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The following paragraphs describe the PET agonist radiotracers whose preclinical studies have not yet led to imaging studies in humans.

Dopaminergic receptors
[bookmark: _Toc527494017][bookmark: _Toc14690419]D1 receptors 
[11C]SKF 82957/[11C]SKF 75670
[bookmark: _Toc14690420]In 1996, DaSilva and colleagues reported the synthesis and in vitro autoradiographic evaluation of benzazepine derivatives known for their D1 agonist properties, radiolabeled with 11C: i.e., the partial agonist [11C]SKF 75670 and its 6-chloro derivative agonist [11C]SKF82957(DaSilva et al., 1996a). Both compounds showed specific and selective in vivo binding in rat striatum, a region rich in D1 receptors(DaSilva et al., 1996b). Further in vivo studies on R-[11C]SKF82957 demonstrated acceptable radiation dosimetry, no metabolites in rat brain extracts, and a low level of metabolites in rat plasma (DaSilva et al., 1999). However, a 2010 study in rats showed that this tracer gave rise to a brain-penetrant radiometabolite; tolcapone pretreatment increased tracer performance in imaging D1 receptors by inhibiting the production of this interfering metabolite (Palner et al., 2010).
[bookmark: _Toc527494018][bookmark: _Toc14690421][bookmark: _Toc527494019][bookmark: _Toc14690422]D2/D3 Receptors
 [11C]SV-III-130
[11C]-SV-III-130 is a partial agonist of D2 receptors with high affinity, and a derivative of the atypical antipsychotic aripiprazole (Vangveravong et al., 2011). Preclinical studies on rhesus monkey demonstrated selective binding to D2 receptors, unchanged by blocking with a D3 selective ligand (Xu et al., 2013). In the same study, [11C]SV-III-30 binding was unchanged by lorazepam pretreatment to reduce endogenous dopamine, but was decreased by administration of d-amphetamine to increase synaptic dopamine levels. Challenge studies using [11C]-SV-III-130 and various data on [18F]-LS-3134, a D3 radiotracer, showed that D2 receptors could be quantified without depleting the dopaminergic synapses of endogenous neurotransmitter, whereas that is necessary in order to quantify D3 receptors.

[bookmark: _Toc527494021][bookmark: _Toc14690423][11C]5-OH-DPAT/[11C]-PPHT/[11C]-ZYY-339
An American team aimed to develop compounds to image D2 high-affinity (HA) sites using the tetralin structure. They designed their first potential radiotracers labelled with 11C, [11C]-5-OH-DPAT, [11C]PPHT and [11C]ZYY-339. Incubation with sulpiride showed only a little non-specific binding in cortical areas (Shi et al., 1999). [11C]-5-OH-DPAT was then further evaluated in vitro and in vivo. In vitro studies in rats confirmed specific binding on D2 receptor HA sites using Gpp(NH)p (Mukherjee et al., 2004; Shi et al., 1999). In vivo studies in rats and monkeys found a high binding in striata with quick, reversible kinetics. Binding was also blocked by haloperidol pretreatment and increased by depletion of dopamine induced by reserpine pretreatment in rats (Shi et al., 1999). The same methodology was applied to the two other agonists [11C]PPHT and [11C]ZYY-339, with similar results but lower striatum-to-cerebellum ratios and comparable thalamus-to-cerebellum ratios (Mukherjee et al., 2004). 

