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The endocannabinoid system is an internal regulatory system in humans that plays a role in
several diseases, including neurodegenerative disorders. It consists of endocannabinoids,
enzymes, and two types of cannabinoid receptors, CBIR and CB2R. This study aimed to
investigate the pharmacokinetics of a new CB1R-specific positron emission tomography (PET)
radiotracer called ['®F]JFPATPP, developed at the Turku PET Centre, in male and female rats
of four different strains using both in vivo PET and computerized tomography (CT) imaging,
and ex vivo brain autoradiography.

The experiment used male and female rats aged two to three months from the Fischer344,
Sprague Dawley, Wistar, and Lewis strains. The rats were cannulated under isoflurane/oxygen
anesthesia and underwent a 10-minute CT scan before a dynamic 120-minute PET scan in an
Inveon PET/CT scanner started after injecting ['*FJFPATPP (20 + 5 MBq). After PET imaging,
the rats were euthanized, and their brains were snap-frozen and sectioned coronally. The brain
slices were then exposed to photostimulable phosphor imaging plates, and the imaging plates
were digitalized using Fuji BAS5000 scanner. The in vivo PET images were analyzed as
standardized uptake values (SUVs) as ratios to the reference brain region pons. In addition,
some peripheral organs and tissues were collected and measured for radioactivity by using
a 2480 Wizard2 automatic gamma counter. The autoradiographic analyses were performed
manually for 13 brain regions of interest as a ratio to the pons.

The results of in vivo PET imaging showed that Fischer344 rats had higher initial tracer uptake
in both sexes compared to the other strains. The highest peak-to-120-min ratios and SUV ratios
to pons, indicating the tracer washout, were observed in Sprague Dawley males and Wistar
females. The ['®F]JFPATPP uptake in the whole brain measured at 100-120 min after injection
showed significant differences mainly between Fischer344 and Sprague Dawley male rats.
Autoradiography data of specific brain regions showed generally lower SUV ratios to pons in
Fischer344 male compared to the other stains causing differences between both strains and
sexes. The most significant differences were detected in the globus pallidus, substantia nigra's
dorsal part, and cerebellum gray matter. Ex vivo biodistribution uptake was observed in
CBI1R-rich organs such as the brain and brown adipose tissue, as well as metabolic organs such
as the small intestine and liver.

The study highlights the importance of strain and gender selection when evaluating the
pharmacokinetics of a PET tracer, as significant differences were observed between strains and
sexes in all the analyses. The most significant difference was observed between Fischer344 and
Sprague Dawley rats. Radiometabolite and CBR1 blocking studies are needed to fully
understand the pharmacokinetics of ['*FJFPATPP in rats.
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1 Introduction

1.1 Endocannabinoid system

The endocannabinoid system is the endogenous regulation system of humans and other
vertebrates. This system was found in the 1980s by Howlett and Devane (Devane et al., 1988)
and ever since, it has been under investigation for multiple purposes. Endocannabinoid system
contains cannabinoid receptors 1 and 2 (CB1R and CB2R, together CBRs), endogenous ligands
of those receptors called as endocannabinoids, and enzymes which are responsible of

biosynthesis and degradation of the endocannabinoids. (Mechoulam and Parker, 2013).

CBRs are part of the G-protein coupled receptor family, which means that they have
cytoplasmic C-terminus, seven trans-membrane domains and extracellular N-terminus. CB1Rs
can be found from the presynaptic neurons of the central nervous system (CNS) area. (Pertwee,
2015). Typical high-density locations of CB1Rs in the brain are the caudate putamen, globus
pallidus, hippocampus, substantia nigra and cerebellum gray matter but there are also many
other moderate- and low-density locations (Moldrich and Wenger, 2000). Since these receptors
are located in various areas of the brain, are CB1Rs part of many processes like cognition,
motoric, senses and emotions (Pertwee, 2015). CB1Rs have been also found from peripheral
nervous system areas and some organs like the heart, spleen, brown adipose tissue and
endocrine glands, such as adrenals (Pertwee, 2015; Pagotto et al., 2006; Surkin et al., 2018). In
addition, mesenchymal stem cells, which are presented in the bone marrow, have been shown
to express CBRs (Howlett et al., 2002). CB2Rs instead are found mainly from immune cells
but they have been also found from some neurons. The activation of CB2Rs in immune cells

leads to cytokine release and cell migration in the brain and periphery. (Pertwee, 2015).

