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Abstract

We aimed to evaluate the novel high-affinity and relatively lipophilic CB1 receptor (CB1R)

antagonist radioligand [125I]SD7015 for SPECT imaging of CB1Rs in vivo using the multiplexed

multipinhole dedicated small animal SPECT/CT system, NanoSPECT/CTPLUS (Mediso,

Budapest, Hungary), in knock-out CB1 receptor knock-out (CB1R-/-) and wildtype mice. In order

to exclude possible differences in cerebral blood flow between the two types of animals, HMPAO

SPECT scans were performed, whereas in order to confirm the brain uptake differences of the

radioligand between knock-out mice and wildtype mice, in vivo scans were complemented with ex

vivo autoradiographic measurements using the brains of the same animals. With SPECT/CT

imaging, we measured the brain uptake of radioactivity, using %SUV (% standardised uptake

values) in CB1R-/- mice (n = 3) and C57BL6 wildtype mice (n = 7) under urethane anaesthesia

after injecting [125I]SD7015 intravenously or intraperitoneally. The Brookhaven Laboratory

mouse MRI atlas was fused to the SPECT/CT images by using a combination of rigid and non-

rigid algorithms in the Mediso Fusion™ (Mediso, Budapest, Hungary) and VivoQuant (inviCRO,
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Boston, MA, USA) softwares. Phosphor imager plate autoradiography (ARG) was performed on 4

μm-thin cryostat sections of the excised brains. %SUV was 8.6 ± 3.6 (average ± SD) in CB1R-/-

mice and 22.1 ± 12.4 in wildtype mice between 2 and 4 h after injection (p < 0.05). ARG of

identically taken sections from wildtype mouse brain showed moderate radioactivity uptake when

compared with the in vivo images, with a clear difference between grey matter and white matter,

whereas ARG in CB1R(-/-) mice showed practically no radioactivity uptake. [125I]SD7015 enters

the mouse brain in sufficient amount to enable SPECT imaging. Brain radioactivity distribution

largely coincides with that of the known CB1R expression pattern in rodent brain. We conclude

that [125I]SD7015 should be a useful SPECT radioligand for studying brain CB1R in mouse and

rat disease models.
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1. Introduction

The endocannabinoid (EC) system is a widely distributed neuromodulatory system in the

brain. The system regulates the functioning of many other neurotransmitter systems,

including acetylcholine, dopamine, serotonin, adrenergic, opiate, glutamatergic and

GABAergic systems (Freund et al., 2003; Köfalvi et al., 2005; Lambert and Fowler, 2005).

The EC system plays a key role in neuronal development (Berghuis et al., 2007; Harkany et

al., 2007, 2008; Mulder et al., 2011). One of the main tasks of the central EC system is to

mediate the retrograde synaptic communication mainly through type 1 cannabinoid

receptors (CB1R) (Wilson and Nicoll, 2002; Hashimotodani et al., 2007). These receptors

show abundant presynaptic expression in the adult mammalian brain (Glass et al., 1997)

even though they are also present on the dendrites and soma of neurons but at a lower

density than their presynaptic counterparts. They are coupled to Gi/o proteins and, under

specific conditions also to Gs proteins (Glass and Felder, 1997). By coupling to Gi/o

proteins, CB1Rs regulate the activity of many plasma membrane proteins and signal

transduction pathways, including ion channels, enzymes producing cyclic nucleotide second

messengers, and various kinases. In addition CB1Rs activate G protein-independent

pathways (Cannich et al., 2004; Micale et al., 2007; Eljaschewitsch et al., 2006). Several

data point to a potent anti-inflammatory and neuroprotective effect of synthetic cannabinoids

(Porter and Felder, 2001).

