the interaction of photons
with matter. Indeed, this interaction is illustrated by the difference in the
value of the α coefficient as estimated in phantoms (where there is a
minimal interaction with matter) and in vivo. This is not surprising and
has been described for another pair of SPECT-employed radioisotopes,
111In111 and 177Lu (Hijnen et al., 2012). Importantly, in our experiments,
the effect of the interaction with matter is quite homogeneous across the
brain VOI and across rats with a coefficient of variation of α at 17%. This
variation in the α parameter values, albeit non-negligible per se, probably
has a little impact in the context of this study. Indeed, looking into the
value of this parameter in individual VOI across rats shows that in
cortical, receptor-rich regions, as well as in the striatum and the CER, α
values are less variable (with a coefficient of variation<10% as described
in section 3.1 and close to the average value that was used in the
application of the DEW method.

Using FA (Method 2) for the correction of the cross-talk resulted in
BPND values that correlated similarly well with the [123I]R91150 values
from the single-radiotracer group. As a further validation step, the BPND
values of [123I]IBZM extracted with FA was directly compared to the
corresponding values from [123I]IBZM images that were directly recon-
structed at the principal (hence cross-talk-free) emission spectrum of 123I.
The highly significant correlation proposes that FA does not considerably
bias the radioactivity measurements. The use of extra-striatal BPND
values in the linear regression analysis of 123I binding may appear odd,
given the lack of specific binding of [123I]IBZM out of the striatum.
However, the objective of this comparison was to assess the correction of
a physical phenomenon (cross-talk) that is little affected, if at all, by the
kind of binding (specific, free or non-specific). The application of FA is
not limited to dual 123I and 125I experiments but extends to dual 123I and
99mTc imaging, which may equally be applied in clinical neuroimaging.
Indeed, correction of cross-talk between 123I and 99mTc with independent
component analysis has been described in the literature (Chang et al.,

2006). In the same paper, this method proved superior to a simple
reconstruction using an energy spectrum at 15% around the 99mTc pho-
topeak. Model-based correctionmethods have also been proposed for this
correction (Du and Frey, 2009; El Fakhri et al., 2001). Another advantage
of FA is that it may potentially be used for triple-radiotracer SPECT using
123I, 125I and 99mTc and preliminary studies of our group on phantoms
show promising results (data not shown). FA is not as straightforward as
the DEW method and presents a statistical noise. In addition, in voxels
that have the highest binding of the 123I-labeled radiotracer and a
moderate or low binding of the 125I-labeled radiotracer, FA tends to
attribute all the radioactivity to the 123I, thus underestimate the
125I-associated binding. This seems to be the case for some striatal voxels,
as illustrated in Fig. 6B. This could be of little importance when BPND
values are studied in whole VOIs but could be a considerable limitation in
voxel-wise quantification.

Method 3, which implements the cross-talk correction in the kinetic
analysis with SRTM, provides a valuable alternative to the previous two
methods when kinetic modeling in dynamic images is required for
quantification. Indeed, using the first two methods, FA in particular, in
dynamic studies would be computationally challenging. One disadvan-
tage of the SRTMC method is the need for an interval between the in-
jections of each radiotracer. In addition, SRTMC necessitates an a priori
determination of the α coefficient in the reference region to optimize the
identifiability of the model's parameters. Nevertheless, an interesting
finding is that the estimates of the α coefficient with Method 3 have
comparable values to the ones found with Method 1 and this consistency
is, to our view, an argument in favor of the validity of the proposed
methods.

Given the fact that Method 1 (DEW) is the most straightforward and
computationally feasible to apply, while it has no statistical noise, it was
the method of choice for the study of the relationship of D2/3 and 5-HT2A
receptor binding in the striatum, as discussed further in this paper.

Dual-radiotracer imaging in PET and SPECT

Dual SPECT imaging is feasible when radiotracers are labeled with
radioisotopes with non-overlapping emission spectra (Akutsu et al.,
2009; Antunes et al., 1992; Bruce et al., 2000; Ichihara et al., 1993). Dual
[99mTc]pyrophosphate/Tl201 SPECT has been proposed in cardiac nu-
clear imaging to assess the viability of the myocardium and its irrigation,
respectively. Similarly, 201Tl/[123I]β-methyl-iodophenyl pentadecanoic
acid (BMIPP) dual-radiotracer SPECT has been described for a simulta-
neous assessment of cardiac perfusion (201Tl) and fatty acid metabolism
([123I]BMIPP) (Akutsu et al., 2004). In both cases, the energy emission
spectra of the combined radioisotopes had no considerable overlap, thus
no cross-talk correction was required. 111In/177Lu dual-radioisotope
SPECT has also been described, given the minimal overlap of their
respective emission spectra, with a DEW method to account for this
overlap (Hijnen et al., 2012).

Recently, a PET system that proposes dual (or higher) simultaneous
radiotracer imaging using pure positron and positron-γ emitters, has been
described (Fukuchi et al., 2017). In addition, discrimination of
positron-emitting radioisotopes based on their unique decay rate has
been described for 18F and 13N (Figueiras et al., 2011). Dual-radiotracer
PET has also been described in the case of brain tumor studies in which
tumor metabolism and proliferative activity are assessed with [18F]FDG
and [18F]FLT, respectively. In that paper, a joint-radiotracer pharmaco-
kinetic model was considered and all the kinetic parameters were esti-
mated from a PET dynamic study in which the two radiotracers were
injected with a 30-min delay from each other (Kadrmas et al., 2013). A
longer delay between the two radiotracers' injections may be appropriate
when short half-life radiotracers are used (Koeppe et al., 2001). Overall,
our study is the first among the aforementioned ones which proposes a
dual-radiotracer imaging methodology with radioiodinated molecules in
the brain and a direct biological application.

S. Tsartsalis et al. NeuroImage 176 (2018) 528–540

537



Simultaneous study of D2/3 and 5-HT2A binding in the striatum

The in vivo study of multiple receptors or proteins in general, is an
approach of great potential, as the understanding of brain physiology and
pathology may not be limited to the study of one molecular target. In the
present study, to emphasize on the feasibility of performing simulta-
neous, dual-radiotracer SPECT studies in vivo, we provide preliminary
evidence for an association of D2/3 and 5-HT2A receptors in the NAcc. We
employed Method 1 (DEW) to study the relationship between D2/3 and 5-
HT2A binding because it is the most straightforward. D2/3 and 5-HT2A
BPND values show a positive correlation, at the VOI level, in NAcc. In a
preliminary evaluation of the same relationship at the voxel level, we
find that D2/3 and 5-HT2A binding showed a good correlation in the NAcc
across the rats. Given the fact that this is an exploratory analysis, with a
primary purpose to validate the dual-radioligand approach (which is
intended to use with any couple of molecular targets in the brain and not
limited to D2/3 and 5-HT2A), with a limited number of rats and without
any correction for the effects of noise, we did not perform any correction
for multiple comparisons. In this context, formulating conclusions on the
biological underpinnings of this voxel-wise correlation is out of the scope
of this paper.

Evidently, one could hypothesize that there is no real correlation and
that [123I]IBZM contaminates [125I]R91150 radioactivity measurements
due to suboptimal correction of cross-talk. The simulation study
described in section S2.3 shows that even in the “worst-case” scenario
where both striatal and cerebellar α coefficient values have been mis-
calculated (by 20% that exceeds the variability of α coefficient estimates
from [123I]IBZM-only experiments as estimated in 2.5.1), the change of
the slope of the regression line does not produce an artificial correlation.
As a further proof, we performed the analysis in S2.3, in which radio-
labeling with 123I and 125I was inversed for IBZM and R91150. In this
case we evaluate the scenario where 123I radioactivity in high [123I]
R91150-binding VOIs (such as in cortical VOIs) highly contaminates the
signal from [125I]IBZM which is virtually inexistent in the same regions.
Knowing that no specific binding of [125I]IBZM is observed out of the
striatum, we safely assume that no correlation should be observed after
the correction for cross-talk whatsoever. Before correction, voxel-wise
BPND values between the two radiotracers correlated well (data not
shown). This is not surprising, given the high level of 123I-derived
radioactivity that is measured at the 125I energy spectrum. After correc-
tion for cross-talk, no voxel-wise correlation at any of the VOIs was
observed, thus further confirming the validity of the DEW method that
demonstrated this correlation between the two receptors. We also rule

out the possibility that the observed correlation is in fact biased by the
partial volume effects on [125I]R91150 binding in NAcc from adjacent
high-binding cortical VOIs. Indeed, no correlations are observed between
D2/3 binding in NAcc and 5-HT2A binding in either of these cortical re-
gions (S2.3). In addition, our in vitro autoradiography study (see Sup-
plemental S1.4), shows that in NAcc, regional D2/3 binding correlates
with 5-HT2A binding, further supporting the in vivo study.

Evidence in the literature on D2 and 5-HT2A interactions already ex-
ists: they may be co-expressed on the same cells (Ma et al., 2006) or form
functional heterodimers (Albizu et al., 2011; Borroto-Escuela et al., 2014;
Lukasiewicz et al., 2010) in physiological or pathological conditions
(Varela et al., 2015). Nonetheless, the full extent of the biological im-
plications of such an interaction remains elusive. In this context,
dual-radiotracer imaging of D2/3 and 5-HT2A (as well as of other couples
of molecular targets) may constitute a complementary means for the
non-invasive, in vivo study of such complex biological phenomena.