The endocannabinoids, anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG), are
synthetized from the lipid constituents of the cell membrane for ‘on-demand’ in the
postsynaptic terminal where AEA is also degraded. Unlike AEA, 2-AG is degraded in the
presynaptic terminal, the same place where a signal cascade takes a place when CBR is
activated by a ligand. In the case of endocannabinoid system and CBRs, a ligand can be one of
the endocannabinoids, phytocannabinoids such as A9-tetrahydrocannabinol (THC), or other
CBR-specific substances, such as drugs and radiotracers. (di lorio et al., 2013). Interestingly in
the case of CB1Rs, release of endocannabinoids from the postsynaptic neurons acts as a rapid,

retrograde signal which leads to activation of the presynaptic CB1Rs and inhibition of



transmitter release. (Ohno-Shosaku et al., 2001). The endocannabinoid system and its

metabolism are illustrated in the Figure 1.
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Figure 1. Endocannabinoid system. Anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG) are
synthetized in the postsynaptic neuron in which AEA is also degraded. AEA, 2-AG,
A9-tetrahydrocannabinol (THC) and CB1R-specific radiotracer ['8F]FPATPP act trough cannabinoid
receptors (CBRs) in the presynaptic neuron where 2-AG is also degraded. Created with BioRender.com.

The endocannabinoid system is involved in various physiological processes such as in motoric,
metabolism, immunological events, behavior, cognition, and sensation. This system acts
normally in healthy individuals, but it has been shown to be dysregulated or hypofunctional in
some diseases. For example, endocannabinoid system has been shown to be hypofunctional in

neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease. (di lorio et



al., 2013). On the other hand, overactive endocannabinoid system has been linked to
contribution of diabetes (Gruden et al., 2016). Therefore, endocannabinoid system is a potential
target for the treatment of these diseases but also other various diseases and symptoms such as
mood and anxiety disorders, pain management, inflammation, cardiovascular disorders, and

stroke (Lowe et al., 2021).
1.2 Positron emission tomography

Positron Emission Tomography (PET) is a widely used, non-invasive method for molecular
imaging. The first PET related development steps were taken in the late 1920s, but the same
kind of instrumentation as today were not used until the mid-1970s (Rich, 1997). Naturally,
PET imaging techniques and scanners have been developed ever since. In principle,
a radiopharmaceutical is injected intravenously in vivo, and it is taken up by target organs and
tissues. Gamma signals emitted by the radionuclide are detected by PET scanner which converts
the signals into 3D images on the computer. This basic principle of PET is illustrated in the
Figure 2. In addition to actual PET imaging, whole process includes radionuclide production,
radiopharmaceutical chemistry, quality control of the final product, and image analysis after

imaging. (Hooker and Carson, 2019).
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Figure 2. lllustration of the basic principle of positron emission tomography (PET) imaging. Created with
BioRender.com.

PET imaging is a highly sensitive technique by which pharmacological and biochemical
processes can be quantified in vivo. By PET, drug development for multiple conditions, such
as CNS related diseases and metabolic disorders, have become easier. One of the research

subjects can be the endocannabinoid system and more closely CBRs. CBIR expression, which



is compromised in many diseases, can been monitored with PET imaging. For that purpose,
several !'C- and '®F-labeled CB1R-specific radiotracers have been developed previously, such
as [!'C]-MePPEP, ['*FIMK-9470, and ['F]JFMPEP-d2 (Donohue et al., 2008; Yasuno et al.,
2008; Burns et al., 2007). In the case of fluorine-18, its physical properties make it especially
good radionuclide for PET imaging. For example, physical half-life of fluorine-18 is 109.7 min,

which gives more time to perform the investigations (Hargreaves and Rabiner, 2014).

Interestingly, there are some tissues and organs which are more sensitive to radioligands and
can therefore have a high accumulation detected without relation to a target. This can cause
artifacts to in vivo PET images and needs to be considered in the data analysis phase. One of
them is the Harderian glands, which humans don’t have but some animals, such as rodents do.
Function of the Harderian glands is not fully known, but they are found from animals, which
have nictitating membranes and therefore the main indication is to excrete a lubrication for the

eyes. (Brammer et al., 2007; Kiessling et al., 2017).
1.2.1 ['®F]FPATPP tracer

The radiotracer of this study, ['*F]JFPATPP, is an analogue of ['* FJFMPEP-d2, which is a well-
known second-generation CBIR-specific tracer (Figure 3). ['®F]JFMPEP-d2 is an inverse
agonist for CB1Rs and it was discovered in 2008 by Donohue et al. (Donohue et al., 2008).
["* F]JFMPEP-d2 has been used for example for imaging of the brown adipose tissue, studying
CBIR relation to alcohol dependence and in Alzheimer’s disease research (Eriksson et al.,
2015; Hirvonen et al., 2013; Takkinen et al., 2018). ['*F]JFPATPP, an inverse agonist as its
analogue, was introduced by Lahdenpohja et al. (2020) when they synthesized the tracer and
tested it in mice. Their aim was to test the specificity of this novel tracer by blocking the brain
uptake with CBIR antagonist, rimonabant. Their study revealed that ['*F]JFPATPP is
specifically bound to CBIR in the mouse brain. Compared to ['*FJFMPEP-d2, ['*F]JFPATPP
had some improvements such as lower defluorination levels and faster washout. (Lahdenpohja
et al., 2020). Both, Takkinen with ['FJFMPEP-d2 and Lahdenpohja with ['*F]FPATPP, used
thalamus as a pseudo-reference region based on the low number of CB1Rs in that region in the