[bookmark: _Toc527494022][bookmark: _Toc14690424][18F]-5-OH-FPPAT
[bookmark: _Hlk19111665][18F]-5-OH-FPPAT, a fluorinated analog of [11C]-5-OH-DPAT, was designed in 2004. In vitro binding competition studies revealed an IC50 of 6.95 for this tracer, close to that of its analog 5-OH-DPAT (6.53 nM) but with higher lipophilicity. In vitro autoradiography studies on rat brain showed evidence of specific binding to high-affinity state D2 receptors using Gpp(NH)p pretreatment. In vivo PET imaging in rats revealed significant binding in striata, with high brain uptake. Binding studies on rhesus monkey brain slices indicated specific binding in dopaminergic regions, caudate, putamen and thalamus. These findings were confirmed by in vivo blockade studies in rats with the agonist PPHT or the antagonist risperidone (Shi et al., 2004). Finally, ex vivo autoradiography on rats with Gpp(NH)p revealed a large decrease in striatal binding, indicating high-affinity state binding of [18F]-5-OH-FPPAT and the newer derivative [18F]5-OH-FHXPAT (Mukherjee et al., 2017). Further investigations are needed to decipher more precisely the binding of these compounds to dopamine receptors. 
[bookmark: _Toc527494023][bookmark: _Toc14690425]AMC derivatives
Structure-activity study of 2-aminomethylchroman-7-ol (AMC) identified a number of agonists with good affinity and selectivity for the high-affinity state of D2 receptors (Mewshaw et al., 1997). In 2014, Shalgunov and colleagues (Shalgunov et al., 2015) tried to develop new D2/D3 agonist fluorinated radiotracers using the 2-aminomethylchroman-7-ol structure (Shalgunov et al., 2015). The fluorinated compounds [18]FBu-AMC13 and [18F]FEt-AMC15 were identified as the most promising radiotracers, with nanomolar affinities of the unlabeled compounds for D2/D3 receptors and nearly full agonism in human D2 receptors. In vitro studies revealed specific binding of both radiotracers to high-affinity D2/D3 receptors in striatum (van Wieringen et al., 2014). The team further assessed these compounds in rat brain, and other AMC-13 and AMC-15 homologs with variations on alkyl chains. All showed specific binding in autoradiography in vitro using raclopride. Specific binding was also decreased by an excess of GTP, demonstrating that this corresponds predominantly to the high-affinity state of D2/D3 receptors. However, in vivo studies showed that only a small proportion of [18F]FEt-AMC15 crossed the BBB. [18F]FBu-AMC13 showed a more optimistic profile, with good BBB penetration. Its analog [18F]FEt-AMC13 showed the highest signal-to-noise ratio, with similar BBB penetration and metabolic profile. However, in vivo blockade studies of [18F]FEt-AMC13 with 1 mg/kg of raclopride showed lower displacement than with other 11C-labeled D2/D3 tracers. Following the basic structure of (R)-2-(benzylaminomethyl)chroman-7-ol, described by Mewshaw (AMC1), the 18F-fluorine was attached directly to the benzyl function of AMC1 to obtain [18F]AMC 20 so as to improve the stability of the compound in comparison with the previous alkyl derivatives (Shalgunov et al., 2015). In vitro studies found it to be a potent agonist of high-affinity state D2 receptors, with picomolar affinity. PET imaging in rats showed good BBB penetration and accumulation in striatum. In vivo challenge studies with raclopride also demonstrated displacement in striatum, but still in contrast with data obtained with [11C]-D2/D3 agonist radiotracers: i.e., percentage occupancy on raclopride injection was lower than with [11C]PHNO or [11C]MNPA). [18F]AMC20 showed higher nonspecific binding than [18F]FEt-AMC13. Finally, the low signal-to noise ratio and a suspected lack of selectivity stopped further development of these molecules.

[bookmark: _Toc527494027][bookmark: _Toc14690428] [18F]MCL-524 
[bookmark: _Hlk19112054]Another study focused on a fluoroalkyl derivative of [11C]MNPA (Finnema et al., 2014), [18F]MCL-524, in an attempt to develop the first fluorinated agonist radiotracer of D2/D3 receptors. MCL-524 was previously shown to have nanomolar affinity for D2 high-affinity receptors (Sromek et al., 2011). Finnema et al. showed that [18F]MCL-524 provided similar or even greater contrast between striatum and cerebellum compared to [11C]MNPA. Blocking studies with raclopride and D-amphetamine pre-treatment produced a decrease in binding, in agreement with a previous study with [11C]MNPA, confirming the specificity and agonistic profile of [18F]MCL-524. Radiometabolite analysis showed a metabolism rate comparable to that of [11C]MNPA and [11C]NPA; the detected radiometabolites were polar and unlikely to cross the BBB.  Kinetic analysis showed a slight underestimation of BPND by the MRTM model in comparison to the 1TCM model, deserving further investigation in future human studies. A whole-body distribution study revealed that [18F]MCL-524 radiation dosimetry was in an acceptable range for translation to human trials, and presented an interest for simultaneous PET/fMRI protocols thanks to its longer half-life.