CB1Rs are relatively abundant in the brain with highest densities in the globus pallidus,

lateral caudate putamen, substantia nigra, and cerebellum. Markedly high binding capacities

exist in limbic areas (hippocampus, amygdala, cingulate cortex) and the cerebral cortex,

especially frontal cortical areas (Glass et al., 1997; Herkenham et al., 1991a,b; Mailleux and

Vanderhaeghen, 1992; Westlake et al., 1994; Svízenská et al., 2008). This wide distribution

supports the hypothesis that CB1Rs are implicated in the physiological control of brain

mechanisms and functions like learning, memory, cognition, pain perception, appetite,

mood, endocrine regulation and motor activity (Breivogel et al., 1999).
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Dysfunction of the cannabinoid system has been implicated in many neurological diseases.

One of the most widely investigated role of CB1Rs is nowadays its role in the development

of epilepsy. An increasing body of evidence suggests that developmentally increased levels

of hippocampal CB1Rs appear to correlate with epileptogenic activities and epileptogenic

developmental pathology (Monory et al., 2006; Ludányi et al., 2008; Magloczky et al., 2010;

Zurolo et al., 2010; Karlócai et al., 2011). Several data suggest an important function of ECs

to guard against chronic neurodegenerative disorders such as Huntington’s disease,

Alzheimer’s disease and Parkinson’s disease (Mulder et al., 2011; Glass et al., 1997; Glass

and Felder, 1997; Glass et al., 2000; Di Marzo et al., 2000; Silverdale et al., 2001;

Mechoulam et al., 2002; Brotchie, 2003).

In order to investigate alterations in CB1R density during ageing in various physiological

challenge conditions or CNS diseases with in vivo or ex vivo imaging techniques, high-

affinity selective radioligands with good blood–brain–barrier penetration are required.

Regarding CB1R imaging with PET there are already a number of available radioligands:

[11C]OMAR (Herance et al., 2011; Gao et al., 2012), [11C]CB-119 (Hamill et al., 2009),

[18F]MK-9470 (Burns et al., 2007; Casteels et al., 2010a, 2012) as well as [11C]PipISB and

[18F]PipISB (Finnema et al., 2009). Regarding SPECT radioligands for CB1Rs, until

recently the available battery has been rather limited (Gatley et al., 1998; Lan et al., 1999;

Berding et al., 2004; Lindsey et al., 2005). The novel selective high-affinity (KI = 3.4 nM)

and relatively lipophilic (cLogD = 4.14) CB1 receptor (CB1R) antagonist radioligand

[125I]SD7015 ([125I]1-(2-iodophenyl)-4-cyano-5-(4-methoxyphenyl)-N-(piperidin-1-yl)-1H-

pyrazole-3-carboxylate), developed recently by some of the present authors (Donohue et al.,

2009), appeared to show favourable features in post mortem autoradiographic studies in the

human brain (Farkas et al., 2012a,b). In order to evaluate this radioligand’s in vivo imaging

capacity, we set out to test it in a small animal mouse model of the intact and impaired

central endocannabinoid system, using a cutting-edge small animal SPECT/CT imaging

platform.

2. Methods

2.1. Radioligand, radiopharmaceutical kits and chemicals

The detailed synthesis of ([125I]1-(2-iodophenyl)-4-cyano-5-(4-methoxyphenyl)-N-

(piperidin-1-yl)-1H-pyrazole-3 - carboxylate), alias [125I]SD7015, was described in our

former publication (Donohue et al., 2009). The specific radioactivity of the ligand was 80.5

GBq/μmol. Tris–HCl, bovine serum albumin (BSA), pargyline hydrochloride (selective

MAO-B inhibitor), GBX Developer and Fixer Twin Pack were all purchased from Sigma–

Aldrich (Budapest, Hungary). All other chemicals were obtained from commercial sources

and were of analytical grade wherever possible.

99mTc-pertechnetate solution was eluted from a Sorin Drygen technetium generator

(Institute of Isotopes Ltd., Budapest, Hungary). Hexamethylpropyleneamine Oxime

(HMPAO) for labelling was used in the form of a commercially available

radiopharmaceutical kit (Brain-SPECT®, Medi-Radiopharma Ltd., Budapest, Hungary). The

kit was reconstituted according to the manufacturer’s specifications, with ~2.6 GBq
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of 99mTc-pertechnetate radioactivity in 2.5 mL of physiological saline for each imaging

session.