mouse brain (Lahdenpohja et al., 2020; Takkinen et al., 2018).
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Figure 3. ['®F]FPATPP is an analogue of ['8F]FMPEP-d2. lllustrations of the molecules are created with
Maestro 13.1 (Schrédinger).

['8F]FPATPP is produced by a ruthenium-mediated late-stage radiofluorination method. It is
based on the method of transition-metal-assisted '*F-deoxyfluorination of phenols which was
first published by Beyzavi et al in 2017 (Beyzavi et al., 2017). Following substances are needed
for the synthesis: FPATPP precursor, ruthenium complex (CpRu(COD)CI), and no-carrier
added ['®F]fluoride, and these substances are added in the certain order at the certain conditions.
Lahdenpohja et al. optimized this synthesis process of ['* FJFPATPP in their study ending up
with reasonable synthesis time and good radiochemical yield with this novel imaging tracer of

CBI1Rs (Lahdenpohja et al., 2020).
1.3 Rat strains

Four different non-gene modified rat strains were used in this study. Sprague Dawley is
an outbred, meaning that parents are not closely related, rat strain, and it is widely used in
biomedical research, for example in pharmacological and toxicological studies. In addition,
outbred Wistar rats were used, and they have the same kind of use than Sprague Dawley rats.
Lewis is an inbred, also known as sibling mating, rat strain, and they are used for a development
of animal models of multiple sclerosis and in immunological and diabetes mellitus related
research. (Taconic Biosciences, 2021). Also, an inbred Fisher344 rat strain was used in this
project. Interestingly, one of the few existing rat models of Alzheimer's disease was created in
Fisher344 rat strain (Cohen et al., 2013). In addition, Fisher344 rats are widely used in

toxicological and cancer studies as well as in aging-related studies (Taconic Biosciences, 2021).

In the previous studies, differences have been reported in the blood-brain-barrier permeability

between species (Syvénen et al., 2009) and even between animal strains (Qiao et al., 2020).



More specifically, CBIR action has also been shown to differ between sexes. Takkinen et al
(2018) showed this phenomenon right in their study where CBIR levels were studied in
Alzheimer’s disease mice (Takkinen et al., 2018). These differences make it extremely
important to study both sex and strain differences but also different species as a model when

starting to validate new radiotracers and to choose animal models to be used in different studies.
1.4 Aims of the research

The primary goal of this study was to characterize the pharmacokinetics of the novel radiotracer
['®F]FPATPP in four different rat strains, with a focus on its initial uptake, distribution, and
washout in both the brain and periphery. The study also aimed to investigate potential sex and

strain differences in ['*F]JFPATPP binding between male and female rats.
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2 Results

2.1 Invivo PET images indicated differences in the tracer uptake and washout

The results of in vivo PET imaging showed higher initial tracer brain uptake in both sexes of
Fischer344 compared to the other rat strains, as shown in the Figure 4 and Figure 5. These
figures are indicating standardized uptake values (SUVs) of the whole brain area in male and
female rats, respectively. In addition, SUV time activity curves of the other strains were closer
to each other than Fischer344 to any of those at the later timepoints. Interestingly, the lowest
uptake at the later timepoints in male rats were seen with Sprague Dawley whereas in females
the lowest uptake was with Lewis rats. The same trends were systemically seen also in the other
analysed brain areas of male (Figure 6) and female (Figure 7) rats, except in the lowest uptake
at the later timepoints, which was rather even between female Sprague Dawley, Wistar and

Lewis rats.
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Figure 4. Standardized uptake values (SUVs) of the whole brain area in male rats.
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Figure 5. Standardized uptake values (SUVs) of the whole brain area in female rats.
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Figure 6. Standardized uptake values (SUVs) of the caudate putamen, cerebellum grey matter,
hippocampus anterior and dorsal, neocortex, ventral tegmental area (VTA) and pons in male rats.
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Figure 7. Standardized uptake values (SUVs) of the caudate putamen, cerebellum grey matter,
hippocampus anterior and dorsal, neocortex, ventral tegmental area (VTA) and pons in female rats.
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To quantify the SUV time activity curves, the area under the curve (AUC) was calculated for
the whole brain area data (Table 1). Comparison calculations showed multiple significant
differences (****p < 0.0001) between strains and sexes (Table 2). Both sexes of Fischer344
showed difference to all the other strains. Interestingly, there were no difference between sexes
inside the strains except with Sprague Dawley rats.

