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Abstract 

Multimodal imaging provides rich biological information, which can be exploited to study drug 

activity, disease associated phenotypes, and pharmacological responses. Here we show 

discovery and validation of a new probe targeting the endocannabinoid α/β-hydrolase domain 

6 (ABHD6) enzyme by utilizing positron emission tomography (PET) and matrix-assisted laser 

desorption/ionisation (MALDI) imaging. [18F]JZP-MA-11 as the first PET ligand for in vivo 

imaging of the ABHD6 is reported and specific uptake in ABHD6-rich peripheral tissues and 

major brain regions was demonstrated using PET. In vivo pharmacological response upon 

ABHD6 inhibition was observed by MALDI-2 imaging. A proof-of-concept study in non-human 

primate confirmed brain uptake. These synergistic imaging efforts used to identify biological 

information cannot be obtained by a single imaging modality and hold promise for improving 

the understanding of ABHD6 mediated endocannabinoid metabolism in peripheral and central 

nervous system disorders. 

KEYWORDS: Positron emission tomography, MALDI-2, Endocannabinoids, Brain enzymes, 

Brain imaging, Fluorine-18, ABHD6. 

 

 

1. Introduction 

Positron emission tomography (PET) is a powerful translational in vivo imaging technique used 

to investigate and diagnose neurological, cardiac and oncological malignancies. Several useful 

functional parameters can be obtained from PET studies, which can be used to image, stage a 

disease and also to monitor response to a specific therapy or to investigate expression levels of 

biomolecules in vivo in health and disease. PET imaging has been applied to various 

components of the endocannabinoid system in the brain and the observed varied expression 



levels of enzymes (involved in the synthesis and degradation of the endocannabinoids 2-AG 

and AEA) in several neurological disorders indicates that these components may be valuable 

drug targets or biomarker targets.1–4  

Mass spectroscopy imaging (MSI) offers a route to obtain complementary information by 

detecting potential aberrations in the diseased tissue microenvironment. Matrix-assisted laser 

desorption/ionisation (MALDI)-mass spectrometry imaging has emerged as a powerful method 

for visualising the lipid composition in biological tissues.5 Integration of MSI with other 

imaging modalities, particularly with MRI, has been previously demonstrated.6 The 

combination of PET and MALDI can be a powerful new step to accelerate the discovery and 

validation of theranostic probes and rapidly establish pharmacological profiles of new drugs. 

We set out in this study to image the in vivo α/β-hydrolase domain 6 (ABHD6) expression 

using PET with a new ABHD6 specific radiolabeled probe. Also, we wanted to visualise 

changes in the expression of the key endocannabinoid lipid 2-arachidonoylglycerol (2-AG) in 

brain tissues upon pharmacological ABHD6 inhibition using MALDI. For this purpose, we 

used MALDI post ionisation (MALDI-2) technique, with a trapped ion mobility quadrupole 

time-of-flight mass spectrometer (timsTOF flex MALDI-2) to image 2-AG expression in brain 

tissues.  

Lipids are an important class of signalling molecules which regulate key biological functions 

and dysregulation of lipid metabolism underlies chronic pathologies such as cancer, obesity, 

diabetes, and central nervous system (CNS) disorders.7 The endocannabinoid 2-AG, is an 

important signalling lipid in the CNS, which is produced and inactivated by enzymes within 

the endocannabinoid system (ECS). 2-AG regulates neurotransmitter release in neurons via 

retrograde activation of the presynaptic cannabinoid receptor type 1 (CB1).
8 2-AG is also 

known to act on CB2 receptors (as a full agonist) as an immunomodulator, especially in 

microglia.9,10 It is involved in a variety of physiological processes, including modulation of 

memory, energy balance, and emotional states, such as stress and anxiety.11  

ABHD6 is a membrane serine hydrolase, and is a secondary enzyme involved in hydrolysis of 

2-AG thereby regulating 2-AG signalling in the CNS and peripheral tissues.12 Other primary 

enzymes such as monoacylglycerol lipase (MAGL) are known to be responsible for the 

majority of 2-AG degradation in the brain, however both ABHD6 and MAGL have distinct 

subcellular and tissue localizations and have distinct roles in regulation of 2-AG. Reverse 

transcript-PCR analysis indicated high expression of ABHD6 (mRNA) in tissues including 

brain, liver, kidney and ovary.13 Regional brain distribution indicates that high levels of 

ABHD6 are found in the frontal cortex, striatum and cerebellum and hippocampal neurons.14 



Importantly, inhibition of ABHD6 results in only marginal increase of 2-AG in the brain, 

whereas in contrast pharmacological MAGL inhibition leads to rapid and substantial increase 

of 2-AG levels in the brain and results in 2-AG dependent CB1 desensitization.15 This may 

indicate ABDH6 inhibition will have potentially less CNS related side effects and less 

cannabinoid receptor desensitisation.15,16    

Pharmacological inhibition or genetic deletion of ABHD6 leads to increased levels of 2-AG in 

the brain and various other tissues, and ABHD6 is involved in many pathophysiological 

functions, including endocannabinoid signalling, inflammation, insulin secretion and in obesity 

and metabolic syndromes.17 Regulation of 2-AG levels in vivo in order to produce indirect 

activation of cannabinoid receptors is an emerging strategy with multiple therapeutic 

opportunities and thus ABHD6 has been identified as a promising therapeutic target for the 

treatment of several disorders, particularly in inflammation, metabolic disorders such as 

obesity, type II diabetes and epilepsy.18,19  Recently, it was observed that chemical inhibition 

of ABHD6 showed antiepileptic activity and significantly reduced seizure frequencies in 

murine models.20 Interestingly, this was caused by allosterically activating the GABA receptor 

by increasing endogenous 2-AG levels, via a non-cannabinoid (CB1 and CB2) mediated 

mechanism. In peripheral tissues, ABHD6 was found to be the major lipase overexpressed in 

pancreatic β-cells and is involved in glucose-stimulated insulin secretion via a non-

endocannabinoid pathway.21,22 A recent study indicates significant loss in striatal ABHD6 

expression in a mouse model of Huntington disease (HD) and also, inhibition of ABHD6 

improved motor performance in HD mice.23 ABHD6 functions as a major MAG lipase in non-

small cell lung cancer (NSCLC) and high ABHD6 expression levels were observed in human 

NSCLC tissues and correlated with advanced tumour node metastasis.24 All this evidence 

points to ABHD6 as a potential diagnostic and therapeutic target for multiple CNS and 

peripheral disorders. 

Development of the novel ligands JZP-MA-11 and JZP-MA-13 which show high potency and 

selectivity for ABHD6 is reported here. Proteome-wide specificity for these compounds were 

determined using activity-based protein profiling (ABPP) in the mouse brain proteome. 

Additionally, we show that these compounds do not bind to major endocannabinoid receptors 

CB1 and CB2, and endocannabinoid enzymes MAGL and FAAH. We also report the 

radiosynthesis of [18F]JZP-MA-11 and the in vivo preclinical evaluation of this radiolabelled 

ligand targeting the brain endocannabinoid degrading enzyme ABHD6 in mice and non-human 

primate (NHP). To our knowledge, this is the first PET tracer reported for in vivo imaging of 



ABHD6.25 Finally, we also show an increased brain 2-AG expression using MALDI-2 imaging 

in JZP-MA-11-treated mice.  

 

2.  Results and Discussions 

Patel et. al. reported 1,2,5-thiadiazole carbamate-based ABHD6 inhibitors and showed that 

some of these compounds were potent and highly selective towards ABHD6 when compared 

to either MAGL, FAAH or ABHD12.26 We have synthesized two novel compounds JZP-MA-

11 (6a) and JZP-MA-13 (6b) (Scheme 1) which contain a thiadiazole carbamate backbone with 

4-fluorophenyl substituent, making them suitable as small molecule PET ligands targeting 

ABHD6. Structures of reference compounds (JZP-MA-11 (6a) and JZP-MA-13(6b)), PET-

precursors (6c & 6d), and their corresponding synthetic routes are shown (Scheme 1). 

Intermediate 5a was converted to corresponding carbamoyl chloride using triphosgene, which 

was later coupled with intermediate 4a or 4b in presence of base to afford compound 6a or 6b. 

Similarly, intermediate 5b was converted to corresponding carbamoyl chloride using 

triphosgene, which was later coupled with either 4a or 4b in presence of base to give 6c and 

6d, respectively. 

 

Scheme 1 Chemical synthesis of reference standards and precursors.  

 

We have investigated the ability of JZP-MA-11 and JZP-MA-13 (Figure 1B) to inhibit human 

MAGL, ABHD6 and ABHD12, the reported enzymes involved in the degradation of 2-AG. 