Fluorinated analogs of apomorphine were also synthesized by Zijlstra et al., by labeling the N-alkyl chain with fluorine-18 (Zijlstra et al., 1993b).  The three compounds were evaluated in rat brain, but showed disappointing results: [18F]2-OH-FNPA did not cross the BBB while neither [18F]FNEA nor [18F]FNPA demonstrated specific binding to D2 receptors.
[bookmark: _Toc527494031][bookmark: _Toc14690432]
Serotonin receptors
5-HT1A Receptors
 [11C]CUMI-101 and derivatives
In 2006, the arylpiperazine derivative [11C]MPT was evaluated in baboon and showed specific binding to 5-HT1A receptors in vivo, but suffered from very fast metabolism and slow washout, making quantification of binding parameters difficult (Kumar et al., 2006). Its structural analog [11C]CUMI-101 was then tested in baboon and reported to be a promising ligand for imaging 5-HT1A receptors in high-affinity state (Kumar et al., 2007). Subsequent studies further explored its modeling properties in baboons and evaluated [11C]CUMI-101 in humans (Milak et al., 2008, 2010). Other studies focused on tracer sensitivity for endogenous serotonin fluctuations in non-human primates (Milak et al., 2011) and in humans (Pinborg et al., 2012), and suggested that tracer uptake is sensitive only to large increases in extracellular serotonin in response to robust pharmacological challenge but under physiological conditions. Another study in humans, using citalopram, showed a slight increase in [11C]CUMI-101 binding in postsynaptic regions, which was interpreted as a possible decrease in  5-HT concentration in these areas (Selvaraj et al., 2012). The authors also associated [11C]CUMI-101 and the antagonist [11C]WAY-100635 in order to quantify G-protein-coupled 5-HT1A receptors compared to the total receptor pool, and reported an average of 45% of 5-HT1A receptors in coupled state in baboon brain (Kumar et al., 2012). Subsequently, however, two studies questioned the specificity of the tracer, highlighting region-dependent cross-reactivity with α1 adrenergic receptors. Its pharmacological properties were also questioned, as it behaved as an antagonist in some in vitro studies (Hendry et al., 2011; Shrestha et al., 2014). Therefore, [11C]CUMI-101 appears rather to be a partial agonist, limiting its potential in the study of high-affinity receptors and possibly explaining its relatively poor sensitivity to serotonin fluctuation. Two recent multimodal studies also used [11C]CUMI-101 PET imaging in combination with fMRI, to study the presynaptic serotonergic modulation of emotional processing (Selvaraj et al., 2015) and the mechanism of action of citalopram in vivo (Selvaraj et al., 2018). Recent attempts were made to develop a fluorinated analog of [11C]CUMI-101, resulting in the synthesis of [18F]FECUMI-101, a partial agonist of 5-HT1A receptors (Emax=77%) with high affinity (Ki=0.1 nM), showing specific binding in non-human primates in vivo, although there was unexpectedly high uptake in the thalamus (Lemoine et al., 2010; Majo et al., 2013). However, a subsequent in vitro evaluation of the tracer in human brain also showed significant binding to α1 receptors (Shrestha et al., 2014, 2016). The same team recently described the radiosynthesis of another partial agonist, [18F]FEMPT (Collier et al., 2017), but no preclinical evaluation of this radiotracer has yet been published.

5-HT2A Receptors
Fluorinated analogs of [11C]Cimbi-36
In 2016, the same team reported the synthesis and evaluation of 3 fluorine-containing derivatives of Cimbi-36. Although all were potent 5-HT2A agonists, none had satisfying properties for PET neuroimaging, due either to excessive radiometabolite signal or to non-specific binding (Herth et al., 2016) . Five other analogs were evaluated and did not display specific binding, although all entered the pig brain (Petersen et al., 2016). Finally, 2 new analogs were evaluated in 2017, leading to unsuccessful displacement challenges with a 5-HT2A antagonist (Edgar et al., 2017). In 2015, Prabhakaran et al. reported the synthesis of another fluorinated analog, [18F]FECIMBI-36. Specific binding to 5-HT2A and 5-HT2C receptors was shown in vitro on postmortem human brain slices (Prabhakaran et al., 2015). [18F]FECIMBI-36 was evaluated in non-human primates; results showed low brain penetration (Prabhakaran et al., 2017).
[bookmark: _Hlk19111976]5-HT2C Receptors
In 2013, Granda et al. reported the synthesis and evaluation of several methylated arylazepine derivatives as potential 5-HT2C agonists radiolabeled by 11C for PET neuroimaging. The most promising agonist was administered in baboons and showed high brain penetration but no evidence of specific binding (Granda et al., 2013). [11C]-radiolabelling of two potent and selective 5-HT2C full agonists, WAY-163909 and vabicaserin, via Pictet-Spengler cylization, was reported in 2014. Both [11C]WAY-163909 and [11C]vabicaserin showed a high brain uptake and non-specific binding in rodent and non-human primate (Neelamegam et al., 2014).

