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Editorial on the Research Topic
 The CB2 Cannabinoid System: A New Strategy in Neurodegenerative Disorder and Neuroinflammation



The cannabinoid receptors subtype 2 (CB2R) are emerging as novel targets for the development of new therapeutic approaches and PET probes useful to early diagnose neuroinflammation as first step in several neurodegenerative disorders such as Alzheimer's disease (AD) and Parkinson disease (PD). Differently from the CB1 subtype (CB1R) present in the CNS where it modulates several functions (memory, cognition, emotion, and pain control), CB2R is mainly localized in the immune system (macrophages) and are overexpressed in microglia in response to neuroinflammation. Two microglial activation states, M1 and M2, are widely reported. The M1 state (neurotoxic state) is characterized by the release of pro-inflammatory factors (such as IL-1B, IL-18, and IL-6 and inducible nitric oxide synthase) while the M2 state (neuroprotective state) is associated to the release of anti-inflammatory factors (IL-10, IL-4, and NGF). CB2R plays a pivotal role in microglial-derived neuroinflammation, since modulates cell proliferation, migration, and differentiation into M1 or M2 phenotypes (Mecha et al., 2015).

This Research Topic is mainly focused on the involvment of CB2R in neurodegenerative disorders and on the usefulness of CB2R ligands in the therapy and early diagnosis of neuroinflammation as onset of neurodegeneration.

In the reviews of Aso and Ferrer and Cassano et al. an interesting and exaustive overview of the endogenous cannabinoid signaling and its role in neuroinflammation and neurogenesis is reported. The potential of CB2R as therapeutic target in AD is argued by several evidences derived by robust experimental models and the effects modulated by CB2R agonists on different pathways involved in the pathogenesis of AD are discussed; indeed, these ligands are able to reduce inflammation, Aβ production and deposition, tau protein hyper-phosphorylation and oxidative stress damage caused by Aβ peptides. CB2R agonists are also able to induce Aβ clearance leading to cognitive improvement in AD models.

Javed et al. focused their study on the neuroprotective effect of β-caryophyllene (BCP), a natural CB2R agonist, in a rotenone (ROT)-induced animal model of PD. In their paper, the authors reported the beneficial neuroprotective effect due to BCP activity against ROT-induced neurodegeneration; the observed beneficial effects has been linked to CB2R activation since the administration of the CB2R antagonist AM630 was able to decrease the neuroprotective effects of BCP.

Navarro-Dorado et al. in their research article deepened the beneficial effects of CBR ligands in AD-type pathology studying the effects of the CB1/CB2 mixed agonist WIN 55,212-2 and the CB2 selective agonist JWH-133 on the vessel density in amyloid precursor protein (APP) transgenic mice, line 2,576, observing an improvment of the vascular responses.

Navarro et al. considered the localization of the CB2R subtype in specific cell types (activated astrocytes, reactive microglia, perivascular microglia, oligodendrocytes, and neural progenitor cells) and structures (blood-brain barrier) pivotal for the maintenance of the CNS integrity; moreover, they underlined the challenges faced in the CB2R-based drug design for the development of CB2R PET probes and for an innovative therapeutic strategy for neurodegeneration. Therefore, the authors reported an overview of the CB2R ligands planned as therapeutic and diagnostic agents in CNS diseases. In the diagnostic field, starting from the first PET radiotracer developed to image CB2R aspect, [11C]-NE40, the structural optimization performed with the aim to improve the brain penetration and to decrease the non-specific binding of these CB2R probes has been reported. The authors identified a 18F-triazine scaffold as a promising PET tracer candidate for the in vivo evaluation of inflammation. In the therapeutic field, the authors showed the findings reported by CB2R agonists in in vitro (BV-2 microglial cell line and in primary culture of microglia) and in vivo models (murine model) of neurodegeneration establishing a direct link between CB2R-targeting and neuroprotecion. Despite the increasing number of CB2R ligands developed, few synthetic CB2R agonists have reached clinical trials; the CB2R agonists GW842166X, CP55940, S-777469, and JTE-907 completed phase II for the pain therapy but none of them has been used in neurodegenerative diseases. However, the in vitro and in vivo studies performed led to several scaffolds useful to the development of CB2R ligands able to exert neuroprotection and neurorestoration.

Bu et al. shed light on a new scenario in neurodegenerative diseases since suggests a new therapeutic approach by the use of CB2R inverse agonists. Indeed, in their research article the authors deepened their previous work focused on the pivotal role of the CB2R inverse agonist, SMM-189, on neuroprotection, demonstrating the ability of SMM-189 to act on brain microglia converting it to the beneficial M2 state leading to neurons rescue in cortex, striatum, and amygdala. Therefore, not only CB2R agonists but also CB2R inverse agonists could be an useful strategy to face neuroinflammation in neurodegeneration; the difference between the two CB2R profiles (agonist and inverse agonist) is that the treatment with a CB2R agonist decreases M1 activation but do not induce M2 activation state.

Ahamed et al. and Haider et al. reported the development of PET-imaging agents to target CB2R: [11C]MA2 and [18F]MA3 and [11C]AAT-015 and [11C]AAT-778.

The first two probes are 11C- and 18F- radiolabelled analogs of the highly potent arylamide oxadiazole CB2 agonist. Both the analogs displayed a good affinity toward the desired target (CB2R), good radiochemical yield, high radiochemical purity, and high specific activity. Both probes displayed good results in vivo since displayed an efficient blood clearance and high brain uptake. By contrast, the thiophene-based radiotracers [11C]AAT-778 and [11 C]AAT-015 developed by Haider et al. failed in vivo because of the lack of specificity for CB2-R positive spleen tissue and thus the two tracers were not further evaluated in neuroinflammatory animal models. However, the high CB2R affinity and selectivity makes this class of compounds the starting point for structural optimization to improve physicochemical and pharmacological properties.

In conclusion, considering that neuroinflammation has been widely reported as indicator and modulator of neurodegeneration (Wyss-Coray and Mucke, 2002), the reduction of the neuroinflammatory responses could be considered as a new therapeutic strategy in these diseases. Moreover, the selective CB2R overexpression on the activated-microglial cells provides also a highly specialized target useful to an early diagnosis of the neurodegenerative diseases.
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As a consequence of an increasingly aging population, the number of people affected by neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease and Huntington's disease, is rapidly increasing. Although the etiology of these diseases has not been completely defined, common molecular mechanisms including neuroinflammation, excitotoxicity and mitochondrial dysfunction have been confirmed and can be targeted therapeutically. Moreover, recent studies have shown that endogenous cannabinoid signaling plays a number of modulatory roles throughout the central nervous system (CNS), including the neuroinflammation and neurogenesis. In particular, the up-regulation of type-2 cannabinoid (CB2) receptors has been found in a number of neurodegenerative disorders. Thus, the modulation of CB2 receptor signaling may represent a promising therapeutic target with minimal psychotropic effects that can be used to modulate endocannabinoid-based therapeutic approaches and to reduce neuronal degeneration. For these reasons this review will focus on the CB2 receptor as a promising pharmacological target in a number of neurodegenerative diseases.

Keywords: Alzheimer's disease, Parkinson's disease, neuroprotection, neuroinflammation, microglia, astrocytes


INTRODUCTION

The field of cannabinoid (CB) research has flourished over the past decade and has brought to light diverse functions of the CB system in normal and pathological conditions (D'Addario et al., 2014; Bonnet and Marchalant, 2015). In fact, several studies have demonstrated that endocannabinoid (eCB) system plays significant roles in many biological processes, including neurogenesis, synaptic plasticity, emotional regulation and stress responsiveness (Lu and Mackie, 2015).

The eCB system consists of eCBs, cannabinoid receptors and enzymes involved in the synthesis and degradation of endogenous ligands (Lu and Mackie, 2015).

The eCBs are endogenous lipids that engage CB receptors, affecting behavior in a fashion that at least partially recapitulates the effects produced by the psychoactive components of cannabis, most notably (2)-trans-Δ9-tetrahydrocannabinol (THC) (Mechoulam and Gaoni, 1965; Mechoulam, 1970). The two best-characterized eCBs are N-arachidonoylethanolamide (anandamide, AEA) (Devane et al., 1992) and 2-arachidonoylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995). Both eCBs are synthetized at the post-synaptic terminal from membrane lipid precursors in response to high intracellular calcium concentration (Howlett et al., 2002). Thus, eCBs act as retrograde messengers to depress transmitter release from presynaptic terminals (Freund et al., 2003; Fagan and Campbell, 2014).

AEA and 2-AG possess specific pharmacological properties, are engaged in different forms of synaptic plasticity and modulate different behavioral functions (Mechoulam and Parker, 2013).

The CB type 1 (CB1) and type 2 (CB2) receptors are coupled to G-protein, and their signal transduction is mediated by the inhibition of adenylyl cyclases and voltage-gated calcium channels (e.g., N-type, P/Q-type and L-type calcium currents), and by the activation of mitogen-activated protein kinases (MAPK) and inwardly rectifying potassium channels (Howlett et al., 2002; Lu and Mackie, 2015). AEA is a high affinity, CB1-selective partial agonist, whereas 2-AG is a moderate affinity, CB1/CB2 full agonist (Sugiura et al., 2000). AEA activates also peroxisome proliferator-activated receptors-alpha and transient receptor potential vannilloid-1 channels (Maccarrone et al., 2010). In humans, CB1 is localized preferentially in the terminals of central and peripheral neurons and glial cells, where it regulates neurotransmitter release and psychoactivity (Egertová et al., 2003; Sánchez and García-Merino, 2012). As far as peripheral tissues, CB1 is also expressed in heart, uterus, testis, liver and small intestine, as well as in immune cells (Maccarrone et al., 2001; Nong et al., 2001; Klein et al., 2003) and adipose tissue (Spoto et al., 2006).

CB2 was dubbed the “peripheral cannabinoid receptor” as a result of in situ hybridization study that showed high CB2 mRNA expression in spleen, whereas no expression was observed in the brain (Shire et al., 1996; Griffin et al., 2000; Brown et al., 2002). Besides the cells of the immune and hematopoietic systems (e.g., leukocytes, spleen and tonsils), CB2 receptors were found also in other peripheral organs, such as muscle, liver, intestine and testis (Liu et al., 2009). However, CB2 receptor can be also detected in the central nervous system (CNS) (albeit at a lower expression level than CB1receptors) (Núñez et al., 2004; Van Sickle et al., 2005), where its expression is significantly increased following a number of stressful conditions (Viscomi et al., 2009). In particular, CB2 receptor expression is found in neurons within the brainstem, microglia and astrocytes only after specific insults (e.g., neuroinflammation), whereas it cannot be detected in resting microglia (Van Sickle et al., 2005; Núñez et al., 2008; Cabral and Griffin-Thomas, 2009).

In the last decade, increasing evidence has shown that CB receptors may act as CB1-CB2 receptor heteromers in the brain (Callén et al., 2012). In fact, the expression of CB1-CB2 receptor heteromers was determined in a variety of brain regions, such as the nucleus accumbens, pineal gland and globus pallidus (Callén et al., 2012). Due to this tight functional interaction between CB receptors, the response to molecules acting as agonists or antagonists may be different when a CB receptor is engaged in heteroreceptor complexes. Although the clinical relevance of this phenomenon is not entirely clear, additional studies are needed in order to shed further light on this important functional interaction.

eCBs after their actions are rapidly eliminated by cellular uptake and enzymatic hydrolysis. To this regard, AEA is mainly inactivated by fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996; Dinh et al., 2002), whereas 2-AG is predominantly catalyzed by monoacylglycerol lipase (Dinh et al., 2002).

As previously reported, CB1 receptor expression is abundant in the CNS, where it seems to mediate the psychoactive effects of cannabis (Mackie, 2005). Therefore, the scarcity of CNS CB2 receptors makes CB2 selective drugs attractive as therapeutics as they would presumably invoke minimal psychoactive responses. In support of this hypothesis, CB2 knockout mice demonstrated typical behavioral responses to THC but lost their normal immune responsiveness to THC (Buckley et al., 2000). CB2 levels are also increased under certain conditions and disease states further adding to its attractiveness as a potential therapeutic target (Zhang et al., 2003; Wotherspoon et al., 2005; Yiangou et al., 2006).

Therefore, we will review the role of eCB system in two chronic neurodegenerative diseases, in which the neuroprotective effects following CB receptors modulation have been reported in different studies. Specifically, we will focus on the role of CB2 receptors and their agonists, as potential therapeutical targets in Alzheimer's disease (AD) and Parkinson's disease (PD).



ROLE OF CB2 RECEPTOR IN THE NEURODEGENERATION AND NEUROPROTECTION

Recently, much research has paid attention to the neuroprotective effects of compounds targeting the eCB system. In particular, these studies have focused on identifying molecular targets within the eCB system that may lead to neuroprotection against the most prevalent neurodegenerative disorders (Fernández-Ruiz et al., 2010, 2015).

One of the most important features of CBs as potential neuroprotectants is their broad-spectrum of activity. This aspect is particularly important in neurodegenerative diseases since declines in neural function are likely due to the concerted involvement of different insults including protein misfolding, neuroinflammation, excitotoxicity, oxidative stress and mitochondrial dysfunction (Serviddio et al., 2011; Cassano et al., 2012, 2016; Aureli et al., 2014). All these pathological processes appear to be modulated by the eCB signaling system. In fact, during aging and neuroinflammation (or when both are present together) there is a widespread disruption of brain tissue homeostasis that involves eCB signaling, and this contributes to specific dysfunctions in cell function.

Although the CNS is considered a relatively immune-privileged tissue, it is able to initiate an endogenous immune response. To this regard, astrocytes and microglia are the main innate immune response effectors in brain parenchyma (Halliday and Stevens, 2011).

The most extensively studied mechanism of neuroprotection includes the anti-inflammatory effects of the CB2 receptors, in which CB2 protects the brain by restraining inflammatory processes (Benito et al., 2008; Cabral and Griffin-Thomas, 2009). In particular, CB2 receptor activation modulates the release of cytokines, protein molecules responsible for the regulation of immune function and inflammatory responses (Mecha et al., 2016; Turcotte et al., 2016). Differently, the CB1 receptor has been implicated in protection against cell death induced by an overstimulation of excitatory receptors and concurrent calcium release, also known as excitotoxicity (Vendel and de Lange, 2014). CB receptors, therefore, may have an impact on neurodegenerative diseases through two main ways, restraining exitotoxic and immunological processes (Di Iorio et al., 2013).

Moreover, it has been demonstrated that changes in the expression of CB receptors may be time-dependent and could occur both in the brain and peripheral tissues at different stages of the neurodegenerative process (Bedse et al., 2014, 2015; Di Marzo et al., 2015). For this reason, targeting the CB receptors for therapeutic benefit needs more caution. To this regard, CB1 activity was higher at earlier AD stages in limited hippocampal areas and internal layers of the frontal cortex, but a decrease was observed during the advanced stages (Lastres-Becker et al., 2001; Manuel et al., 2014; Rodríguez-Cueto et al., 2014). The increased CB1 receptor activity during the initial stages of AD may indicate neuroprotective action mediated by eCBs in response to initial neuronal damage.

However, CB1 receptors are not usually considered as realistic targets for neuroprotection, because during neurodegenerative processes it has been described a progressive loss of specific populations of neurons that express CB1 receptors (Ramírez et al., 2005; Solas et al., 2013). In line with these results, our group (Bedse et al., 2014), but also Kalifa et al. (2011) reported a decrease in CB1 protein expression in transgenic mice models of AD.

In contrast, CB2 receptors are generally less expressed in the neurons of healthy brains, but their expression increases dramatically in reactive microglia and activated astrocytes during neuroinflammation (Stella, 2010; Di Marzo et al., 2015; Fernández-Ruiz et al., 2015). Therefore, the CB2 receptors have the potential to restrain the inflammatory processes that contribute to the declines in neural function occurring in a number of neurodegenerative disorders.



CB2 RECEPTORS AND ALZHEIMER'S DISEASE

AD is a devastating neurodegenerative disease leading to progressive cognitive dysfunction. The iconic hallmarks of AD are Aβ plaques, neurofibrillary tangles (NFTs) and a deficiency in cholinergic neurotransmission. It is widely accepted that the deposition of Aβ initiates an inflammatory process leading to neurodegeneration (McGeer et al., 2000; Walsh and Selkoe, 2004). Microglial cells are the resident CNS phagocytes of the immune system that mediate inflammatory responses to pathogens and injury by inducing release of pro-inflammatory cytokines including interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α). IL-1β and TNF-α are considered as primary cytokines responsible for chronic inflammation in AD (Sastre et al., 2006). Microglia-derived pro-inflammatory cytokines, in turn, aggravate and propagate inflammation throughout the brain. In fact, IL-1β released from microglia can induce the upregulation of nuclear factor-kappa B (NFκB), MAPK, and Jun-N-terminal kinase (JNK) signaling in neurons and astrocytes, leading to increased inflammatory process and tau phosphorylation, respectively (Sastre et al., 2006; Munoz and Ammit, 2010). Additionally, Aβ oligomers can induce production of inducible nitric oxide synthase (iNOS), nitric oxide (NO), and TNF-α in astrocytes (White et al., 2005). NO secreted from astrocytes induces abnormal tau hyperphosphorylation in neurons, which prompts an accumulation of NFTs in axons, leading to a disruption of synaptic plasticity and neuronal death (Duan et al., 2012). Moreover, the activation of toll-like receptors (TLR; e.g., TLR-4), involved in pathogen recognition and activation of innate immunity, can also activate the MAPK and NFκB pathways, as well as members of the caspase family responsible for hyperphosphorylation of tau (Churcher, 2006; Reed-Geaghan et al., 2009; Rohn, 2010; Arroyo et al., 2011). Activation of these signaling cascades in neurons could further inhibit synaptic plasticity.