Limitations

Our study has three main limitations. First, performing single- and
dual-radiotracer experiments on the same rat at different time-points
could provide a better comparison group for the validation of the
methods proposed for the correction of cross-talk between 123I and 125I
and further validation of the results with this approach is encouraged,
especially if other couples of radiotracers are employed in future exper-
iments. Indeed, averaging values across rats before comparison may
diminish the effect of BPND variability. Nevertheless, we chose to use
three independent groups of rats instead of using the same group and
multiple scans for each animal to minimize stress for the animals. In
addition, the use of the same rat at different time-points would still be
subject to the test-retest variability. The scanning protocol employed in
the study was quite long and this constituted a technical difficulty for
using the same rats twice. Despite this limitation, the linear regression
analysis results demonstrate a highly significant correlation between
[125I]R91150 values from dual-radiotracer and [123I]R91150 values from
single-radiotracer experiments.

Another limitation concerns the observed correlation between NAcc
[123I]IBZM and [125I]R91150 BPND values. Despite support from litera-
ture, there is no direct study of the biological implications of this finding.
However, this would be largely out of the scope of this paper, which
intends to illustrate that using dual-radiotracer SPECT in translational
research may reveal such relationships between different aspects of a
biological phenomenon, to permit an in vivo longitudinal assessment and,

Fig. 9. (A) a coronal section of a parametric image of Pearson's r coefficients. Linear regression analysis was performed to compare D2/3 and 5-HT2A binding across the
six rats of the experiment at the voxel level. The color bar represents r values. (B) Linear regression analysis for the comparison of D2/3 and 5-HT2A binding across ten
rats at the VOI level (including average left and right NAcc for each rat).
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finally, to be coupled with studies at the cellular and molecular level.
Furthermore, in the present paper, no assessment of this relationship in
extra-striatal regions may be obtained given the absence of specific
binding of [123I]IBZM in these regions. Such a study may be performed
with [123I]epidepride, a high-affinity D2/3 radiotracer presenting specific
binding in extra-striatal regions. Our proposed methods may be directly
applied in a dual-radiotracer [123I]epidepride/[125I]R91150 study, as
with any couple of radio-iodinated molecules.

Finally, we did not perform either scatter or attenuation correction in
our in vivo imaging studies. Both corrections should be important
(Andersen et al., 2014), particularly with the DEW method (Lee et al.,
2015). 125I, in particular, is more subject to attenuation and scatter ef-
fects than 123I (Feng et al., 2007; Gregor et al., 2007). Correcting for the
effects of these phenomena should diminish the bias presented in BPND
values of [125I]R91150 compared to [123I]R91150, which is evident from
Fig. 8 and Table 2. In fact, despite excellent correlations, BPND values
from dual-radiotracer experiments were overestimated with all three
correction methods (with the values of the DEW and FA methods
reaching statistically significant difference from [123I]R91150 BPND
values). This overestimation is, at least in its greatest part, the result of
the effects of scatter and attenuation on 125I imaging per se and not of any
bias in the dual-radiotracer imaging approaches described here. As
shown in supplemental Fig. S2, [125I]R91150 BPND values from
dual-radiotracer experiments correlate well with [125I]R91150 BPND
values from single-radiotracer experiments and do not differ significantly
from them. Thus, it may be hypothesized that the origin of this over-
estimation, affecting both single- and dual-radiotracer studies with [125I]
R91150 is probably due to the aforementioned physical phenomena and
a more pronounced effect of them on the radioactivity in reference region
(CER) that in target VOI in the rat brain. As it may be observed in Fig. S5,
VOI situated on the basis of the skull (i.e. those highlighted in red on the
scatter plot) are less overestimated compared to [123I]R91150 BPND
values than the other, more superficial regions. This is probably due to a
more pronounced effect of scatter and attenuation in these VOI. How-
ever, without CT data from our experiments, attenuation correction
could not be performed. Regarding scatter correction, we performed a
preliminary correction with DEW on the three rats of the dual radiotracer
validation study (experiment 3 in Table 1) after having corrected data for
scatter with the triple-energy window (TEW). This resulted in BPND
values which correlated in an excellent manner with the corresponding
BPND values from studies uncorrected for scatter. Given this result, the
fact that scatter correction may be time-consuming and that scatter
correction alone without attenuation correction may add further bias
(Hutton et al., 2011), we chose not to implement scatter correction in our
DEW methodology. In any case, our proposed methods may be substan-
tially optimized with the correction of the scatter and attenuation effects
(Lee et al., 2015), which was out of the scope of this paper.

Conclusion

Dual- and potentially multiple-radiotracer imaging may prove to be
an invaluable tool in molecular imaging with both PET and SPECT.
Numerous studies in neuropsychiatry already employ multiple-
radiotracer imaging. Here, we provide three different methods for the
correction of cross-talk produced by the overlap between the emission
spectra of 123I and 125I. Among these methods, the DEW method is
considered the most straightforward and computationally feasible. This
applicability of this method was demonstrated in an experiment that
showed that NAcc D2/3 and 5-HT2A binding are correlated at the voxel
and VOI level.
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S1. Supplemental materials and methods 
 
S1.1 Test-retest variability of [123I]IBZM  and [125I]R91150 BPND values 

 
The ten rats that participated in the experiment described in paragraph 2.7 underwent a second 

simultaneous [123I]IBZM and [125I]R91150 SPECT scan under the exact same conditions as described 

in 2.7. The mean doses of radioactivity injected were 36.96±10.09 and 27.28±3.79 MBq, respectively. 

Percentage test–retest variability for dual-radiotracer [123I]IBZM  and [125I]R91150 BPND measurements 

(in the CPu for [123I]IBZM  and in the MPFC for [125I]R91150) was calculated as follows: for each rat and 

each radiotracer, the absolute difference between the test and retest BPND value was divided by the 

average of these two values. The average of these ratios across the six rats gave the percent test-

retest variability.  
 

S1.2 Single-radiotracer [125I]R91150 SPECT study 

 

 To evaluate the bias in binding parameters due to the use of 125I in [125I]R91150 in vivo we 

performed an in vivo [125I]R91150  SPECT study. Three male Mdr1a KO rats, weighing between 493 

and 573 g underwent a SPECT scan at t=100 min after injection of 40.45±9.73 MBq of [125I]R91150. 

Scan procedures and image reconstruction were performed as described in sections 2.3 and 2.4, 

respectively. BPND was estimated with the SUR method with the CER as reference region. These values 
were compared with the corresponding values from the dual-radiotracer [125I]R91150 study, as well as 

with the data corresponding to single-radiotracer [123I]R91150 experiments described in section 2.5, by 

means of linear regression analysis and paired t-test analysis. 

 

S1.3 Validation of the relationship between D2/3 and 5-HT2A binding in striatum using simulations 

 

To validate the observed relationship between D2/3 and 5-HT2A binding in striatum and exclude any 
possible residual contamination from [123I]IBZM on [125I]R91150 after correction with the subtraction 

method, we performed a simulation study. The goal was to examine the hypothesis that a bias in the 𝛼 

coefficient either in striatum or in cerebellum could result in an overestimation of striatal [123I]R91150 
BPND values and thus produce an artificial observed correlation between the binding of the two 

radiotracers. We used radioactivity measurements from the CPu and NAcc (bilaterally, hence 4 VOIs) 

and cerebellum from one of the rats of the experiment of paragraph 2.7. These measurements were 

extracted from [123I]IBZM  images and uncorrected [125I]R91150 images. Correction for cross-talk 

contamination was performed with the subtraction method as described in 2.5.1 using the actual 𝛼 

coefficient value of 0.34 for both striatal VOIs and cerebellum. Then, a -20% coefficient value in striatum 

and a +20% value in cerebellum was used simultaneously, to illustrate the case were bias in 𝛼 

coefficient values in both these regions would produce the maximal level of [125I]R91150 BPND 

overestimation. Scatter plots of the correlation between [123I]IBZM  and [125I]R91150 BPND values in the 

four striatal VOIs were produced for the baseline BPND values and the biased 𝛼 coefficient case. 
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Secondly, because the bias in BPND values in case of an 𝛼 coefficient miscalculation could depend on 

the absolute BPND value of [125I]R91150 binding, we repeated the exact same simulation as above but 

changing the ground truth BPND value for the left CPu nucleus to a value +130% higher than its original 

value. Correction for cross-talk with an 𝛼 coefficient value of 0.34 for both striatum and cerebellum was 

performed. Then, correction was performed with a +20% coefficient value for striatum and at the same 

time -20% value for cerebellum and the results were plotted as described above.  

If a biased 𝛼 coefficient value could result in biases in the 125I-labelled radiotracer’s BPND values, 

then a correlation between BPND values obtained with the two radiotracers should be observed at the 

voxel level, given that the DEW correction is applied voxel-wise. This correlation would be observed in 

numerous regions too, and not only in the striatum. In the case of [123I]IBZM, given the very little binding 

outside the striatum, the effect of a possible residual activity on [125I]R91150  may not be sufficiently 

marked to permit a confirmation or a rejection of this hypothesis. Thus, we performed another in vivo 

SPECT scan in which R91150 was radiolabelled with 123I and IBZM with 125I. Apart from this, we 

employed the exact same protocol for scanning and image analysis as in paragraph 2.3, 2.4 and cross-
talk activity correction with the subtraction method as in 2.5.1. We estimated BPND at the voxel level 

and then we evaluated the scatter plots between voxel values of BPND with the two radiotracers for all 

the VOIs delineated in the Schiffer template (Schiffer et al., 2006).  

A third hypothesis that should be excluded is that the observed correlation between D2/3 and 5-

HT2A in NAcc binding derives from a contamination of [125I]R91150 radioactivity from adjacent cortical 

high 5-HT2A-binding VOIs. We thus performed correlation analysis of [123I]IBZM binding in the NAcc and 

the CPu with the [125I]R91150 binding in MPFC, MC and SSC across the six rats.  
 