Table 1. Area under the curve (AUC) results of the standardize uptake value (SUV) data of the whole
brain area. SE = standard error, n = number of animals.
Sprague | Sprague

Dawley Dawley
male female

Fischer344 | Fischer344

Wistar Wistar
male female

AUC 335.4 325.6 224.1 266.1 269.4 268.1 252.2 239.3

E 4.16 7.81 8.06 1.27 5.65 6.44 4.10 2.09

Table 2. Significant differences between strains and sexes of the area under the curve (AUC) data.
One-way ANOVA and Tukey’s multiple comparison test were conducted. Significant (95% confidence
interval) differences between strains are marked with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Sprague Sprague
Dawley Dawley
male female

Fischer344|Fischer344
female

Wistar Wistar . Lewis
Lewis male
male female female

Fischer344
male

Fischer344
female

Sprague
Dawley
male
Sprague
Dawley
female

Wistar
male

Wistar
female

Lewis male

Lewis
female
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Peak to 120 min ratios were calculated to be able to quantify more specifically the later
timepoints of the SUV data. These ratios are indicating the tracer washout. The highest tracer
washout ratios in different brain areas were with Sprague Dawley male rats and between Wistar
and Lewis female rats. The lowest tracer washout ratios were with Fischer344 rats in both sexes

in all brain areas. The washout ratios of male rats are summarized in Table 3., and female rats
in Table 4.
Table 3. Peak to 120 min ratios of standardized uptake values in the whole brain, caudate putamen,

cerebellum grey matter, hippocampus anterior and dorsal, neocortex, ventral tegmental area (VTA) and
pons of male rats.

Fischer344 Sprague

Wistar male Lewis male
male Dawley male

Whole brain 1.32 2.08 1.85 1.61
Lhaiie 122 1.99 1.76 1.46
putamen

Lardbelui 1.28 1.65 1.53 1.57

grey matter

18T OGS 1.24 2.01 1.76 1.55
anterior
L84 OGN 11 1.17 1.95 1.72 1.48
dorsal
Neocortex 1.32 1.82 1.75 1.45
1.31 3.56 2.59 2.8

2.17 341 2.90 3.55
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Table 4. Peak to 120 min ratios of standardized uptake values in the whole brain, caudate putamen,
cerebellum grey matter, hippocampus anterior and dorsal, neocortex, ventral tegmental area (VTA) and

pons of female rats.
LI L Wistar female Lewis female
female Dawley female
1.53 1.95 2.02 2.01

Whole brain
. - - -
putamen
Cardbeli 1.42 1.57 1.75 1.75
grey matter
Hippocampus 1.35 1.83 1.84 1.92
anterior
I8 POCENTYRIE 1.31 1.68 1.72 1.96
dorsal
1.53 1.82 1.95 1.90
VTA 1.64 2.68 2.50 2.72
1.70 3.63 2.90 2.71

The ['8F]JFPATPP uptake in the whole brain, measured at 100-120 min after injection, showed
significant differences between Fischer344 and Sprague Dawley male rats (Figure 8.). The same
difference is seen in the other analyzed brain areas (Figure 9.). Significant differences were not
seen between female rats. Interestingly, sex differences were not seen inside the strain but there
was a significant difference between Fischer344 male and Lewis female rats in the whole brain,
caudate putamen, neocortex, anterior and dorsal parts of the hippocampus, but also between
Fischer344 female and Sprague Dawley male rats in the ventral tegmental area (VTA), and

anterior and dorsal parts of the hippocampus.
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Figure 8. Standardize uptake value (SUV) of the whole brain area at 100-120 min after ['8F]FPATPP
injection. Data are presented with median line. Kruskal-Wallis test was conducted and significant
(95% confidence interval) differences between strains are marked with *p < 0.05, **p < 0.01.
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Figure 9. Standardize uptake values (SUVs) of the caudate putamen, cerebellum grey matter,
hippocampus anterior and dorsal, neocortex and ventral tegmental area (VTA) at 100-120 min after
['8F]FPATPP injection. Data are presented with median line. Kruskal-Wallis test was conducted and
significant (95% confidence interval) differences between strains are marked with *p < 0.05, **p < 0.01.
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SUVs from different brain areas were compared to the pons, which was used as a reference
region. This comparison is also connected to tracer’s washout ratios. The highest ratios were
detected in both sexes of Sprague Dawley compared to the other rat strains in the whole brain

area (Figure 10.). In addition, Fischer344 had the lowest ratios in both sexes.