Support for the involvement of the CB2 receptors in AD pathology is provided by a number of preclinical and human studies. In particular, post-mortem brains from patients with AD have shown that CB2 receptors are upregulated in cells that are associated with Aβ-enriched neuritic plaques (Benito et al., 2003; Ramírez et al., 2005; Grünblatt et al., 2009; Halleskog et al., 2011; Mulder et al., 2011; Solas et al., 2013). Apart from human studies, transgenic models of AD have also revealed overexpression of CB2 receptors in brain areas affected by AD-pathology (Horti et al., 2010). Increased CB2 mRNA in peripheral blood has been suggested as a peripheral biomarker for the early diagnosis of AD (Grünblatt et al., 2009). Moreover, an increase in CB2 receptors was also observed in rats and C6 astroglioma cells pre-treated with Aβ42 (Esposito et al., 2007).

All these effects may be counteracted by the activation of CB2 receptors, and mechanistic insights of the beneficial effects provided by CB2 receptor stimulation in AD has been provided (Ehrhart et al., 2005; Ramírez et al., 2005; Sheng et al., 2005; Chen et al., 2010; Fakhfouri et al., 2012; Martin-Moreno et al., 2012) (Table 1). In particular, the CB2 agonist, JWH-015, significantly attenuated CD40-mediated inhibition of microglial phagocytosis of Aβ42 by interfering with the Janus kinase/Signal transducer and activator of transcription 1 (JAK/STAT1) pathway (Benveniste et al., 2004; Ehrhart et al., 2005). Interestingly, CP55940 (CB1/CB2 full agonist) and JWH-015 treatment significantly reduced the interferon-gamma- (IFN-γ)-induced CD40 expression in microglial cells (Ehrhart et al., 2005).



Table 1. CB2 receptor agonists and their beneficial effects in neurodegenerative diseases (AD and PD).
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Ramírez and colleagues demonstrated the effects of CB receptor agonists on microglial activation (Ramírez et al., 2005). Authors studied in vitro the effects of WIN55,212-2, the mixed CB1/CB2 agonist devoid of antioxidant properties (Howlett et al., 2002; Marsicano et al., 2002), HU-210 and JWH-133, respectively CB1 and CB2 selective agonist, in Aβ-induced microglial cells (Ramírez et al., 2005). As expected, Aβ peptide activated microglial cells and this was associated with increased mitochondrial activity, TNF-α release, cellular morphological changes and secretion of pro-inflammatory cytokines. Cannabinoid treatments prevented the enhancement of TNF-α release and counteracted Aβ-mediated activation of microglia (Ramírez et al., 2005).

The protective properties of WIN55,212-2 were also demonstrated in Aβ-induced neurodegeneration in rat hippocampus. WIN55,212-2 significantly improved memory functions and decreased the elevated levels of neuroinflammatory markers like TNF-α, activated caspase-3, and nuclear NFκB. The use of antagonists confirmed that these neuroprotective effects of WIN55,212-2 were partially mediated by CB1 and CB2 receptors (Fakhfouri et al., 2012). Moreover, WIN55,212-2, through CB2 receptors, inhibited iNOS and NO production, the release of chemokines (CXCL10, CCL2, and CCL5) and TNF-α from IL-1β-activated human fetal astrocytes (Sheng et al., 2005). The CB1 and CB2 receptor-specific antagonists SR141716A (Micale et al., 2013) and SR144528 (Saito et al., 2010), respectively, partially blocked this suppressive effect, which suggests the involvement of both receptors (Sheng et al., 2005).

Furthermore, the effects of cannabinoids were studied in transgenic murine models of AD treated chronically with WIN55,212-2 or JWH-133, a potent selective CB2 receptor agonist (Martin-Moreno et al., 2012). JWH-133 was able to reduce cognitive impairments and decrease microglial activation in Tg2576 mice, while WIN55,212-2 was ineffective. Moreover, both cannabinoids significantly reduced the increase of COX-2, TNF-α, and cortical Aβ levels, suggesting a critical role of CB2 in inflammatory processes in AD (Martin-Moreno et al., 2012) (Figure 1).


[image: image]

FIGURE 1. Schematic representation of anti-inflammatory and neuroprotective actions of CB2 agonists in AD and PD. AD and PD are characterized respectively by the deposition of Aβ and α-synuclein proteins which in turn are directly or indirectly involved in microglial and astrocytic activation. This activation of microglia and astrocytes triggers a neuroinflammatory and immune response which contributes to the progression of AD and PD. The pharmacological activation of microglial and astrocytic CB2 cannabinoid receptors with CB2 agonists is a promising therapeutic approach because it promotes anti-inflammatory and neuroprotective effects such as the suppression of pro-inflammatory cytokine release and an increases in anti-inflammatory molecules.



From this scenario has emerged that the pleiotropic effects of CB2 agonists and the growing number of preclinical effects on AD rodent models should engage the interest of the research community and be seen as a valuable potential alternative treatment strategy to slow the progression and reduce the symptoms of cognitive decline in AD.



CB2 RECEPTORS AND PARKINSON'S DISEASE

PD, the second most common neurodegenerative disease, is characterized by the progressive loss of dopaminergic neurons primarily in the substantia nigra (SN) affecting the circuits of the basal ganglia resulting in bradykinesia, rigidity and tremors (de Lau and Breteler, 2006; Branchi et al., 2008, 2010; Bartels and Leenders, 2009). Current treatments include dopaminergic replacement therapies, which do alleviate some of the symptoms but there are no available therapies that reverse any of the underlying pathological mechanisms (Calne et al., 2005; Trapani et al., 2011; Denora et al., 2012; Di Gioia et al., 2015).

Moreover, there is an urgent need for a novel intervention aimed at the prevention of dyskinesia induced by long-term treatment with levodopa. To this regard, a randomized double-blind crossover study showed that cannabis, which contains more than 70 different cannabinoids (Mechoulam, 2005), failed to demonstrate efficacy in treating dyskinetic patients with PD (Carroll et al., 2004). Unfortunately, the latter study suffered from methodological issues such as including small numbers of patients, and having inadequate power to detect a small change in dyskinesia.

PD is accompanied by multiple changes in the brain that underlie the progression of the disease. In this context, inflammation is an important pathogenic factor in sporadic PD, where it is thought to disable or kill dopaminergic neurons of the SN, which contributes to the dopaminergic denervation of the striatum.

The involvement of inflammation in PD has been initially investigated by McGeer et al. (1988), who showed microglia activation in the SN of patients at post-mortem. Afterwards, more evidence has accumulated that highlights the role of the neuroinflammation in the pathogenesis of PD. In line with this, in vivo studies using structural brain imaging have demonstrated in the nigrostriatal system of PD patients the presence of activated microglia and an increase of proinflammatory cytokines, including TNF-α, IL-1β, IL-2, IL-4, and IL-6 (Ouchi et al., 2005; Gerhard et al., 2006; Taylor et al., 2013).

α-synuclein (α-syn), the major component of Lewy bodies, is another pre-disposing element in PD etiology (Spillantini et al., 1998; Aureli et al., 2014). Missense mutations in the α-syn gene have been identified to cause autosomal dominant familial PD (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004). Several lines of evidence suggest that α-syn may play an important role in the microglia-mediated inflammatory response in PD (Zhang et al., 2005; Austin et al., 2006; Reynolds et al., 2007, 2008; Thomas et al., 2007; Gao et al., 2008; Klegeris et al., 2008; Aureli et al., 2014). It is believed that genetic and environmental factors may initiate the neurodegeneration, which is further sustained or exacerbated by neuroinflammation leading to a “self-sustaining” process (Tansey and Goldberg, 2010). Therefore, effective anti-inflammatory intervention may arrest this cyclical process and counteract the neuroinflammation-induced neuronal degeneration.

Recently, in post-mortem study it has been demonstrated that PD patients showed elevated expression of CB2 receptors in microglial cells of SN (Gómez-Gálvez et al., 2016). In this context, as for AD, converging evidence indicates that CB2 receptor may represent a promising anti-inflammatory target in PD (Figure 1, Table 1). This hypothesis comes from numerous studies where the pharmacological activation of microglial CB2 receptors produced a reduction of microglial activation and functional deficits in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD (Price et al., 2009), the suppression of pro-inflammatory cytokine release (Molina-Holgado et al., 2002; Klegeris et al., 2003; Ehrhart et al., 2005), and an increase in anti-inflammatory cytokines (Molina-Holgado et al., 2003). Moreover, CB2 receptor–deficient mice have shown an exacerbation of the PD pathology with increased microglial activation, neural alterations and functional deficits. Similar effects were also observed in other models of PD, such as MPTP-lesioned and lipopolysaccharide- (LPS)-injected mice (Price et al., 2009; García et al., 2011; Gómez-Gálvez et al., 2016). Moreover, the genetic ablation of the CB2 receptor protects against nigro-striatal damage following 6-hydroxydopamine (6-OHDA) lesion in mice (Ternianov et al., 2012).

Neuroprotection has been provided by synthetic cannabinoids such as the CP55,940, CB1/CB2 full agonist (Jimenez-Del-Rio et al., 2008), which acts through CB receptor-independent mechanisms, and involves the control of endogenous antioxidant defenses. In particular, authors found that CP55,940 protects Drosophila melanogaster mutants which lack CB receptors (McPartland et al., 2001; Elphick and Egertová, 2005), and alleviates the toxicity induced by paraquat (Jimenez-Del-Rio et al., 2008). The latter effect was exerted by the inactivation of JNK signaling and CB receptors were not involved (Jimenez-Del-Rio et al., 2008). Other findings concerning the possible off-target effects of CB agonists were obtained also from in vivo studies, in which mice genetically deleted of CB receptors were treated with molecules targeting “non-cannabinoids” receptors (see for review Pertwee et al., 2010).

Selective CB2 receptor agonists induced gains of function in MPTP-lesioned mice (Price et al., 2009) and LPS-injected mice (García et al., 2011), but not in 6-OHDA-lesioned rats (García-Arencibia et al., 2007). The lack of effects of CB2 agonists may be due to a lower inflammatory response induced by 6-OHDA compared to that caused by LPS and MPTP (Price et al., 2009; García et al., 2011). In particular, HU-308, the selective CB2 agonist, reversed the LPS-induced reduction of tyrosine hydroxylase positive (TH+) neurons and the elevation of CD68 immunostaining in the striatum, which identifies activated microglia and infiltrated peripheral macrophages. Moreover, authors found that HU-308 significantly reduced increases in striatal iNOS gene expression following an LPS insult (Gómez-Gálvez et al., 2016). In line with these results, García and colleagues found that HU-308 preserved TH+ neurons in the SN of LPS-injected mice (García et al., 2011).

A comprehensive study conducted by Price et al. (2009) demonstrated that the chronic treatment with the non-selective CB receptor agonist WIN55,212-2 protected against MPTP-induced loss of TH+ neurons in the SN pars compacta (SNc), independently of CB1 receptor activation. In fact, the authors found that WIN55,212-2 was still able to protect TH+ neurons from MPTP-lesioned CB1 receptor–deficient mice. Moreover, WIN55,212-2 increased the levels of dopamine and 3,4-dihydroxyphenylacetic acid in the SNc and dorsal striatum of MPTP-lesioned mice and reversed MPTP-associated motor deficits. WIN55,212-2 or JWH015, agonist of CB2 receptor, reduced MPTP-induced microglial infiltration. The suppressive effect of WIN55,212-2 and JWH015 on microglia was due specifically to CB2 activation as it was reversed by the CB2 antagonist JTE (Price et al., 2009).

Unlike targeting CB2 receptor signaling, the activation of CB1 receptors may cause hypokinetic side effects that could aggravate the major symptoms of PD, such as bradykinesia (García-Arencibia et al., 2009). Therefore, the modulation of CB1 receptors seems not to be a promising target for therapeutic intervention in PD. However, CB1 activation may alleviate the levodopa-induced dyskinesia, a motor complication resulting from long-term use of levodopa (Morgese et al., 2007, 2009).

Taken together these results demonstrate that CB2 receptors play an important role in the pathophysiology of PD and that their activation with selective agonist may lead to neuroprotective effect in the neurodegenerative processes of PD.



CONCLUSIONS

Several lines of evidence suggest a major involvement of inflammation in the neurodegenerative process and therapeutic intervention strategies limiting the inflammatory responses secondary to microglial activation have been proposed by different authors based on many preclinical researches. Furthermore, recent approaches to the development of novel therapeutic strategies for neurodegenerative diseases have focused on their neuroprotective properties rather than concentrating on palliating symptoms of the diseases. Because cannabinoids possess both anti-inflammatory and neuroprotective actions, the use of CB2 receptor agonists offers an interesting, novel and promising therapeutic approach for a range of neurodegenerative disorders.

Moreover, modulation of CB2 receptor function has considerable therapeutic advantages over the modulation of the CB1 receptor, since the selective expression of CB2 receptors on the microglial cells provides a highly specialized target, without the psychoactivity due to CB1 activation. Although more studies are necessary to dissect the molecular mechanisms which lead to changes in CB2 receptor expression in AD and PD, these studies suggest that CB2 receptors may be key regulators of neuroinflammation and may be successfully targeted by therapeutic intervention.
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The CB2 receptor is one of the components of the endogenous cannabinoid system, a complex network of signaling molecules and receptors involved in the homeostatic control of several physiological functions. Accumulated evidence suggests a role for CB2 receptors in Alzheimer's disease (AD) and indicates their potential as a therapeutic target against this neurodegenerative disease. Levels of CB2 receptors are significantly increased in post-mortem AD brains, mainly in microglia surrounding senile plaques, and their expression levels correlate with the amounts of Aβ42 and β-amyloid plaque deposition. Moreover, several studies on animal models of AD have demonstrated that specific CB2 receptor agonists, which are devoid of psychoactive effects, reduce AD-like pathology, resulting in attenuation of the inflammation associated with the disease but also modulating Aβ and tau aberrant processing, among other effects. CB2 receptor activation also improves cognitive impairment in animal models of AD. This review discusses available data regarding the role of CB2 receptors in AD and the potential usefulness of specific agonists of these receptors against AD.
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OVERVIEW OF ALZHEIMER'S DISEASE

Alzheimer's disease (AD) is an age-dependent neurodegenerative disorder characterized by slowly progressive cognitive decline with fatal outcome. To date, no effective treatment is available. Dementia due to AD occurs in one in nine people aged 65 and in about one in four at the age of 85 (Hebert et al., 2013). Prevalence is expected to grow in coming decades as the size and proportion of the older population continue to increase due to the rise in life expectancy in developed countries (Hebert et al., 2013).

AD is morphologically distinguished by the presence in the brain of senile plaques, mainly composed of different species of fibrillar β-amyloid (Aβ) produced by the cleavage of the β-amyloid precursor protein (APP), and neurofibrillary tangles composed of various isoforms of hyper-phosphorylated and truncated tau protein. Senile plaques are surrounded by dystrophic neurites, reactive astrocytes, and microglia. Neurofibrillary tangles first appear in selected nuclei of the brain stem, and entorhinal and transentorhinal cortex, and then progress to the hippocampus and limbic system, and finally to most of the telencephalon (Braak and Braak, 1991). The development and progression of senile plaques does not parallel the evolution of tau pathology in sporadic AD (Thal et al., 2002). Aβ and tau misfolded proteins compromise neural activity due to an increase in toxic function and/or loss of their normal function, thus contributing to the decline of neuronal organization manifested as synaptic dysfunction and neuronal death (Duyckaerts and Dickson, 2011; Ferrer, 2012). A self-propagating process of misfolded proteins has been suggested to explain disease progression (Jucker and Walker, 2013). Aβ and misfolded tau aggregate into seeds that are able to modify native proteins causing them to aggregate and to form pathogenic assemblies in a prion-like way (Meyer-Luehmann et al., 2006; Clavaguera et al., 2009; Stöhr et al., 2012).

It is important to note that AD-related pathology begins more than 20 years before the onset of dementia. First stages of AD in which lesions are restricted to the brain stem and inner parts of the temporal lobe are usually asymptomatic. About 80% of individuals aged 65 present senile plaques and/or neurofibrillary tangles in specific brain areas but only about 5% of them suffer from dementia. This is an important point as AD-related pathology is common in the elderly but this does not inevitably lead to dementia. AD changes restricted to the inner temporal lobe can progress slowly and be well tolerated in some individuals. Only the accumulation of lesions in certain individuals determines a progression of the neurodegenerative disease, which leads to dementia once reached determinate threshold (Ferrer, 2012). The slow progression of the neurodegenerative process visualizes a putative temporal window for therapeutic intervention. However, to date most therapeutic interventions aimed at modifying a single pathological factor (e.g., cholinergic dysfunction, inflammation, Aβ and/or tau aberrant processing) have failed because of their limited benefit or for safety reasons (Scheltens et al., 2016). Considering that multiple alterations are concomitant to Aβ and tau aberrant processing in AD (Ferrer, 2012), compounds with pleiotropic activity which will target in parallel several processes that play key roles in AD are expected to yield greater benefits than those obtained by current therapies (Bolognesi et al., 2009; Frautschy and Cole, 2010). Inflammation, mitochondrial dysfunction, oxidative stress, and impaired function of degradation pathways are the most prominent concomitant pathological events (Keller et al., 2000; Ferrer, 2009; Sultana and Butterfield, 2010; López-González et al., 2015), as briefly described in the following paragraphs. These alterations are potential targets of therapeutic intervention.