S1.4 Study of the relationship between D2/3 and 5-HT2A binding in NAcc using in vitro 

autoradiography 

Finally, we studied the relationship between D2/3 and 5-HT2A receptor binding in NAcc, CPu and 

cortical regions of interest (ROIs) in a group of 8 Mdr1a KO rats using in vitro autoradiography. Rats 

were transcardially perfused with 0.9% saline under 3% isoflurane anesthesia. Anesthetized rats were 

euthanized by decapitation. Brains were removed and frozen in pre-cooled isopentane. Transverse 

sections (20 µm), including frontal cortical and striatal ROIs, as defined in the Paxinos’ atlas (Paxinos 
and Watson, 2013), were cut on a cryostat and mounted as four series on gelatin-coated slides. Tris-

MgCl2 buffer (15 min, 50 mM Tris HCl, 50 mM MgCl2, pH 7.4), then radioactive buffer (90 min) were 

applied and then slices were rinsed twice in 4°C Tris-MgCl2 buffer (twice 3 min) and briefly washed in 

cold-water. The radioactive buffer consists of Tris-MgCl2 buffer containing either [125I]IBZM (0.11 

MBq/ml) alone or in presence of 10 µM of unlabeled IBZM to determine the non-specific binding. The 

same procedure was performed using [125I]R91150 (0.11 MBq/ml) instead of [125I]IBZM, and unlabeled 

R91150 instead of unlabeled IBZM, on immediately adjacent slices. Slides were air-dried before 

exposure onto gamma-sensitive phosphor imaging plates (Fuji BAS-IP MS2325) for 30 min. Brain 

sections were then treated for acetylcholinesterase staining in order to delineate the following region of 

interests: CPu, NAcc, frontal cortex, MC, substancia nigra and ventral tegmental area. 
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Autoradiograms were analyzed with the Fujifilm BAS-1800II phosphorimager using Aida Software 

V4.06 (Raytest Isotopenmessgerate GmbH) in presence of homemade 125I calibration curves. Specific 

binding ratio was calculated for each rat as follows: (Average radioactivity in ROI over 15 slices/ 

Average radioactivity in ROI over 8 slices in the presence of 10 µM of unlabeled tracer) – 1. 
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S2. Supplemental results 
 

S2.1 Test-retest reliability 

 

Average BPND values in the first series of SPECT scans were 5.18±1.09 for [123I]IBZM in the CPu 

nucleus and 5.30±1.42 for [125I]R91150 in the medial prefrontal cortex. In the second series of scans 

the respective values were 5.85±0.93 and 4.84±0.49. Percent test-retest variability for [123I]IBZM was 

16.80% and for [125I]R91150 was 17.80%. Test and retest BPND values from one rat had an aberrantly 

high difference for both radiotracers. If this rat is excluded for the test-retest reliability analysis the 

reliability values are 14% for [123I]IBZM  and 14.10% for [125I]R91150. 

 

S2.2 Single-radiotracer [125I]R91150 SPECT study 

 

BPND values from single-radiotracer [125I]R91150 experiments correlated well with the 

corresponding values from [123I]R91150 experiments and with the ones from the dual-radiotracer 

[125I]R91150 experiments (r=0.92, p<0.001 for both comparisons). As it can be shown in Figure S2, 

there is, overall, an overestimation for BPND values from single-radiotracer [125I]R91150  experiments, 

which, nonetheless, is statistically non-significant (p>0.05, as determined by means of a paired samples 

t-test).    

 
S2.3 Validation of the relationship between D2/3 and 5-HT2A binding in striatum using simulations 

 

In the first simulated case, a concurrent bias of -20% in the striatum and of +20% in the cerebellum 

leads to a modification of the slope of the linear regression line from 0.048 to 0.117. Similarly, in the 

case where one of the CPu nuclei has an +130% higher ground truth BPND value than in the first case, 

the slope of the linear regression line went from -0.022 to 0.041. The absolute difference in the slope 

in the two cases were +0.069 and 0.063, respectively, which is quite similar.  
Figure S1 presents the scatter plots of the correlation between [123I]R91150 and [125I]IBZM BPND 

for nine different VOIs from one rat. No correlation was observed in these nine VOIs and neither was 

for any other VOIs of the rat brain. However, before correction for cross-talk, a voxel-wise correlation 

was observed in most regions (data not shown). 

Finally, the regression analysis of [123I]IBZM binding in NAcc or CPu and the [125I]R91150 binding 

in the cortical VOIs demonstrated very weak correlations: indeed, concerning the NAcc, all the 

regressions had slopes of less than 0.15 and associated r values of less than 0.17. Concerning the 

CPu, all regression had slopes of less than 0.30 and associated r values of less than 0.4.  
 

S2.4 Study of the relationship between D2/3 and 5-HT2A binding in NAcc using in vitro 

autoradiography 
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BPND of [125I]IBZM  in NAcc correlated well with the corresponding [125I]R91150 values across the 

eight rats (r=0.81, p<0.001), as presented in supplemental Figure S2. No other significant correlation 

was observed in the rest of the examined ROI (data not shown).  
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 S3. Supplemental figure legends 
 

Figure S1 Scatter plots of the correlation between [123I]IBZM (A)  and [125I]R91150 (B)  test and 

retest BPND values. 
 

Figure S2 Scatter plot of the correlation between average [125I]R91150 BPND values from single-

injection experiments and average [123I]R91150  BPND values from dual-injection experiments corrected 

with the DEW method. 
 

Figure S3 Scatter plots of the correlation between [123I]R91150 and [125I]IBZM BPND for nine 

different VOIs of one rat. 

 
Figure S4 Scatter plot of the correlation between in vitro [125I]R91150 and [125I]IBZM BPND in NAcc 

across eight rats. 

 

Figure S5 Representative deep and superficial brain VOI from scatter plot of Figure 8A, depicting 

the correlation between [123I]R91150 BPND values from single-radiotracer experiments and [125I]R91150 

values from DEW-corrected dual-radiotracer experiments. In this scatter plot, the dots corresponding 

to the deep VOI found on the basis of the skull (namely, NAcc, amygdala, entorhinal cortex, olfactory 

cortex, ventral tegmental area) are coloured red. The blue dots correspond to superficial VOI (namely, 
MPFC, MC, OFC, SSC, CC, anterodorsal and posterior hippocampi, hypothalamus, inferior and 

superior colliculi and the thalamus). Indeed, in these VOI, the BPND values of [125I]R91150 are less 

overestimated compared to the corresponding values from more superficial VOI, suggesting a higher 

impact of attenuation and scatter in these VOI. 

 

S4. Supplemental references 
 

Paxinos, G., Watson, C., 2013. The Rat Brain in Stereotaxic Coordinates: Hard Cover Edition. Elsevier 
Science. 

Schiffer, W.K., Mirrione, M.M., Biegon, A., Alexoff, D.L., Patel, V., Dewey, S.L., 2006. Serial microPET 
measures of the metabolic reaction to a microdialysis probe implant. J Neurosci Methods 155, 272-284. 
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Abstract 
 
Several studies suggested that a 5-HT2A blockade may provide a more favorable efficacy and side-

effect profile to antipsychotic treatment. Here, we chronically treated male Mdr1a knock out rats with 
several doses of haloperidol alone or haloperidol with a saturating dose of a pure 5-HT2A receptor 

antagonist, MDL-100,907. The occupancy of the receptors at clinically relevant levels was validated 

with a dual-radiotracer in vivo SPECT imaging procedure to assess D2/3 and 5-HT2A receptor 

occupancy. A series of experimental tests of efficacy and side effects was performed. Finally, a second 

dual-radiotracer in vivo SPECT scan assessed the neurochemical changes induced by the chronic 

treatments. Chronic haloperidol failed to reverse the disruption of the PPI by dizocilpine, whilst 

administration of MDL-100,907 along with haloperidol was associated with a reversal of the effect of 

dizocilpine. Haloperidol at 0.5 mg/kg/day and at 1 mg/kg/day induced catalepsy that was significantly 
alleviated (by approximately 50%) by the co-treatment with MDL-100,907 only in the case of the 0.5 

mg/kg/day dose of haloperidol. Chronic haloperidol treatment, event at doses as low as 0.1 mg/kg/day 

induced a significant upregulation of the D2/3 receptor in the striatum (by over 40% in the nucleus 

accumbens and over 20% in the caudate putamen nucleus), that was not reversed by MDL-100,907. 

Finally, an upregulation of the 5-HT2A receptor after chronic haloperidol treatment at a moderate dose 

only (0.25 mg/kg/day) was demonstrated in several frontal cortical regions and the ventral tegmental 

area. Overall, a partial contribution of a 5-HT2A antagonism to the efficacy and side-effect profile of 

antipsychotic agents is suggested.  
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1. Introduction 
 
Antipsychotic medication constitutes the cornerstone of schizophrenia treatment. Antipsychotic 

agents are classified into typical (mainly D2 receptor antagonists with relatively low affinity for other 
receptors) and atypical (with affinity for a wide spectrum of receptors, apart from the D2 receptor) 

(reviewed in [1]). D2 antagonism is a central element of antipsychotic activity [2]: indeed, for the majority 

of antipsychotic agents, a D2 receptor occupancy between 65 and 80% of the total receptor pool in the 

striatum is associated with antipsychotic efficacy. An occupancy below this level produces no 

antipsychotic effects, whereas a higher occupancy is associated with the appearance of -mainly 

extrapyramidal- side effects (reviewed in [1]).  