Whole Brain

Fischer male (n=4)
Fischer female (n=4)

SD male (n=4)

Pred

SD female (n=3)
Wistar male (n=3)

Wistar female (n=4)

t ¢

Lewis male (n=4)

SUV Ratio to Pons

Lewis female (n=4)

0.0 T T T T T T
0 20 40 60 80 100 120

Time (min)

Figure 10. Standardize uptake value (SUV) ratios to pons in the whole brain area.

Ratios were examined more carefully in the last time frame, which was at 100-120 min after
['®F]FPATPP injection. The last time frame was picked to reach greater difference between
groups. In the whole brain area, Fischer344 and Sprague Dawley male rats had a significant
difference, which is seen in the Figure 11. The same difference was detected in the cerebellum
grey matter and neocortex, and additionally difference between Fischer344 males and Sprague

Dawley females was perceived in the cerebellum grey matter and dorsal part of the

hippocampus (Figure 12).
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Figure 11. Standardize uptake value (SUV) ratio to pons of the whole brain area at 100-120 min after
['8F]FPATPP injection. Data are presented with median line. Kruskal-Wallis test was conducted and
significant (95% confidence interval) differences between strains are marked with *p < 0.05, **p < 0.01.
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Figure 12. Standardize uptake value (SUV) ratios to pons of the caudate putamen, cerebellum grey
matter, hippocampus anterior and dorsal, neocortex and ventral tegmental area (VTA) at 100-120 min
after ['8F]JFPATPP injection. Data are presented with median line. Kruskal-Wallis test was conducted
and significant (95% confidence interval) differences between strains are marked with *p < 0.05,

**p < 0.01.
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2.2 Exvivo autoradiography showed significant differences in tracer binding

on the CB1R-rich regions

The results from ex vivo autoradiography were analyzed as the brain region of interest (ROI)
ratios to pons. The different studied brain ROIs are shown in the Figure 13. For the analysis,
the frontal cortex, caudate putamen, globus pallidus, entopeduncular nucleus, anterior and
dorsal parts of the hippocampus, amygdala, anterior and dorsal parts of the substantia nigra,
and cerebellum grey matter together with the reference region pons, were selected due to higher

uptake in these regions.

Figure 13. Selected brain regions for the analyses of ex vivo autoradiography data. 1. Frontal cortex,
2. nucleus accumbent, 3. caudate putamen, 4. globus pallidus, 5. entopeduncular nucleus, 6.
hippocampus anterior, 7. amygdala, 8. hippocampus dorsal, 9. substantia nigra anterior, 10. substantia
nigra dorsal, 11. thalamus, 12. cerebellum grey matter, 13. cerebellum white matter and 14. pons.

Differences in ratios were detected in every analyzed brain area (Figure 14). Fischer344 male
rats had generally lower ratios than the other strains which is also seen as a significant difference
in every brain area. Fischer344 male rats had a difference with Lewis female rats in most of the
brain regions, and moreover with Sprague Dawley female and male rats. More significant
differences (**p < 0.01) were detected in the globus pallidus, substantia nigra’s dorsal part and
cerebellum grey matter which are also visually ones of the highest uptake regions in the brain,

as seen in the Figure 13.
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Figure 14. Ex vivo autoradiography ratios to pons of the frontal cortex, caudate putamen, globus pallidus,
entopeduncular nucleus, hippocampus anterior and dorsal, amygdala, substantia nigra anterior and
dorsal, and cerebellum grey matter. Data are presented with median line. Kruskal-Wallis test was
conducted and significant (95% confidence interval) differences between strains are marked with

*p £0.05, **p < 0.01.
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2.3 Exvivo biodistribution uptake was detected in the CB1R-rich organs and

in the metabolic organs

The ['F]JFPATPP uptake in the peripheral organs was measured 120 minutes after tracer
injection. Eight rats of Fischer344 were used and sexes were pooled, since there was no sex
difference detected. High tracer uptake (SUV more than 2) was measured in the bone marrow,
lung, brain, cerebellum, cortex, brown adipose tissue, Harderian gland, adrenals, liver, stomach,
and small intestine whereas low uptake was measured in blood, plasma, erythrocytes, bone, and

eyes. Results are seen in the Figure 15.

Peripheral organs 120 min

Figure 15. Standardized uptake values (SUV) measured from the tissues and organs 120 min after
[18F]FPATPP injection. Values are presented as the mean £+ SD. n = 8.
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3 Discussion

The objective of this study was to investigate the pharmacokinetics of the CB1R-specific tracer
['*F]FPATPP in four different rat strains, Fischer344, Sprague Dawley, Wistar and Lewis, and
both in sexes. In vivo PET/CT imaging and ex vivo brain autoradiography were used to measure
tracer uptake in the brain and peripheral tissues and organs, which were collected for further

analysis.