Inhibitory activities against hABHD6 overexpressing HEK-cell lysates and selectivity among 

mouse metabolic serine hydrolases was determined using whole brain homogenates 

(C57BL/6JOlaHsd mouse (female, ~2 weeks old)), using the active site serine‐targeting 

fluorescent fluorophosphonate probe (final probe concentration 2 μM), 

(carboxytetramethylrhodamine fluorophosphonate, TAMRA-FP) as previously described.27 

Based on screening of inhibition profiles for these inhibitors with competitive ABPP (Figure 

1A), JZP-MA-11 was found to inhibit mouse brain ABHD6 at a concentration of 100 nM and 



was fully effective at 1 µM concentration. JZP-MA-13 appeared slightly less potent but was 

selective for ABHD6 among the enzymes tested (no inhibition of MAGL, ABHD12, FAAH or 

other serine hydrolases). The good potency and selectivity of these inhibitors for ABHD6 over 

MAGL and ABHD12 were verified for the corresponding human enzymes (Figures 1C and 

D). Further, monitoring glycerol production (end-product of 2-AG hydrolysis) in HEK293 cell 

lysates using individually overexpressing hMAGL, hABHD6 and hABHD12 demonstrated 

ABHD6 selectivity of both compounds among these three enzymes known to be involved in 

2-AG hydrolysis. Both inhibitors were practically silent against human MAGL and ABHD12 

(Figure 1D) but were potent in inhibiting ABHD6 with IC50-values of 126 (±22) nM (JZP-

MA-11) and 392 (±77) nM (JZP-MA-13). To explore inhibitor selectivity and activity more 

closely in mouse tissues, we examined competitive ABPP in mouse (C57BL/6JOlaHsd mouse 

(female, ~2 weeks old)) heart, liver and kidney homogenates (Figure S1). These experiments 

revealed that mouse ABHD6 has relatively low activity in these tissues compared to that found 

in the brain tissue (Figure 1), as previously observed.28 Interestingly, neither JZP-MA-11 nor 

JZP-MA-13 show any off-target activity at 100 nM. However, at higher concentration (1 μM), 

JZP-MA-11 and JZP-MA-13 inhibited an additional serine hydrolase (or several unidentified 

ones with similar molecular weight, ~63 kDa), most likely representing FAAH based on the 

reference inhibitor activity (JZP-327A).29 

 

Figure 1. JZP-MA-11 and JZP-MA-13 show high selectivity for ABHD6 in mouse whole-brain 

proteome assessed by competitive ABPP and low nano-molar activity in glycerol-based enzymatic 

assay. The chemical structures (panel B) and selectivity of compounds JZP-MA-11 and JZP-MA-13 to 

inhibit ABHD6 among the serine hydrolases in mouse whole‐brain proteome by competitive ABPP 



(panel A) is shown. The result is a representative of three ABPP experiments with similar outcomes. 

Molecular weight markers are indicated at left, in addition to protein bands corresponding to ABHD6, 

MAGL (doublet), ABHD12 as well as for FAAH and ABHD16A. Reference inhibitors JJKK-04830, JZP‐

43026 and JZP-327A29 were used at the indicated concentrations to identify the serine hydrolases 

MAGL, ABHD6 and FAAH, respectively. The potency to inhibit human ABHD6 (C) and selectivity over 

human MAGL and ABHD12 (D) were tested by the glycerol-based assay.   

 

Next, we wanted to rule out any functional agonism or antagonism of our lead compounds 

towards the two major cannabinoid receptors (CB1 and CB2). CB1 and CB2 canonically couple 

to Gαi/o proteins, which on activation result in inhibition of adenylyl cyclase and reduction in 

intracellular cAMP.31 To determine whether JZP-MA-11 and JZP-MA-13 influence canonical 

CB1 or CB2 signalling, we investigated their effects on forskolin-stimulated cAMP using a real-

time CAMYEL cAMP biosensor assay.32 CP 55,940 (a full agonist at both CB1 and CB2), 

SR141716A (CB1-selective inverse agonist), and SR144528 (CB2-selective inverse agonist) 

were included for comparative reference and also co-incubated with the ABHD6 inhibitors so 

as to detect potential competitive or allosteric interaction. As expected33–35, CP 55,940 

inhibited forskolin-stimulated cAMP by ~50% at CB1, and ~40% at CB2, and inverse agonists 

SR141716A and SR144528 increased forskolin-stimulated cAMP by ~20% at CB1, and ~50% 

at CB2, respectively (Figure 2). In contrast, neither JZP-MA-11 nor JZP-MA-13 (10 µM) had 

an effect on forskolin-stimulated cAMP in cells expressing CB1 or CB2 (Figure 2), suggesting 

that these compounds do not act as  direct agonists or inverse agonists at either receptor. The 

co-application of JZP-MA-11 or JZP-MA-13 did not modify any of the orthosteric ligand 

responses, indicating that these compounds are not acting as neutral antagonists, nor allosteric 

modulators, at either CB1 or CB2. These data indicates that neither JZP-MA-11 nor JZP-MA-

13 binds orthosterically to CB1 or CB2 or allosterically influences canonical CB1 or CB2 

signalling.  
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 hABDH6 hABDH12 hMAGL hCB1 hCB2 cLogP MW TPSA 

JZP-MA-11 126±22 nM >10 µM >10 µM na na 3.01 336.36 86.8 

JZP-MA-13 392±77 nM >10 µM >10 µM na na 2.15 338.36 96.0 

 

Figure 2. JZP-MA-11 and JZP-MA-13 do not influence CB1/CB2 cAMP signalling. HEK293 cells 

stably expressing (A) hCB1 or (B) hCB2 were stimulated with 5 µM forskolin and vehicle or 1 µM CP 

55,940, SR141716A (CB1), or SR144528 (CB2), in the absence or presence of 10 µM JZP-MA-11 or 

JZP-MA-13. Data were normalised to cells treated with vehicle alone (V; 0%) and forskolin alone (Fsk; 

100%), and are presented as mean ± SEM from three independent experiments. (C) Table summarizing 

key parameters for JZP-MA-11 and JZP-MA-13 (na = no activity detected at 10 µM). Values for 

ABHD6-, ABHD12- and MAGL-inhibition are from the glycerol assay (SEM, n=3-5 independent 

experiments). Additionally, cLogP (Calculated partition coefficient), MW (Molecular weight) and  

cTPSA (Calculated total polar surface area) were calculated using the SwissADME online suite.36  

 

JZP-MA-11 was selected for further radiotracer development based on our promising 

pharmacological data, which points at high potency and selectivity for ABHD6. Also, no 

inhibition for MAGL or ABHD12 and no off-target activity was detected in the brain proteome 

and no CB1 and CB2 agonism or antagonism was detected at 10 µM (Table 2C). Given the 

recent advancement in new 18F-aromatic fluorination methodologies, radiosynthesis of 

[18F]JZP-MA-11 can be suitably carried out via copper-mediated aromatic nucleophilic 18F-

fluorination. Copper-mediated aromatic nucleophilic 18F-fluorination is an attractive 

methodology to generate useful 18F-PET ligands in the final step of radiosynthesis, which 

otherwise would be difficult to obtain using traditional [18F]-fluorination methods. This method 

typically involves the use of aryl boronic esters, aryl boronic acids or aryl stannanes as 

precursors and is mediated by copper salts. In the last decade both metal-mediated and metal-

free nucleophilic [18F]-fluorination reactions were reported employing various aryl-precursors. 



For example, the scope of the aryl precursors ranges from using iodonium salts37, iodonium 

ylides38, sulfonium salts39,40 boronate esters41 to the, recently using aryl halides42. Among these, 

the copper-mediated direct 18F-fluorination of arylboronate esters43 and arylboronic acids44 are 

commonly used. Improvements such as metal-free approaches have also been reported37,38, 

however easy access to boronate esters has facilitated the late-stage one-step labelling of 

aromatics via copper-mediated 18F-fluorination of arenes and is finding widespread 

application.  

The automated radio synthesis of [18F]JZP-MA-11 starting from the corresponding boronate 

ester precursor (JZP-MA-17) using a copper-mediated fluorination on a Synthra RN plus 

platform was adopted as previously reported.45–47 Briefly, JZP-MA-17 and [Cu(Py)4](OTf)2 in 

anhydrous DMA was reacted with dried [18F]Et4NF. The reaction was carried out at 110 C for 

20 min, followed by HPLC purification and reformulation using a C18 SPE to yield [18F]JZP-

MA-11 (Scheme S2). The overall automated synthesis time was approximately 71 min, 

including purification and formulation. [18F]JZP-MA-11 was obtained with a high 

radiochemical purity of >99% (n=9), and a molar activity of 180±110 GBq/µmol (n=9). The 

radiochemical yield was low 3.2% ± 0.8 (n=9), however sufficient for pre-clinical evaluation 

in small animals and non-human primates (NHP) (Figure 3). Stability of [18F]JZP-MA-11 

indicated about 97% of intact tracer at 210 min post production, indicating that [18F]JZP-MA-

11 was sufficiently stable in the formulation (Scheme S3). 