2.2. Animals

CD-1 strain CB1R knock-out (-/-) mice (CB1R-/-; n = 3) (Ledent et al., 1999) were obtained

from the breeding facility of the Institute of Experimental Medicine of the Hungarian

Academy of Sciences. Wildtype animals (C57BL6 mice, n = 7) were obtained from the

Institute of Physiology and Experimental Medicine of Semmelweis University. Mice were

kept at the animal housing facility of Semmelweis University’s Nanotechnology and In Vivo

Imaging Centre (NIVIC) under 12/12 L/D light conditions with food and water available ad

libitum. Animals of the same age (4 months) weighing between 24 and 45 grams were used

throughout the studies (mean CB1R-/-) weight: 40.3 ± 4.5 g, mean C57BL6 weight: 30.2 ±

4.4 g). For imaging, animals were inserted with a 30 G intravenous catheter in their tail vein

for providing a continuous intravenous physiological saline infusion (1 mL/animal) during

the 120-min-long imaging sessions to prevent dehydration due to the high alcohol content

(at least 33% m/v) of the [125I]SD7015 injectate. Throughout the experiments, urethane

anaesthesia was used with 10% m/v urethane solution injected i.p. in a dose of 600 mg/kg

bodyweight. The experiments were performed in compliance with the relevant EU,

Hungarian and university regulations (86/609/EEC/2; Hungarian Act of Animal Care &

Experimentation [1998,XXVIII, Section 243/1998]), and permission was provided by the

relevant local institutional animal ethics committee.

2.3. In vivo SPECT/CT imaging

Simultaneous dual-isotope SPECT/CT imaging was performed in a dedicated, multiplexed

multi-pinhole small animal SPECT/CT imaging system, NanoSPECT/CTPLUS (Mediso,

Budapest, Hungary). Iodine-125 and technetium-99m were detected simultaneously with

SPECT in three animals (1 wildtype and 2 CB1R-/-). The detection energy window for125I

was set at 25 keV with a 10% difference, while 99mTc was detected at 140 keV ± 10%. The

CT projections were recorded at 55 kV and 170 μA of tube voltage and current, respectively,

in the cone-beam CT subsystem of the instrument, with an isotropic voxel size set at 72 μm.

In 8 animals, [125I]SD7015 was administered intravenously (6 wildtypes, 2 CB1R-/-),

whereas in one wildtype and one CB1R-/-animal the radioligand was administered

intraperitoneally. The injected radioactivity dose was 2.3 ± 1.3 MBq in the wildtype mouse

and 0.9 ± 0.1 MBq in CB1R-/- mice (average ± SD), whereas the injected mass was below

20 ng. The imaging session started 120 min after radioligand administration and the data

acquisition time was 120 min to allow for adequate signal-to-noise ratio collection in

the 125I the imaging channel as the injected iodine radioactivity and brain uptake were low.

A total of at least one million counts for the 125I channel were collected in each SPECT

session. In the same time in one wildtype mouse 81.0 MBq, in two knock-out mice 78.9

MBq and 41.8 MBq, respectively, 99mTc-HMPAO solution was administered intravenously

30 min before the start of the imaging session.
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2.4. Image analysis

SPECT images were reconstructed from the projection data using the NanoSPECT’s

HiSpect™ dedicated multiplexing multipinhole reconstruction algorithm (SciVis Ltd,

Germany). CT volumes were reconstructed on-the-fly during acquisition of projections, with

a Mediso proprietary real-time filtered backprojection algorithm using a Hanning filter with

a cut-off at 50%. After reconstructions, the Magnetic Resonance Microimaging

Neurological Atlas, developed at the National High-Field Magnetic Resonance Laboratory

at the University of Florida (Ma et al., 2005, 2008) was fused to the SPECT/CT images by

using a combination of rigid and non-rigid algorithms in the Mediso Fusion™ (Mediso,