The PET imaging results, obtained in vivo, revealed significant differences between sexes and
strains in all the analyses. Comparing Fischer344 and Sprague Dawley rats, the highest
differences were observed. The AUC data for SUV time-activity, and peak/120 min ratios
indicated that the initial tracer uptake and washout varied considerably between strains,
particularly when Fischer344 rats were compared to the other rat strains. Moreover, SUV ratios
in CB1R-rich areas exhibited higher uptake in Fischer344 rats compared to Sprague Dawley
rats, while Lewis and Wistar rats had more balanced ratios. Overall, Fischer344 rats exhibited
the highest initial tracer uptake, while Sprague Dawley male rats showed the fastest washout in
the brain. This data provides valuable insights into the pharmacokinetics of ['*F]JFPATPP in
rats, and it also highlights the need to balance two important tracer features, uptake, and

washout.

The primary findings of the ex vivo brain autoradiography data showed notable differences in
the binding of ['®F]JFPATPP among male Fischer 344 rats compared to the other strains.
Notably, the differences in binding were observed in both males and females. The most
significant variations in binding were detected in the areas that are known to be rich in CB1R,
such as the globus pallidus, dorsal part of the substantia nigra, and the grey matter of the
cerebellum. Unlike previous studies by Takkinen and Lahdenpohja that used the thalamus as
a reference region for studying ['*F]JFMPEP-d2 and ['*F]FPATPP in mice, this study used the
pons as a pseudo-reference region (Takkinen et al., 2018; Lahdenpohja et al., 2020). While the
thalamus was also analyzed, the pons was deemed cleaner due to lower noise levels from the
other regions. This difference in reference region selection could be attributed to the larger size

of the rat brain compared to that of the mouse.

In the results of biodistribution analysis, the highest uptake of ['*F]JFPATPP was observed in
the Harderian glands behind the eyes. This accumulation is not related to the CB1Rs and is

a common phenomenon observed with most PET tracers (Kiessling et al., 2017). In terms of
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the known CB1R-rich areas, high uptake was detected in the brown adipose tissue, adrenals,
bone marrow and brain, which also correlates with both in vivo and ex vivo autoradiography
data. However, high uptake in the liver, stomach, and small intestine suggests that the tracer
and its metabolites are eliminated through fecal excretion. In other words, the tracer is excreted
via the hepatobiliary route. Moreover, the low uptake in the bone indicates minimal
defluorination, which is a positive finding for the tracer. Notably, there was a low uptake in the
blood, indicating efficient distribution of ['*F]JFPATPP to organs and tissues 120 minutes after

injection.

As ['8F]JFPATPP has not been previously studied in rats, the information gathered in this study
regarding its pharmacokinetics will be valuable for future CNS drug studies utilizing rats as
disease models. Rats are advantageous in this context due to their larger size compared to mice,
making it easier to analyze small brain regions using PET imaging. Additionally, certain models
of human diseases, such as some cardiovascular and nutritional diseases, are more faithful and
relevant when studied in rats (Szpirer, 2022). Examining both inbred and outbred rat models
will contribute to a more comprehensive understanding of the optimal animal model for specific

disease models.

All rat strains used in this study are well-established and commonly used, providing a reliable
platform for disease models. While Sprague Dawley and Wistar rats are outbred strains, Lewis
and Fischer344 rats are inbred strains, highlighting a fundamental difference between these
strains (Taconic Biosciences, 2021). The results of this study suggest differences between the
strains, particularly with Fischer344 and Sprague Dawley rats. This could be attributed to their
inbred and outbred natures. However, if this hypothesis is true, there should have also been
a difference between Wistar and Lewis rats, indicating that further studies on pharmacokinetics

are required to shed light on this matter.

This project did not encounter any major drawbacks, but there were some minor issues, such as
the death of one animal and the need to allocate a small amount of tracer between ongoing
studies. Fortunately, extra animals and imaging days were arranged to complete the planned
group sizes. However, since this study had a basic research nature, a relatively small number of
animals per group was used, and future studies will be required to confirm and draw conclusive

results from the current findings.

Additionally, further studies are needed to understand the complete pharmacokinetics of this

tracer, including differences in metabolism, peripheral biodistribution, and excretion.
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Radiometabolite analysis could clarify these pharmacokinetic differences and reveal possible
differences in blood-brain-barrier permeability. Moreover, it would be beneficial to conduct
blocking studies with a selective CBIR antagonist, such as rimonabant (Fong and Heymsfield,
2009), also in rats, at least with two different strains, such as Fischer344 and Sprague Dawley,

with distinct backgrounds.