[bookmark: _Toc527494035]More recently, 4-(3-[18F]fluorophenethoxy)pyrimidine ([18F]-FPP) appeared to be a promising radiotracer of 5-HT2C  receptors (Kim et al., 2017). This compound was previously reported to exert an agonistic effect on this receptor (Emax=88%) and to have reasonable selectivity over other serotonin receptors (Kalgutkar et al., 2009).  It showed high brain uptake and specific binding to 5-HT2C receptors in rat, being decreased by co-administration of lorcaserin (although at a high dose of 10 mg/kg). 

[bookmark: _Toc14690436]Other Serotonergic Receptors
No agonist radiotracer is yet available for PET neuroimaging of other serotonergic GPCR, despite several attempts with 5-HT4 receptors (Buiter et al., 2013) and 5-HT7 receptors (Lacivita et al., 2014). 

Muscarinic receptors
M1 receptor

 [18F]FP-TZTP
In 1993, Halldin et al. reported [11C]-radiolabeling of xanomeline and butylthio-TZTP, two muscarinic agonists selective for the M1 receptor (Halldin et al., 1992). Both compounds were further evaluated in cynomolgus monkey and human brain as PET radioligands and drug candidate (Farde et al., 1996). They showed high brain uptake but limited washout in humans, which is not optimal for quantification of a PET radiotracer. Moreover, the low cortical-to-cerebellar ratio of both compounds and the affinity of butylthio-TZTP for σ1 receptors led the authors to conclude that they were not promising ligands for PET neuroimaging. 
[11C]-LSN3172176
Recently, another team reported the discovery and evaluation of two selective M1 receptor agonists derived from oxindole, LSN3172176 and LSN3262527 (Jesudason et al., 2017; Mogg et al., 2018). High BP values were found for both molecules in ex vivo experiments using LC-MS-MS analysis in rats and control mice, with much lower values in M1 KO mice. Both agonists were radiolabeled with 11C and showed specific binding in rhesus monkeys in vivo. Further kinetic modeling experiments with [11C]LSN3172176 were performed in rhesus monkeys and showed reliable estimates of distribution volumes using the 1-tissue compartment model (Nabulsi et al., 2019). Scopolamine pretreatment blocked the signal, with occupancy of 98.5%. Further pharmacological characterization of [11C]LSN3172176 in human, rat or mouse cortical membranes showed it to be a partial agonist, with an efficacy range of 43-73% (Mogg et al., 2018).
[11C]AF150(S)
In 2013, AF150(S), an M1 receptor agonist analog to cevimeline, was radiolabeled with 11C and evaluated as a PET tracer in rodent brain (Buiter et al., 2013). The results were encouraging, with higher uptake in M1 receptor-rich areas and specific binding demonstrated by blocking experiments. [11C]AF150(S) was also sensitive to changes in endogenous acetylcholine levels induced by rivastigmine. 

Cannabinoid receptors
[bookmark: _Hlk19112410]CB1 receptors
[bookmark: _Toc527494041][bookmark: _Toc14690442] [11C]MePPEP
[bookmark: _Hlk19111893]In 2008, Yasuno et al. reported the radiosynthesis and evaluation of [11C]MePPEP, ((3R,5R)-5-(3-
methoxy-phenyl)-3-((R)-1-phenyl-ethylamino)-1-(4-trifluoromethyl-phenyl)-pyrrolidin-2-one), a new inverse agonist  of CB1 receptors (Yasuno et al., 2008). In vitro and in vivo preclinical studies showed high brain uptake in monkey brain, high specific binding on blocking studies, and rapid clearance. Quantification of distribution volumes using a 2-tissue compartment model gave satisfactory results despite the lack of identification of a reference region for simplified quantification. In a further study, the authors confirmed the previous findings regarding specificity in rodent brain (although CB1 knock-out mice showed about 35% non-specific binding), and that it was not a PgP substrate (Terry et al., 2008). Importantly, displacement studies showed that the tracer was more potently displaced by inverse agonists than agonists. These results suggest a large receptor reserve or different binding sites for inverse agonists and agonists. The first test in healthy human volunteers was conducted in 2009 (Terry et al., 2009) Finally, the authors developed fluorinated derivatives, and first-in-man studies with [18F]FMPEP-d2 demonstrated better precision and accuracy than [11C]MePPEP (Terry et al., 2010).
Other cannabinoid agonists
Two potent inverse agonist radiotracers were partially investigated through preclinical in vitro and in vivo studies, with promising results for imaging CB1 receptors: [11C]CB-119 (Hamill et al., 2009) and [11C]SD 5024 (Donohue et al., 2008; Tsujikawa et al., 2014). A full agonist of CB1 and CB2 receptors, AZD1490, was also radiolabeled with carbon-11 and evaluated in monkey brain for a microdosing study. The relatively low brain uptake and homogeneous distribution did not support any potential application as a radiotracer (Schou et al., 2013).