Hungary) software. Images were further analysed using the Mediso Fusion™ post-

processing software. Thus, SPECT/CT/MRI atlas trimodality images were created and used

for orientation and regional radioactivity distribution analysis in vivo. InVivoScope™ Vivo-

Quant software (inviCRO, Boston, MA, USA) was used to determine radioactivity values in

Volumes-of-Interest (VOIs). The outcome measure was %SUV (% standardised uptake

value):

For the statistical analysis of the resulting outcome measures (%SUV), due to the small

samples sizes, two approaches were used parallel (Wilcoxon–Mann–Whitney rank test,

Welch Two Sample t-test), whereas the small samples normality values was checked with

the Shapiro–Wilk normality test.

2.5. Post mortem autoradiography

The animals were euthanised after the scans and the brains were harvested. Phosphor imager

plate autoradiography (ARG) was performed on 4 μm-thin cryostat sections of the excised

brains stored on dry ice. A GE Typhoon 9400 (General Electric, USA) imager was used with

the sections incubated overnight on the plates, 21 days after imaging.

3. Results

3.1. Cerebral blood flow imaging with HMPAO SPECT

Qualitative analysis of HMPAO SPECT measurements of cerebral blood flow in two

CB1R-/- mice and one wildtype mouse demonstrated no difference between animals, as

displayed in characteristic SPECT images (Fig. 1). The quantitative global brain uptake of

the radiotracer, measured in %SUV, was 7.2 in the wildtype animal and 4.7 and 8.0 in the

CB1R-/- animals, respectively.

3.2. SPECT imaging with [125I]SD7015

Brain %SUVs between 120 min and 240 min after radioligand administration were 22.1 ±

12.4 (average ± SD) in wildtype mice (n = 7) and 8.6 ± 3.6 in CB1R-/- mice (n = 3), the

difference being significant (Wilcoxon–Mann–Whitney rank test: W = 19, p-value =

0.03333; Welch Two Sample t-test: t = 2.7446, df = 7.176, p-value = 0.02804) (Fig. 2).
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Regarding the regional uptake values of the radioligand, the differences between wildtype

mice and CB1R-/- mice proved to be significant in the hippocampus (Wilcoxon–Mann–

Whitney rank test: W = 0, p-value = 0.01667; Welch Two Sample t-test: t = 3.4096, df =

7.045, p-value = 0.01118), but not in other brain structures, despite the fact that, as shown in

the images, high uptake of radioactivity was visible in prefrontal, hippocampal and

cerebellar areas of the wildtype mouse, whereas in the brain of the knock-out mouse brain,

apart from image noise, only the venous sinuses contained appreciable radioactivity.

3.3. Autoradiography with [125I]SD7015

The higher radioactivity uptake regions in the SPECT images of the brains of the wildtype

mice occur in CB1R-rich areas, including the prefrontal cortex, hippocampus and

cerebellum. In vivo ARG of corresponding sections from wildtype mice displayed moderate

radioactivity uptake with a pattern showing higher uptake in grey matter structures and

lower uptake in white matter structures, whereas ARG in CB1R-/-mice showed practically

no radioactive uptake in either the in vivo SPECT or the in vivo ARG image (data not

shown).

4. Discussion

CB1Rs are among the most highly expressed receptors in the vertebrate brain where they

play a crucial role in brain development and differentiation; their dysfunction is suspected in

many diseases processes. Useful endocannabinoid radioligands for both in vivo and post

mortem neuroimaging studies have long been lacking. [18F]MK-9470 (Van Laere et al.,

2008a,b; Casteels et al., 2010b) and [11C]MePPEP (Terry et al., 2009,2010a,b; Donohue et

al., 2008) have only recently become available to researchers as useful radioligands for PET

imaging. No appropriate radioligand has been available for SPECT studies until the recent

development of [125I]SD7015 by some of the present authors (Donohue et al., 2009).

[125I]SD7015 is a novel high-affinity and relatively lipophilic CB1R antagonist radioligand.