In conclusion, this study highlights the importance of considering strain and sex differences in
tracer uptake and provides insights into the pharmacokinetics of ['*F]JFPATPP. Further studies,
such as radiometabolite analysis and blocking studies with a selective CB1R antagonist are

needed to fully understand the tracer's pharmacokinetics in rats.
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4 Materials and methods

41 Animals

Four different strains of rats were used in this study: Fischer344, Sprague Dawley, Wistar, and
Lewis. Fischer and Sprague Dawley rats were provided from the Central Animal Laboratory of
the University of Turku while Wistar and Lewis rats were ordered from Janvier Labs
(Le Genest-Saint-Isle, France). All the animals were two to three months old, and weight of the

male rats was 269 + 45 g and female rats 228 =9 g.

Rats were group housed at the Central Animal Laboratory of the University of Turku under
standardized conditions (temperature 21 + 1.2 °C, humidity 55 + 5%, lights on from 6:00 a.m.
to 6:00 p.m.), with free access to certified standard laboratory soy-free chow (RM3 soya-free,
801710, Special Diets Service) and tap water. Professionally trained laboratory personnel
according to the ethical guidelines of the International Council of Laboratory Animal Science
(ICLAS) monitored animals daily. Animal experiments were conducted according to the
Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines (Percie du Sert et
al., 2020) and the ethical permission for all studies has been obtained from the State Provincial

Offices of Finland (ESAV1/16273-2019).
4.2 Study design

Every animal went through the same steps, which are illustrated in the Figure 16. Study design:
A) Intravenous injection of ['*F]JFPATPP tracer, B) Computerized tomography (CT) + 120 min
dynamic PET scan, C) Cryo-sectioning, D) Scanning with imaging plate reader, E) PET image
data for analysis, F) Autoradiography data for analysis. The number of animals used in this
study is indicated in Table 5. The exclusion criteria were either a poor injection or unexpected

death of the animal after tracer injection.
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i Injection with CT + 120 min Cryo-sectioning Scanning with imaging
[‘®F]FPATPP-tracer ~dynamic PET scan plate reader

E 's

Brain image analysis

Autoradiography analysis

Figure 16. Study design: A) Intravenous injection of ['8F]JFPATPP tracer, B) Computerized tomography
(CT)+ 120 min dynamic positron emission tomography (PET) scan, C) Cryo-sectioning, D) Scanning
with imaging plate reader, E) PET image data for analysis, F) Autoradiography data for analysis. Created
with BioRender.com.

Table 5. Overview of the animal strain, total number, sex, and exclusion number and criteria of animals
used in this work. Exclusion criteria were either (a) a poor injection or (b) unexpected death of the animal
after tracer injection. n = number of animals.

Fischer344 4 Female -
Fischer344 4 Male -
Sprague Dawley 4 Female 1 (a)

Sprague Dawley 4 Male -
Wistar 4 Female 1 (a)
Wistar 4 Male 1 (b)
Lewis 4 Female 1 (a)

4 Male -
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4.2.1 Tracer production

Nine batches of ['8F]FPATPP tracer were used for this study. ['* F]JFPATPP was synthesized as
previously published (Lahdenpohja et al., 2020). The radiochemical purity of the final product
was over 99% for all the baches at the end of synthesis and molar activity was

145 £ 128 GBg/umol (n=31).
4.2.2 Invivo PET imaging

The in vivo PET imaging was performed for each rat using ['*F]JFPATPP as a PET tracer.
Dynamic scans of 120 min were performed to study the distribution and accumulation of
['®F]FPATPP in the brain in the different strains including the SUV time activity curves and

target-to-reference tissue ratios.

All the study animals were handled the same way to avoid stress before study actions. The
imaging was performed using an Inveon multimodality PET/CT (Siemens Medical Solutions)
small animal scanner. The rats were anaesthetized with an isoflurane/oxygen mixture (induction
4% and maintenance 2.5%) on a heating pad approximately 30 min prior to tracer injection.
The rats were injected between 10 am to 3 pm before which they had free access to food and
water. CT imaging was performed for attenuation correction of the PET data, and to obtain an
anatomical reference for the PET images. Then, ['*F]JFPATPP (20 + 5 MBgq, injected mass
2033 + 3417 ng/kg) was injected via tail vein, and 120 min dynamic three-dimensional PET list
mode scans with an energy window of 350-650 keV was performed. The PET list mode data
were reconstructed using the frame sequence 30 x 10 s, 15 x 60 s, 4 x 300 s, 2 x 600 s and

3 x 1200 s, and ordered subset expectation maximization (OSEM-3D) algorithm.