 

 

Figure 3. Radiosynthesis of [18F]JZP-MA-11 using copper-mediated 18F-aromatic fluorination. 

Purity and identity of [18F]JZP-MA-11. Retention times of non radioactive reference JZP-MA-11 (UV 

channel) and [18F]JZP-MA-11 (radio channel) were identical, [18F]JZP-MA-11 was co-injected with 

reference JZP-MA-11. 



In order to evaluate the suitability of [18F]JZP-MA-11 for in vivo mapping of ABHD6, kinetics 

and binding properties were verified using dynamic PET/CT acquisitions in healthy C57BL6 

mice (female, 10-12-week -old) (Figure 4). In vivo PET/CT images showed the tracer readily 

crossed the blood-brain barrier (BBB) and the corresponding time–activity curves (TAC) for 

the whole brain are shown in Figure 4A. [18F]JZP-MA-11 showed high initial brain uptake 

(~1.5 SUV or ~9.1% ID/g at 2.2 min p.i.), followed by plateaued TACs (Figure 4A). No 

significant washout from the whole brain was observed during the 60-min baseline PET scan, 

as the ratio of SUV2.5/SUV60 min remained high at 3.5 and the average SUV5-60 min was ~0.5. 

This is indicative of typical irreversible binding kinetics, representative irreversible PET 

ligands from literature for imaging MAGL showed similar binding profile in the brain.48,49 

Also, in recent past enormous efforts have been made for the discovery and development of 

irreversible PET ligands targeting hydrolases enzyme-based biomarkers for diagnosis and 

several of them show similar kinetics. It should be noted that no uptake in bone was observed 

for [18F]JZP-MA-11, indicating absence of in vivo defluorination of the tracer. In vivo PET-

MR imaging in healthy Sprague-Dawley rats (male, 10-12-week-old) indicated that the brain 

uptake profile was similar to healthy C57BL6 mice, with homogenous distribution of the tracer 

in different rat brain regions (Figure 4F & S4). It also has to be noted that the rat brain uptake 

was slightly higher than mice (average SUV17-60 min: 0.57 vs 0.43). 



 

Figure 4. [18F]JZP-MA-11 shows ABHD6 specific uptake in vivo. In vivo tracer kinetics for the whole 

organ under baseline conditions after i.v. injection of [18F]JZP-MA-11 and corresponding kinetics after 

blocking with JZP-MA-11 (1.5 mg/kg; iv) 20 min before tracer injection in healthy C57BL6 mice 

(female, 10-12-week-old) under gaseous anesthesia [A,B & D,E]. Representative averaged summed 

(30-60 min) PET/CT images (horizontal section) showing organs uptake (H, heart; Li, Liver and K, 

Kidney) from two animals: baseline (left), after blocking with JZP-MA-11, i.v 20 min before tracer 

injection (right) [C]. Time activity curves (TAC) of major brain regions in healthy Sprague-Dawley 

rats (male, 10-12-week-old), generated using simultaneous PET/MRI after injection of [18F]JZP-MA-

11 under baseline conditions [F]. In vivo tracer kinetics after blocking with WWL70 (0.75 mg/kg) 45 

min before tracer injection in healthy C57BL6 mice (female, 10-12-week-old) [G-I]. 

 

Our baseline experiments indicated high uptake and retention in ABHD6 rich tissues such as 

liver, heart and kidneys (Figure 4B,D&E), which are known to have high mRNA expression 

of ABHD6.50 Excretion of the tracer was observed to be predominantly via renal pathways, as 

seen by increasing accumulation in the bladder from the kidneys (Scheme S5). To verify 

ABHD6 specific uptake in various organs of interest, we performed a competition blocking 

experiment with JZP-MA-11 (non-radioactive reference). Pretreatment with JZP-MA-11 (1.5 



mg/kg, 20 min before tracer, iv) resulted in a decrease in radioactivity uptake in ABHD6-rich 

organs such as, brain, liver, heart and kidneys (Figure 4A-F). Blocking effects (average SUV17-

60 min) were observed in the heart (73%), liver (77%) and kidneys (63%) indicating ABHD6 

specific binding in these organs (Scheme S5). Whole brain uptake could also be blocked (47% 

decrease) and suggests ABHD6 specific uptake in the healthy brain. This in vivo ABHD6 

specific brain uptake is in accordance with our ABPP experiments performed in the mouse 

brain proteome (Figure 1A). To further investigate ABHD6 selective binding, a blocking study 

with a structurally non-related ABHD6 inhibitor (WWL70, 0.75 mg/kg) was administered 45 

min before tracer. In heart and kidneys, the accumulation of the radioactivity was reduced when 

compared to baseline, indicating ABHD6 selective uptake (Figure 4G-I). In the healthy female 

C57BL6 mouse brain, however the TAC of baseline and block overlapped and a blocking effect 

was not observed. However, such effects for neuro-PET ligands are not uncommon and have 

been attributed to increased plasma concentration of tracer due to peripheral blocking effects 

and (or) blood flow changes.51,52 Another possible reason could be the limited brain uptake of 

WWL70 compared to JZP-MA-11. 

Next we performed an ex vivo experiment to determine the extent of irreversible binding of 

[18F]JZP-MA-11 in healthy C57BL6 mice (female, 10-12-week-old) brain homogenate. 

Following i.v. injection of [18F]JZP-MA-11 in mice (n=3), the animals were sacrificied at 30 

min after injection to obtain homogenised brain tissue. The amount of tracer irreversibly bound 

was determined by measuring the radioactivity in the pellet and extracts. The extraction 

efficiency of [18F]JZP-MA-11 from brain tissue was low (10.1±3.0%), indicating that about 

90% of the radioactivity was irreversibly bound to the brain tissue at 30 min post injection. 

These results confirm the irreversible binding of [18F]JZP-MA-11 in the brain and further 

supports the in vivo brain kinetics results (Figure 4A). We have also investigated the 

metabolites of unbound radioactivity in healthy C57BL6 mouse (female, 10-12-week-old) 

brain, plasma, kidneys, liver and heart at 30 min post tracer injection (n=2), using both reverse 

and normal phase TLC analysis. Normal and reverse phase TLC analysis of the brain indicated 

about 22% and 15% of intact [18F]JZP-MA-11 in the extractable fraction respectively, showing 

two major polar metabolites at 30 min (Scheme S5). 



 

Figure 5. High resolution ex vivo autoradiography and MALDI-2 imaging. Representative 

autoradiograms of healthy C57BL6 mouse brain tissues (female, 10-12-week-old) after injection of 

[18F]JZP-MA-11. [A] Total tracer binding to brain was determined 30 min after injection of [18F]JZP-

MA-11 (n=3). [B] Non-specific binding was determined 30 min after injection of [18F]JZP-MA-11, 

under blocking conditions with JZP-MA-11 (1.5 mg/kg, iv, 20 min prior to tracer injection, n=2). [C] 

Corresponding autoradiogram data quantification using ImageQuant. The results are expressed as 

digital light units per square millimeter normalized for body weight of the animal and injected dose 

[(DLU/mm2) × (body weight/injected dose)] and asterisks indicate statistical significance 

* = P ≤ 0.05, ** = P ≤ 0.01. [D&E] Imaging pharmacological response using the state-of-the-art 

MALDI-2 imaging. MALDI-2 IMS ion images showing the distribution of 2-AG in the healthy C57BL6 

mouse brain (two non-adjecent brain tissues) treated with vehicle or drug (JZP-MA-11, 1.0 mg/kg, 30 

min prior to sacrifice, n=2). Images for (D) m/z 379.27 [M+H]+ and (E) m/z 401.26 [M+Na]+ are 

shown. Intensities of extracted ions (±1 Da) from normalized spectra are shown as heat maps across 

the tissue section.  



Evaluation of ABHD6 in specific brain regions is of particular interest, because as previous 

reports indicate that enzymes which regulate endocannabinoid levels have significant variation 

in activity levels in different brain regions resulting in regionally dependent CNS lipid 

signalling and neurotransmission.14,53 We therefore proceeded to analyse regional brain uptake 

of [18F]JZP-MA-11 using high resolution autoradiography imaging. In vitro autoradiography 

experiments were performed on healthy C57BL6 mouse brain slices (female, 10-12-week-old) 

to assess the specificity of binding (n=5-7) (Figure S7). Slices were incubated with [18F]JZP-

MA-11 in the presence of [19F]JZP-MA-11 and the structurally non-related ABHD6 inhibitor 

WWL7054. Whole brain uptake could be blocked up to 92% using [19F]JZP-MA-11 (20 µM)  

and  a dose dependent blocking of 55%, 31% and 13% was observed using 100, 50 and 10 µM 

of WWL70 respectively (n=5-7). Tracer uptake was highest in amygdala, frontal cortex, 

hippocampus and olfactory bulb, and the uptake in these regions could be blocked using 

[19F]JZP-MA-11 (20 µM). Further a dose dependent blocking of the tracer binding was 

observed in frontal cortex (55%, 40% and 8%) and olfactory bulb (52%, 26% and 3%) using 

100, 50 and 10 µM of WWL70 (Figure S7). 