Inflammation has been proposed as a key factor in the pathogenesis of AD. This is characterized by microglial activation, reactive astrocytes and elevated expression of cytokines and mediators of the inflammatory response. It has been proposed that microglial activation in AD can have beneficial and detrimental effects depending on the stage of the disease. Thus, the acute microglial reaction aims at removing the abnormal protein aggregates appearing at the early stages of the disease. However, cumulative formation of aberrant protein aggregates drives to chronic inflammation which has detrimental consequences due to the sustained exposure to chemokines, cytokines and other inflammatory mediators (Heneka et al., 2015). Conversion of microglia from detrimental (M1) to beneficial (M2) phenotype may be achieved by modulation of pro-inflammatory signaling pathways such as the NLRP3 inflammasome (Heneka et al., 2013). Similar to microglial cells, astrocytes contribute to inflammation in AD by releasing cytokines, interleukins, nitric oxide (NO), and other toxic molecules in response to Aβ exposure at the time they also participate in the internalization and degradation of Aβ (Heneka et al., 2015). However, anti-inflammatory treatments failed to produce beneficial effects in patients with severe cognitive impairment and dementia. This fact is probably due to the fact that inflammatory responses in AD differ not only depending on the stage of the disease but also on the region involved (López-González et al., 2015). That means that inflammatory responses in some regions have a beneficial phenotype whereas they have a deleterious phenotype in other regions in the same individual, thus stressing the need to identify new regulators or modulators of the inflammatory response that can be adapted to specific molecular targets (López-González et al., 2015).

Altered mitochondria are also key factors in the pathogenesis of AD. This includes impaired energy metabolism and increased production of free radicals with subsequent oxidative and nitrosative damage affecting lipids, proteins and nucleic acids (Sultana and Butterfield, 2010). These alterations are already observed in the entorhinal cortex at early stages of AD ultimately leading to neuron exhaustion (Ferrer, 2009). Several studies in AD transgenic mouse models support the potential beneficial effect of compounds targeting mitochondrial dysfunction although the clinical benefit of such drugs in humans is still not known (Onyango et al., 2016).

Finally, another prominent concomitant pathological event in AD is impaired function of degradation pathways (Keller et al., 2000). Oxidative damage and some other pathological events may alter protein structure and function in AD. These modified proteins have to be removed to prevent their toxic accumulation. However, the ubiquitin-proteasome system and autophagy mechanisms are impaired due to the toxic effects of Aβ and oxidative stress damage thus leading to the accumulation of oxidized/unfolded proteins that may contribute to neuronal loss (Tramutola et al., 2016).



ENDOGENOUS CANNABINOID SYSTEM: A ROLE IN NEURODEGENERATIVE DISEASES

Among the candidates to fulfill the requirements for novel effective multi-target therapies against neurodegenerative diseases are newly emerging compounds that target the endogenous cannabinoid system (ECS; Aso and Ferrer, 2014; Fagan and Campbell, 2014; Fernández-Ruiz et al., 2015). Interest in the ECS derives from the pleiotropic activity of this complex network of lipid molecules and receptors, which is involved in homeostatic control of several physiological functions in brain and other organs (Iannotti et al., 2016). The ECS is composed of (i) at least two subtypes of cannabinoid Gi∕o-coupled receptors, CB1 and CB2 (Pertwee et al., 2010), (ii) certain endogenous ligands, mainly arachidonoylethanolamine or anandamide (AEA) and 2-arachidonoylglycerol (2-AG) derived from the membrane phospholipids (Pertwee, 2015), (iii) several enzymes responsible for endocannabinoid biosynthesis and metabolism (Ligresti et al., 2005), and (iv) molecules linked to the cellular uptake and transport of certain endocannabinoids (Fowler, 2013). CB1 receptors are the most abundant cannabinoid receptors and are located in brain, mainly in neurons but also in glial cells, and in peripheral tissues (Hu and Mackie, 2015). CB1 activity regulates important brain functions including cognition and memory, emotion, motor control, feeding, and pain perception, by modulating excitatory and inhibitory neurotransmission (Wilson and Nicoll, 2002; Howlett, 2005). Moreover, CB1 receptors mediate psychoactive effects of cannabis derivatives (Maldonado et al., 2011). In contrast, activation of CB2 receptors is not accompanied by psychoactive effects (Buckley et al., 2000). CB2 was initially considered a peripheral cannabinoid receptor because in situ hybridization analysis revealed high levels of CB2 mRNA in spleen but levels below the detection thresholds in brain. CB2 receptors were demonstrated to modulate immune cell migration and the release of cytokines in cells of the immune system (Cabral and Griffin-Thomas, 2009). However, more recent findings have shown that CB2 receptors are also present in other tissues including the central nervous system (Atwood and Mackie, 2010). CB2 receptors are highly inducible and under certain conditions are expressed in brain, mainly by microglia, with levels increasing as these immune cells are activated. CB2 modulates microglial migration and infiltration into brain areas with active neuroinflammation and degeneration (Walter et al., 2003; Fernández-Ruiz et al., 2008). Moreover, CB2 receptors are also present at detectable and functional levels in a subset of neurons with increasing expression levels following injury (Atwood and Mackie, 2010). Apart from the regulation of inflammatory processes, some experimental designs also suggest that CB2 receptors may play a role in nociception (Jhaveri et al., 2007; Whiteside et al., 2007), gastrointestinal function (Wright et al., 2008), neural progenitor cell proliferation and axon guidance (Palazuelos et al., 2012; Duff et al., 2013), and synaptic transmission (Kim and Li, 2015; Li and Kim, 2016), among other functions. Most of the evidence comes from pharmacological studies using specific CB2 agonists and antagonists, and from genetically manipulated mice. However, the location of CB2 receptors mediating such effects is not conclusively documented.

As mentioned before, the ECS has a pleiotropic activity and is able to modulate several alterations occurring during normal and pathological aging, including protein misfolding, inflammation, excitotoxicity, mitochondrial dysfunction, and oxidative stress (Bilkei-Gorzo, 2012; Aso and Ferrer, 2014; Fagan and Campbell, 2014; Fernández-Ruiz et al., 2015). Evidence about the role of ECS on aging derives from observations in genetic models. Thus, deficiency in CB1 receptors contributes to acceleration of aging (Bilkei-Gorzo et al., 2005, 2012) whereas deletion of the endocannabinoid degrading enzyme FAAH enhances age-related microglial activity and concomitant inflammatory responses in brain (Ativie et al., 2015). In contrast, stimulation of certain ECS components produces beneficial effects in experimental models of neurodegenerative diseases (Aso and Ferrer, 2014; Fagan and Campbell, 2014; Fernández-Ruiz et al., 2015). These findings demonstrate a role for ECS in normal and pathological aging that has sustained interest in developing therapies against neurodegenerative diseases based on ECS modulation. Major attention has been focused on the use of cannabinoid agonists, but the psychoactive effects elicited by compounds targeting CB1 receptors have served to limit their potential development in clinical practice. For this reason, the study of specific CB2 agonists which are devoid of psychoactive effects is promising, although detailed clinical evaluation is still needed (Atwood et al., 2012).



CB2 RECEPTORS IN AD BRAINS

A few studies have addressed the analysis of CB2 contents in AD brain but all of them have resulted in similar findings. A significant increase in CB2 receptor levels has been found in post-mortem AD brains mainly expressed in microglia surrounding senile plaques (Benito et al., 2003; Ramírez et al., 2005; Solas et al., 2013). Similarly, enhanced CB2 PET binding has been reported in the brain in an animal model of AD (Savonenko et al., 2015). In addition, CB2-specific staining is also observed in tangle-like bearing neurons and in dystrophic neurites from frontal cortex in AD (Ramírez et al., 2005). Interestingly, expression levels of CB2 receptors correlate with Aβ42 levels and plaque deposition although not with cognitive status (Solas et al., 2013), thus suggesting that these pathogenic events induce CB2 receptor expression. The strong induction of CB2 receptors in affected microglia is therapeutically advantageous since it would permit their selective activation in damaged tissues, thereby minimizing the possibility of deleterious side effects. However, CB2 receptors in AD brain are nitrosylated, probably as a consequence of microglial activation and peroxynitrite radical formation, and this may contribute to the impaired coupling of these receptors to downstream effector signaling molecules (Ramírez et al., 2005). Nevertheless, the functionality of CB2 receptors seems to be at least partially preserved in AD according to the results of pharmacological experiments carried out in AD models, as described in the following sections.



CB2 RECEPTOR AS A THERAPEUTIC TARGET IN AD: EVIDENCE FROM EXPERIMENTAL MODELS

During the last decade, a number of studies have provided experimental evidence about the potential therapeutic properties of compounds targeting CB2 receptors in cellular and animal models that mimic a variety of AD-related changes. A summary of pharmacological findings supporting this hypothesis is shown in Table 1. Moreover, at least three different genetically manipulated murine models have recently been created to further demonstrate a role for CB2 receptors in this neurodegenerative disease (Table 2). Most of these assays are focused on the potential benefit derived from the well-known anti-inflammatory properties of CB2 agonists, but some of them also reveal the capacity of CB2 receptors to modulate Aβ and hyper-phosphorylated tau levels, among other molecular alterations.


Table 1. Pharmacological evidence of CB2 receptor as a therapeutic target in AD.
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Table 2. Evidence about the role of CB2 receptors in AD obtained from genetically modified mice.
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Anti-Inflammatory Effects of CB2 Receptor Activity

Inflammation is common in most neurodegenerative diseases including AD, and it may contribute to progressive neuronal damage. Microglia play a major role in neuroinflammation. Activated microglia produce cytokines and mediators of inflammatory response which, in combination with neurons and astrocytes, create a complex cytokine cycle with deleterious consequences in brain when sustained over time (Heneka et al., 2014; McGeer and McGeer, 2015). CB2 receptors, mainly expressed in microglia, inhibit microglia-mediated neurotoxicity by reducing the production of pro-inflammatory molecules and by modulating macrophage migration in several pathological conditions (Cabral and Griffin-Thomas, 2009). In addition, CB2 activity facilitates the transformation of microglial cells from the M1 to M2 phenotype which is suggested to favor phagocytosis and reparative mechanisms (Mecha et al., 2015). As summarized in Table 1, a number of studies have shown anti-inflammatory effects of CB2 agonists in different models of AD. Thus, in vitro experiments have demonstrated that the selective agonists JWH-015, JWH-133, and HU-308, and the mixed CB1–CB2 receptor agonists WIN55,212-2 and HU-210 reduce the release of pro-inflammatory cytokines in microglial cell cultures exposed to different species of the toxic Aβ peptide (Ehrhart et al., 2005; Ramírez et al., 2005; Martín-Moreno et al., 2011). These findings may be the result of CB2 agonists reducing microglial activation by decreasing intracellular calcium concentration, as demonstrated in microglial cell cultures (Martín-Moreno et al., 2011). Moreover, JWH-133 and WIN55,212-2 promote microglial migration, which facilitates the phagocytosis of aggregated Aβ (Martín-Moreno et al., 2011). CB2 agonist JWH-015 facilitates Aβ-induced astrocytic proliferation in cell culture which participates in the inflammatory process as well (Esposito et al., 2007). These findings have been corroborated in vivo by the administration of selective CB2 and mixed CB1–CB2 receptor agonists to rats and mice inoculated with Aβ into the brain, resulting in reduced levels of several pro-inflammatory cytokines and decreased microglia reactivity to the Aβ insult (Ramírez et al., 2005; Esposito et al., 2007; Martín-Moreno et al., 2011; Fakhfouri et al., 2012; Wu et al., 2013). In some cases, the specificity of CB2-induced effects has been demonstrated by the co-administration of the selective CB2 antagonist SR144528 (Esposito et al., 2007; Martín-Moreno et al., 2011; Fakhfouri et al., 2012). Moreover, transgenic mice bearing APP mutations linked to familial AD exhibit a reduction in the number of activated microglial cells surrounding Aβ deposits and in the levels of pro-inflammatory cytokines after chronic treatment with the selective CB2 receptor agonist JWH-133 (Martín-Moreno et al., 2012; Aso et al., 2013). Considering that systemic inflammation may exacerbate the progression of AD (Lim et al., 2015) and that CB2 receptor is highly expressed in the peripheral immune system (Atwood and Mackie, 2010), it can be speculated that systemic CB2-driven actions may be also beneficial in AD.

Genetic models designed to unravel the role of CB2 receptors in AD progression have produced divergent findings regarding inflammatory responses (Table 2). A significant increase in the number of activated microglia associated with plaques has been reported in J20 APP transgenic AD mice lacking, in addition, the CB2 receptor (Koppel et al., 2014). Knocking down CB2 receptor gene in APP/PS1 mice results in a reduction of microglia reactivity and in the levels of pro-inflammatory chemokines and cytokines (Schmöle et al., 2015; Aso et al., 2016). Inhibition of monoacylglycerol lipase (MAGL), one of the main enzymes responsible for endocannabinoids degradation, results effective at reducing astroglial reaction to amyloid plaques in 5xFAD mice lacking CB2 receptor (Chen et al., 2012). However, the effect induced by the combination of Δ9-THC+CBD is reduced in APP/PS1 mice knockout for CB2 receptor (Aso et al., 2016). Divergent results may be related to the differing genetic backgrounds of mouse models, but in any case they point to a role for CB2 receptors in the control of microglial and inflammatory responses to Aβ insults.



Modulation of Aβ and Hyper-Phosphorylated Tau Processing

A number of studies have proposed a direct role for CB2 receptors in the modulation of Aβ peptide levels in brain. Most of them suggest the participation of CB2 receptors in Aβ clearance rather than in Aβ production and aggregation. In this sense, activation of CB2 receptors with the specific agonist JWH-015 facilitates Aβ phagocytosis by human macrophages in brain sections obtained from AD cases (Tolón et al., 2009) and by microglia in cell culture (Ehrhart et al., 2005). Similarly, MDA7, another potent synthetic CB2 agonist, promotes Aβ clearance in the brains of Aβ-injected rats (Wu et al., 2013). JWH-133 and WIN55,212-2 favor Aβ transport through the choroid plexus in vitro (Martín-Moreno et al., 2012). The facilitation of Aβ clearance across the blood brain barrier has also been demonstrated using the synthetic CB1–CB2 receptor agonist CB13 in in vitro and in vivo models (Bachmeier et al., 2013). These findings may explain, at least in part, the reduction in Aβ levels in APP transgenic mice after chronic treatment with the agonists JWH-133 and WIN55,212-2 (Martín-Moreno et al., 2012). A few reports have also suggested a direct effect of the mixed CB1–CB2 agonist Δ9-THC on the reduction of Aβ aggregation (Eubanks et al., 2006; Cao et al., 2014; Janefjord et al., 2014) and on the promotion of Aβ degradation (Chen et al., 2013). However, demonstration of a direct involvement of CB1 or CB2 receptors is lacking in these studies.

Further evidence of CB2 participation in Aβ processing derives from the study of AD models with genetic deletion of this receptor (Table 2). Two of the three models had increased soluble Aβ levels and increased numbers of amyloid plaques in adult mouse brains (Koppel et al., 2014; Aso et al., 2016). In the case of APP/PS1 mice lacking CB2 receptors, the increased Aβ deposition observed may be related to the reduced microglial reaction in their brains (Aso et al., 2016), considering the role of CB2 activity in promoting microglial-induced Aβ phagocytosis (Ehrhart et al., 2005; Tolón et al., 2009). These observations reinforce the hypothesis that CB2 receptors facilitate Aβ clearance whereas their absence results in greater Aβ accumulation in brain. However, a slight reduction in soluble Aβ and plaque content has been reported in aged AD mice lacking CB2 receptors (Schmöle et al., 2015), suggesting that CB2 receptor participation in Aβ processing may vary along with the progression of the neurodegenerative process.

A role for CB2 receptors in the modulation of tau hyper-phosphorylation has also been proposed. Early studies performed in cell cultures demonstrated that the mixed CB1–CB2 agonist WIN55,212-2 inhibited tau protein hyper-phosphorylation in Aβ-stimulated PC12 neuronal cells, but that this effect was mediated mainly by CB1 receptors (Esposito et al., 2006). Moreover, a specific CB2 agonist failed to modify tau hyper-phosphorylation in the same experimental conditions (Esposito et al., 2006). Δ9-THC, a mixed CB1–CB2 agonist, is able to reduce tau phosphorylation in N2a/APPswe cells (Cao et al., 2014) but no direct evidence has been found about the specific involvement of CB2 receptors in such effect. It is worth noting that in vivo experiments have demonstrated that chronic treatment with the specific CB2 agonist JWH-133 significantly reduces tau hyper-phosphorylation at the Thr181 site in the vicinity of Aβ plaques in APP/PS1 mice (Aso et al., 2013). This effect may be explained by concomitant decreased expression of active forms of GSK3β, p38 and SAPK/JNK in the vicinity of Aβ plaques in JWH-133-treated APP/PS1 mice (Aso et al., 2013). In contrast, no difference in tau hyper-phosphorylation at site Thr181 was observed in APP/PS1 mice lacking CB2 receptors (Aso et al., 2016), suggesting that the activation of these receptors may avoid tau phosphorylation but their absence does not alter the process of tau phosphorylation. Yet J20 APP mice knocked out for the CB2 receptor gene show decreased levels of total tau protein without modifications of its phosphorylation state (Koppel et al., 2014). Considering all these observations, it is clear that the role of CB2 receptors in tau processing requires further investigation, as the available information is variegated and not conclusive.