The in vivo PET images were analyzed using in-house developed analysis software
implemented in MATLAB. The SUVs (SUVew=Cper[T]/[Dose/Weight]) of seven brain ROIs
(the caudate putamen, hippocampus anterior and dorsal, ventral tegmental area [VTA],
cerebellum grey matter, neocortex and whole brain) were further processed into figures as well

as ratios of SUVs of those ROIs to reference tissue pons.
4.2.3 Ex vivo autoradiography

After the in vivo PET imaging, the rats were sacrificed in deep isoflurane (4% isoflurane/oxygen
gas) anesthesia by heart puncture and perfused with physiological saline (0.9% NaCl-solution;

B. Braun, Melsungen, Germany). Immediately after this, the brains were removed, weighed,
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frozen in dry ice chilled isopentane (2-methylbutane; Sigma-Aldrich), and cut into 20-pum thick
coronal cryosections in nine different brain regions with a CM3050S cryostat (Leica
Biosystems, Germany). Cryosections on the microscope slides were air-dried and exposed to
imaging plates (Fuji BAS Imaging Plate TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan) for

minimum two half-lives of fluorine-18.

The radioactivity distribution on the imaging plates were digitized with BAS5000 analyser
(Fujifilm Lifesciences, Japan). The digitalized images were analyzed using Aida Image
Analysis software (Image Analyzer v. 4.22: Raytest Isotopenmessgerdte GmbH, Straubenhardt,
Germany). The main ROIs, 13 as total, were chosen for quantification. The sections were
analyzed as photostimulated luminescence/area — background (PSL/mm?) for brain ROIs (the
frontal cortex, caudate putamen, globus pallidus, entopeduncular nucleus, hippocampus
anterior and dorsal, substantia nigra anterior and dorsal, and cerebellum grey matter) and

reference region (the pons).
4.2.4 Ex vivo biodistribution

Fischer344 (n = 8) rats were anaesthetized with isoflurane/oxygen mixture (induction 4% and
maintenance 2.5%) on a heating pad approximately 30 min prior to tracer injection.
["*F]FPATPP was injected intravenously into a tail vein and after 120 min, the rats were
sacrificed in deep isoflurane (4% isoflurane/oxygen gas) anesthesia by heart puncture and
perfused with physiological saline (0.9% NaCl-solution; B. Braun, Melsungen, Germany).
A variety of organs and tissues (blood, bone [parietal], brain, adrenals, plasma, bone marrow
[from tibia], cerebellum, kidneys, erythrocytes, testis/ovaries, cortex, bladder [incl. urine],
muscle [from hind leg], lung, white adipose tissue, liver, heart, thymus, brown adipose tissue,
stomach with contents, spleen, salivaries [submandibular glands], eyes, small intestine with
contents, pancreas, thyroids, Harderian glands and large intestine with contents) were removed
from the body, weighted, and measured for radioactivity using a 2480 Wizard2 automatic

gamma counter (PerkinElmer, Turku, Finland).
4.2.5 Statistics

The results were expressed as mean + standard deviation (SD). Kruskal-Wallis test was used
for the statistical analysis of both SUV data and autoradiography data. AUC results were
calculated with one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test.
The statistical analyses were performed in GraphPad Prism 9.3.1. and all tests were performed

with the significance level set at 0.05.
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6 List of Abbreviations

['!C]-MePPEP

["* FIMK-9470

['$F]JFMPEP-d?2

['SF]FPATPP

2-AG
AEA
ANOVA
ARRIVE
CBIR
CB2R
CNS

CT
ICLAS
OSEM-3D
PET

PSL

ROI
SUV

SD

SE

(3R,5R)-5-(3-[''C]methoxyphenyl)-3-[(R)-1-
phenylethylamino]-1-(4-trifluoromethylphenyl)

N-{(18,2S)-2-(3-cyanophenyl)-3-[4-(2-[**F]fluoroethoxy)-
phenyl]-1-methylpropyl}-2-methyl-2-[(5-methylpyridin-2-yl)-

oxy|propanamide

(3R,5R)-5-(3-(['®F]fluoromethoxy)-phenyl)-3-(((R)-1-
phenylethyl)amino)- 1-(4-(trifluoromethyl)-phenyl)pyrrolidin-2-

one

(3R,5R)-5-(3-['®F]fluorophenyl)- 3-(((R)-1-phenylethyl)amino)-
1-(4-(trifluoromethyl)phenyl)- pyrrolidin-2-one

2-arachidonoyl-glycerol

Anandamide

Analysis of Variance

Animal Research: Reporting of in vivo Experiments
Cannabinoid 1 Receptor

Cannabinoid 2 Receptor

Central Nervous System

Computerized tomography

International Council of Laboratory Animal Science
Ordered Subset Expectation Maximization

Positron Emission Tomography

Photo Stimulated Intensity

Regions of Interest

Standardized Uptake Value

Standard Deviation

Standard Error



THC

VTA

A9-tetrahydrocannabinol

Ventral Tegmental Area
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