When compared to typical agents, atypical antipsychotics possess a lower propensity to cause 

extrapyramidal side effects [3,4]. This suggests that a better understanding of the mechanism of action 
of atypical antipsychotics could lead to the design of more tolerable, hence, a more efficient treatment 

of schizophrenia. Despite extensive efforts, the neurochemical and/or molecular bases of atypicality 

have long been a matter of debate. One popular theory proposes that a high 5-HT2A receptor occupancy 

is a defining characteristic of atypical antipsychotics and indeed, the majority of them has a high affinity 

for the 5-HT2A receptor [5]. Whereas 5-HT2A receptor antagonism per se is not considered as conferring 

antipsychotic efficacy by itself [6], a combined blockade of D2 and 5-HT2A receptor has been proposed 

to be important for the efficacy and the reduced side effect liability of atypical versus typical drugs 

[1,2,7].  
The existing literature on the subject is controversial and a systematic approach to the question of 

the implication of a 5-HT2A antagonism on the antipsychotic atypicality is needed. Indeed, many studies 

have assessed the effect of a 5-HT2A antagonism in association with a D2 receptor blockade, notably 

by haloperidol, on a wide spectrum of behavioral paradigms of antipsychotic efficacy and side effect 

liability in rodents. However, in most studies, a single and, in most cases, saturating dose  of haloperidol 

has been used. In addition, to our knowledge, no study has assessed multiple aspects of antipsychotic 

efficacy and side effect profile at the same time.  
In the present study, we chronically treated male Mdr1a knock out rats with several doses of 

haloperidol alone or in combination with a saturating dose of a pure 5-HT2A receptor antagonist, MDL-

100,907. The occupancy of the receptors at clinically relevant levels was validated with a dual-

radiotracer in vivo SPECT imaging to assess D2/3 and 5-HT2A receptor occupancy, simultaneously 

during the same scan session [8]. A series of well-validated experimental tests of efficacy and side 

effects was performed. Finally, a second dual-radiotracer in vivo SPECT scan was performed following 

a 4-weeks treatment period to assess neurochemical changes at the level of D2/3 and 5-HT2A receptor 

binding with respect to the chronic treatment regimes. Our hypothesis was that a 5-HT2A antagonism, 
a putative substrate of antipsychotic atypicality, should enhance the efficacy of haloperidol at the 

experimental tasks and alleviate extrapyramidal side effects.  
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2. Materials and Methods 
 
2.1 Animals 

 

Figure 1 presents the timeline of the experiments. A total of 79 male adult Mdr1a knock out 

Sprague-Dawley rats, weighing 300 to 500 g, were employed in the main (“in vivo”) study. Two other 

groups of 38 and 19 rats of similar weights were employed in an ex vivo study for the establishment of 

the dose-occupancy curves of haloperidol and MDL-100,907, respectively. The animals were housed 

at constant room temperature (21±1 oC) and relative humidity (60±5 %) under a regular light/dark 

schedule (light 07:00–19:00). Food and water were freely available. 

All experimental procedures were performed in accordance with the Swiss Federal Law on animal 

care under a protocol approved by the Ethical Committee on Animal Experimentation of the Canton of 
Geneva, Switzerland. 

 

2.2 Osmotic minipump implantation procedure and chronic drug treatment 

 

Haloperidol and MDL-100,907 (Sigma-Aldrich, Buchs, Switzerland) were diluted in a 50% DMSO 

solution in NaCl 0.9% (50 % v/v). MDL-100,907 was initially diluted in a small volume of a 10% acetic 

acid solution (constituting less than 5% of the final volume of the DMSO/NaCl solution). An initial ex 

vivo study was performed to determine the dose-occupancy curves for haloperidol and MDL-100,907. 
This study informed the choice of the concentration of the drugs for the chronic treatment of the animals 

in the main, in vivo study. The haloperidol/MDL-100,907 doses in the in vivo study (hereon abbreviated 

as Hx/My with x and y being the dose of each drug in mg/kg/day) and the number of rats (n) in each 

dosage were as follows: H0/M0 (n=12), H0.1/M0 (n=8), H0.1/M0.5 (n=7), H0.25/M0 (n=7), H0.25/M0.5 

(n=7), H0.5/M0 (n=7), H0.5/M0.5 (n=7), H1/M0 (n=12) and H1/M0.5 (n=12). The doses employed in the 

in vivo study were informed by the ex vivo study described above and in detail in section 2.4. 

Osmotic minipump (2ML4, Alzet, Cupertino, CA, USA) implantation was performed under 
isoflurane anesthesia (3% for induction, 2,5% for maintenance) and buprenorphine analgesia (0.02 

mg/kg/8h sc; Temgesic, Reckitt Benckiser Pharmaceuticals Inc.). Body temperature was maintained at 

37±1 °C by means of a thermostatically controlled heating blanket. After an incision made between the 

scapulae, a subcutaneous pocket was created using hemostatic forceps and a minipump loaded with 

a solution of the drug(s) was inserted. The incision was then closed with sutures.  

At the end of the treatment period, the minipumps were removed with a similar operation as 

described above. 

 
2.3 Behavioral tests 

 

2.3.1. Dizocilpine-disrupted prepulse inhibition (PPI) of the startle reflex 
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In rodents, exposure to a strong acoustic stimulus provokes a startle response. If this strong 

stimulus is preceded by a milder acoustic stimulus, then the response of the animal to the startle-eliciting 

stimulus is attenuated and this phenomenon is termed prepulse inhibition (PPI) of the startle. It is 

disrupted by a dizocilpine (MK801) pretreatment. Antipsychotic agents reverse this disruption and this 
property is considered as a proxy of their efficacy against psychotic symptoms [9-11].  

This test took place in sound-attenuating startle chambers (TSE Systems, Bad Homburg, 

Germany) which include enclosures (22.5x8x8.5cm) equipped with loudspeakers and a piezoelectric 

accelerometer that allow to deliver tone pulses and to measure animal startle responses, respectively. 

It took place on days 16 to 19 post-surgery. The first two days consist of habituation sessions (10 min 

and 30 min of 70dB background noise on day 1 and day 2, respectively). On day 3, PPI was measured 

(immediately after an i.p. injection of saline) as follows: after a 10 min acclimation period (70dB), the rat 

received, in a random fashion, 24 trials with a pulse-alone stimulus (120 dB, 40 ms), 12 trials with no 
stimulus (70-dB 200 ms), three types (3 × 12) of prepulse-and-pulse trials which include a 20-ms 

prepulse (75, 80, or 85-dB) followed 100 ms later by a 120-dB pulse stimulus, as described previously 

[12]. On day 4, PPI was measured as on day 3, using dizocilpine (0.15mg/kg) instead of saline as 

pretreatment. The amplitude of startle responses was recorded in all trials. The magnitude of PPI was 

calculated as a percent inhibition of the startle amplitude in the pulse-alone trial [11,13]. 

 

2.3.2 Catalepsy 

 

Catalepsy is indicative of the potential of a pharmacological agent to induce extrapyramidal 

symptoms. It was performed on day 25 post-surgery.  Catalepsy was assessed using a steel grid floor 

that is inclined at 60°. Rats were placed on the grid and the time elapsed in the same position (without 

leg movements) was recorded for a maximum of 3 min [14]. 

 

2.3.3 Y-maze 

 

To evaluate the effects of the treatment on spatial working memory, the Y-maze test was 

performed [15-17] on day 26 post-surgery. Rats were placed on the center of the maze and were 

allowed to freely move between the arms during a 5-min session. Alternation was defined as successive 

entries into the three arms on overlapping triplet sets. The maximum number of possible spontaneous 

alternations was determined as the total number of arms entered minus 2. The results were expressed 

as the percentage of actual to possible alternations [17]. 

 

2.3.4 Vacuous chewing movements (VCM) test 

 

Vacuous chewing movements (VCM) are purposeless, vertical jaw movements directed towards 

no object. They are considered a rodent model of antipsychotic drug-induced tardive dyskinesia. The 

VCM assessment took place 5 days after the removal of the osmotic minipumps, i.e. the end of the 
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treatment period. To assess VCM, rats were placed in a plexiglass restraining tube. After two minutes 

of habituation, VCM were recorded over a period of two minutes [18,19].  

 

 
2.4 Ex vivo radioactive measurements and in vivo imaging   

 

2.4.1 Radiotracer preparation  

 

Preparation of [123I]IBZM  and [125I]R91150  was performed as described previously by our group 

[8,20,21]. All chemicals for radiotracer preparation were purchased from Sigma-Aldrich (Buchs, 

Switzerland) unless otherwise specified. 123I and 125I radioiodide were purchased from Perkin Elmer 

(Basel, Switzerland). [123I]IBZM was obtained by incubation, for 15 min at 68°C, of a mixture containing 
5 μl of BZM precursor (ABX, Germany, 24 nmol/ μl  in ethanol), 2 μl of glacial acetic acid, 1 μl of 30% 

H2O2 and 10 mCi of carrier-free 123I sodium iodide in 0.05 M NaOH. The radiotracer was isolated by a 

linear gradient HPLC run (from 5% acetonitrile, ACN, to 95% ACN, 10 mM H3PO4, in 10 min). HPLC 

was equipped with a reverse-phase column (Phenomenex Bonclone C18, Phenomenex, Schlieren, 

Switzerland) and radiotracer was eluted at a flow of 3 ml/min. Fractions containing [123I]IBZM were 

diluted in water and loaded on a Sep-Pak cartridge (Sep-Pak C18, Waters, Switzerland). [123I]IBZM was 

eluted with 0.5 ml of 95% ACN, 10 mM H3PO4 and concentrated using a rotary evaporator, and the final 

product was diluted in saline prior to animal administration.  
R91150 precursor preparation was described elsewhere [22]. For radiolabelling, 300 μg of R91150 

precursor in 3 μL ethanol was mixed with 3 μL of glacial acetic acid, 15 μL of carrier-free 125I sodium 

iodide (10 mCi) in 0.05 M NaOH, and 3 μL of 30% H2O2. [125I]R91150 was isolated by an isocratic HPLC 

run  (ACN/water 50/50, 10 mM acetic acid buffer pH 5) with a reversed-phase column (Bondclone C18 

10 μm 300 X 7.8 mm, Phenomenex, Schlieren, Switzerland) at a flow rate of 3 mL/min.  