Other Effects: Neuronal Survival, Anti-Oxidative, Glucose Metabolism, and Cognition

Targeting CB2 receptors produces additional benefits in AD. Thus, CB2 receptor agonists promote cell survival in the face of Aβ insults in in vitro and in vivo models (Ramírez et al., 2005; Fakhfouri et al., 2012; Chen et al., 2013; Janefjord et al., 2014). Moreover, anti-oxidant effects have been reported for compounds activating CB2 receptors. Specifically, two studies have demonstrated that specific CB2 agonists reduce the production of free radical NO induced by Aβ exposure in microglial cell culture (Ehrhart et al., 2005; Martín-Moreno et al., 2011), although these results have not been replicated in a glioma cell line (Esposito et al., 2006). In vivo experiments also show that activation of CB2 receptors reduces oxidative stress damage and promotes anti-oxidative stress responses; chronic treatment with JWH-133 reduces hydroxynonenal adducts derived from lipid peroxidation and enhances the levels of superoxide dismutase 1 and superoxide dismutase 2 in the vicinity of plaques in APP/PS1 mice (Aso et al., 2013). The mechanisms by which CB2 receptors mediate these anti-oxidant effects remain elusive. It has been reported that the CB1–CB2 agonist Δ9-THC improves mitochondrial function (Cao et al., 2014), thus presumably contributing to a reduction in the production of free radicals, but further study is needed to support this hypothesis. Additional benefits of the activation of CB2 receptors in AD may derive from the ability of these receptors to mediate glucose uptake in brain (Martín-Moreno et al., 2012; Köfalvi et al., 2016), which may counteract the well-known glucose metabolism deficit in AD brains (Mosconi et al., 2008; Cohen and Klunk, 2014).

More importantly, CB2 selective and CB1–CB2 mixed agonists prevent memory deficits in Aβ-injected rats and mice after chronic administration (Ramírez et al., 2005; Martín-Moreno et al., 2011; Fakhfouri et al., 2012; Wu et al., 2013) and improve cognitive performance in two different transgenic mouse models of AD (Martín-Moreno et al., 2012; Aso et al., 2013). The mechanisms of action underlying cognitive improvement are assumed to be multiple and likely related mainly to the capacity of CB2 receptors to mitigate the harmful effects of several molecules produced in AD brains. In fact, AD-like mice lacking CB2 receptors display the same cognitive performance as the corresponding transgenic control mice (Schmöle et al., 2015; Aso et al., 2016), suggesting that CB2 receptors may not play a direct role on cognition.




CONCLUSIONS AND FUTURE PERSPECTIVES

Taken together, the experimental observations discussed in the present review indicate that AD induces CB2 receptor expression and that targeting CB2 receptors has beneficial effects in AD. Specifically, CB2 receptor agonists reduce inflammatory responses linked to Aβ production and deposition, facilitate Aβ clearance, increase cell viability in the presence of Aβ, and promote glucose uptake in brain. Moreover, CB2 activity likely reduces tau hyper-phosphorylation and oxidative stress damage caused by Aβ peptides (Figure 1). As a result of the combination of these effects, among others, CB2 receptor agonists induce cognitive improvement in AD models.
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FIGURE 1. Schematic representation of main effects of CB2 receptor activation reported in AD models. CB2 receptor agonists reduce the release of pro-inflammatory molecules, facilitate Aβ clearance by promoting microglia phagocytic phenotype, reduce Aβ neurotoxicity, and facilitate glucose uptake. Moreover, CB2-mediated activity reduces oxidative stress damage produced by reactive oxidative species (ROS) and tau hyper-phosphorylation.



Considering the evidence of pleiotropic activity and lack of undesirable psychoactive effects of CB2 receptors, compounds acting on such cannabinoid receptors represent a promising therapy against AD. Nevertheless, there is still no information regarding the efficacy or toxicity in human beings of compounds specifically targeting CB2 receptors, which might exhibit some side effects such as immune suppression (Pertwee, 2005). For these reasons, progress toward clinical practice requires further investigation.
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The cannabinoid type two receptors (CB2), an important component of the endocannabinoid system, have recently emerged as neuromodulators and therapeutic targets for neurodegenerative diseases including Parkinson's disease (PD). The downregulation of CB2 receptors has been reported in the brains of PD patients. Therefore, both the activation and the upregulation of the CB2 receptors are believed to protect against the neurodegenerative changes in PD. In the present study, we investigated the CB2 receptor-mediated neuroprotective effect of β-caryophyllene (BCP), a naturally occurring CB2 receptor agonist, in, a clinically relevant, rotenone (ROT)-induced animal model of PD. ROT (2.5 mg/kg BW) was injected intraperitoneally (i.p.) once daily for 4 weeks to induce PD in male Wistar rats. ROT injections induced a significant loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and DA striatal fibers, following activation of glial cells (astrocytes and microglia). ROT also caused oxidative injury evidenced by the loss of antioxidant enzymes and increased nitrite levels, and induction of proinflammatory cytokines: IL-1β, IL-6 and TNF-α, as well as inflammatory mediators: NF-κB, COX-2, and iNOS. However, treatment with BCP attenuated induction of proinflammatory cytokines and inflammatory mediators in ROT-challenged rats. BCP supplementation also prevented depletion of glutathione concomitant to reduced lipid peroxidation and augmentation of antioxidant enzymes: SOD and catalase. The results were further supported by tyrosine hydroxylase immunohistochemistry, which illustrated the rescue of the DA neurons and fibers subsequent to reduced activation of glial cells. Interestingly, BCP supplementation demonstrated the potent therapeutic effects against ROT-induced neurodegeneration, which was evidenced by BCP-mediated CB2 receptor activation and the fact that, prior administration of the CB2 receptor antagonist AM630 diminished the beneficial effects of BCP. The present study suggests that BCP has the potential therapeutic efficacy to elicit significant neuroprotection by its anti-inflammatory and antioxidant activities mediated by activation of the CB2 receptors.

Keywords: AM630, β-caryophyllene, cannabinoid agonist, neurodegeneration, neuroprotection, Parkinson's disease, rotenone, Trans-caryophyllene


INTRODUCTION

The endocannabinoid system, consisting of cannabinoid receptors type 1 and 2 (CB1 and CB2), their endogenous ligands, and the enzymes for synthesis, reuptake and metabolism of the endocannabinoids, has emerged as an important neuromodulator system for many brain functions such as learning, memory, mood, addiction, and reward processing (Hill et al., 2009; Zanettini et al., 2011). Among the cannabinoid receptors, the CB2 receptor subtype has recently gained attention as an important therapeutic target for the modulation of neuroinflammation and attenuation of activated microglia and astrocytes in the substantia nigra and striatum (Bento et al., 2008; Concannon et al., 2015). The pharmacological activation of the CB2 receptors has been shown to reduce microglial activation and improve functional deficits in neurodegenerative diseases including Alzheimer's disease (Ramírez et al., 2005), Huntington's disease (Palazuelos et al., 2009; Sagredo et al., 2009), multiple sclerosis (Palazuelos et al., 2008), and PD (Price et al., 2009). In addition to the pharmacological studies, genetic studies also demonstrate enhanced microglial activation, neural pathology and inflammation in CB2 receptor knock-out mice (Palazuelos et al., 2008; Price et al., 2009). These studies indicated that cannabinoid-related compounds activating CB2 receptors may preserve neuronal homeostasis and survival in neurodegenerative disorders, including PD (Fernandez-Ruiz et al., 2007).

Furthermore, the CB2 receptor activation has been shown to be devoid of psychotropic, adverse effects, which are frequently observed with CB1 receptor modulation. Among the cannabinoid ligands, β-caryophyllene (BCP) generated enormous therapeutic interest due to its noteworthy identification as a fully selective agonist of CB2 receptors, its affinity and binding with CB2, receptors along with favorable physicochemical and pharmacokinetic properties (Figure 1; Gertsch et al., 2008). It is one of the widely available dietary phytocannabinoids and is commonly used as a preservative, additive, and flavoring in food and cosmetics. It has been recently added to the list of “generally regarded as safe” compounds for dietary use by the United States Food and Drug Administration (Gertsch et al., 2008). Chemically, BCP is a bicyclic sesquiterpene abundantly found in the essential oils of different species such as Cinnamomum spp. and Piper spp (Passos et al., 2004; Medeiros et al., 2007). BCP is a secondary metabolite predominantly found in many dietary plants that exhibits potent and long-lasting antioxidant and anti-inflammatory properties in different models of human diseases (Sharma et al., 2016). BCP is also an important constituent of Cannabis sativa that makes one of the major ingredients of Sativex, an approved drug for multiple sclerosis in European countries and Canada (Sibbald, 2005). BCP has been shown to elicit potent pharmacological properties such as anti-inflammatory (Gertsch et al., 2008), antioxidant (Singh et al., 2006), antispasmodic (Leonhardt et al., 2010), antidepressant and anxiolytic (Galdino et al., 2012; Al Mansouri et al., 2014), and anti-addictive (Bahi et al., 2014). Pharmacologically, it has been reported to be a CB2 receptor-selective agonist with a Ki value of 155 nmol/L for human CB2 receptors, with no affinity for CB1 receptors, which causes activation of Gi/Go subtype of G-proteins (Gertsch et al., 2008). The identification and participation of CB2 receptors in mediating neuroprotection has driven special interest in the pharmacological investigation of BCP for neurodegenerative disorders including PD.
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FIGURE 1. Chemical structure of β-caryophyllene (A) and AM630 (B).



Among the neurodegenerative diseases, PD is the second most common progressive disease. It is characterized by the selective degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and depletion of dopamine neurotransmitter in the striatum (Shimohama et al., 2003). The pathogenesis of PD involves enhanced oxidative stress and mitochondrial dysfunction caused by the selective inhibition of the activity of complex I of the mitochondrial respiratory chain (Hu et al., 2010). The available evidence has shown that the decreased activity of the mitochondrial complex I has been observed in the SNpc of PD patients (Schapira, 1989) accompanied by increased oxidative/nitrosative stress (Jenner, 2003). The reactive oxygen species (ROS) generated from unregulated dopamine metabolism and auto-oxidation (Cadet and Brannock, 1998) further impair mitochondrial function (Tapias et al., 2009) and alter defensive endogenous antioxidant systems together leading to oxidative stress and contributing to progressive loss of dopaminergic neurons. Numerous studies have demonstrated that increased production of cytokines and ROS as well as induction of NADPH oxidase and inducible nitric oxide synthase (iNOS) leads to glial cells activation that contributes to PD pathology (Chen and Tansey, 2011). Therefore, interplay between the oxidative stress and subsequent neuroinflammation perpetuates neurodegeneration in PD (Lee et al., 2009).

Rotenone (ROT) induced rat model of PD was employed in the present study to investigate the therapeutic effects of BCP. ROT is a rotenoid pesticide used for understanding the pathogenesis of PD and evaluation of pharmacotherapeutic agents. It causes selective nigrostriatal degeneration, accumulation and aggregation of α-synuclein, oxidative stress, inflammation, microglial activation, abnormal locomotor activity, impaired motor functions, and disrupts mitochondrial complex I activity resulting in pathology strikingly similar to that observed in human PD patients (Betarbet et al., 2006; Cannon et al., 2009; Thakur and Nehru, 2013; Tapias et al., 2014). In the present study, we have investigated the neuroprotective effects of BCP in ROT induced rat model of PD, via CB2 receptor-dependent mechanism by using a selective CB2 receptor antagonist AM630 (Figure 1). AM630 (iodopravadoline) is a novel aminoalkylindole and a competitive cannabinoid receptor antagonist in the brain that is commonly employed as a pharmacological challenge to demonstrate the CB2 receptor dependent mechanisms (Hosohata et al., 1997). BCP has potential anti-inflammatory and anti-oxidant activity and is widely accessible for dietary intervention. We believe that our present findings may have important pharmacotherapeutic significance in the treatment/prevention of PD.



MATERIALS AND METHODS


Drugs and Chemicals

Polyclonal rabbit anti-cyclo-oxygenase-2 (COX-2), anti-inducible nitric oxide synthase (iNOS), anti-glial fibrillary acidic protein (GFAP), anti-cannabinoid receptor type 2 (CB2) and anti-NF-kB p65 antibodies were purchased from Abcam, Cambridge, MA, USA. Anti-ionized calcium binding adaptor molecule-1 (Iba-1) polyclonal rabbit antibody was purchased from Wako Chemicals, Richmond, VA, USA. Polyclonal rabbit anti-tyrosine hydroxylase (TH) antibody was obtained from Novus Biologicals, Littleton, CO, USA. Alexa Fluor® 488 and 594 conjugated secondary goat anti-rabbit antibodies were purchased from Life Technologies, Grand Island, NY, USA. CB2 receptor antagonist, AM630 ([6-Iodo-2-methyl-1-[2-(4-morpholinyl) ethyl]-1H-indol-3-yl] (4-methoxyphenyl) methanone) was purchased from Tocris Bioscience, Ellisville, MO, USA. The lipid peroxidation kit for estimation of malondialdehyde (MDA) was obtained from North West Life science (Vancouver, WA, USA). The compounds: ROT, BCP and the assay kit for GSH were procured from Sigma-Aldrich, St. Louis, MO, USA. All the reagents used in the study were of analytical grade.



Experimental Animals

Six to seven months-old male Wistar rats (275–300 g), bred in the animal research facility of the College of Medicine and Health Sciences, United Arab Emirates University, were used. A maximum of four rats were housed per cage and were acclimatized for 1 week to the laboratory conditions prior to the start of the experiment. The animals were housed under standard laboratory conditions of 12/12 h of light and dark cycle. The animals had access to commercially available rodent food and water ad libitum. All the experiments were performed between 09:00 and 15:00 h. The experimental protocol for animal experimentation was approved by the Animal Ethics Committee of United Arab Emirates University, UAE.



Experimental Design

For the induction of PD in rats, ROT (2.5 mg/kg BW) was administered intraperitoneally (i.p.) once daily for 4 weeks. ROT was first dissolved in dimethyl sulfoxide (DMSO) at 50X stock solution and further diluted in sunflower oil to obtain a final concentration of 2.5 mg/ml. The regimen used in the current study for the induction of Parkinsonism in rats by ROT administration was described in a previous report (Ojha et al., 2015). To test the neuroprotective efficacy of CB2 receptor agonist, BCP, it was diluted in olive oil and administered i.p. at a dose of 50 mg/kg BW once daily for 4 weeks, 30 min prior to ROT administration in the presence or absence of AM630, a CB2 receptor antagonist. The dose of BCP was selected based on our previous study, in which a different set of experiments showed this dose to be pharmacologically optimal and devoid of any in vivo toxicity (Al Mansouri et al., 2014). The control group received a similar volume of vehicle. AM630 was dissolved in normal saline with 2.5% DMSO and tween 80 and injected 1 mg/kg BW i.p. 30 min prior to BCP treatment. The rats were divided into five groups as follows: Group I: Rats were injected vehicle only and abbreviated as control group (CONT), Group II: Rats were injected AM630 only and abbreviated as group AM630, Group III: Rats were injected rotenone dissolved in the vehicle and abbreviated as group ROT, Group IV: Rats were administered BCP, 30 min prior to rotenone injections and abbreviated as group ROT+BCP, Group V: Rats were administered AM630, 30 min prior to BCP treatment and rotenone and abbreviated as (ROT-BCP+AM630).



Tissue Preparation for Biochemical Studies

At the end of the 4 weeks, the animals were anesthetized with pentobarbital (40 mg/kg BW) and cardiac perfusion was performed using phosphate-buffered saline (PBS, 0.01 M, pH 7.4) to wash out the blood. The brains were quickly removed and placed on an ice plate to separate the two hemispheres. The midbrain and striatum were dissected from one hemisphere and immediately frozen in liquid nitrogen for further use. The other hemisphere was post-fixed first in paraformaldehyde solution (4%) for 48 h and subsequently in a series of sucrose solutions (10%) at 4⋅C changed three times a day for up to three consecutive days prior to cryostat sectioning.



Biochemical Studies

The midbrains of the rats collected from each group were homogenized in potassium chloride buffer at pH 8.0 (Tris-HCl 10 mM, NaCl 140 mM, KCl 300 mM, EDTA 1 mM, Triton X-100 0.5%) and supplemented with protease and phosphatase inhibitor. The tissue homogenates of the samples were centrifuged at 14000 g for 20 min at 4⋅C to obtain the post-mitochondrial supernatant (PMS) for estimation of antioxidant enzymes, lipid peroxidation product, and proinflammatory cytokines using spectrophotometric measurements and enzyme-linked immunosorbent assay (ELISA).



Estimation of Lipid Peroxidation Product

The extent of lipid peroxidation was measured by estimation of malondialdehyde (MDA). Briefly, the samples or calibrators (250 μl) were incubated in the presence of acid reagent and thiobarbituric acid (250 μl) and mixed vigorously using a vortex mixer. The samples were incubated for 60 min at 60⋅C and then centrifuged at 10,000 g for 2–3 min. The resultant reaction mixture was transferred to a cuvette and the absorbance was recorded at 532 nm. The results were expressed as μM MDA/mg protein.