For ex vivo autoradiography performed 30 min post tracer injection, we used healthy C57BL6 

mice (female, 10-12-week-old both control mice (n=3) and mice pretreated with JZP-MA-11 

(n=2, 1.5 mg/kg) to determine ex vivo specific binding of [18F]JZP-MA-11 in major brain 

regions (Figure 5A-C). [18F]JZP-MA-11 was injected in healthy female C57BL6 mice (n=3) 

and animals were sacrificed (30 min p.i) to remove brain. For the competition study, animals 

were treated with [19F]JZP-MA-11, 20 min before tracer injection followed by sacrificing the 

animals to extract brain slices (30 min p.i of [18F]JZP-MA-11). Under baseline conditions, 

[18F]JZP-MA-11 showed high uptake in distinct brain regions, such as hippocampus, frontal 

cortex, striatum, hypothalamus and olfactory bulb. Also, pretreatment exhibited a high degree 

of specific binding as reduced uptake in regional brain regions as compared to baseline 

conditions (Figure 5A&B). For example, we observed a blocking effect of 61%, 59%, 46% and 

53% in hippocampus, frontal cortex, hypothalamus and olfactory bulb respectively, 

demonstrating high specificity of binding of [18F]JZP-MA-11 in brain (Figure 5C). These 

results demonstrated the high selectivity of [18F]JZP-MA-11 toward brain ABHD6 in specific 

brain regions. Furthermore, the observed regional brain uptake of [18F]JZP-MA-11 using  ex 

vivo autoradiography is consistent with mouse immunohistochemical expression patterns of 

ABHD6 reported in open source Allen brain atlas project (Figure S8).55 

Further validation of JZP-MA-11 was carried out using Mass Spectrometry Imaging (MSI) 

utilising a Bruker tims TOF Flex equipped with MALDI-2, to specifically image lipid level 



changes as a pharmacological response on ABHD6 inhibition using JZP-MA-11 (Figure 

5D&E). Inhibiting endocannabinoid degrading enzymes like MAGL or ABHD6 results in an 

increase in 2-AG in the brain pool. To image 2-AG in healthy C57BL6 mouse brain tissues 

(female, 10-12-week-old), animals were treated either with vehicle or JZP-MA-11 (i.v., 1.0 

mg/kg) to see the varied distribution of 2-AG. We could image 2-AG at detectable levels as its 

parent ion as well as its sodium adduct (m/z 379.277 and m/z 401.259, respectively) in the drug 

treated mouse tissue, although at a very low signal intensity and relatively homogenous within 

the brain slice. Relatively, in vehicle treated animals the amount of 2-AG was found to be 

qualitatively low when compared to drug treated animals (Figure 5D&E). The 2-AG ion signal 

was found in a very small m/z window and disappeared upon a small mass change, hence we 

believe the signal was with very high probability related to 2-AG (or an isomer) and not from 

any background signal. 



 

Figure 6. PET/MR imaging of ABHD6 in NHP (Macaca mulatta, n=1, 10.4 kg). [A&B] Fraction of 

radiometabolites in NHP venous plasma of [18F]JZP-MA-11 at 10, 30 and 60 min. [C] Baseline time 

activity curves for grey matter (GM), white matter (WM) and sub-cortical grey matter (scGM) in NHP 

brain.  [D] Baseline time activity curve in NHP whole brain. [E] Coronal, Sagittal and Transaxial (left 

to right) NHP brain summed PET images between 30-120 min post-injection. 

For potential clinical translation of [18F]JZP-MA-11, we carried out a proof-of-concept 

imaging study in a NHP.  

The fraction of radiometabolites was determined in venous monkey plasma at 10, 30 and 60 

min post tracer injection (n=1 for each time point) using HPLC. At 10 min post tracer injection, 

99% of the recovered radioactivity in plasma was in the form of intact tracer. At 30 and 60 



min, this was still 90% and 84%, respectively (Figure 6A&6B). Only polar radiometabolites 

(relative to the intact tracer) were detected and the recovery of the activity from HPLC was 

94% (n = 3). PET imaging in NHP indicated that [18F]JZP-MA-11 readily crossed the blood-

brain-barrier and the tracer uptake decreased during the 120 min scan (Figure 6D&6E). The 

regional brain distribution of [18F]JZP-MA-11 was homogenous between grey and white matter 

(Figure 6C).  

 

 

3. Conclusions 

We combined the complementary information gained through PET and MALDI-2 imaging for 

the discovery and validation of a new highly selective probe targeting the endocannabinoid 

ABHD6. The in vivo mapping of ABHD6 in mice, rats and NHP by PET and ex vivo MALDI-

2 imaging of a pharmacological response offers a unique approach for improved understanding 

of ABHD6 mediated disorders. These synergistic imaging efforts hold promise for accelerating 

drug and theranostics discovery of ligands targeting complex enzyme signatures and lipid 

metabolism. Moreover, these image-based features can be collectively used to identify 

biological information, correlating observations and conclusions made from in vivo and ex vivo 

molecular imaging techniques. 

In the mouse brain proteome, JZP-MA-11 displayed high selectivity for ABHD6 among the 

other brain serine hydrolases and also no functional agonism or antagonism was detected for 

the two major cannabinoid receptors (CB1 and CB2). Utilisation of copper-mediated 18F-

aromatic fluorination enabled radiosynthesis of [18F]JZP-MA-11 suitable for in vivo PET 

imaging. In vivo imaging experiments indicated ABHD6-specific uptake in brain and other 

peripheral organs, indicating potential applications in both ABHD6-mediated CNS and non-

CNS related theranostics. Furthermore, high resolution ex vivo autoradiography imaging 

indicated high and blockable brain tracer uptake, especially high displacement was seen in the 

cortex, olfactory bulb and hippocampus, indicating ABHD6 specific binding in these brain 

regions. To our knowledge, this is also the first potent and highly specific PET radioligand for 

the endocannabinoid hydrolysing enzyme ABHD6.  MALDI-2 imaging showed elevated 2-AG 

levels in brain tissues of JZP-MA-11 treated animals. Finally, proof-of-concept PET imaging 

studies in NHP confirmed brain uptake and indicated a low fraction of radiometabolites in 

venous plasma after injection of [18F]JZP-MA-11. Further detailed investigations are warranted 

in ABHD6 knock-out animals and other preclinical models to assess the suitability of [18F]JZP-



MA-11 for direct assessment of disease and relevant drugs on the ABHD6 activity in vivo and 

to assess the suitability of [18F]JZP-MA-11 as a lead tracer for first-in-human studies. 

 

 

4. Experimental Section 

Reagents and solvents used were purchased from commercial suppliers, such as Sigma-Aldrich 

(Germany) and Fluorochem (United Kingdom) and were used without further purification. 

Moisture-sensitive reactions were conducted using dry solvents in an inert atmosphere of dry 

argon. Most of the reactions were monitored by thin-layer chromatography (TLC) using 

aluminum sheets coated with silica gel F245 (60 Å, 40-63 m, 230-400 mesh, Merck, 

Darmstadt, Germany) with suitable UV visualization (254/366 nm). 1H-NMR and 13C- NMR 

spectra were recorded on a Bruker Ascend 400 MHz—Avance III HD NMR spectrometer 

(Bruker Corporation, Billerica, MA, USA) (1H at 400 MHz and 13C at 100 MHz) at ambient 

temperature. Tetramethylsilane (TMS) was used as an internal standard for 1H-NMR. Chemical 

shifts are reported in parts per million and referenced indirectly to TMS via the residual solvent 

signals (1H, CDCl3 at 7.26 ppm, or DMSO-d6 at 2.50 ppm; 13C, CDCl3 at 77.16 ppm, or DMSO-

d6 at 39.52 ppm). All spectra were processed for recorded FID files with MestReNova 11.0.4 

software (Mestrelab Research, Santiago de Compostela, Spain). The following abbreviations 

are used: s, singlet; d, doublet; m, multiplet; dd, double of doublet; br s, broad singlet. Low 

resolution mass (MS-APCI) analyses were performed on a MS Advion expression® CMS 

spectrometer equipped with an APCI ion source and an Atmospheric Solids Analysis Probe 

(ASAP) and the data was reported for the molecular ions [M+H]+. Exact mass and purity 

(>97%) of all tested compounds was confirmed by LC-MS analyses with a Waters Acquity® 

UPLC system (Waters, Milford, MA, USA) equipped with an Acquity UPLC® BEH C18 

column (1.7 μm, 50 mm × 2.1 mm, Waters, Ireland), an Acquity PDA detector and a Waters 

Synapt G2 HDMS mass spectrometer (Waters, Milford, MA, USA) via an ESI ion source in 

positive mode. High resolution mass (HRMS-ESI) data was reported for the molecular ions 

[M+H]+. 