Opioid receptors
κ and µ receptors
[11C]PEO
In an attempt to develop an agonist radiotracer structurally closer to [11C]diprenorphine, synthesis and preclinical evaluation of the full-agonist orvinol [11C]PEO, was reported in 2009 (Marton et al., 2009). The compound showed specific and selective binding to µ receptors in rats, and slight binding to kappa receptors. A [18F]-labeled derivative was synthesized (Marton and Henriksen, 2012) and evaluated in rats, and showed full-agonist properties and high affinity for all subtypes of opioid receptors (Riss et al., 2013).

All opioïd receptors
[bookmark: _Toc527494049][bookmark: _Toc14690449][11C]buprenorphine 
The partial µ-agonist buprenorphine (which is also an antagonist of kappa and delta receptors) was radiolabeled with 11C and compared with the antagonist [11C]diprenorphine in mouse and baboon brain (Shiue et al., 1991). Distribution patterns were similar and consistent with the known distribution of receptors, but striatum-to-cerebellum ratio was lower with [11C]buprenorphine than [11C]diprenorphine, because of slower washout from regions devoid of receptors. Another study in baboons showed tracer displacement by naloxone, confirming it as a suitable radiotracer of opioid receptors (Galynker et al., 1996), although its non-selectivity for the different opioid receptors limits its usefulness.
 
Adenosine Receptors 
[bookmark: _Hlk19111782]A1 Receptor
The first potential agonist radiotracer for A1 receptor PET imaging was developed recently (Guo et al., 2018). A series of compounds were evaluated for their affinity and selectivity for A1 receptors compared to other adenosine receptor subtypes, and their functional efficacy in A1 receptors was measured. A 3,5-dicyanopyridine derivative with good selectivity for A1 receptors was selected for radiolabeling with 11C, although its efficacy was only partial (Emax=16%). The radiolabeled molecule displayed specific binding to A1 receptors in rat brain in vivo. A fluorinated analog of adenosine, [18F]FNECA, was previously evaluated and showed a distribution pattern consistent with A1 receptors in vitro; however, it had very low brain uptake in rabbit in vivo (Márián et al., 2002). 

[bookmark: _Hlk19111804]A2A Receptor
In 2017, a new class of fluorinated A2A receptor agonists was derived, based on the potent and selective agonist ATL-313 (Lowe et al., 2017). FDA-PP1 and FDPA-PP2 displayed submicromolar affinities and agonistic properties, as sodium, which stabilizes the inactive conformation, decreased their affinities. However, no further evaluation of the radiolabeled compounds has yet been reported.
 
GABA Receptors
GABAB receptors
[bookmark: _Hlk19111854]Contrary to the other GABA receptor subtypes, GABAB receptors belong to the GPCR family. Several attempts to develop specific GABAB radiotracers, including agonists, have been made. 11C-radiolabeling of baclofen using Michael addition of nitromethane was reported in 2009 (Kato et al., 2009) but exhibited negligible brain permeability. New fluoropyridyl ether analogs of baclofen were synthesized and evaluated recently (Naik et al., 2018). The compound showing the highest affinity and greatest agonist response, (R)-4-amino-3-(4-chloro-3-((2-fluoropyridin-4-yl)methoxy)phenyl)butanoic  acid, was radiolabeled with 18F and studied in mice. It showed moderate brain uptake in mice and about 35% specific binding, justifying further development of improved GABAB agonist radiotracers in the future.
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