Estimation of GSH

The amount of GSH was estimated following the manufacturer's instructions for the commercially available kit. Briefly, the samples were first de-proteinized with 5-sulfosalicylic acid solution (5%) and centrifuged to remove the precipitated protein. The supernatant was used to estimate the amount of GSH. The samples or standards (10 μl) were incubated with 150 μl of working mixture (assay buffer with 5,5′-Dithiobis (2-nitrobenzoic acid) and glutathione reductase) in a 96-well plate for 5 min. Diluted NADPH solution (50 μl) was added to each well and mixed thoroughly. The absorbance of the samples was recorded at 412 nm using the microplate reader after 5 min incubation period. The results were expressed as μM GSH/mg protein.



Antioxidant Enzymes Activity

The activities of antioxidant enzymes: superoxide dismutase (SOD) and catalase (CAT) were estimated using assay kits (Cayman Chemicals Co., Ann Arbor, MI, USA). Briefly, the activity of SOD was estimated by adding samples or standards (10 μl) to a 96-well plate. Xanthine oxidase (20 μl) was added to each well to initiate the reaction and the plate was shaken for a few seconds, afterwards it was covered and incubated for 30 min at room temperature. The absorbance was recorded using the microplate reader at 450 nm. The activity of CAT was estimated by adding samples or standards (20 μl) to the assay buffer (100 μl) and methanol (30 μl) in a 96-well plate. Hydrogen peroxide solution (20 μl) was added to initiate the reaction and incubated for 20 min at room temperature. Potassium hydroxide (30 μl) was added to terminate the reaction, subsequently catalase purpald (30 μl) and catalase potassium periodate (10 μl) were added. The plate was incubated for 5 min at room temperature on a shaker and absorbance was read at 540 nm using the microplate reader. The SOD activity was expressed as U/mg protein and the CAT activity was expressed as nmol·min−1·mg−1 protein.



Estimation of Nitrite Levels

The nitrite levels were estimated using a commercially available kit (R&D system, Minneapolis, MN, USA). Briefly, the sample or nitrite standard (50 μl) was added with reaction diluent (50 μl) to a 96-well plate supplied by the manufacturer. Subsequently, Griess reagent (50 μl) was added to each well and mixed by gentle tapping on the side of the plate. The plate was incubated for 10 min at room temperature and the absorbance was measured at 540 nm using the microplate reader. The nitrite levels were expressed as μmol/mg protein.



Estimation of Proinflammatory Cytokines

The levels of proinflammatory cytokines: interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) were estimated using the commercially available ELISA kits purchased from R&D system (Minneapolis, MN, USA). Briefly, a 96-well plate was coated with the diluted capture antibody (100 μl) overnight at room temperature. Each well was aspirated and washed with the wash buffer (0.05% tween 20 in PBS 0.01M pH7.4). The plate was blocked by adding reagent diluent [containing 1% bovine serum albumin in PBS (300 μl)] for 1 h and washed with wash buffer. The samples or standards (100 μl) were added to the well and incubated for 2 h. The detection antibody (100 μl) was added to each well and then incubated for 2 h at room temperature. A working solution of streptavidin horseradish peroxidase (100 μl in ratio of 1:200) was added to each well and further incubated for 20 min. The contents of the wells were exchanged with substrate solution (100 μl) and incubated for 20 min. Stop solution containing 2N H2SO4 (50 μl) was added and the plate was gently tapped to ensure proper mixing. The absorbance of each well was measured immediately at 450 nm using a microplate reader. The results were expressed as pg/mg protein.



Immunofluorescence Staining of TH

The brain from each rat was collected as described above and sectioned for TH staining. Briefly, 14 μm coronal brain sections were cut at the levels of the striatum and the SNpc using a cryostat (Leica, Wetzlar, Germany). The sections were washed twice with PBS (0.01 M, pH 7.4) and then incubated with blocking reagent (10% normal goat serum in PBS, 0.3% Triton-X 100) for 1 h. Further, the sections were incubated with the primary polyclonal rabbit antibody against TH (1:500) overnight at 4⋅C. The sections were washed and incubated with fluorescent secondary antibody Alexa Fluor® 594 anti-rabbit (1:1000) for 1 h at room temperature. The sections were then washed and mounted using mounting medium Fluoroshield (Sigma Aldrich, MO, USA). Digital images of the sections were captured using a fluorescence microscope (Olympus, Hamburg, Germany).



Immunofluorescence Staining of GFAP and Iba-1

Immunofluorescence staining of the striatum was performed to examine the activation of GFAP positive astrocytes and Iba-1 positive microglia. Brain sections were washed twice with PBS and incubated with blocking reagent containing 10% normal goat serum and 0.3% Triton-X 100 in PBS for 1 h. The sections were then incubated with the primary polyclonal rabbit antibody against GFAP (1:1000) and Iba-1 (1:1000) overnight at 4⋅C. The sections were washed and incubated with fluorescent secondary antibody Alexa Fluor® 488 anti-rabbit for 1 h at room temperature. Sections were then washed and mounted using mounting medium Fluoroshield™. Images were captured using a fluorescence microscope, EVOS FL (Thermo Fisher Scientific, Waltham, MA, USA).



Assessment of Tyrosine Hydroxylase-Immunoreactive (TH-ir) Dopaminergic (DA) Neurons and TH-ir DA Fibers

To determine the loss of the TH-ir neurons in the SNpc area, three different levels of the SNpc region (−4.8, −5.04, and −5.28 mm of bregma) were counted and the average was presented as a percentage. Loss of striatal fibers was evaluated by measuring the optical density of TH-ir DA fibers in the striatum (adjacent to 0.3 mm of bregma) using Image J software (NIH, Bethesda, MD, USA). For each rat, the optical density of TH-ir fibers within the striatum was measured in three different, equally sized fields of each section (three sections/rat). An average of the three areas was calculated and presented as a percentage with reference to the control. The optical density of the overlying cortex was taken as a background measurement and subtracted from the value generated from the striatum. The counting of TH-ir neurons and measurement of optical density of the TH-ir fibers were performed by an investigator blind to the experimental groups.



Assessment of Activated Astrocytes and Microglia

A minimum of three coronal sections, from each animal, at similar levels of the striatum were used to analyze the number of activated astrocytes and microglia. Activation of astrocytes and microglia was judged based on the intensity of the immunofluorescence and the presences of extended glial processes. Activated astrocytes and microglia were counted in three, randomly chosen, different, equally sized fields, using Image J software.



Western Blot Analysis of NF-κB, COX-2, iNOS, and CB2

The striatal tissues from each experimental group were homogenized in the buffer to prepare the cytoplasmic and nuclear extracts as previously described by Arumugam et al. (2011). The samples of the cytoplasmic and nuclear fractions containing equal amounts of protein (35 μg) were separated by gel electrophoresis using SDS-polyacrylamide (10%). The proteins were transferred onto PVDF membrane and incubated overnight at 4⋅C with specific primary rabbit polyclonal antibodies against NF-κB p65 (1:500), COX-2 (1:1000), iNOS (1:500), and CB2 (1:500) followed by horseradish peroxidase-conjugated secondary anti-rabbit antibody. The protein recognized by the antibody was visualized using an enhanced chemiluminescence pico kit (Thermo Fisher Scientific, Rockford, IL, USA). The obtained blots were stripped and re-probed for β-actin (1:5000; monoclonal mouse, Millipore, MA, USA) as a loading control. The intensity of bands was measured by densitometry and quantified using Image J software.



Estimation of Protein Concentration

The protein contents in the sample were estimated using the Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) following the manufacturer's instructions.



Statistical Analyses

The data were expressed as the mean value ± SEM. The data for all parameters, unless otherwise stated, were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's test to calculate the statistical significance between various groups, using software obtained from GraphPad InStat, La Jolla, CA, USA. In all the tests, the criterion for statistical significance was set at p < 0.05.




RESULTS


BCP Treatment Upregulates Expression of CB2 Receptors

First, using western blot, we investigated, whether BCP treatment is capable of selectively enhancing the expression of CB2 receptors in the striatum region (Figures 2A,B). ROT administration decreased the expression of CB2 receptors as compared to CONT rats (62.56 vs. 100% control). BCP administration prior to ROT increased the expression of CB2 receptors in comparison to ROT-injected rats with no pretreatment (89.67 vs. 62.56%). However, AM630, a selective CB2 receptor antagonist, administered prior to BCP in ROT-injected rats caused a noticeable decline in the expression of CB2 receptors as compared to ROT+BCP group rats (70.22 vs. 89.67%). Further, we observed that AM630 administration to ROT-injected rats did not cause any change in the expression of CB2 receptors when compared to ROT-injected rats (63.28 vs. 62.56%). Additionally, the CONT and AM630-only groups of rats also did not show any marked differences in the expression level of CB2 receptors (98.19 vs. 100% control).
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FIGURE 2. The expression level of cannabinoid receptor 2 (CB2) measured by western blot in the striatum. (A) The western blot showing CB2 expression. (B) CB2 expression was decreased in the ROT group as compared to the CONT group rats. However, BCP supplementation of ROT injected rats showed increased expression of CB2 receptors. Selective antagonist of CB2 receptors, AM630 administration prior to BCP supplementation decreased the expression of CB2 receptors. AM630 administration to ROT injected rats has not shown any noticeable difference in the expression of CB2. Finally, AM630 alone had no effect on the level of CB2 expression as compared to control rats. Values are expressed as percent (%) mean ± SEM (n = 3).





CB2 Receptor Activation Prevents Loss of TH-ir DA Neurons in SNpc and TH-ir DA Fibers in Striatum

To assess the neuroprotection afforded by BCP against the neurodegeneration caused by ROT, we determined the TH-ir DA neurons in the SNpc and optical density of TH-ir DA fibers in the striatum (Figures 3A–E). ROT administration to rats caused significant (p < 0.05) loss of DA neurons in the SNpc and striatal DA fibers in comparison with vehicle-injected control animals. However, BCP significantly (p < 0.05) prevented loss of DA neurons induced by ROT in the SNpc and striatal DA fibers compared to the ROT group of animals. Interestingly, this protective effect of BCP was significantly (p < 0.05) reversed by the prior administration of CB2 antagonist AM630 to rats administered with ROT and BCP. These results are indicative of the CB2 receptor-mediated neuroprotective effects of BCP. In contrast, AM630 administration alone did not show any deleterious effects on the DA neurons and striatal fibers.
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FIGURE 3. The immunohistochemistry for tyrosine hydroxylase (TH) to detect the expression of the TH-immunoreactive (TH-ir) dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the TH-ir dopamine nerve fibers in the striatum. Values are expressed as percent mean ± SEM (n = 3). The scale bar is 100 μm. (A) The number of TH-ir neurons was decreased in the SNpc of ROT-injected rats as compared to control (CONT) group. While, BCP supplementation leads to increased expression of TH-ir neurons in ROT+BCP group as compared to ROT group. Furthermore, the ROT-BCP+AM630 group showed decreased expression of TH-ir neurons as compared to ROT+BCP group. (B) Similarly, TH-ir DA nerve fibers immunofluorescence was also decreased in the ROT group in comparison to the CONT group rats. Moreover, BCP supplementation increased the immunoreactivity of DA fibers as compared to ROT group. The ROT-BCP+AM630 group showed TH-ir DA fibers expression similar to ROT group. (C,D) The number of TH-ir DA neurons in the SNpc was counted from each group. A significant (*p < 0.05) decrease in the number of DA neurons was observed in the SNpc of the ROT group when compared to the CONT group. BCP treatment to ROT administered rats significantly (#p < 0.05) protected the DA neurons from the ROT-induced neuronal death in the ROT+BCP group. The ROT-BCP+AM630 group also showed significantly (δp < 0.05) decreased number of DA neurons as compared to the ROT+BCP group. No significant differences were observed between the DA neurons of the CONT and AM630-only group. (E) Immunofluorescence of the TH-ir DA fibers was observed in the striatum of different groups. Significant (*p < 0.05) decrease in the TH-ir striatal DA fibers was observed in the ROT group as compared to the CONT group. Although, BCP supplementation of ROT treated rats significantly (#p < 0.05) inhibited the loss of the TH-ir DA fibers in the ROT+BCP group as compared to the ROT group. ROT-BCP+AM630 group showed significant (δp < 0.05) loss of the TH-ir DA fibers when compared to the ROT+BCP group. CONT and AM630-only group did not show any apparent loss of TH-ir DA fibers.





CB2 Receptor Activation Attenuates the Level of MDA and GSH in the Midbrain

ROT administration significantly (p < 0.01) increased MDA content (Figure 4A) and decreased (p < 0.01) the level of GSH (Figure 4B) as compared to control group animals. However, BCP pretreatment of ROT-administered rats caused a significant (p < 0.05) reduction in MDA level and prevented (p < 0.01) decline of GSH level. In contrast, in ROT-challenged rats, administration of AM630 before BCP significantly (p < 0.05) diminished the effect of BCP on MDA reduction and GSH restoration (Figures 4A,B). Interestingly, the AM630-only group did not show alteration in the level of either MDA or GSH as compared to control animals.
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FIGURE 4. The levels of malondialdehyde (MDA), glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), and nitrite in the midbrain tissue. Values are expressed as mean ± SEM (n = 6–8). ROT treatment caused significant (*p < 0.01) increase in MDA (A) and decrease in GSH level (B) in ROT challenged rats as compared to vehicle injected control (CONT) rats. BCP treatment of ROT challenged rats showed significantly (#p < 0.05) decreased level of MDA and increased (#p < 0.01) GSH level. However, CB2 antagonist AM630 administration prior to BCP treatment to ROT challenged rats significantly (δp < 0.05) augmented the level of MDA and GSH as compared to ROT+BCP group rats. The activity of the antioxidant enzymes: SOD (C) and CAT (D) was significantly (*p < 0.05) decreased and nitrite (E) level was increased in the ROT group rats as compared to CONT group rats. BCP treatment of ROT administered ROT+BCP group rats significantly (#p < 0.05) augmented the SOD and CAT activity and nitrite level in comparison to the ROT group. ROT-BCP+AM630 group rats showed significant (δp < 0.05) decline in SOD and CAT activity and rise in nitrite level as compared to ROT+BCP group rats.





CB2 Receptors Activation Augments Antioxidant Enzymes Activity in the Midbrain

The activities of antioxidant enzymes: SOD (Figure 4C) and CAT (Figure 4D) was significantly (p < 0.05) decreased in ROT-injected rats compared to control rats. However, a significant (p < 0.05) increase in the activity of SOD and CAT was observed in BCP-treated rats as compared to ROT-injected rats. In contrast, AM630 administration diminished the effects of BCP in ROT-challenged rats (Figures 4C,D). The antioxidant enzyme activity of SOD and CAT was unaltered in the AM630-only group of animals.



CB2 Receptors Activation Inhibits Increased Nitrite Level in the Midbrain

The nitrite levels were significantly (p < 0.05) increased in the ROT-administered rats as compared to control rats (Figure 4E). However, treatment with BCP produced a significant (p < 0.05) decrease in the level of nitrite and that in turn was significantly (p < 0.05) attenuated by the CB2 receptor antagonist, AM630 (Figure 4E). In contrast, administration of CB2 receptor antagonist AM630-only did not cause any significant change in the nitrite level.



CB2 Receptor Activation Alleviates ROT-Induced Glial Cell Activation in the Striatum

Immunofluorescence staining of GFAP and Iba-1 was carried out to determine the morphological changes in astrocytes and microglia, respectively. In the ROT-administered rats, a noticeable rise in immunofluorescence of GFAP and Iba-1 was observed, which is indicative of the activation of astrocytes and microglia, the features observed in PD neurodegeneration. However, BCP treatment showed a comparatively decreased immunofluorescence of GFAP and Iba-1 (Figures 5A,B). Additionally, a quantitative evaluation for GFAP-positive astrocytes and Iba-1-positive microglia was performed in the rats of different experimental groups (Figures 5C,D). ROT-injected rats showed a significantly (p < 0.05) higher number of activated astrocytes and microglia compared to control animals, whereas BCP pretreatment of ROT-injected rats created a significant (p < 0.05) reduction in the number of activated astrocytes and microglia as compared to ROT-challenged rats. Further, AM630 administration prior to BCP supplementation to ROT injected animals showed increase in the number of activated astrocytes and microglia clearly demonstrating the CB2 receptor-mediated activity of BCP. However, AM630 alone did not have a significant effect on the activation or number of astrocytes and microglia.
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FIGURE 5. The immunofluorescence staining to detect the expression of glial fibrillary acidic protein (GFAP) positive astrocyte and ionized calcium binding adaptor molecule-1 (Iba-1) positive microglia in the striatum. Values are expressed as percent mean ± SEM (n = 3). The scale bar is 200 μm. Profound expression of GFAP positive astrocytes (A) and Iba-1 positive microglia (B) was found in the ROT-administered and ROT-BCP+AM630 groups as compared to the vehicle-injected CONT and AM630-only groups. While BCP supplementation to ROT-injected rats showed moderate staining of GFAP and Iba-1 as compared to ROT-injected rats. Quantitative analysis of activated astrocytes (C) and microglia (D) has shown that significant (*p < 0.05) increase in number of activated astrocytes and microglia was observed in the ROT group as compared to the CONT group. However, BCP supplementation significantly (#p < 0.05) reduced the number of activated astrocytes and microglia in the ROT+BCP group as compared to the ROT group. The ROT-BCP+AM630 group also showed significantly (δp < 0.05) increased number of activated astrocytes and microglia when compared to the ROT+BCP group. The CONT and AM630-only groups did not show any marked difference in the activation of astrocytes and microglia.