 

2.4.2 Ex vivo and in vivo imaging experiments 

 

An initial ex vivo study was performed to determine the dose-occupancy curves for haloperidol and 

MDL-100,907. This study informed on the choice of the respective concentration of each of each of the 

two drugs to be used for the chronic treatment of the animals in the main study. To estimate the dose-

occupancy curve of haloperidol, 38 rats were employed in an ex vivo study. Rats were implanted with 

the procedure described in section 2.2 with osmotic minipumps containing various doses of haloperidol 

covering the range between 0 and 1 mg/kg/day over a 28-day treatment period. At the end of the 

treatment period rats were anesthetized using isoflurane anesthesia (4% for induction, 2.5% for 
maintenance) and injected with 6.48±0.34 MBq of [123I]IBZM for the estimation of receptor occupancy 

and with 6.00±0.11 MBq of [125I]R91150 for the estimation of 5-HT2A receptor binding. 120 min later, 

they were decapitated, and brains were dissected to isolate the striatum, the frontal cortex and the 

cerebellum. The exact same procedure was carried out with another group of 19 rats employed in the 

estimation of the MDL100-907 dose-occupancy curve. Various doses of this antagonist ranging 
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between 0 and 1 mg/kg/day were employed. Rats were injected with 6.98±0.98 MBq of [123I]R91150 at 

the end of the treatment period for the estimation of the 5-HT2A receptor occupancy by MDL-100,907 

and with 5.95±0.21 MBq of  [125I]IBZM for the estimation of D2/3 receptor binding and their brains were 

dissected 120 min later as described above for the haloperidol study. Radioactivity in the dissected 
brain regions was immediately measured in an automated gamma counting system.  

Dual-radiotracer SPECT imaging [8] was performed in the context of the main in vivo study 

described in this paper to assess the level of D2/3 and 5-HT2A occupancy by haloperidol and MDL-

100,907 and the binding of D2/3 and 5-HT2A receptors after chronic treatment with these agents. In vivo 

dual radiotracer SPECT was performed as described previously [8]. At the end of the 28-day treatment 

period, the first dual-radiotracer SPECT scan was performed, to measure the occupancy of the D2/3 and 

the 5-HT2A receptor by their respective antagonists. One week later, an exactly similar dual-radiotracer 

SPECT scan was performed to index the density of the D2/3 and the 5-HT2A receptors. A polyethylene 
catheter (22G) was inserted in the tail vein for radiotracer injection, at a volume of 0.6 ml. Rats were 

simultaneously injected with both [123I]IBZM (32.7±8.2 MBq) and [125I]R91150 (26.9±6 MBq) over 30 

sec. 80 minutes after the radiotracer administration, they were anesthetized using isoflurane (4% for 

induction and 2.5% for maintenance) and the scan was initiated in a U-SCAN-II SPECT camera 

(MiLabs, Utrecht, Netherlands)  (using 4 frames of 10-min each). Body temperature was maintained at 

37±1 °C by means of a thermostatically controlled heating blanket. 

SPECT image reconstruction was performed using a pixel ordered subsets expectation 

maximization (P-OSEM, 0.4 mm voxels, 4 iterations, 6 subsets) algorithm using the MiLabs image 
reconstruction software. Reconstruction of dynamic SPECT images was performed using the 

radioactivity measured at each radioisotope’s principal energy spectrum, that is at 143,1-179,9 keV for 
123I and at 15-45 keV for 125I. Radioactive decay correction was performed while correction for 

attenuation or scatter was not. 

 

2.4.3 Separation of the two distinct images from the dual-radiotracer SPECT scan 

 

The co-injection of [123I]IBZM  with [125I]R91150  induces a contamination of the [125I]R91150 image. 
123I emits radioactivity principally at the 143,1-179,9 keV energy spectrum but also at a secondary 

energy spectrum, which is exactly the spectrum of 125I (15-45 keV). To correct for this contamination, 

we employed a method described previously by our group [8]. Briefly, the secondary emission of 123I is 

directly related to the principal one (34%). Contaminated [125I]R91150  images were thus corrected by 

subtracting 34% of the radioactivity measured in the [123I]IBZM images at the 143,1-179,9 keV energy 

spectrum.  

 
2.4.4 Standardized uptake ratio (SUR) estimation in the ex vivo and in vivo experiments 

 

For the ex vivo study, the standardized uptake ratio (SUR) for each radiotracer in the striatum and 

the frontal cortex was measured using the radioactivity measured in the gamma counting system as 
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follows: SUR=(radioactivity in the target-region)/(radioactivity in the cerebellum) – 1. The occupancy of 

the receptors from their respective antagonists was estimated as described in section 2.4.5.  

For the in vivo study, SPECT images were processed using PMOD software (version 3.9, PMOD 

Technologies Ltd, Zurich, Switzerland). As previously validated by our group, the SUR of [123I]IBZM is 
estimated over the static images corresponding to 80-110 min after the injection of the radiotracer [21], 

while the SUR of [125I]R91150  at 100-120 min [20]. For each rat, static [125I]R91150 SPECT images 

were spatially normalized on a [125I]R91150  template-image (described here [8]) and filtered with a 

Gaussian filter of 0.6m3 FWHM. The resulting transformation matrix was applied to the corresponding 

[123I]IBZM  images for each rat. A volume-of-interest (VOI) template (including 57 VOIs), incorporated 

in PMOD [23] was used to extract the radioactivity from each brain VOI and the cerebellum (CER), 

which was used as reference region. SUR values were estimated as follows: (Radioactivity in the target 

VOI)/(Radioactivity in CER)-1. The SUR values of the first dual-radiotracer SPECT scan for each rat 
(which is performed at the 27th day of the treatment period, while the rat is always under treatment with 

haloperidol and/or MDL-100,907) were used to estimate the occupancy of the receptor by their 

respective antagonists, as described below (section 2.4.5). The SUR values of the second SPECT scan 

for each rat (which is performed 7 days after the end of the treatment period) are direct indexes of the 

density of the respective receptor populations. For the [125I]R91150 images of the second SPECT scans 

for each rat, SUR was also estimated at the voxel level using the same formula. 

 

2.4.5 Receptor occupancy estimation 

 

The % occupancy (O) of the D2/3 and the 5-HT2A receptors from their respective antagonists was 

estimated using the following formula: O (%)=(1-SUR/SURCON)*100, where SUR corresponds to the 

value obtained from an individual SPECT study in which a dose of antagonist was employed, while 

SURCON corresponds to the average value obtained from the control animals in which no antagonist 

was administered. In the estimations of occupancies for the D2/3 receptor using [123I]IBZM, a 0.55 value 

was subtracted from the SUR and SURCON values. This value corresponds to the difference in the non-
displaceable binding between the striatum (target region) and the cerebellum (reference region) for this 

radiotracer, as described in a previous paper from our group [21]. 

 

2.5 Statistical analysis 

 

For normally distributed data (assessed using the Shapiro-Wilk test) and for comparisons of means 

between multiple treatment groups, two-way analysis of variance (2-way ANOVA) was employed with 

haloperidol and MDL-100,907 dose as the independent factors and the variable under evaluation as 
the dependent variable. Post-hoc analysis was performed when appropriate. For the statistical analysis 

of the results of the PPI data (where multiple dependent variables were evaluated, i.e. the PPI after 

auditory stimuli of 75, 80 and 85 dB), as well as for the analysis of the alterations in the 5-HT2A receptor 

binding in multiple brain VOI, a multi-variate analysis of variance (MANOVA) was employed. For non-

normally distributed data, non-parametric tests (Kruskal-Wallis and Mann-Whitney) were employed. For 
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of 5-HT2A receptor binding, parametric images of SUR were compared between groups using the 

SPM12 software (Wellcome Trust Centre for Neuroimaging, UCL, London, UK) and the Small Animal 

Molecular Imaging Toolbox [24] (SAMIT, Groningen, Netherlands) in Matlab (R2016, Mathworks Inc, 

USA). An uncorrected p at 0.001 with a cluster size threshold of 100 voxels was employed [25,26].  
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3. Results 
 
3.1 Occupancy of the D2/3 and the 5-HT2A receptors by haloperidol and MDL-100,907  

 

Figures 2a-b present the dose-occupancy curves for haloperidol from the in vivo and the ex vivo 

occupancy estimations, respectively. Figure 2c present the corresponding MDL-100,907 curve from the 

ex vivo experiment. Both approaches yielded similar results. For haloperidol, a 0.1 mg/kg/day dose 

leads to an occupancy of around 60% of the D2/3 receptors. A dose of 0.25 mg/kg/day leads to an 

occupancy of a little less than 80% of the receptors, while the doses of 0.5 and 1 mg/kg/day leads 

towards saturations of more than 85-90% of the D2/3 receptors in the Caudate/Putamen (CP). For the 

MDL-100,907, the dose of 0.5 mg/kg/day, which produces an almost total saturation of the frontal 5-

HT2A receptors, as estimated in the ex vivo occupancy measurement study, was employed in the main 
in vivo study.  

 

3.2 Effect of chronic haloperidol and MDL-100,907 on the dizocilpine-disrupted prepulse inhibition 

(PPI) of the startle  
 
Figure 3 presents the effect of the different treatment doses on the PPI: it includes the control 

group, i.e. H0M0 under the saline-pretreatment condition (the left most bar). All the other bars 

correspond to the PPI (%) values under the dizocilpine-pretreatment condition. The PPI (%) after a 

stimulus of 80 dB and 85 dB (presented in Figure 3a and 3b, respectively) were used as dependent 

variables. The PPI after a stimulus of 75 dB yielded aberrant results (not shown) and was discarded. In 
control animals (neither dizocilpine nor haloperidol/MDL-100,907 treatment) the PPI (both auditory 

stimuli volumes combined) was, by average, at 62%. Application of dizocilpine disrupted the PPI, 

diminishing it, by average, at 31%. Application of MDL-100,907 to the various doses of haloperidol was 

associated with a tendency to increase the average PPI under dizocilpine pretreatment, at least at the 

lowest doses of haloperidol. Given that the hypothesis under evaluation concerned the ability of the 

various combinations of haloperidol and MDL-100,907 to reverse the effect of dizocilpine on PPI, a 

MANOVA was performed only on the dizocilpine-treated rats, using the PPI (%) responses after the 80 

and the 85 dB as dependent variables and the haloperidol and MDL-100,907 doses as factors. A 
significant effect of the MDL-100,907 treatment (p<0.05) as well as of the interaction of the haloperidol 

and MDL-100,907 factors was observed (p<0.05). Post hoc analysis using a protected Fischer’s Least 

Significant Differences (LSD) test failed to demonstrate signification differences between any of the 

individual haloperidol and MDL-100,907 dosage combinations and the control group. 