4.1. Chemistry and Synthesis 

Synthesis of ABHD6 reference compounds (6a & 6b) and PET-precursors (6c & 6d) 

Reference compounds (6a & 6b) and PET-precursors (6c & 6d) were synthesized as previously 

reported.26  



4-(Piperidin-1-yl)-1,2,5-thiadiazol-3-yl (4-fluorophenyl)(methyl)carbamate (JZP-MA-11, 

6a) 

White solid (0.19 g, 26%); 1H-NMR (400 MHz, CDCl3): δ 7.23 (dd, J = 8.6, 4.7 Hz, 2H), 7.07-

6.99 (m, 2H), 3.31 (s, 4H), 3.11 (s, 3H), 1.64 (s, 6H); 13C-NMR (101 MHz, CDCl3): δ 163.01, 

160.53, 153.56, 151.08, 146.26, 138.16, 128.51, 116.57, 116.34, 49.08 (2C), 39.05, 25.51 (2C), 

24.23; ESI-MS (m/z): 337.1 [M+H]+; HRMS for C15H17FN4O2S [M+H]+: 337.1135, Found: 

337.1137. 

4-Morpholino-1,2,5-thiadiazol-3-yl (4-fluorophenyl)(methyl)carbamate (JZP-MA-13, 6b) 

White solid (0.29 g, 40%); 1H-NMR (400 MHz, DMSO-d6): δ 7.51 (dd, J = 8.6, 4.8 Hz, 2H), 

7.30 (t, J = 8.5 Hz, 2H), 3.66-3.61 (br s, 4H), 3.33-3-28 (br s, 7H); 13C-NMR (101 MHz, 

DMSO-d6): δ 162.26, 152.95, 150.10, 145.81, 137.96, 128.99 (2C), 116.37, 116.14, 65.52 (2C), 

47.56 (2C), 38.62; ESI-MS (m/z): 339.1 [M+H]+; HRMS for C14H15FN4O3S [M+H]+: 

339.0927, Found: 339.0926.  

4-(Piperidin-1-yl)-1,2,5-thiadiazol-3-yl methyl[4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl]carbamate (JZP-MA-17, 6c) 

White solid (0.2 g, 41%); 1H-NMR (400 MHz, CDCl3): δ 7.91-7.80 (m, 2H), 7.33 (d, J = 7.8 

Hz, 2H), 3.43-3.39 (br s, 3H), 3.24-3.19 (br s, 4H), 1.53-1.47 (br s, 6H), 1.34 (s, 12H); 13C-

NMR (101 MHz, CDCl3): δ 153.68, 151.06, 146.35, 144.66, 135.99 (4C), 125.86, 84.18 (2C), 

49.11 (2C), 38.68, 25.51 (2C), 24.98 (4C), 24.25; ESI-MS (m/z): 445.2 [M+H]+; HRMS for 

C21H29BN4O4S [M+H]+: 445.2085, Found: 445.2084. 

4-Morpholino-1,2,5-thiadiazol-3-yl methyl[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl]carbamate (JZP-MA-19, 6d) 

White solid (0.22 g, 46%); 1H-NMR (400 MHz, CDCl3): δ 7.87-7.82 (m, 2H), 7.31 (d, J = 7.8 

Hz, 2H), 3.67-3.63 (s, 4H), 3.44-3.39 (s, 3H), 3.21-3.16 (br s, 4H), 1.34 (s, 12H); 13C-NMR 

(101 MHz, CDCl3): δ 152.89, 150.78, 146.26, 144.51, 136.06 (4C), 125.62, 84.26 (2C), 66.44 

(2C), 48.14 (2C), 38.69, 24.99 (4C); ESI-MS (m/z): 447.1 [M+H]+; HRMS for C20H27BN4O5S 

[M+H]+: 447.1877, Found: 447.1874. 

 

4.2. Pharmacological evaluation and Assays: 

Determination of ABHD6, ABHD12 and MAGL activities using a sensitive fluorescent 

glycerol assay: Glycerol liberated from 1‐AG hydrolysis was determined with a sensitive 

fluorescent glycerol assay using lysates of HEK293 cells expressing hABHD6, hABHD12 and 

hMAGL as previously described.27  Briefly, glycerol production, which is coupled via an 

enzymatic cascade to generate resorufin, was kinetically monitored (0-90 min at RT, λex 530; 



λem 590 nm) using a Tecan Infinite M200 plate reader (Tecan Group Ltd, Männedorf, 

Switzerland). Cell lysates (99 µL, 0.3 µg protein/well) were preincubated for 30 min with the 

vehicle (DMSO) or the inhibitor (1 µL), after which the substrate (12.5 µM final concentration) 

was added (100 µL). The IC50-values were calculated by Graphpad Prism version 5.00 for 

Windows, GraphPad Software, San Diego California USA, www.graphpad.com.  

Activity‐based protein profiling (ABPP) of serine hydrolases: Competitive ABPP using 

mouse whole‐brain, heart, liver or kidney homogenates was conducted to visualize the 

selectivity of inhibitors toward mouse ABHD6, ABHD12 and MAGL against other serine 

hydrolases in tissue proteomes. We used the active site serine‐targeting fluorescent 

fluorophosphonate probe, carboxytetramethylrhodamine fluorophosphonate (TAMRA-FP; 

ActivX Fluorophosphonate Probes (FPs), Thermo Fisher Scientific Inc., Rockford, IL) as 

previously described.27 Briefly, tissue homogenates (100 μg) were first treated for 1 h with 

DMSO or the selected inhibitors (with appropriate final concentrations ranging from 0.010-10 

µM) at RT, after which TAMRA‐FP labelling was conducted for 1 h at RT (final probe 

concentration 2 μM). The reaction was quenched by addition of a 2× gel loading buffer, after 

which samples with 10 μg protein were loaded per lane and the proteins were resolved in 10 % 

SDS‐PAGE together with molecular weight standards. TAMRA‐FP labeled serine hydrolases 

in samples were analysed by in-gel fluorescent gel scanning with the ChemiDoc™ MP imaging 

system (BIO-RAD, Hercules, California, USA) with Cy3 blot application (602/50, Green Epi, 

Manual Exposure 10 s–120 s). 

Cyclic AMP (cAMP) assays: HEK293 cell lines stably expressing human CB2 (hCB2) with an 

amino-terminal haemagglutinin (HA) tag56,57 and human CB1 (hCB1) with three amino-

terminal HA tags58,59 were cultured in high glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM; Hyclone Laboratories, San Angelo, TX, USA) supplemented with 10% foetal bovine 

serum (FBS; New Zealand-origin, Moregate Biotech, Brisbane, Australia) and appropriate 

selection antibiotics, and incubated in 5% CO2 at 37 °C in a humidified atmosphere. 

Cellular cAMP levels were measured using a real-time BRET biosensor as described 

previously.57,59 Briefly, cells were seeded in 10-cm dishes approximately 24 hours prior to 

transfection. The medium was then replaced with fresh medium and cells transfected with 5 µg 

of pcDNA3L-His-CAMYEL (ATCC, Manassas, VA, USA) using linear PEI (MW 25 kDa; 

Polysciences, Warrington, PA, USA) at a DNA:PEI ratio of 1:6. On the following day, cells 

were trypsinised and re-plated in white 96-well plates (Corning, Corning, NY, USA) treated 

with poly-D-lysine (Sigma-Aldrich, St. Louis, MO, USA) at a density of 50,000 cells per well. 



Approximately 24 hours after plating (i.e. ~48 hours after transfection), cells were briefly 

washed with Hank’s Balanced Salt Solution (HBSS; Thermo Fisher Scientific, catalogue 

#14025-134), then equilibrated for 30 minutes in HBSS supplemented with 1 mg·mL-1 low 

endotoxin bovine serum albumin (BSA; ICPBio, Auckland, NZ). Coelenterazine h (final 

concentration 5 µM; NanoLight Technologies, Pinetop, AZ, USA) was added to each well and 

incubated for 5 minutes in darkness, prior to dispensing vehicle/drugs (i.e. ABHD6 inhibitors 

in the presence of 5 µM forskolin ± cannabinoid ligands). All drugs and reagents were prepared 

in HBSS supplemented with 1 mg·mL-1 low endotoxin BSA, and all incubations and 

stimulations were performed at 37 °C. Cannabinoid ligand sources were: CP 55,940 from 

Cayman Chemical Company (Ann Arbor, MI, USA), SR141716A a kind gift from Roche 

Pharmaceuticals (Basel, Switzerland), and SR144528 from Abcam (Cambridge, UK). 

Assays were carried out in technical duplicate and the positions of conditions were randomised 

between independent experiments to avoid the potential influence of any plate position effects. 