CB2 Receptors Improve the Level of Proinflammatory Cytokines in the Midbrain

ROT administration created a significant (p < 0.05) increase in the level of proinflammatory cytokines such as IL-1β (Figure 6A), IL-6 (Figure 6B), and TNF-α (Figure 6C) as compared to the control group while treatment with BCP significantly (p < 0.05) attenuated the rise of these proinflammatory cytokines in ROT-injected rats (Figures 6A–C). However, AM630 administration before BCP abrogated the protective effects of BCP against ROT-induced elevated levels of proinflammatory cytokines. The CB2 receptor antagonist AM630 alone, did not have any effect on the level of proinflammatory cytokines.
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FIGURE 6. The pro-inflammatory cytokines: IL-1β, IL-6, and TNF-α were measured by enzyme linked immunosorbent assay (ELISA) in the midbrain. Values are expressed as mean ± SEM (n = 6–8). The level of IL-1β (A), IL-6 (B), and TNF-α (C) was significantly (*p < 0.05) increased in the ROT group when compared to the CONT group. Although, BCP supplementation significantly (#p < 0.05) decreased the ROT-induced increase of these proinflammatory cytokines in the ROT+BCP group. The ROT-BCP+AM630 group showed significantly (δp < 0.05) increased level of IL-1β, IL-6, and TNF-α as compared to the ROT+BCP group. There is no significant difference in these cytokines between the CONT and the AM630-only group.





CB2 Receptor Activation Attenuates Inflammatory Mediators NF-κB, COX-2 and iNOS

To detect and quantify the activation of NF-κB, the translocation of NF-κB p65 subunit to the nucleus was assayed in the striatal nuclear extracts using a subunit specific anti-NF-κB p65 antibody. As depicted in Figures 7A,C, the rats injected with ROT showed a remarkably higher level of NF-κB p65 as compared to the controls (171.7 vs. 100% control). However, treatment with BCP to ROT-administered rats produced a decrease in NF-κB p65 levels as compared to the ROT group (112.38 vs. 171.7%). In contrast, the CB2 receptor antagonist AM630 administered prior to BCP in ROT-injected rats increased the level of NF-κB p65 expression as compared to the ROT+BCP group (171.55 vs. 112.38%).
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FIGURE 7. Western blot analysis of NF-κB p65, COX-2, and iNOS in the striatal tissue. Values are expressed as percent (%) mean ± SEM (n = 3). Expression level of NF-κB p65 (A) COX-2 and iNOS (B) was carried out by western blot. (C) ROT-administered group rats showed increase in nuclear NF-κB p65 level as compared to control group (171.7 vs. 100% control). BCP treatment of the ROT-challenged rats decreased the NF-κB p65 expression when compared to the ROT group (112.38 vs. 171.7%). The ROT-BCP+AM630 group had shown increased expression of NF-κB p65 as compared to the ROT+BCP group (171.55 vs. 112.38%). (D) ROT-injected rats showed increased COX-2 level as compared to the CONT rats (213.48 vs. 100% control). BCP supplementation to ROT-injected rats showed decreased expression of COX-2 as compared to ROT group rats (143.6 vs. 213.48%). ROT-BCP+AM630 group rats showed increase in COX-2 expression as compared to the ROT+BCP group rats (205.6 vs. 143.6%). (E) Likewise, iNOS expression was increased in the ROT group rats as compared to the CONT group rats (251.56 vs. 100% control). BCP treatment decreased iNOS expression as compared to the ROT group rats (158.12 vs. 251.56%). The ROT-BCP+AM630 group showed increase in iNOS expression when compared to the ROT+BCP group (247.18 vs. 158.12%).



We further investigated the protein expression level of NF-κB responsive genes such as COX-2 and iNOS in the cytoplasmic fraction of the striatal tissue (Figure 7B). Similar to NF-κB p65, the expression level of COX-2 and iNOS increased in ROT-challenged rats as compared to control rats (COX-2: 213.48 vs. 100% control; iNOS: 251.56 vs. 100% control). However, BCP pretreatment of ROT-challenged rats decreased the elevated level of COX-2 and iNOS as compared to ROT injected animals (COX-2: 143.6 vs. 213.48%; iNOS: 158.12 vs. 251.56%). However, AM630 administration before BCP has abrogated the beneficial effect of BCP against COX-2 and iNOS in animals treated with ROT (COX-2: 205.6 vs. 143.6%; iNOS: 247.18 vs. 158.12%) (Figures 7D,E). Similar to oxidative stress and morphological parameters, no significant changes in the levels of NF-κB, COX-2 and iNOS were observed in the AM630-alone group of rats.




DISCUSSION

The current therapies for PD are still inadequate. Therefore, intensive efforts are made to identify promising new targets for the treatment of PD. Until now, the exact cause of PD has yet to be established even though environmental factors, in addition to genetic factors, have been demonstrated to play a significant role in the causation of PD. Based on the environmental factors, the present study employed the ROT-induced rat model of PD that is widely used for the evaluation of novel pharmacotherapeutic agents and understanding of etiopathogensis. ROT has been shown to cause PD with the inhibition of mitochondrial complex I of the respiratory chain and activation of abnormal dopamine metabolism (Betarbet et al., 2000; Sherer et al., 2007), along with oxidative stress and inflammation, which causes neurodegeneration of DA neurons in the SNpc region of the PD brain (Johnson and Johnson, 2015). The results from the present study showed that ROT causes loss of dopaminergic neurons in the SNpc and the striatal dopaminergic nerve terminals. This correlates with the degeneration of the nigrostriatal pathway, which plays an important role in the co-ordination of motor functions. The degeneration of nigrostriatal pathways has been shown to be associated with the occurrence of oxidative/nitrosative stress, which subsequently leads to the induction of neuroinflammation and subsequent neurodegeneration (Hald and Lotharius, 2005; Cannon et al., 2009; Lee et al., 2009). In recent years, the cannabinoid receptors, specifically activating CB2 receptors, appear to represent a novel therapeutic target for neurodegenerative diseases, including PD, because of their role in counteracting oxidative stress and inflammation. The CB2 receptors have recently emerged as a potential anti-inflammatory target, to break the self-sustaining cycle of neuroinflammation and preserve neuronal homeostasis, and survival in neurodegenerative disorders (Ramírez et al., 2005; Palazuelos et al., 2008; Price et al., 2009; Sagredo et al., 2009; Gómez-Gálvez et al., 2016). The activity of CB2 receptors is implicated in the reduction of proinflammatory mediators in response to noxious stimuli and in control of neuronal survival (Fernandez-Ruiz et al., 2007). Recently, changes in CB2 receptors have been shown in the mice model of PD induced by intrastriatal lesions with lipopolysaccharides (García et al., 2011). Genetic studies have also shown that CB2 receptor knockout-mice display microglial activation, neural pathology, and functional deficits in the MPTP-induced mice model of PD (Price et al., 2009). The CB2 receptor expression has been demonstrated in the central nervous system, including the SNpc area of PD brains (García et al., 2015). A recent report also suggests that CB2 receptors modulate the dopamine dependent neuronal activity and behavior in mice (Zhang et al., 2014). Because of potent anti-inflammatory and antioxidant action, and no psychoactive adverse reactions caused by CB2 receptor activation, the therapeutic targeting of CB2 receptor appears to be promising for modulation of neuroinflammation and disease modification in PD.

In addition, ROT has been reported to inhibit complex I of the mitochondrial respiratory chain, which consequently leads to the formation of ROS, such as superoxide, hydroxyl radical and peroxynitrite. The induction of ROS is critical in the SNpc because of low levels of antioxidant defenses corresponding to a very high level of dopamine metabolism in this region (Thakur and Nehru, 2013). To determine antioxidant tissue defense, we assessed the oxidative/nitrosative stress parameters such as activities of antioxidant enzymes like SOD and CAT; and the levels of GSH, total nitrite, and MDA, in the midbrain tissues. The occurrence of lipid peroxidation is a key pathogenic event in tissues, resulting from an imbalance between ROS generation and the availability of endogenous cellular antioxidant defense. We observed that the ROT-challenge caused a significant rise in the MDA level, with a concomitant decline in the GSH level in the midbrain tissues. Interestingly, treatment with BCP of ROT-injected rats inhibited lipid peroxidation evidenced by the reduced MDA levels followed by restoration of the GSH content. The decline in the MDA content and concomitant restoration of GSH content by BCP can be ascribed to the potent chain breaking, free radical scavenging, and antioxidant activity of BCP (Chang et al., 2007).

Apart from non-enzymatic antioxidants, the cells are also equipped with the enzymatic defense system, which includes SOD and CAT, as an important component in neutralizing the ROS load. The present study showed that ROT caused a significant reduction in the activities of SOD and CAT enzymes as compared to control rats. However, BCP treatment of ROT-challenged rats showed a significant restoration of SOD and CAT activities. Furthermore, in ROT-challenged rats, we observed a significant rise in the total nitrite levels, due to the production of nitric oxide that generates peroxynitrite on reaction with superoxide anion leading to robust neurotoxicity (Beckman et al., 1990). BCP treatment of ROT-challenged rats significantly counteracted any rise in nitrite levels. The reversal of these beneficial effects of BCP against oxidative stress by prior administration of AM630, a selective CB2 receptor antagonist, clearly demonstrates CB2 receptor-dependent activity of BCP. To our knowledge, the present study is the first to report that BCP reduces oxidative stress in ROT-induced dopaminergic neurodegeneration by activating CB2 receptors.

Previous studies have demonstrated gliosis with increased expression of GFAP and Iba-1 in human PD brains that appears to be age dependent and related to the disease progression (Yan et al., 2014). The glial cells mediating neuroinflammation have recently emerged as key players in the pathogenesis of PD; and the activation of microglia in the nigrostriatal regions of the PD brains is believed to be a rapid cellular response to inflammation (Hirsch et al., 2003; Gordon et al., 2012). In our study, the hypertrophy with long processes, along with the increased immunofluorescence of GFAP and Iba-1, represents activated astrocytes and microglia, respectively. However, BCP treatment reduced the activation of astrocytes and microglia, which supports its anti-inflammatory action in-line with the reported activity of several other agonists of the CB2 receptors (Marchalant et al., 2008). Furthermore, it was expected that a CB2 receptor antagonist should reverse or abolish the protective effects of BCP, as indeed was the case, as the administration of AM630, abrogated the effects of BCP regarding glial cell activation. The findings clearly demonstrate a functional CB2 receptor dependent mechanism in the protective effects of BCP.

Moreover, microglia activation leads to the nuclear translocation of transcription factor NF-κB, which upregulates the release of inflammatory mediators such as COX-2 and iNOS as well as induction of proinflammatory cytokines such as IL-1β, IL-6, and TNF-α in PD (Mosley et al., 2006). The transcription factor NF-κB also plays an important role in the regulation of several proinflammatory mediators that are directly involved in the initiation of neuroinflammation and subsequent neurodegeneration. The inactive form of NF-κB is present in the cytoplasm in association with the inhibitory protein IκB, which prevents its nuclear translocation that is required for transcriptional activity. The IκB phosphorylation followed by proteolytic degradation results in the translocation of a free p65 subunit of NF-κB to the nucleus where it binds to target DNA elements (gene promoters containing κB binding sites) and regulates transcription of several proinflammatory genes such as iNOS, COX-2, IL-1β, IL-6, and TNF-α (Shen et al., 2010). These inflammatory enzymes (COX-2 and iNOS and proinflammatory cytokines IL-1β, IL-6 and TNF-α) are known to be cytotoxic to neurons and to lead to neuronal cell death (Hald and Lotharius, 2005). Numerous studies have reported that cannabinoid ligands inhibit the production of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6; and suppress production of proinflammatory mediators by microglia and macrophages, by CB2 receptor modulation (Correa et al., 2005; Klein, 2005; Zhao et al., 2010).

Our study demonstrates that BCP inhibited the ROT-induced nuclear translocation of NF-κB p65, whereas administration of AM630 prior to BCP supplementation to ROT-injected rats diminished the beneficial effects of BCP. We also observed elevated expression of inflammatory mediators COX-2 and iNOS in ROT-challenged rats. BCP treatment of ROT-challenged rats modestly decreased the expression of COX-2 and iNOS, which supports its anti-inflammatory activity as reported by others (Cho et al., 2007; Bento et al., 2011). In contrast, the anti-inflammatory effect of BCP against increased expression of COX-2 and iNOS was abolished by prior administration of AM630. Additionally, proinflammatory cytokines (IL-1β, IL-6, and TNF-α) were also found significantly increased after ROT-challenge of the rats. BCP treatment significantly decreased the elevated levels of these proinflammatory cytokines in ROT-injected rats. In contrast, AM630 antagonized the protective effect of BCP against the proinflammatory cytokines. Taken together, these results demonstrate that the beneficial effects of BCP were reversed by AM630. To conclude, the abrogation of the BCP effects by AM630 clearly demonstrates that the activity of the central cannabinoid receptors plays an important role in mediating of the neuroprotective action of BCP in ROT-induced PD.

Further, the observed neuroprotective activity of BCP in the present study was also supported by a previous in vitro study, where BCP (among a group of triterpenoids screened for pharmacological activity) showed the highest neuroprotective effects due to favorable physicochemical properties, including high lipophilicity (Chang et al., 2007). The lipophilicity of BCP and AM630 are both more than four, which is strongly indicative of their ability to permeate the blood brain barrier and of their bioavailability in the brain. The CB2 receptor antagonist AM630 is a protean ligand and inverse agonist that targets a constitutively active form of CB2 receptor in the brain (Bolognini et al., 2012). The CB2 receptor ligands are generally classified as agonists, antagonists and inverse agonists showing positive, neutral and negative efficacy, respectively, for a particular signaling pathway. They show varying potency and efficacy termed as “functional selectivity” or “biased agonism” (Pertwee et al., 2010), and pave the way to the design of agents, which may activate the specific pathways required for therapeutic benefit. The abrogation of CB2 receptor mediated effects by AM630 demonstrates the CB2 receptor dependent mechanism and has been shown in a number of studies (Hosohata et al., 1997).

The data in our study is in agreement with previous studies of the action of BCP and AM630 at CNS level (Choi et al., 2013). The previous report of the effects of BCP in enhancing cognition, preventing dependence and alleviating anxiety, depression, and compulsion is further supported by our current findings (Al Mansouri et al., 2014). Taken together, the abrogation of the protective effects of BCP by AM630 demonstrates the CB2 receptor-dependent mechanism of BCP and the findings can be extrapolated to the neuroprotective properties of CB2 agonism in PD.



CONCLUSION

In conclusion, the present study demonstrates that the plant-derived, sesquiterpene compound, BCP, exhibits potent anti-inflammatory and antioxidant effects in the ROT-induced rat model of PD. The major underlying mechanism is the activation of CB2 receptors, which results in attenuation of oxidative/nitrosative stress and neuroinflammation, inhibition of gliosis and pro-inflammatory cytokine release, and decline in the nigrostriatal degeneration. A diagram of the proposed underlying mechanism has been shown in Figure 8. Our findings clearly demonstrate that CB2 receptors may be an attractive therapeutic target for PD and BCP could be an attractive candidate molecule for the treatment of PD. Furthermore, BCP may be the first CB2 receptor agonist and plant derived cannabinoid to be developed in the quest for novel compounds that might improve conventional therapies as well as provide novel disease-modifying agents.
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FIGURE 8. Schematic representation of the neuroprotective mechanism of action of BCP.
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We have previously reported that mild TBI created by focal left-side cranial blast in mice produces widespread axonal injury, microglial activation, and a variety of functional deficits. We have also shown that these functional deficits are reduced by targeting microglia through their cannabinoid type-2 (CB2) receptors using 2-week daily administration of the CB2 inverse agonist SMM-189. CB2 inverse agonists stabilize the G-protein coupled CB2 receptor in an inactive conformation, leading to increased phosphorylation and nuclear translocation of the cAMP response element binding protein (CREB), and thus bias activated microglia from a pro-inflammatory M1 to a pro-healing M2 state. In the present study, we showed that SMM-189 boosts nuclear pCREB levels in microglia in several brain regions by 3 days after TBI, by using pCREB/CD68 double immunofluorescent labeling. Next, to better understand the basis of motor deficits and increased fearfulness after TBI, we used unbiased stereological methods to characterize neuronal loss in cortex, striatum, and basolateral amygdala (BLA) and assessed how neuronal loss was affected by SMM-189 treatment. Our stereological neuron counts revealed a 20% reduction in cortical and 30% reduction in striatal neurons bilaterally at 2–3 months post blast, with SMM-189 yielding about 50% rescue. Loss of BLA neurons was restricted to the blast side, with 33% of Thy1+ fear-suppressing pyramidal neurons and 47% of fear-suppressing parvalbuminergic (PARV) interneurons lost, and Thy1-negative fear-promoting pyramidal neurons not significantly affected. SMM-189 yielded 50–60% rescue of Thy1+ and PARV neuron loss in BLA. Thus, fearfulness after mild TBI may result from the loss of fear-suppressing neuron types in BLA, and SMM-189 may reduce fearfulness by their rescue. Overall, our findings indicate that SMM-189 rescues damaged neurons and thereby alleviates functional deficits resulting from TBI, apparently by selectively modulating microglia to the beneficial M2 state. CB2 inverse agonists thus represent a promising therapeutic approach for mitigating neuroinflammation and neurodegeneration.