 

3.3 Haloperidol-induced catalepsy reversal by MDL-100,907 

 

Figure 4 presents the effect of the various treatment schemes on the time elapsed between the 
placement of the animal on the grid and their first paw movements. Haloperidol doses of 0.5 mg/kg/day 

and 1 mg/kg/day induced a strong catalepsy (111.4±52.5 and 137.8±79.1 sec to first movement, 
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respectively), as the time to first movement is significantly higher than the one measured in of control 

animals (ie. H0/M0 dose) as indicated by a Kruskal Wallis test, p<0.001 and post hoc Mann Whitney 

tests p<0.05). Adding a 5-HT2A antagonism alleviated the cataleptic effect of haloperidol at 0.5 

mg/kg/day (40.3±26.9 sec, p<0.05) but not at 1 mg/kg/day (122.1±92.2 sec p>0.05).  
 

3.4 Effect of haloperidol and MDL-100,907 treatments on spatial working memory 

 

Spatial working memory, as evaluated by the Y maze test was unaltered across the different 

treatment groups (data not shown). Neither haloperidol, nor MDL-100,907 had an effect on the number 

of spontaneous alternations of the entrances in the different arms of the maze (p>0.05 for the main 

effects of factors “haloperidol”, “MDL-100,907” and their interaction using 2-way ANOVA).  

 
3.5 Haloperidol-induced vacuous VCM 

 

Figure 5 presents the effect of the chronic treatment with haloperidol and MDL-100,907 on the 

induction of VCM. A chronic treatment with doses of haloperidol of 0.5 mg/kg/day and 1 mg/kg/day 

induced a significant increase in the number of the VCM (18.7±5.8 and 13.3±8.2, respectively) 

compared to saline-treated rats (2.4±2.11), as determined using the Kruskal Wallis, p<0.001 and the 

Mann Whitney test for post hoc comparisons, p<0.05 as compared to saline-treated animals. On the 

other hand, MDL-100,907 treatment had no effect on this phenomenon, i.e. did not manage to alleviate 
the haloperidol-induced VCM syndrome.  

 

3.6 Alteration in in vivo D2/3 and 5-HT2A  binding after chronic antagonism 

 

Figures 6a and 6b shows the effect of chronic treatment with the various doses of haloperidol and 

MDL-100,907 on the D2/3 receptor binding in the CP and the Nucleus Accumbens (NAc), respectively. 

All doses of haloperidol induced a significant up-regulation of D2/3 binding in both these regions 
compared to the saline-treated groups, as measured with [123I]IBZM, one week after the end of the 

treatment period. The SUR of [123I]IBZM of control animals was at 2.62±0.64 in the NAc and 5.14±0.8 

for the CP,in the control animals. Haloperidol-only-treated animals had an increase in SUR by +18 to 

+67% in the NAc and by +15 to +43% in the CP (p<0.001 for the effect of haloperidol at the 2-way 

ANOVA and significant post hoc tests of all doses against the saline-treated group). The addition of 

MDL-100,907 had no effect on this haloperidol-induced D2/3 up-regulation in either the CP or the NAc. 

Haloperidol and MDL-100,907-treated animals had an average increase in the SUR by +11 to +52% 

NAc and by +15 to +27% in the CP. Regarding the 5-HT2A binding, as measured with [125I]R91150 
SPECT, one week after the end of the treatment period, results of a MANOVA (with regional 

[125I]R91150 SUR as the dependent variables and the haloperidol and MDL-100,907 doses as 

independent variables) showed a significant effect of haloperidol. To avoid a multiple tests problem and 

given the widespread binding of [125I]R91150 over multiple brain regions, the statistical comparison 

between the individual haloperidol doses was performed at the voxel level using SPM. Only the dose 
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of 0.25 mg/kg/day has a significant effect on 5-HT2A binding. Figure 7 demonstrates a significant 

increase in [125I]R91150 binding in rats treated with 0.25 mg/kg/day of haloperidol, localized on a 

collection of frontal cerebral voxels, encompassing parts of the left orbitofrontal, piriform, insular and 

olfactory cortex, the right piriform and olfactory cortex as well as the left ventral tegmental area (VTA).  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 13 

4. Discussion 
 

4.1 Strengths of the in vivo imaging approach and design of the study 

 
This study described a thorough evaluation of the impact of 5-HT2A antagonism on multiple aspects 

of the efficacy and side effect profile of haloperidol. It presents a certain number of strengths regarding 

its design, the variety of outcome measures and the methods to evaluate these outcome measures: the 

major strength of the present study is, to our view, the carefully chosen the doses of haloperidol for the 

chronic treatment that were representative of what has been employed in the literature and clinically 

pertinent. Indeed, we employed doses ranging from relatively low (0.1 mg/kg/day) to particularly high 

(1 mg/kg/day). The 0.1 mg/kg/day produces an occupancy of around 60% of the D2/3 receptors in the 

striatum, i.e. at the lowest end of the 65-80% occupancy window that is considered optimal in a clinical 
and a translational setting [1,7]. This occupancy was confirmed both ex vivo and in vivo (Figure 2a and 

2b). At this occupancy, the 0.1 mg/kg/day dose is supposed to be marginally efficient, without any side 

effects. The 0.25 mg/kg/day produces a D2/3 receptor occupancy that largely lies within the 60-85% 

occupancy window, thus being efficient and inducing minimal side effects. These two doses allowed to 

assess the hypothesis that the addition of an MDL-100,907 chronic treatment would ameliorate the 

efficacy of the haloperidol treatment (i.e. in the dizocilpine-disrupted PPI, as discussed in section 4.3). 

The two highest haloperidol doses (0.5 and 1 mg/kg/day) produce a maximal D2/3 receptor occupancy, 

that lies largely beyond the highest end of the 65-80% occupancy window. Both doses induce side 
effects and were important for the assessment of the hypothesis that the addition of an MDL-100,907 

chronic treatment would alleviate the haloperidol-induced side effects (as discussed in section 4.2). The 

1 mg/kg/day dose, in particular, was included in this study to allow a direct comparison with the majority 

of previous studies. As discussed in the subsequent sections of this paper, the use of a 1 mg/kg/day 

dose of haloperidol in the literature (which has been criticized as unreasonably high [7]) may “conceal” 

any ameliorative effect of co-administered substances, such as the MDL-100,907. On the contrary, the 

use of a 0.5 mg/kg/day dose almost saturates the D2/3 receptors in the striatum (Figure 2), induces 
clinically relevant side effects (e.g. catalepsy and VCM) and allows to demonstrate potential 

ameliorative effects of MDL-100,907, that were previously unappreciated in the literature (discussed 

thoroughly in section 4.2). 

A chronic treatment scheme with the D2/3 and 5-HT2A antagonists was chosen. This is probably 

more clinically relevant for the evaluation of the effects of these antagonists firstly because antipsychotic 

agents are almost always employed chronically in patients. Secondly, the administration of these 

antagonists using osmotic minipumps and not via daily injections induces a stable occupancy of the 

receptors over time, resembling the temporal pattern of occupancy in patients. Indeed, the elimination 
of haloperidol in the rat is much faster than in human and a once-daily administration of the antagonists 

would lead to an intermittent occupancy of the receptors with steep peaks and decreases of the 

occupancy which are not clinically relevant [7,27,28].  

The occupancy of the D2/3 and the 5-HT2A receptor is confirmed in vivo and ex vivo using a 

simultaneous, dual-radiotracer D2/3 and 5-HT2A imaging SPECT approach, previously validated by our 
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group [8]. The advantage of such a methodology lies on the fact that it allowed the in vivo study of the 

two receptors under the exact same physiological conditions and that it presents a highly acceptable 

test-retest variability of 14% for both radiotracers [8]. The neurochemical changes, at the level of D2/3 

and 5-HT2A receptor binding, induced by chronic antagonism at these receptors was also allowed in 

vivo using the same dual-radiotracer approach. Finally, a strength of this study is also the fact that a 

variety of behavioral tests, relevant to the clinical actions of antipsychotic treatment were employed. 

 

4.2 5-HT2A antagonism partially alleviates haloperidol-induced catalepsy but has no effect on VCM 

 

The present study confirms and extends the existing literature on the effect of a 5-HT2A antagonism 

on the behavioral and neurochemical alterations induced by a D2/3-specific antagonist. An interesting 

finding of our study concerns the effect of MDL-100,907 on the haloperidol-induced catalepsy. As 
expected, a high occupancy of the striatal D2/3 receptors induces this acute extrapyramidal symptom. 

The groups of rats treated with the two higher haloperidol doses (0.5 and 1 mg/kg/day) presented a 

strong catalepsy, which confirms the current literature [29-33]. In accordance with this literature, 5-HT2A 

antagonism failed to counteract the cataleptic effect of the highest dose of haloperidol (1 mg/kg/day). 

Interestingly, 5-HT2A antagonism managed to significantly reduce the effect of the second highest dose 

of haloperidol, at 0.5 mg/kg/day, a finding that, to our knowledge, has never been reported before. 