The radioligand has been tested in autoradiographic studies using both normal human brain

tissue (Donohue et al., 2009) and brain tissue obtained from either Alzheimer’s (Farkas et

al., 2012a) or Parkinson’s disease patients (Farkas et al., 2012b). In all cases, the radioligand

effectively visualised CB1 receptors in the post mortem human brain.

In the present study, we used an established knock-out rodent model for testing the brain

disposition of radioligands in normal and CB1R knock-out mouse brains, examined with a

nanoScan SPECT/CT scanner. The brain uptake of radioactivity following radioligand

administration was significantly lower (practically, the noise level) in the receptor knock-out

mice than in the wildtype mice. Post mortem autoradiography measurements, performed on

brain slices obtained from the same animals, confirmed the observations from imaging.

Considering the cerebral intravascular volume is 5–8% of the total brain volume in the

mouse (Chugh et al., 2009), a %SUV value of 5.8 in the mouse brain would indicate

basically the intravascular presence of the injected radioactivity only. The values, found

with HMPAO, the golden standard to measure cerebral blood volume in SPECT studies, are

very close to this “ideal” value (7.2 in one wildtype animal, 4.7 and 8.0, respectively, in the
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two CB1R-/- animals), indicating that indeed HMPAO is a marker of cerebral blood flow.

Similarly, the average %SUV value for [125I]SD7015 in the case of the CB1R-/- animals

was very close to this value (8.6 ± 3.6; n = 3). This indicates that radioactivity from this

radioligand remains basically in the cerebral vasculature in the brain of these knock-out

animals, does not pass the blood–brain barrier, does not enter the brain parenchyma and

does not bind to receptors. On the other hand, the average %SUV for [125I]SD7015 in the

brains of the wildtype animals was 22.1 ± 12.4, indicating that some radioactivity from this

radioligand passed the blood-brain barrier, entered the brain parenchyma and bound to

receptors, since radioactivity could be detected there at over two hours after radioligand

administration.

5. Conclusion

The present study demonstrates in a rodent model, using CB1R expressing normal wildtype

mice and CB1R lacking knockout (CB1R-/-) mice, that [125I]SD7015, the novel high-affinity

CB1 receptor antagonist radioligand can effectively visualise CB1R populations in the

mouse brain with SPECT. Furthermore, as the CB1 neuromodulator system has a rather

ubiquitous distribution in the brain of both mice and rats (Pettit et al., 1998; Tsou et al.,

1998; Nguyen et al., 2010) and the homology between the receptor protein in rat and mouse

is very high (Chakrabarti et al., 1995), the radioligand may also be used successfully in rat

disease models, as well. The present observations pave the way for further tests exploring

whether [125I]SD7015 or, eventually, its 123I-labelled version, might be used for visualising

CB1Rs in the primate brain.
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Fig. 1.
Capillary perfusion pattern of the mouse brains imaged with 99mTc-HMPAO SPECT and

CT. One dose of 81.0 MBq of HMPAO radioactivity was injected intravenously into the

wildtype mouse (upper row, sagittal, horizontal and coronal slices) and 78.9 MBq into the

CB1R-/- mouse (lower row, sagittal, horizontal and coronal slices). Colour bar (right side)

indicate the relative level of cerebral perfusion. The reconstructed SPECT images were co-

registered with a high-resolution mouse MRI atlas (MRM NeAT) to allow anatomical

identification of radioactivity biodistribution. There is no obvious difference between

capillary blood perfusion of CB1 receptor-expressing and knock-out mouse brains, and

thereby a similar input function is assumed.
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Fig. 2.
A comparison of brain distribution patterns of radioactivity after administrating

[125I]SD7015 to wildtype (A–C) and CB1R-/- mice (D–F). A and D: sagittal images, B and

E: horizontal images, C and F: coronal images. Injected radioactivity doses: 0.96 MBq (A–

C) and 0.81 MBq (D–F). Average images, data acquisition started 2 h after injection and

lasted for 2 h.
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