Keywords: traumatic brain injury, neuron loss, neuron rescue, cerebral cortex, striatum, basolateral amygdala, cannabinoid type-2 receptor inverse agonist


INTRODUCTION

Mild traumatic brain injury (TBI) occurs frequently as an outcome from military, sports, and recreational activities, and vehicular accidents, and can lead to a variety of adverse sensory, motor, cognitive and emotional outcomes (Faul et al., 2010; Risdall and Menon, 2011; Johnson et al., 2013). Mild TBI involves either brief or no loss of consciousness and causes minimal overt brain destruction, but produces widespread axonal injury that is commonly referred to as “diffuse” axonal injury, and sets in motion subsequent secondary degenerative events (Bazarian et al., 2013; Johnson et al., 2013; Smith et al., 2013b). The initial injury appears to stem from the compressive, tensile, and shear forces exerted on neural tissue by the concussive force created by a blow to the head with a blunt object, a blast shock wave, or a rapid head acceleration—deceleration (Namjoshi et al., 2013). Although a variety of treatments have been tested in animal models and human clinical trials (Xiong et al., 2013), effective therapies have not been developed. Since microglial activation is one of the secondary events that appears to worsen the outcome after mild TBI (Kelley et al., 2007; Redell and Dash, 2007; Cao et al., 2012; Das et al., 2012; Kumar and Loane, 2012; Patterson and Holahan, 2012; Perez-Polo et al., 2013; Smith et al., 2013a), we have evaluated the benefits of a novel pharmacological approach for reducing the harmful effects of activated microglia (Reiner et al., 2015).

We created mild TBI in mice using a focal blast model (Heldt et al., 2014; Guley et al., 2016). As our pharmacological approach, we modulated activated microglia via their cannabinoid type 2 receptors (CB2) (Schomberg and Olson, 2012; Cherry et al., 2014). CB2 receptors are typically expressed at very low levels in brain, are more concentrated in microglia than neurons, and are thus non-psychotropic, in contrast to cannabinoid type 1 (CB1) receptors (Benito et al., 2003; Stella, 2010; Baek et al., 2013). Activated microglia, however, rapidly increase their expression of CB2 receptors (Benito et al., 2003; Ashton and Glass, 2007; Stella, 2010; Schomberg and Olson, 2012; Baek et al., 2013; Donat et al., 2014), and so drugs acting on CB2 are especially promising for selectively targeting microglia for therapeutic purposes. CB2 inverse agonists in particular represent a unique class of ligands with promise for beneficially modulating microglia to treat TBI (Lunn et al., 2006, 2008). CB2 inverse agonists stabilize CB2 receptors in an inactive state, which are otherwise constitutively active, and reduce adenylyl cyclase inhibition and thereby increase cAMP production (Atwood et al., 2012). This in turn leads to downstream activation of protein kinase A, which phosphorylates the cAMP response element binding protein (CREB). Increased phosphorylation and nuclear translocation of CREB appear to bias activated microglia from the M1 toward the M2 state, and thus underlie the anti-inflammatory and pro-repair effects of CB2 inverse agonists (Lunn et al., 2006, 2008; Lawrence and Natoli, 2011; Presley et al., 2015).

We have previously tested if the selective CB2 inverse agonist SMM-189, which was developed in one of our laboratories and has striking efficacy in reducing the M1 features and increasing the M2 features of human and murine microglia in vitro (Presley et al., 2015; Reiner et al., 2015), could improve the outcome after mild TBI in our mouse model. We have shown that a 2-week daily treatment with SMM-189 after mild TBI greatly attenuates the motor deficits, visual deficits and increased fearfulness that are otherwise evident 2–6 weeks after the traumatic event (Reiner et al., 2015). We have also found that the decrease in some of these functional abnormalities was associated with reduced pathology in neural structures associated with these functions. For example, rescue of visual deficits was associated with reduced thinning of the retina, and the attenuation in fearfulness was associated with the rescue of at least one population of neurons in the basolateral amygdala (BLA) that promotes fear. Our previous work has thus shown that treatment with a CB2 receptor inverse agonist that biases brain microglia from a pro-inflammatory M1 phenotype to a pro-healing M2 phenotype is beneficial after mild TBI (Reiner et al., 2015).

The present study had two goals. First, we sought to determine if mild TBI resulted in the loss of neurons in brain regions linked to motor functions and fear control, to better understand the basis of the motor and emotional deficits observed in our model. To this end, we used blinded stereology in mice 2–3 months after mild TBI to analyze neuron loss in cerebral cortex and striatum because of their role in motor control, and several neuron types in the BLA that are differentially involved in fear regulation and expression. Secondly, we evaluated the efficacy of SMM-189 in rescuing these neuron types, both to better understand the basis of the functional recovery SMM-189 provides, and also to further assess the contributions of the neuronal loss to the functional deficits. As part of this, we confirmed that SMM-189 treatment increased levels of nuclear pCREB in microglia in the brain systems under study, which would thereby bias the microglia toward an M2 state. Overall, our findings indicate diffuse neuron loss as a contributor to functional deficits in our TBI model, and they support the use of CB2 inverse agonists as an approach for reducing neuron loss and/or injury after mild TBI and attenuating functional deficits.



MATERIALS AND METHODS


Animals

Three-month old male mice were subjected to single left-side blasts of 0-psi (sham) or 50–60-psi above atmospheric pressure and the outcome evaluated in two sets of studies. In one set of studies, we assessed if SMM-189 treatment increases nuclear pCREB levels in microglia, using pCREB/CD68 double immunofluorescent labeling of brain sections from mice 3 days either after blast alone or after blast followed by SMM-189 treatment. In a second set of studies, we evaluated the TBI outcome for neuron abundance in cerebral cortex, striatum and BLA histologically 2–3 months after blast, to allow time for any neuron loss to develop, comparing mice with and without SMM-189 treatment. Two strains of mice were used, C57BL/6 mice and reporter mice (on a C57BL/6 background) conditionally expressing enhanced yellow fluorescent protein (EYFP) in Thy1-expressing telencephalic neurons of the emx1 lineage (Gorski et al., 2002; Bareyre et al., 2005). The EYFP reporter mice were used to histologically evaluate the effects of blast on the Thy1+ vs. Thy1−negative subset of functionally distinct excitatory pyramidal neurons of BLA (Heldt et al., 2014; Reiner et al., 2015). The C57BL/6 mice were either purchased from Jackson Laboratories (JAX; Bar Harbor, ME), and/or taken from a colony maintained from C57BL/6 founders from JAX at the University of Tennessee Health Science Center (UTHSC). Floxed Thy1-EYFP reporter mice (purchased from JAX) and emx1-Cre driver mice (purchased from the Mutant Mouse Regional Resource Consortium) were maintained as colonies at the UTHSC, and bred to one another to produce the Thy1-EYFP+/emx1-cre+ progeny used for the experiments. Mice were injected intraperitoneally daily with 6 mg/kg SMM-189 or vehicle (ethanol:Cremophor:0.9% saline; 5:5:90) for 14 days beginning 2 h after 50–60 psi or 0-psi (sham) blast in the case of neuronal loss studies and for 3 days in the case of pCREB studies. The dose used was chosen based on studies of uptake in rodent brain of structurally similar tri-aryl CB2 compounds (Fujinaga et al., 2010), which proved effective in our prior study (Reiner et al., 2015), and which is more than adequate for CB2 receptor activation given its 121.3 nM affinity (Presley et al., 2015). Note that although Cremophor has been linked to neuropathy when used as a vehicle for anti-cancer drugs (Gelderblom et al., 2001), the dose of Cremophor used here was below the maximum recommended dose for rodents, which is not known to have side effects (Neervannan, 2006). Consistent with this, no abnormalities were seen in optic nerve of mice following 2 weeks of Chremophor vehicle treatment in a prior study by us (Reiner et al., 2015). In addition, the number of cortical and striatal neurons in mice that received sham blast and Cremophor vehicle in the present study did not differ from those in our prior study (Guley et al., 2016) that received sham blast and no vehicle, and there were also no differences in body weight. All studies were performed in accordance with an UTHSC Institutional Animal Care and Use Committee approved protocol and complied with the National Institutes of Health and Society for Neuroscience guidelines. The mice analyzed here for neuron loss included some that had been used in our initial study of functional and morphological aspects of SMM-189 benefit (16; Reiner et al., 2015). For studies of neuron loss in cortex and striatum, 3 mice were analyzed per group (0-psi vehicle, 50-psi vehicle, and 50-psi, SMM-189), with a mean post-blast survival of 75.3, 75.7, and 77.0 days, respectively, per group. For BLA neuron loss, 4 mice were analyzed per group, with a mean post-blast survival of 69.3, 67.5, and 58.0 days, respectively, per group.



TBI Methods

The overpressure air blast was delivered by a small horizontally mounted air cannon system (Heldt et al., 2014; Guley et al., 2016), consisting of a modified paintball gun (Invert Mini, Empire Paintball, Sewell NJ), pressurized air tank, and x-y table secured onto a medium-density fiberboard. The original paintball gun barrel with a 13 mm aperture was replaced with a machined barrel with a 6.5 mm diameter aperture, to increase output pressure. The air blast pressures from the paintball gun were controlled by adjusting the output from a pressurized air tank, as monitored by a gun input pressure gauge. The part of the mouse exposed to the blast was restricted to a 7.5 mm diameter mid-cranial territory, as described previously (Guley et al., 2016). The exposed region was the parietal area of the left side of the head between the ear and the eye, encompassing that part of the skull overlying the forebrain. A foam rubber sleeve surrounding the mouse cushioned the non-blast side of the mouse, to stabilize it and minimize head displacement. Prior to blast exposure, mice were anesthetized with avertin (400 mg/kg body weight), the fur of the parietal region of the left side of the head shaved, and the mouse secured in a holder as described previously (Guley et al., 2016). TBI mice used for study of cortex and striatum received 50-psi blast, while TBI mice used for study of BLA received 60-psi blast. All of the same procedures were followed for sham-blast mice (0-psi), except that the mouse was shielded from the blast by a metal plate inserted between it and the gun nozzle. Mice received 35 mg/ml Tylenol in their drinking water for 24 h after blast.



Morphological Methods

Histological analysis was carried out on fixed brain tissue to determine the effects of TBI on the brain, and the remedial effects of SMM-189. Either 3 days or 2–3 months after blast, mice were deeply anesthetized (avertin; 0.2 ml/g body weight), the chest opened, and 0.1 ml of heparinized saline (800 U.S.P. units/ml) injected into the heart. Mice were then perfused transcardially with 40 ml of 0.9% NaCl in 0.1 M sodium phosphate buffer at pH 7.4 (PB), followed by 200 ml of 4% paraformaldehyde, 0.1 M lysine-0.1 M sodium periodate in 0.1 M PB at pH 7.4 (PLP). The brain was removed, post-fixed overnight, a pin inserted longitudinally into the right side to distinguish left blast-exposed side from right non-exposed side, and then stored in a 20% sucrose/10% glycerol solution at 4°C. The fixed brains were sectioned frozen on a sliding microtome in the transverse plane at 35 μm, and each brain collected as either 6 (for BLA) or 12 separate series (for cortex and striatum) in 0.1 M PB with 0.02% sodium azide. At least one series of brain sections from each mouse was mounted as sectioned and stained with cresyl violet. One or more series were immunostained for the pan-neuronal marker NeuN using a mouse monoclonal antibody (Millipore Corp., Billerica, MA) and peroxidase-antiperoxidase (PAP) procedures as described previously (Reiner et al., 2015; Guley et al., 2016), and in the case of 2–3 month survival mice employed to count all neuronal perikarya in cerebral cortex, striatum and BLA. Thy1+ pyramidal neurons of BLA in the Thy1 reporter mice were visualized for transmitted light microscopic study using a mouse monoclonal antibody against green fluorescent protein (Rockland Inc, Gilbertsville, PA), which crossreacts with EYFP due to the high similarity of their antigenic determinants. We detected PARV+ interneurons in BLA using a mouse monoclonal anti-PARV antibody (Sigma-Aldrich, St. Louis, MO), as described previously (Deng et al., 2007). Thy1+ pyramidal neurons and PARV+ interneurons in BLA were each visualized using PAP procedures in separate series of coronal sections. To evaluate CREB phosphorylation by SMM-189, we used a rabbit anti-pCREB antibody (#p1010-133; PhosphoSolutions, Aurora, CO) and anti-rabbit IgG conjugated to Alexa-594 (Molecular Probes; Eugene, OR), in conjunction with a rat anti-CD68 antibody (#ab53444; Abcam, Cambridge, MA) and anti-rat IgG conjugated to Alexa-647 (Molecular Probes; Eugene, OR) to identify microglia. Nuclei were visualized by DAPI staining. Sections were mounted on gelatin-coated slides and coverslipped with ProLong® antifade medium (Molecular Probes, Eugene, OR). Sections were viewed and images captured using a Zeiss 710 confocal laser-scanning microscope.



Neuron Counts

Unbiased, blinded stereological neuron counts were carried out using Stereo Investigator (Micro-Brightfield, Colchester, VT) with the optical fractionator method, as described previously (Reiner et al., 2012; Guley et al., 2016). Stereology also provided information on the volumes of the structures examined. The results for different groups of mice were compared using ANOVA followed by planned comparisons with post-hoc Bonferroni tests. No inhomogeneity of variances was detected by the Levene statistic for any of the data sets. Neuron counts for cortex and striatum were obtained using a one-in-twelve series of coronal sections immunolabeled for NeuN from C57BL/6 mice that had previously been used in rotarod assessments of motor performance (Reiner et al., 2015). The cortical field counted extended from the pial surface to the external capsule, and from the midline to the rhinal fissure. The striatum was defined by the contours of the external capsule and globus pallidus, and included nucleus accumbens. Cortex and striatum counts were performed from the rostral end of each to the level of the passage of the internal capsule into the thalamus, and thus included all but the most caudal ~25% of cortex and the most caudal ~10% of striatum. We have interpreted a reduction in the number of immunolabeled neurons at 2–3 months post-blast to represent neuron loss, as is routinely the case (Kordower et al., 2001; Shi et al., 2004; Unal-Cevik et al., 2004; Avramescu et al., 2009; Reiner et al., 2012; Zhang et al., 2015), although the possibility exists that the loss of immunolabeling could reflect neuronal dysfunction. To evaluate the impact of neuron loss/rescue on motor function, we used regression analysis to determine if neuron abundance was correlated with rotarod performance, as determined in the previously reported functional assessment at 2 weeks post-blast. Neuron counts for BLA were obtained from Thy1 reporter mice, which had not been tested for fearfulness, using separate one-in-six series of brain sections immunolabeled for NeuN, Thy1 (i.e. GFP) or PARV, and covered the full extent of rostral BLA.




RESULTS


Activation of CREB by SMM-189

As an inverse agonist, SMM-189 biases the CB2 receptor conformation to an inactive state (Presley et al., 2015), leading to phosphorylation of CREB, which, in turn, promotes transcription of M2 genes and represses transcription of M1 genes (Atwood et al., 2012). To examine the effects of SMM-189 on microglia in the brain, we immunolabeled for pCREB in conjunction with CD68 to visualize microglia. Confocal images from blast-alone mice 3 days after blast revealed no evident pCREB in the vast majority of microglia (>95%), with microglial cell bodies and nuclei confirmed as CD68+ and DAPI+. This was true for all brain regions examined, notably the BLA, the striatum and its major projection target, the substantia nigra pars reticulata (SNr), and for the axonal outflow of cerebral cortex in the internal capsule, as shown in Figures 1, 2. By contrast, in mice 3 days after blast with daily SMM-189, most, if not all, microglia in these brain regions were enriched in nuclear pCREB. Moreover, some microglia, notably in the internal capsule, had a rod-like morphology (Figure 2C). Some of the rod-like microglia were aligned parallel to axons in the internal capsule and some seemingly parallel to blood vessels. These rod-like microglia are reminiscent of microglia that become aligned along scratches in the tissue culture substratum, which are thought to correspond to an M2 state (Tam and Ma, 2014). Thus, SMM-189 acted on brain microglia as expected and consistent with its actions on microglia in vitro (Presley et al., 2015; Reiner et al., 2015).
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FIGURE 1. Images showing the effect of SMM-189 treatment on pCREB expression in microglia after blast. Confocal image pairs, one showing immunostaining for pCREB and CD68 and the other showing pCREB and DAPI, in left BLA and SNr in a blast alone mouse (A,B,E,F) compared to a SMM-189 treated blast mouse (C,D,G,H) at 3 days post blast. The CD68/pCREB double labeling shows microglia with CREB activation (i.e., nuclear pCREB; yellow arrows). The DAPI staining (pseudo-colored red for ease of viewing) reveals nuclei. Note that the nuclei of neurons are distinctly larger than those of microglia. The nuclei of all microglia in the blast mouse lack prominent pCREB (thin white arrows), whereas in the SMM-189 treated blast mouse all microglia are rich in nuclear pCREB (yellow arrows). Thus, SMM-189 treatment after blast results in CREB activation in microglia in BLA and SNr.
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FIGURE 2. Images showing the effect of SMM-189 treatment on pCREB expression in microglia in the left internal capsule after blast. Confocal images showing immunostaining for pCREB and CD68 in a blast alone mouse (A) compared to a SMM-189-treated blast mouse (B,C) at 3 days post blast. DAPI staining (not shown) was used to identify nuclei. The nuclei of all microglia lack prominent pCREB in the blast mouse (white arrows), but all are rich in pCREB in the SMM-189-treated mouse (yellow arrows). Note that some microglia exhibit prominent CD68 expression and a rod-like morphology (C) after SMM-189 treatment, and some of these are aligned parallel to axons descending from the cerebral cortex.