Indeed, previous studies which evaluated the effect of MDL-100,907 on chronic haloperidol-induced 

catalepsy only employed high doses of haloperidol (1 mg/kg/day or higher) [29,31]. Regarding acute 
treatment regimes, Creed-Carson et al [31] employed a single subcutaneous 0.5 mg/kg dose of 

haloperidol. The resulting catalepsy was not reversed by a 0.5 mg/kg dose of MDL-100,907 (the exact 

same dose as in the present study). Similar results were observed with an acute administration of 0.63 

mg/kg of haloperidol [34] and MDL100,907 at 0.1 mg/kg. However, this apparent discrepancy might be 

explained by the differential effects of an acutely vs a chronically administered dose of haloperidol and 

by the lower dose of MDL-100,907 employed in the latter study. Indeed, it is probable that the duration 

of treatment with an antagonist has an impact on the relationship between its dose and the resulting 
catalepsy: an acute dose of haloperidol of 0.25 mg/kg induces catalepsy, while the same dose 

administered chronically does not [35]. In addition, in a study comparing a continuous vs an once daily 

administration of haloperidol via subcutaneous injections, it was demonstrated that the same dose of 

haloperidol, when administered once-daily, produces steep peaks in occupancy that are considerably 

higher than the occupancy that is achieved with a continuous treatment via an osmotic minipump [28]. 

Regarding other possible pharmacological targets against antipsychotic-induced catalepsy, a 

chronically administered dose of haloperidol at 1 mg/kg/day produces a catalepsy that may be reversed 

by a 5-HT2C antagonism [30,31,36] and 5-HT2C antagonism may also reverse a raclopride (a highly 
selective D2/3 antagonist)-induced catalepsy [37,38]. In light of the findings of the present study, a 

synergistic modulation of the nigrostriatal system by both 5-HT2A and 5-HT2C receptors may be 

hypothesized [39]. A 5-HT2A antagonism may only be sufficient to prevent catalepsy at a limited range 

of D2/3 blockade [40,41]. Overall, these results suggest that a 5-HT2A antagonism could -at least 
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partially- underlie the clinically-observed lower prevalence of acute extrapyramidal symptoms with 

atypical antipsychotic agents [3]. 

The second aspect of motor side effects evaluated in this study was the haloperidol-induced VCM. 

In accordance with the literature [28,32,42], our results demonstrate that a high occupancy of the striatal 
D2/3 receptors (induced by doses of 0.5 and 1 mg/kg/day) is associated with an induction of VCM. In 

the present study, the number of VCM that were recorded were somewhat higher than the number 

observed in other studies with similar doses of haloperidol [28,42]. This finding is expected, as animal 

restrain is associated with higher number of VCM compared to the VCM measured in freely moving rats 

[18]. A 5-HT2A antagonism failed to alleviate this side effect of haloperidol (both at 0.5 mg/kg/day and 1 

mg/kg/day). This finding is also in accordance with and extends the existing literature that, so far, has 

only evaluated the effect of 5-HT2A antagonism on the VCM induced by the highest dose of haloperidol 

(1 mg/kg/day). Here, we extend this finding for a lower, but still supratherapeutic, dose of haloperidol 
(0.5 mg/kg/day). Interestingly, the effect of 5-HT2A antagonism not only lacked any preventive effect on 

the VCM but was even associated with a tendency to increase the VCM induced by haloperidol (Figure 

5, not reaching significance). This tendency excludes the possibility that the failure to demonstrate a 

favorable effect of 5-HT2A antagonism on VCM could be due to a type II error (e.g. resulting from a lack 

of power). Consequently, 5-HT2A antagonism is probably not implicated in the clinically and 

experimentally observed lower prevalence of VCM in animals treated with atypical antipsychotics that 

with typical agents [43-48] and other mechanisms might underlie this phenomenon. Several studies in 

the literature have indeed proposed a role for the 5-HT2C receptor [31] and other neurotransmitter 
systems in the reduction of VCM in chronic haloperidol-treated rodents [47,49]. As a 5-HT2C antagonism 

is a common feature of many atypical antipsychotic agents, this might be a more valid target of research 

for the prevention of antipsychotic-induced tardive dyskinesia.  

 

4.3 5-HT2A antagonism alters the dizocilpine-disruption of the PPI  

 

In the present study, our hypothesis was that the chronic antagonism at the 5-HT2A receptor will 
render the chronic haloperidol treatment capable of reversing the PPI-disruptive effect of dizocilpine. A 

haloperidol alone treatment has consistently been found ineffective in this experimental paradigm 

[50,51] (with only one study, to our knowledge, showing efficacy of a 14-day haloperidol treatment at 1 

mg/kg/day in mice [52]). On the contrary, in the same test, atypical antipsychotics have been found 

effective [50,52-55]. Given that a 5-HT2A antagonism alone has given positive results in one study [11], 

one might consider that a chronic MDL-100,907 treatment could render the haloperidol treatment 

capable of reversing the effect of dizocilpine and thus provide evidence that a 5-HT2A antagonism could 

be the substrate of the superiority of atypical agents over typical ones in this experimental paradigm.   
Given that our hypothesis was that the treatment with haloperidol and MDL-100,907 could augment 

the PPI in dizocilpine-pretreated rats, we evaluated the data that corresponded to these rats only, to 

obtain more statistical power. The results of the MANOVA showed a significant effect of the MDL-

100,907 treatment, as well as the interaction of haloperidol and MDL-100,907 doses, pointing to an 

impact of MDL-100,907 on the PPI, likely dependent on the concurrently administered dose of 
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haloperidol. Subsequently, we performed post hoc pair-wise t-test comparisons (using a protected 

Fisher’s correction). These comparisons failed to yield significant results, despite a tendency for the 

various treatments, particularly when an MDL-100,907 treatment is present, to augment the PPI (Figure 

3). Given the variability of this data, it cannot be excluded that this part of our study lacked the necessary 
statistical power to clearly demonstrate significant differences in group-wise comparisons. On the other 

hand, as recently suggested in a recent study [56], a 5-HT2A antagonism may partially contribute to the 

reversal of the effect of dizocilpine on the PPI, along with antagonism at other serotoninergic receptors, 

such as the 5-HT6.  

PPI is a physiological phenomenon observed both in human and rodents, while its actual 

neurophysiological substrates remain largely unknown. However, it has been demonstrated that that 

agents that efficiently treat positive psychotic symptoms, are able to reverse the disruption of PPI 

induced by various agents [9,10,57]. Here, we employed a NMDA antagonist, dizocilpine, as a PPI-
disrupting agent. We did not use a dopaminergic agent, such as apomorphine, to induce the disruption 

of PPI because this would possibly not enable to assess the efficacy of 5-HT2A antagonism, given that 

haloperidol, a D2/3 antagonist would most likely already be quite efficient to reverse the apomorphine-

induced disruption of PPI [13,58]. In addition, dizocilpine-disruption of PPI is probably more relevant for 

the study of the properties of atypicality [59]. Overall, the results of the PPI experiments provide further 

argument in favor of the efficacy of a 5-HT2A antagonism in the reversal of dizocilpine-disruption of the 

PPI but further research is needed to confirm this hypothesis.  

 

4.4 Spatial working memory is unaltered with either haloperidol or MDL-100,907 treatment 

 

The present study failed to detect any significant effect of either antagonist, haloperidol or MDL-

100,907 on the spatial working memory [60]. This contrasts findings of a part of the clinical and rodent 

studies on this subject, in which haloperidol, sulpiride and even some atypical agents [61], induced 

working memory deficits [17,32,62-68]. It is important to note, considering the preclinical studies that 

have demonstrated an impact of haloperidol on spatial working memory, that, for instance, in the Xu 
study [17], a particularly high and certainly clinically less pertinent dose of 2 mg/kg/day of haloperidol 

has been employed, while in the Karl study [32] spatial working memory was assessed with a test other 

than the Y maze. Other clinical studies found that antipsychotics (both typical and atypical) may in fact 

ameliorate cognitive deficits in schizophrenic patients [16,69-75], suggesting that, with respect to 

translational research on cognitive deficits induced or rescued by antipsychotics agents, animal models 

of schizophrenia would be more relevant, given the complexity of the phenomenon [76] and the probably 

differential effect of antipsychotics in healthy and schizophrenic individuals.  

 
4.5 5-HT2A antagonism fails to reverse the haloperidol-induced D2/3 upregulation 

 

At a neurochemical level, chronic D2/3 antagonism by haloperidol led to a significant increase in 

the binding of this receptor in the CP and the NAc (Figure 6), an effect observed over the whole range 

of haloperidol doses. This is in accordance with the literature, in which a chronic D2/3 antagonism (or 
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partial agonism in the case of aripiprazole) has been shown to lead to an upregulation of the D2/3 

receptors in the striatum [28,42,77-81]. The literature also suggests that this D2/3 upregulation is present 

to a lesser extent, if at all, with atypical antipsychotics, notably clozapine [77,82-84]. A human study 

evaluating the D2/3 receptor in human subjects found that this upregulation was present in patients 
treated with the typical agents haloperidol and perphenazine, as well as with the atypical risperidone 

[85]. Given the affinity for the 5-HT2A receptor of the majority of the atypical agents that were evaluated 

in these studies, it was proposed that a 5-HT2A antagonism could prevent this upregulation of the D2/3. 

To our knowledge, no study so far has assessed the effect of a 5-HT2A antagonism on this phenomenon, 

to directly test this hypothesis. In the present study, the co-administration of MDL-100,907 with any of 

the doses of haloperidol failed to significantly prevent the upregulation of the D2/3 receptor. Ishikane et 

al [78] found that the D2-receptor upregulation observed with low doses of haloperidol (0.1 mg/kg/day) 

were prevented with a parallel treatment with ritanserin, a mixed 5-HT2A/5-HT2C antagonist. Given that 
in the present study, a treatment with a pure 5-HT2A antagonist, failed to prevent the D2/3 upregulation, 

one could hypothesize that 5-HT2C antagonist properties may play a more prominent role in the 

atypicality with respect to the chronic changes in D2/3 binding.  