Emissions were detected at 460 nm (Rluc) and 535 nm (YFP) with a LUMIstar® Omega 

luminometer (BMG Labtech, Ortenberg, Germany). BRET ratios (535 nm / 460 nm, where an 

increase in ratio corresponds to a decrease in cAMP) were normalised to pre-drug reads (i.e., 

with coelenterazine h present only) to remove any variability present prior to addition of 

vehicle/drugs. Data were processed and analysed in GraphPad Prism using area under the curve 

analyses (v8; GraphPad Software Inc., La Jolla, CA, USA). Data were normalised to matched 

vehicle (0%) and forskolin (100%) treatments, allowing compilation of data from independent 

experiments. 

4.3. Radiochemistry 

The radiosynthesis was conducted on an automated synthesis module (Synthra RNplus, 

Synthra GmbH, Hamburg, Germany) with integrated preparative HPLC system (Scheme 

S2). 18F-fluoride was produced on site via the nuclear reaction 18O(p,n)18F by irradiation of 2.0 

mL [18O]H2O (>98 atom % 18O) using a “Cyclone Twin” 18 MeV cyclotron (IBA, Louvain-

la-Neuve, Belgium) by running a beam current of 40 µA. Around 20-30 GBq was produced 

within 15 min (n=9). Quantification of starting activity was measured using CRC-25PET 

(Capintec Inc., USA) or VDC-505 (Veenstra, Netherlands) dose calibrators located in the hot 

cell. The eluate was directed after passage of UV-detector through a scintillation detector 

(Bioscan, Eckert & Ziegler, Germany) connected to a (single or multi) channel analyser for the 

analysis of radioactive compounds. 

The analytical radio-HPLC (Method A): The chemical and radiochemical purity of the 

compounds were determined using Agilent Eclipse Plus, with a HPLC pump equipped with a 



UV detector using a C18 column (C18, 5 µM, 4.6 mm  150 mm). The analytical HPLC column 

was eluted with a 0.1 M NH4Oac in H2O or H2O (A) and MeCN (B) using a gradient at a flow 

rate of 1.0 mL/min (0-10 min 5% to 95% B, 10-15 min 95% B, 15-17 min 95% to 5% B). 

(Method B): The preparative HPLC was carried out using Agilent Zorbax Eclipse XDB-C18 

(9.4 mm × 250 mm, 5 µm) using MeCN/H2O (60/40, v/v) or NH4OAc (0.1 M) (60/40, v/v) 

with a flow rate 4.0 mL/min. 

Automated Radiosynthesis on Synthra RN plus (UQ, Brisbane): At the end of bombardment 

(EOB), the aqueous solution of [18F]-fluoride was transferred to the synthesis module where 

the [18F]-fluoride was extracted from the solution using an anion exchange cartridge (Sep-Pak 

Light 46 mg, Waters, Part No. 186004540). 18F-Fluoride was then trapped on an QMA 

cartridge [18F]fluoride was then eluted with a freshly prepared tetraethylammonium 

bicarbonate solution (2 mg/mL) in anhydrous MeOH (2 mL). After drying (~5 min at 68 C 

then at 130 C for ~6 min), a mixture of the precursor JZP-MA-17 (10.0 µmol, 4.46 mg) and 

catalyst [Cu(Py)4](OTf)2 (10.0 µmol, 6.78 mg) in anhydrous DMA (500 µL) from A3 was 

added to the reactor containing dried [18F]Et4NF. The reaction was carried out at 110 C for 20 

min, after cooling down to 30 C, the reaction was quenched with 500 μL of MeCN/NH4OAc 

(0.1 M) (60/40, v/v). The purification was carried out using preparative HPLC (Agilent Zorbax 

Eclipse XDB-C18 (9.4 mm × 250 mm, 5 µm) using MeCN/H2O or NH4OAc (0.1 M) (60/40, 

v/v) at a flow rate 4 mL/min. The radioactive peak corresponding to [18F]JZP-MA-11 (tR ~19 

min in Scheme S2) was collected, diluted with H2O (40 mL) and loaded on C18 SPE cartridge 

and the cartridge was subsequently washed with 10 mL water. [18F]JZP-MA-11 was eluted 

from the cartridge using 0.8 mL ethanol (EtOH), sterile filtered (Millex-GV filter 0.22 µm 13 

mm, Sigma-Aldrich, SLGV013SL) and formulated for animal studies using NaCl 0.9% (6 mL).  

The identity and radiochemical purity of [18F]JZP-MA-11 was determined using an analytical 

HPLC (Agilent Eclipse Plus column, C18, 4.6 mm × 150 mm) eluted using MeCN/NH4OAc 

(0.1 M) at 1 mL/min on a gradient run. [18F]JZP-MA-11 (10 μL) was spiked with its non-

radioactive analogue (10 μL, 1 mg/mL) to confirm its identity (Figure 3). The radiochemical 

purity of [18F]JZP-MA-11was found to be >99% and and a molar activity of 180±110 

GBq/µmol (n=9). Total radioactivity (0.38–1.69 GBq, n=9) was assayed in a volume of 5.8 mL. 

The radiochemical purity was about 97% at 210 min postproduction, indicating that the tracer 

is stable in the batch vehicle at the obtained tracer concentration. The overall synthesis time 

including HPLC-SPE purification and reformulation was 71 min from EOB. The non decay 

corrected radiochemical yield was 3.2% (n.d.c, n=9). Retention time (tR) in the analytical RP-



HPLC system was, tR [18F]JZP-MA-11 = ~11.0 min (HPLC method A). Retention time on the 

semi-preparative RP-HPLC system tR [18F]JZP-MA-11 = ~19.0 min (HPLC method B). 

 

Automated Radiosynthesis on Trasis AIO (KU Leuven, Belgium): 
  

[18F]fluoride was produced by a 30 min irradiation of 2 mL of 97 % enriched [18O]H2O in a 

niobium target with 18-MeV protons from a Cyclone 18/9 cyclotron (Ion Beam Applications, 

Louvain-la-Neuve, Belgium) and transferred to the Trasis All-In-One (AIO) synthesizer 

(Trasis, Ans, Belgium) located in a lead shielded hot cell (Comecer, Castel Bolognese, Italy). 

Separation from the [18O]H2O was performed using a QMA carbonate plus light 46 mg 

cartridge (Waters). The [18F]fluoride was eluted from the QMA into the reactor with a solution 

of TEAB (4.2 mg, 0.6 mL) in a mixture of DI water and CH3CN (30/70 V/V), dried under a N2 

flow and reduced pressure at 125 °C and further dried azeotropically with anhydrous CH3CN 

(0.75 mL) under a N2 flow and reduced pressure at 125 °C. A solution of the boronate ester 

precursor JZP-MA-17 (5.0 µmol, 2.2 mg) and the catalyst [Cu(Py)4](OTf)2 (9.0 µmol, 6.1 mg) 

in anhydrous DMA (700 µL) was added to the dried [18F]fluoride-TEAB, and the reaction 

mixture was heated at 110 °C for 20 min. After cooling down, the reaction mixture was diluted 

with a mixture of NH4COOH 50 mM and CH3CN (3 mL; 77/23 V/V) and injected onto a semi-

preparative XTerra C18 HPLC column (5 µm, 7.8 x 150 mm; Waters) eluted with mixtures of 

NH4COOH 50 mM and CH3CN (55/45 V/V) at a flow rate of 3 mL/min. UV detection was 

performed at 309 nm. The HPLC fraction containing the radioactive product peak [18F]JZP-

MA-11 (retention time ~ 22 min) was diluted with NaCl 0.9% (10 mL) and reformulated using 

a C18 SepPak light cartridge (Waters; preconditioned with 5 ml ethanol and 10 ml water). After 

loading, the SepPak was washed with 5 ml NaCl 0.9 %. The tracer was eluted from the SepPak 

with 0.7 mL ethanol and the SepPak was additionally rinsed with 6.3 mL NaCl 0.9% to obtain 

the final [18F]JZP-MA-11 in 7 mL vehicle composed of 10 % (V/V) ethanol in NaCl 0.9%.  

Quality control was performed using an analytical HPLC system consisting of an XBridge C18 

column (3.5 µm; 3 x 100 mm; Waters) eluted with mixtures of NH4COOH 50 mM and CH3CN 

(55/45 V/V) at a flow rate of 0.7 mL/min. UV detection was performed at 309 nm. [18F]JZP-

MA-11 was prepared in a total synthesis time of 1 h 20 min, with a radiochemical yield of 1.4 

± 0.3 % (decay corrected), a radiochemical purity ≥ 99 % and an average molar activity of 418 

± 73 GBq/µmol (n= 4). 

 

 



4.4. Preclinical Evaluation 

4.4.1. In vivo PET/CT imaging: All animal experiments were approved by the University of 

Queensland Ethics committee and carried out at the Centre for Advanced Imaging, UQ. 