It is also hypothesized that the upregulation of the D2/3 receptors by haloperidol is implicated in the 

occurrence of the VCM [42]. The results of the present study suggest that the D2/3 receptor upregulation 

is probably not a sufficient condition for the induction of VCM, as the animals treated with the 0.1 and 

the 0.25 mg/kg/day doses presented a D2/3 upregulation without VCM. On the other hand, the failure of 

MDL-100,907 to prevent the haloperidol-induced D2/3 upregulation coincided with its failure to prevent 
the VCM induced by the highest doses of haloperidol treatment. These results challenge the 

hypothesized causal link between D2/3 upregulation and VCM induction and emphasize the need to 

conduct in-depth studies of these two phenomena.   

 

4.6 Haloperidol at moderate doses upregulates the 5-HT2A receptor in frontal cortical areas and 

the VTA 

 
A surprising finding of the present study was the increase in the 5-HT2A receptor binding in frontal 

cortical areas and in the VTA, induced by a moderate dose of haloperidol (0.25 mg/kg/day, that leads 

to an occupancy of the D2/3 receptor mostly within the 65-80% occupancy window). It is important to 

note that only the rats treated with this dose presented this effect, which was unaltered by a 5-HT2A 

antagonism. In fact, 5-HT2A antagonism was not associated with any neurochemical change on either 

of the receptors studied. Higher doses of haloperidol had no impact on 5-HT2A receptor binding in any 

brain region. This is a previously unappreciated finding, given that only a narrow range of haloperidol 

doses induced this upregulation and that the literature so far has not assessed the effect of such a 
moderate dose of haloperidol on 5-HT2A binding. Indeed, only doses of 0.5 mg/kg/day or higher have 

been examined and showed, as this present study did, no effect. In fact, only atypical antipsychotics 

have been shown to alter 5-HT2A binding, i.e. leading to a downregulation of this receptor [86-94]. 

Among the very few exceptions to the aforementioned results, Charron et al recently showed that 

haloperidol, at 0.5 mg/kg/day decreases [3H]ketanserin binding in the frontal cortex and increases it in 
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the striatum. However, this radiotracer also binds to 5-HT2C receptors, rendering the interpretation of 

these findings difficult. The downregulation of 5-HT2A, shared by atypical agents and not by typical ones, 

was hypothesized as one of the substrates of atypicality, but no conclusive evidence linking it to the 

efficacy and side effect profile of atypical agents has been reported so far. The present study, given the 
absence of any 5-HT2A antagonist properties of haloperidol, points to an indirect modulation of the 5-

HT2A binding possibly via an alteration of serotonin release. If serotonin release is diminished, this 

transmitter competes less with the [125I]R91150 radiotracer for binding to the receptor and the binding 

of this radiotracer could be augmented. Indeed, there is evidence that the dopaminergic system, via the 

D2 receptor may alter serotonin transmission [95-100]. Burnet et al and Bishnoi et al suggested that 

haloperidol treatment leads to a reduction in the concentration of a serotonin metabolite [101] and 

serotonin itself in the brain [102]. Another possible hypothesis would be to attribute this change of 5-

HT2A binding to alterations in D2/5-HT2A heteromers. Albizu et al [103] found that heteromers of D2 and 
5-HT2A receptors produce allosteric modulations of the latter via D2-mediated mechanisms and alter its 

affinity for 5-HT2A binding radioligands. Finally, to explain the differential effect of moderate vs high 

doses of haloperidol on 5-HT2A receptor binding, one could hypothesize that low doses of haloperidol 

may preferentially act on D2 autoreceptors, while higher doses act both auto- and hetero-receptors. 

Interestingly, the dose of 0.25 mg/kg/day of haloperidol, is the dose in which the impact of 5-HT2A 

antagonism shows the highest tendency towards a reversal of the dizocilpine-disruption of PPI (see 

section 4.3) suggesting that a possible involvement of this 5-HT2A upregulation may be coupled to the 

fact that 5-HT2A antagonism of this particular dose of haloperidol (0.25 mg/kg/day) may potentialize its 
efficacy in the PPI test. 

From a methodological point of view, to confirm this finding, we first verified that haloperidol (from 

our in vivo SPECT studies) does not induce 5-HT2A occupancy (data not shown). Secondly, we used 

our ex vivo experiments: indeed, as mentioned in the methods section, the group of rats treated with 

various doses of haloperidol to determine the dose-occupancy curve, was subjected to ex vivo 

radiotracer measurements with [125I]R91150. Using the rats of this experiments that were treated with 

similar doses of haloperidol as in the in vivo study (0.2-0.4 mg/kg/day), we found that indeed a 5-HT2A 
receptor upregulation was induced. This ex vivo study is also interesting because it confirms that this 

upregulation, measured in vivo 7 days after the end of the chronic treatments of the rats, is not a result 

of the drug withdrawal but of the treatment itself. This is because in the ex vivo study, the binding 

measurements were performed at the end of the 28 days treatment period, i.e. while the rats were still 

under treatment with haloperidol. Considering the in vivo methodology that was employed, we have 

previously conclusively demonstrated that the dual-radiotracer approach with simultaneous imaging 

with [123I]IBZM and [125I]R91150 does not induce any bias in the receptor binding estimation, excluding 

the possibility that this 5-HT2A upregulation is a mere “artefact” of the SPECT scan methodology.  
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4.7 Limitations of the present study 

 

Among the limitations of the study, first the use of a Mdr1a knock out strain has to be mentioned. 

We used this strain to be able to employ [125I]R91150 for the in vivo imaging of 5-HT2A. This radiotracer 
has minimal brain penetration in wild-type rats, impeding its in vivo use in SPECT imaging [20,22,104]. 

In this context, it is important to confirm that the use of Mdr1a knock out rats does not bias the behavioral 

and neurochemical responses to the chronic treatment with haloperidol and MDL-100,907. Arguments 

in favor of this hypothesis include the following observations: (1) Mdr1a knock out and wild-type rats 

present identical D2/3 and 5-HT2A receptor binding in the brain (confirmed by ex vivo imaging that is 

possible with [125I]R91150 even in wild-type rats), (2) the dose-occupancy curve of haloperidol shows 

no alterations compared to wild-type rats as estimated in previous studies [33,105], (3) the behavioral 

responses to haloperidol and dizocilpine were highly comparable to those observed in previous studies, 
notably the correspondence of the occupancy of the D2/3 receptor by haloperidol and the induction of 

side effects. It also has to be noted that the results on 5-HT2A upregulation by moderate doses of 

haloperidol and not by high doses of this typical antipsychotic are mostly exploratory. No inference on 

a causal contribution on the effect of this antipsychotic agent may be formulated in the present study.  
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5. Conclusion 
 
In conclusion, here, we provide evidence for the involvement of 5-HT2A receptor antagonism in the 

alleviation of catalepsy induced by haloperidol, an effect that is dose-dependent. Similarly, preliminary 
evidence is provided for an involvement of 5-HT2A receptor antagonism on the reversal of dizocilpine-

disruption of PPI. 5-HT2A receptor antagonism failed to prevent the upregulation of D2/3 that is induced 

by a chronic haloperidol treatment, as well as the induction of VCM by high doses of this typical 

antipsychotic agent. A previously unappreciated dose-dependent effect of moderate doses of 

haloperidol on the in vivo and ex vivo frontal cortical 5-HT2A binding has also been observed. The 

present work points to an involvement of a 5-HT2A receptor antagonism in the modification of some 

aspects of the efficacy and side effect profile of haloperidol, suggesting that, at least partially, 5-HT2A 

antagonism might be associated with atypicality. Based on the results of this study however, the role of 
the 5-HT2A receptor antagonism as the sole (or even the major) determinant of antipsychotic atypicality 

can probably be rejected. The need to carefully choose clinically relevant antipsychotic doses (i.e. a 

dose of 0.5 mg/kg/day and not 1 mg/kg/day) and to further investigate the role of neurochemical 

changes induced by chronic antipsychotic treatment in the search for causal relationships with its 

clinical effect is warranted.  
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Figure legends 
 
Figure 1 Graphical presentation of the timeline of the present study. 

 
Figure 2 Haloperidol in vivo (2a) and ex vivo (2b) dose-occupancy curves, estimated in the 

striatum. (2c) Ex vivo MDL-100,907 dose-occupancy curve, estimated in the frontal cortex. 

 

Figure 3 The effect of the various haloperidol and MDL-100,907 combinations on the disruption of 

the PPI by dizocilpine using a (3a) 80 dB and a (3b) 85 dB auditory pulse (Mean±SEM values). The 

leftmost bar corresponds to the control group (H0/M0), not pre-treated with dizocilpine (baseline PPI). 

The rest correspond to rats pretreated with dizocilpine. The haloperidol and MDL-100,907 dosages are 

depicted below each bar. No significant differences were found in pairwise comparisons. 
 

Figure 4 Results of the catalepsy tests under the various chronic treatment combinations 

(Mean±SEM). ‡Denotes significant differences between the mean time lapses between these four 

doses compared to the control (H0M0). *Denotes a significant difference between the H0.5M0 and the 

H0.5/M0.5 group. 

 

Figure 5 The effect of the chronic treatment with haloperidol and MDL-100,907 on the induction of 

VCM/2 min (Mean±SEM). ‡Denotes a significant increase in the number of the VCM compared to saline-
treated rats. 

 

Figure 6 D2/3 binding measured in the CP (6a) and NAc (6b) (Mean±SD). All groups present a 

significant increase compared to the controls (H0/M0). 

 

Figure 7 Results of the voxel-wise comparison of the 5-HT2A binding between the rats of the control 

group (H0/M0) and the rats treated with haloperidol at 0.25 mg/kg/day (Mean±SD).  
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