PET/CT images were acquired using an Inveon multimodality PET/CT scanner (Siemens). On 

the experimental days, 6 healthy female C57BL/6 mice (10-12-week-old) were anaesthetized 

with 2–3% isoflurane (Isothesia, Piramal Enterprises Limited, India) in oxygen at a flow of 

1 L/min. A catheter was inserted into the lateral tail vein before the animal was placed in the 

scanner. Mice were maintained under 1–2% isoflurane in air-oxygen mixture at a flow rate of 

1 L/min for the duration of the imaging session. Physiological monitoring (respiratory using a 

sensor probe) was achieved throughout all experiments using an animal monitoring system 

(BioVet system, m2 m Imaging, Australia). The mice (n=6) were injected with 150 µL of 

[18F]JZP-MA-11 (1.05 ± 0.492 MBq, mean ± SD) in the above specified tracer batch vehicle. 

A 60-min dynamic PET scan was started simultaneously with the tracer injection and was 

followed by a 10-min CT attenuation scan. 

For the in vivo blocking study, mice were first injected with unlabelled JZP-MA-11 (i.v., 1.5 

mg/kg in 10%DMSO/5%Tween/Saline) or WWL70 (i.p., 0.75 mg/kg in 

40%DMSO/5%Tween/Saline). Twenty minutes later, [18F]JZP-MA-11 (1.88 ± 0.080 MBq, 

mean ± SD; 150 µL in tracer batch vehicle) was administered through tail vein injection. A 

60 min dynamic PET scan was started simultaneously with the tracer injection and was 

followed by a 10 min CT attenuation scan. 

The CT images of the mice were acquired through an X-ray source with the voltage set to 

80 kV and the current set to 500 μA. The scans were performed using 360° rotation with 120 

rotation steps with a low magnification and a binning factor of four. The exposure time was 

230 ms with an effective pixel size of 106 μm. The CT images were reconstructed using a 

Feldkamp conebeam back-projection algorithm provided by an Inveon Acquisition 

Workstation (IAW 2.1, Siemens). For the dynamic PET data acquisition, the emission data 

were normalized and corrected for radioactive decay. The list-mode data were sorted into 29 

time frames (10  30s, 10  60s, 9  300s). The resulting sinograms were reconstructed with 

an ordered-subset expectation maximization (OSEM2D) algorithm and analysed using the 

Inveon Research Workplace software (IRW 4.1, Siemens) which allows fusion of CT and PET 

images and definition of region of interest (ROIs). For each PET image, 3D ROIs were drawn 

over the brain and other organs of interest guided by the CT using the IRW 4.1 software. 

Activity per voxel was converted to nCi/cc using a conversion factor obtained by scanning a 



cylindrical phantom filled with a known activity of [18F]fluoride to account for PET scanner 

efficiency. Activity concentrations were then expressed as percent of the decay-corrected 

injected activity per cm3 of tissue that can be approximated as percentage injected dose/g 

(%ID/g). The mean value in each ROI was used to generate regional time activity curves 

(TACs). Individual TACs were normalized by the injected dose and the animal weight, and 

then expressed in standardized uptake value (SUV-BW). TACs were drawn for each organ of 

interest including brain, heart, liver, kidney, guts and bladder. 

Extent of irreversible binding in Brain: Healthy female C57BL6 mice (10-12-weel-old) (n = 

3) were anesthetized with isoflurane (2.5% in O2 at 1 L/min) and injected intravenously (i.v.) 

with [18F]JZP-MA-11 (10.63 ± 3.18 MBq) of the tracer via tail vein. At 30 min post injection, 

a cardiac perfusion with saline was performed on deep anaesthetized mice, the mouse brain 

was removed and homogenized in an ice-cold acetonitrile (MeCN) (1 mL) solution. The 

homogenate was centrifuged for 10 min at 4000 rpm and supernatant was collected. The 

supernatants and the pellets were counted for radioactivity. 

 

4.4.2 Autoradiography 

In vitro autoradiography: Coronal cryo-sections (20 µm) of healthy female C57BL/6 mouse 

brain were obtained using a cryotome (Shandon cryotome FSE, Thermo Fisher Scientific, 

Waltham, USA), and mounted on adhesive microscope slides (Superfrost Plus; Thermo Fisher 

Scientific) and stored at -20 °C. The tissue slices were pre-incubated with an incubation buffer 

(50 mM Tris-HCl, pH 7.4, containing 1% bovine serum albumin (BSA)) for 10 min at room 

temperature. To assess specificity of binding, some slides (n=5-7) were incubated with 100 nM 

of [18F]JZP-MA-11 alone (~73 kBq/20 μL). Adjacent slides (n=5-7) were incubated with a 

mixture of 100 nM of [18F]JZP-MA-11 in the presence of WWL70 (10, 50 and 

100 μM) dissolved in DMSO (10%) or the tracer in presence of reference material (JZP-MA-

11; 20 µM) dissolved in 10% EtOH (n=5-7). After incubation for 30 minutes at room 

temperature, slides were washed three times with a washing buffer (50 mM Tris-HCl, pH 7.4 

containing 1% BSA/EtOH (70/30) for 1 min each. The tissue sections were then quickly 

washed in distilled water for three successive washes to remove excess of buffer salts. Dried 

slices were exposed to a phosphor imager plate (BAS-IP MS 2040, FujiFilm, Japan) overnight 

and the plate was scanned in an AmershamTyphoon Biomolecular Imager (GE Healthcare, 

USA). The data was analyzed using ImageQuant TL image analysis software (GE Healthcare). 

The radioactivity distribution in the slides was expressed as digital light units/mm2 (DLU/mm2) 

corrected for background. Percentage block vs control was calculated as (DLU/mm2 in the 



presence of 10, 50 or 100 μM WWL70 (blocker)) / (DLU/mm2 tracer only) on 5-7 tissue 

sections from the same experiment.  

 

Ex Vivo Autoradiography: Healthy female C57BL/6 mice (10-12-week-old) (n = 3) were 

injected with [18F]JZP-MA-11 (12.8 ± 1.82 MBq, mean ± SD) via a tail vein catheter under 

anesthesia (2.5 % isoflurane in O2 at 1 L/min flow rate) and were perfused with saline under 

anesthesia at 30 min post-tracer injection. Brains were removed and rapidly frozen in 2-

methylbutane (Fisher Scientific, UK) on dry ice (between −42 and −44 °C). Coronal sections 

(20 µm) mounted on adhesive microscope slides (Superfrost Plus, Thermo Scientific, 

Germany) were obtained using a cryotome (CM3050S, Leica, Germany), dried and exposed to 

a phosphor storage screen film (BAS-IP MS 2040, FujiFilm, Japan) overnight. The screens 

were read using an Amersham Typhoon Biomolecular Imager (GE Healthcare, USA) and 

analyzed using ImageQuant TL image analysis software from GE Healthcare. To further 

demonstrate the binding specificity of [18F]JZP-MA-11, we performed an ex vivo blocking 

study. Mice (n=2) were first injected i.v. with the authentic reference compound 19F-JZP-MA-

11 (1.50 mg/kg in 10%DMSO/5%Tween/Saline), 20 minutes later, [18F]JZP-MA-11 (7.34 ± 

1.00 MBq, mean ± SD) was administered also through tail vein injection. At 30 min after tracer 

injection, the mice were sacrificed and the brain were removed and sectioned and exposed to 

the phosphor storage screen as described in the section above. For the quantification, regions-

of-interest (ROIs) were drawn on the brain images from each mouse (n=10 brain sections were 

used to draw ROIS from each brain region) using an irregular shaped drawing tool, to measure 

the amount of radioactivity in each of the brain regions. Similar ROIs were drawn in a 

background region (n=10 regions) to enable background subtraction. The results were 

expressed as digital light units per square millimeter normalized for body weight of the animal 

and injected dose [(DLU/mm2) × (body weight/injected dose)].  

 

4.4.3. Metabolite Analysis 

The [18F]JZP-MA-11 (~10 ± 2 MBq, mean ± SD) was administered in healthy female C57BL/6 

mouse  via tail vein catheter. Thirty minutes after administration of the radioligand, the animals 

(n = 2) were sacrificed, and the organs of interest (brain, kidneys, liver and heart) were 

harvested and blood collected in heparin-coated tube. The organs were homogenized using a 

homogenizer (Labserv D130, Thermo Fischer Scientific, Australia), the radioactivity in organs 

was extracted by adding 1 mL of MeCN (100%) then homogenized samples were centrifuged 

at 5000 g for 5 min.  Plasma was separated from the blood cells by centrifugation at 5000 g for 



5 min. The radioactivity from 200 µL of plasma sample was extracted with 200 µL of MeCN 

(100%) followed by centrifugation at 5000 g for 5 min. Aliquots of the extracted organ 

homogenates and plasma (5 μL) were spotted onto TLC plates. For normal phase (25% 

EtOAc/Hexane) and reverse phase (33% 0.1 M NH4OAc/MeCN) were used as mobile phase 

solvents. The TLC plates were exposed to a phosphor storage screen film (BAS-IP MS 2040, 

FujiFilm, Japan) overnight. The screens were read using an Amersham Typhoon Biomolecular 

Imager (GE Healthcare, USA) and analyzed using ImageQuant TL image analysis software 

from GE Healthcare. Representative TLC images are shown in Scheme S7. 

 

4.4.4. In vivo PET/MRI imaging 

Anaesthetized healthy Sprague-Dawley rats (male, 10-12-week-old, n=3), with a cannulated 

tail vein, (0.020”× 0.060”OD Tygon microbore tubing, 30 cm long, and 26 gauge needles) were 

placed in a combined MRI/PET system, comprising a 300mm bore 7T ClinScan, running 

Siemens VB17, and removable PET insert containing 3 rings of 16 detector blocks with 15X15 

LSO crystals (1.6 mm  1.6 mm  10 mm) per block, at the centre of the magnet bore operating 

under Siemens Inveon Acquisition Workplace (IAW) (Bruker, Germany). A 40 mm ID rat head 

MRI rf coil inside the PET ring was used to acquire rat head images simultaneously with the 

PET acquisition. Rats were maintained under 1% to 2% isoflurane in an air-oxygen mixture at 

a flow rate of 1 L/min for the duration of the imaging session and monitored by a breathing 

pillow. 

Following localiser images, the PET acquisition (60 min) was started. After 2 min of baseline 

scanning, the rats were injected with a solution of [18F]JZP-MA-11 (29.3 ± 6.31 MBq) in 

saline/EtOH in a total volume of 500 µL. During the PET scanning, anatomical images were 

acquired including T2 weighted anatomical images (Scheme S8B) with the following 

parameters: Field-of-view = 40 mm  40 mm, slice thickness = 0.6 mm, number of slices = 50,  

in-plane resolution = 0.156 mm  0.156 mm, TR = 7200, TE = 36, turbo factor =11, averages 

= 6, image time = 17:31 min. 

The list-mode data were sorted into 20 dynamic frames (10  60 s, 10  300 s, time frames). 

The resulting sinograms were reconstructed with a two dimensional ordered-subset expectation 

maximization (OSEM2D) algorithm. The dynamic PET images were registered and displayed 

with the T2-weighted MRI images using Siemens Inveon Research Workplace (IRW version 

4.1, Siemens). The T2-weighted MRI images, display excellent anatomical resolution and 

contrast and were used to delineate region of interest throughout the brain. 



 

 

4.4.5. MALDI-2 imaging 

Tissue samples preparation for MALDI-2: Tissue samples of the healthy female C57BL/6 

mouse brain were generated in-house as follows. Mice were injected with unlabelled JZP-MA-

11 (i.v., 1.0 mg/kg in 10%DMSO/5%Tween/Saline) or vehicle. After 30 mins, brain were 

removed and rapidly frozen in methylbutane (Fisher Scientific, UK) on dry ice (between −42 

and −44 °C). The coronal tissue sections (20 µm) were obtained using a cryotome (CM3050S, 

Leica, Germany) and subsequently mounted onto indium-tin oxide (ITO) coated glass slides 

and stored frozen at −20 °C prior to use.  

Matrix Vapour deposition: Matrix deposition was carried out using an in-house built 

sublimation apparatus. 40 µL 2,5-dihydroxybenzoic acid saturated acetone was placed into the 

bottom of the sublimation device and allowed to evaporate. The brain tissue mounted ITO glass 

slides were mounted onto the water-cooled element of the device.  After closing the apparatus, 

the vacuum was generated using a vaccum pump and the hot plate was heated to a surface 

temperature of 140 °C. The vacuum was applied until 0.9 mbarr was reached. Once the 

chamber had returned to atmospheric pressure, the slide was remove and sprayed with a 

solution of 50% methanol (aq) with 0.2% trifluoroacetic acid using an imageprep (Bruker) 

piezo sprayer to facilitate recrystalisation of the DHB with the analytes in the tissue - a 

customised program of 20 cycles including 2 seconds spray time, 30 seconds incubation, 20 

seconds dry. 

Instrument parameters tims-TOF Flex with MALDI-2: The prepared tissue sample was 

analysed using a timsTOF Flex equipped with MALDI-2 using the following methodology 

operating in QqTOF mode. The instrument was externally calibrated using [M+H]+ and 

[2M+H]+ for alpha-cyano-4-hydroxycinnamic acid and ESI calibration solution (Fluka, 

63606). MALDI-MSI was performed in positive mode over a mass range of m/z 100-1,000 at 

50 µm spatial resolution with beam scan on. Spectra were accumulated from 300 laser shots at 

1 kHz frequency. Data was visualised using SCILS LAB MVS 2021. 

4.5. PET Imaging in NHP.  

The imaging experiment in the macaque was conducted according to the Belgian code of 

practice for the care and use of animals, after approval from the local University Ethics 

Committee for Animals at the Katholieke Universiteit Leuven, Belgium. Baseline uptake was 



established in one male rhesus monkey (Macaca mulatta, n=1, 10.4 kg). The macaque was 

sedated (~75 min before tracer injection) by an intramuscular (i.m.) injection of a combination 

of 0.3 mL Rompun (xylazine 2% solution) and 0.35 mL Nimatek (ketamine 100 mg/mL). 

About 60 min after the first injection, the monkey received an additional dose of 0.15 mL 

Rompun and 0.175 mL Nimatek via i.v. injection. O2 and CO2 saturation in the blood and heart 

rate were constantly monitored during scanning, and body temperature was maintained via an 

electronically controlled heating pad. A venous line was inserted for administration of the 

radiotracer and for collection of venous blood for radiometabolite analysis.  

PET and MR image acquisition: Scans were acquired using the Focus™ 220 microPET scanner 

(Concorde Microsystems, Knoxville, TN, USA). Before radiotracer injection, a 10-min 

transmission scan using a 57Co source was obtained to assess positioning and for subsequent 

attenuation correction. A 120-min dynamic PET scan was acquired in list mode concurrently 

with the injection of [18F]JZP-MA-11 (210 MBq, manual bolus over 30 sec, vena saphena). 

Data were histogrammed into 4  15s, 4  60s, 5  180s, 8  300s and 6  600s timeframes and 

reconstructed using the MAP algorithm (18 iterations, resolution 1.5 mm) with attenuation 

correction into 256  256  95 pixels. No scatter correction was applied.  

A three-dimensional T1-weighted MR scan of the monkey was obtained for co-registration 

purposes on a 3.0 Tesla full-body scanner (Tim Trio Scanner, Siemens) using a magnetization 

prepared rapid gradient echo (MPRAGE) sequence (*tfl3d1_16) with the following 

parameters: repetition time 2700 ms, echo time 3.8ms, inversion time 850ms, Flip angle 9°, 

256  208 144 matrix, 0.6mm voxel size. 

Venous blood sampling and plasma radiometabolite analysis: Venous blood sampling was 

performed manually (via a 3-way valve) at preselected time points (10, 30 and 60 min post 

tracer injection). All collected blood samples (in 4-mL BD Vacutainer K2EDTA tubes) were 

immediately stored on ice to stop metabolism. After centrifugation (2330 × g, 5 min), the 

plasma was processed and analysed using HPLC to quantify the fraction of intact tracer at the 

different time points. To about 0.5 mL of plasma, an equal amount of MeCN was added and 

the resulting suspension was centrifuged (2330 × g, 5 min) to separate the precipitated proteins 

from the supernatant. Next, about 0.8 mL of supernatant was filtered through a syringe filter 

(0.22 µm; Millipore), diluted with water (1/2 of the volume) and spiked with authentic JZP-

MA-11. A volume of about 1 mL of extract was injected onto an HPLC system consisting of 

an analytical XTerra column (C18; 5 µm, 4.6 mm × 250 mm, Waters) eluted with a mixture of 



0.05 M NH4COOH and MeCN (45/55 v/v) at a flow rate of 1 mL/min. After passing through 

a UV detector (309 nm) and a shielded 3-in. NaI(Tl) scintillation detector connected to a 

multichannel analyzer (Gabi box, Raytest, Straubenhardt Germany), the HPLC eluate was 

collected as 1-mL fractions using an automated fraction collector. Radioactivity in the filtered 

plasma (prior to HPLC), filter, and HPLC eluent fractions was counted in a well-type gamma 

counter equipped with a 3-in NaI(Tl) well crystal coupled to a multichannel analyzer (Wallac 

1480 Wizard, Wallac, Turku, Finland). The results were corrected for background radiation, 

detector dead-time and physical decay during counting.  

Imaging analysis: PET data were averaged and coregistered to the MRI image which was in 

turn normalized to a macaque atlas.60 Dynamic PET data were then transformed to the atlas 

space to generate time activity curves. All operations were carried out using the PFUS module 

of PMOD 4.0 (PMOD, Switzerland).  
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