Cortical and Striatal Neuron Loss after Mild TBI Is Rescued by SMM-189

Examination of cresyl violet or NeuN stained sections did not reveal any obvious foci of neuronal loss or generalized neuron loss in cerebral cortex or striatum on either side of the brain 2–3 months after a 50-psi blast (Figure 3). However, blinded stereological neuron counts showed a bilateral loss of about 20% of neurons in the cerebral cortex (left: p = 0.025; right: p = 0.021), and a bilateral loss of about 30% of striatal neurons (left: p = 0.00048; right: p = 0.003) in mice that had received 50-psi blasts compared to those that had received 0-psi blasts (Figure 4A). The overall volumes of the cerebral cortex and the striatum were slightly, but not significantly, less in mice with 50-psi blast than in sham mice (Figure 4B). Daily treatment with SMM-189 for the 2 weeks after blast significantly reduced the cortical and striatal neuron loss, by about 50% in both cases (Figure 4A). For cortex, neuron counts in SMM-189 treated mice with 50-psi blast were no longer significantly different than in the vehicle-treated sham blast mice (left: p = 0.691; right: p = 0.745), and trended toward being more than in vehicle-treated 50-psi mice (left: p = 0.133; right: p = 0.103). For left striatum, neuron counts in SMM-189 treated mice with 50-psi blast were significantly more than in vehicle-treated 50-psi mice (p = 0.020), although they remained significantly less than in the vehicle-treated sham blast mice (p = 0.015). For right striatum as well, neuron counts in SMM-189 treated mice with 50-psi blast were significantly more than in vehicle-treated 50-psi mice (p = 0.047), but in this case they were also statistically indistinguishable from that in the vehicle-treated sham blast mice (p = 0.094).
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FIGURE 3. Images showing the effect of TBI and SMM-189 on NeuN+ neurons in left cerebral cortex and striatum at 2–3 months post-blast. Neither focal nor diffuse neuron loss is evident in the 50-psi vehicle-treated cortex or striatum, compared to 0-psi vehicle-treated cortex and striatum. Similarly, the abundance of cortical and striatal neurons does not appear obviously different in the 50-psi SMM-189 treated mice from that in either of the other two groups. Magnification is the same for all panels. Stereology, nonetheless, revealed neuron loss in both in 50-psi vehicle-treated mice.
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FIGURE 4. Graphs showing the effect of TBI and SMM-189 on NeuN+ neurons (A) and on volumes (B) in cerebral cortex and striatum. Stereological counts (A) revealed bilateral neuron loss in the 50-psi vehicle-treated cortex and striatum, and significant rescue after SMM-189 treatment. Red asterisks indicate a significant difference between vehicle-treated 50-psi mice and vehicle-treated 0-psi mice. Green asterisks indicate a significant difference between SMM-189 and vehicle-treated 0-psi mice. Asterisks above bars spanning the SMM-189 and vehicle-treated 50-psi mice columns indicate a significant difference between these two conditions. No significant volume loss is evident in the 50-psi vehicle-treated cortex or striatum (B), compared to 0-psi vehicle-treated cortex and striatum, although a trend toward reduction is seen.



We previously reported that blast resulted in impaired rotarod performance and that SMM-189 treatment produced partial rescue of this motor deficit (Reiner et al., 2015). We used regression analysis to examine the relationship between rotarod performance and the extent of neuronal loss and rescue, combining the data for all three groups of mice (i.e., sham mice, and the TBI mice, with and without SMM-189), as shown in Figure 5. We found that cortical neuron abundance for the two sides of the brain taken together was highly correlated with rotarod performance (r = 0.6443; p = 0.032). Similarly, striatal neuron abundance for both sides of the brain combined was also highly correlated with rotarod performance (r = 0.5908; p = 0.047). These results are consistent with the idea that the loss of cortical and striatal neurons contributed to the rotarod deficit produced by blast, and that their partial rescue by SMM-189 contributed to the partial rescue of rotarod performance.
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FIGURE 5. Regression analysis showing the relationship between rotarod performance and the extent of cortical (A) and striatal (B) neuronal loss and rescue, combining the data for all three groups of mice.





BLA Neuron Loss after TBI Is Rescued by SMM-189

BLA is composed primarily of Thy1+ and Thy1-negative pyramidal neurons, with several types of interneurons making up the remaining 10% of the total neuronal population. The Thy1+ pyramidal neurons and the PARV+ interneurons are both reported to play a role in suppressing fear (Myers et al., 2006; Herry et al., 2008; Heldt et al., 2012; Jasnow et al., 2013). For this reason, and because we had previously observed that mild TBI results in a loss of Thy1+ neurons (Reiner et al., 2015), in the present study we used stereological neuron counting methods to more fully analyze the effects of TBI and SMM-189 treatment on neuron-type specific pattern of loss in BLA. As a first step, we determined the relative abundance of several of the different major neuron types in BLA. Using a Thy1-EYFP reporter mouse to visualize the Thy1+ neurons, and immunostaining a separate series of sections for NeuN to visualize the total neuronal population, we found that 38.1% of BLA neurons are Thy1+ neurons. As pyramidal neurons are thought to make up about 90% of the total population of BLA neurons (Godavarthi et al., 2014; Wolff et al., 2014), this suggests that Thy1-poor pyramidal neurons constitute 51.9% of all BLA neurons (90–38.1%). We also found that 3.7% of all BLA neurons are PARV+. With interneurons representing about 10% of all BLA interneurons, 6.3% of BLA neurons must correspond to the separate interneuron types that contain somatostatin, cholecystokinin, or vasoactive intestinal polypeptide (Rainnie et al., 2006; Muller et al., 2007).

Blasts of 60-psi to the left side of the head resulted in 20.1% overall loss (p = 0.000069) of NeuN-immunostained neurons from the left BLA (Figures 6A,B, 7A), with no significant change in the volume of left BLA. Thy1+ pyramidal neurons showed a 33.3% loss (p = 0.000014) in vehicle-treated 60-psi mice compared to vehicle-treated sham blast mice (Figures 6D,E, 7A). Similarly, PARV+ interneurons showed a 42.1% neuron loss (p = 0.00001; Figures 6G,H, 7A). As the Thy1+ pyramidal neurons and the PARV+ interneurons of BLA are involved in reduction and extinction of learned fear (Myers et al., 2006; Herry et al., 2008; Heldt et al., 2012; Jasnow et al., 2013), their loss is likely to contribute to the increased learned contextual fear and diminished fear extinction exhibited by mice that we had subjected to 50–60 psi blasts (Heldt et al., 2014; Reiner et al., 2015). By contrast, the remaining neurons (i.e., Thy1-negative/PARV-negative), which largely constitute the Thy1-negative pyramidal neurons of BLA, showed only a small reduction that was not statistically significant (~10% loss; p = 0.109; Figure 7A). Since the non-Thy1+ pyramidal neurons promote fear, their preferential preservation, together with the substantial loss of the Thy1-enriched fear-reducing pyramidal neurons may explain why TBI increases fear in our model (Haubensak et al., 2010; Herry and Johansen, 2014; Lüthi and Lüscher, 2014).
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FIGURE 6. Images showing the effect of TBI and SMM-189 on NeuN+ neurons in left BLA (A–C), on Thy1+ fear-suppressing pyramidal neurons in left BLA in a Thy1-EYFP reporter mouse (D–F), and on PARV+ interneurons in left BLA (G–I). A reduction in NeuN+ neurons is seen in the 60-psi blast mice (B compared to A), which trended toward being rescued by SMM-189 treatment (C). Similarly, Thy1+ neurons of left BLA are reduced in the 60-psi blast mice (E), and rescued in the SMM-189 treated 60-psi blast mice (F), as also true for the PARV+ neurons of left BLA (G–I). Medial is to the right and magnification is the same in all images.
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FIGURE 7. Graphs showing the effect of TBI and SMM-189 on neuron types in left BLA (A), and in right BLA (B). Thy1+ pyramidal neurons and PARV+ interneurons are decreased in number in the left BLA of 60-psi blast mice, and are both rescued in the SMM-189 treated mice. By contrast, there was no significant change in the non-Thy1/non-PARV neurons of left BLA (which are mainly fear-promoting pyramidal neurons) of BLA after TBI. Red asterisks indicate a significant difference between vehicle-treated 60-psi mice and vehicle-treated 0-psi mice. Green asterisks indicate a significant difference between SMM-189 and vehicle-treated 0-psi mice. Asterisks above bars spanning the SMM-189 and vehicle-treated 60-psi mice columns indicate a significant difference between these two conditions. No significant changes in Thy1+ pyramidal neurons, PARV+ inhibitory interneurons, or non-Thy1/non-PARV neurons were seen for the right BLA following TBI, with or without treatment (B).



We found that SMM-189 treatment significantly rescued the TBI-related loss of both Thy1+ neurons and PARV+ interneurons, returning these to 80.3 and to 82.4% of sham abundance, respectively (Figures 6D–I, 7A). The abundance of Thy1+ BLA neurons in SMM-189 treated 60-psi mice was significantly greater than in vehicle-treated 60-psi mice (p = 0.010), although it remained less than in vehicle-treated 0-psi mice (p = 0.001). Similarly, the abundance of PARV+ BLA neurons in SMM-189 treated 60-psi mice was greater than in vehicle-treated 60-psi mice (p = 0.005), but still less than in vehicle-treated 0-psi mice (p = 0.034). SMM-189 trended toward rescue of overall BLA neuron loss, as reflected in the NeuN immunolabeling (Figures 6A–C), reducing it from 79.9% to 87.2% (p = 0.054842). By contrast, with SMM-189 treatment, the Thy1-negative/PARV-negative BLA neurons were found to be 92.0% of sham-vehicle abundance—not significantly more than in vehicle-treated 60-psi mice (p = 1.000), nor significantly less than in vehicle-treated 0-psi mice (p = 0.240; Figure 7A).

In contrast to left BLA, no significant loss was observed in the right BLA for the Thy1+ neurons (p = 1.000), the PARV+ neurons (p = 1.000), or the Thy1-negative/PARV-negative NeuN neurons (p = 0.611; Figure 7B), or for right BLA volume as measured in the sections used for Thy1, PARV or NeuN neuron counts. Finally, the abundance of each of these three neuron types in right BLA did not differ significantly between SMM-189 treated blast mice and the sham mice.




DISCUSSION


Neuronal Loss with TBI

Cerebral Cortex and Striatum

We have previously reported that our model of mild TBI produces diffuse axonal injury, as evidenced by the presence of swollen axonal bulbs at a few days, and degenerating axons at 1–2 weeks after blast (Heldt et al., 2014; Guley et al., 2016). As in humans and in other animal models of TBI (Petras et al., 1997; Shitaka et al., 2001; Koliatsos et al., 2011; MacDonald et al., 2011; Johnson et al., 2013; Morey et al., 2013; Xu et al., 2016), damaged axons were most prevalent in the major white fiber tracts, where their parallel arrangement is thought to make them especially vulnerable to breakage by the stretch and shear forces produced when the blast pressure wave is conducted through the brain parenchyma (Smith et al., 2013b). In turn, this widespread axonal damage may contribute to the apparently diffuse loss of neurons we report here for the cerebral cortex and striatum, as well as to the neuron loss and atrophy observed in cortex and striatum after closed-head TBI in humans (Wilde et al., 2007; Maxwell et al., 2010; Leunissen et al., 2014) and after mild TBI in animal models (Smith et al., 1997; Cho et al., 2013; Sajja et al., 2013; Goddeyne et al., 2015). The observed neuronal loss in our study was not obviously localized to a restricted region and was not evident without stereological neuron counts. It thus seems unlikely that neuronal loss occurred disproportionately in a particular region (e.g., frontal, visual, somatosensory, motor, or medial vs. lateral) or layer of cerebral cortex, or in a particular region or compartment of the striatum. However, additional analysis and the use of cell-type specific markers would be required to determine if there was any loss of interneurons and/or any preferential loss of a specific subpopulation(s) of projection neurons from cortex or striatum (Reiner et al., 1998; Hattox and Nelson, 2007; DeFelipe et al., 2013; Deng et al., 2015). Prior studies have reported that projection neurons in cortex and striatum are vulnerable to TBI (Maxwell et al., 2010; Bales et al., 2011), but interneurons, at least those in the hippocampus, have been reported to also be vulnerable to TBI (Lowenstein et al., 1992; Hicks et al., 1993; Smith et al., 1997; Tsuda et al., 2016).

The loss of neurons in the cerebral cortex and striatum was not only seemingly distributed throughout each, but also was similar in extent for the two sides of the brain. It may be that the bilateral neuronal loss stems from bilateral axonal injury, as both cortex and striatum are composed primarily of projection neurons possessing long axons, which travel in the corpus callosum or pyramidal tract and in the ansa lenticularis or striatonigral tract, respectively (Reiner et al., 1998; Hattox and Nelson, 2007; Deng et al., 2015). The fact that the pyramidal tract, ansa lenticularis and striatonigral tract are juxtaposed at their entry into the thalamus and midbrain may make their axons subject to similar tensile and shear forces at this level of the brain, and thus bilaterally vulnerable. A possible reason for the greater extent of neuron loss we find for the striatum as compared to cortex (~30 vs. ~20%) may relate to the higher proportion of projection neurons in the striatum (~95%) as compared to the cerebral cortex (~80%) (Peters et al., 1985; Reiner et al., 1998; Bartolini et al., 2013), with all striatal projection neurons, but only about half of all cortical projection neurons, having axons that follow a longitudinal trajectory in the brain. Longitudinally running axons appear to be more susceptible to damage in our TBI model, in that we observed axonal bulbs and silver-stained degenerating axons more frequently in the pyramidal and optic tracts than in the corpus callosum (Heldt et al., 2014; Guley et al., 2016). Similarly, the pyramidal and optic tracts are especially vulnerable to axonal injury with closed skull impact TBI, for example the Marmarou impact acceleration approach, which also subjects axons to stretch and shear forces (Kallakuri et al., 2012; Zakaria et al., 2012). Based on published computer models of TBI biomechanics (Taylor and Ford, 2009; Laksari et al., 2014), the blast wave created using our system would be expected to also compress the brain, first on the targeted left side and then on the contrecoup side as the brain moves within the skull, and this may further contribute to the generalized bilateral neuron loss we found. Relatively little is known, however, about the long-term deleterious consequences of compressive forces on axons and neuronal cell bodies (Meaney and Smith, 2011).

It should be noted that we previously reported an ~10% loss of axons in the dorsal corticospinal (CST) axons at thoracic spinal cord levels on the right side as compared to the left side following left side cranial blast (Guley et al., 2016). We also observed an asymmetry in signs of axonal injury along the descending pyramidal tracts at the level of the pons, with more on the left side (Guley et al., 2016). As axons arising from corticospinal motoneurons (CSMNs) on the left side of the brain cross the midline at the spinomedullary junction, the results for CST axons might suggest that damage was limited to the left side of motor cortex, and at first glance, appear to contradict the bilateral loss of cortical neurons reported here. However, our analysis of axon loss, which compared the areas of axons immunostained for protein kinase C gamma on the two sides, would not rule out the possibility that CST axons on the left side of the spinal cord were also lost, just that loss was greater for the right side. Moreover, CSMNs are estimated to comprise less than 5% of the neurons in motor cortex (Özdinler et al., 2011) and so a preferential loss of CSMNs from left but not right motor cortex, would not significantly affect the overall cortical counts reported here.

The injury produced in our blast model is classified as mild TBI, based on the absence of obvious contusion or hemorrhaging, the rapidity with which animals awaken from anesthesia after TBI, and the absence of any post-TBI torpor. It thus is surprising to find that 20–30% of neurons had been lost by 2–3 months after the injury. Few other studies of mild TBI have, however, examined this issue. Although some published reports have shown dying neurons by immunolabeling for activated caspase, or staining using fluorojade or TUNEL (e.g., Raghupathi et al., 2002; Longhi et al., 2005; Sajja et al., 2015), these approaches do not provide information about the ultimate extent of neuronal loss. Further, in many cases, histological examination of the brain has been limited to 10 days or less after the TBI event. The main exceptions are several studies in which researchers, having observed extensive axonal injury in the optic tract and nerve, have then counted surviving retinal ganglion cells (Tzekov et al., 2014; Xu et al., 2016). For example, Xu et al. (2016) reported 30% retinal ganglion cell loss by 10 weeks after impact TBI. Interestingly this is similar to the amount of loss we found for the striatum, with its 95% complement of projection neurons, and is consistent with observations that the majority of axons are not injured by mild TBI. Other studies have shown substantial cortical thinning, striatal atrophy, and up to 40% hippocampal neuron loss as long-term consequences of contusive cortical injury (Baldwin et al., 1997; Smith et al., 1997). This type of TBI is, however, severe in that the skull is open and the exposed dura is impacted. Thus, to the best of our knowledge, no studies other than our own have examined the consequence of mild TBI for neuron loss in the brain. It may be that the 20–30% loss we observed occurs over a time frame of several weeks and that diffuse neuron loss goes undetected unless stereological analysis is performed.

Basolateral Amygdala

Neuronal loss in BLA varied in several ways from that in cerebral cortex and striatum. Most strikingly, it was limited to the targeted side of the brain rather than occurring bilaterally. BLA is situated slightly deep and anterior to the center of the area targeted by the blast region, which corresponds to the thalamus. The presence of the fluid-filled lateral and third ventricles at this level may alter the transmission of tensile, shear, and compressive forces from one side of the brain to the other, and may thereby “protect” deeper neural structures such as the amygdala on the non-blast side, as may also the transverse course of its efferent axons (Gupta and Przekwas, 2013). In addition, the left BLA neuron loss involved 33.3% reduction in one population of pyramidal projection neurons (Thy1+) but no significant loss in the other major population of BLA pyramidal projection neurons (i.e., the Thy1-negative), as well as a 42.1% loss of PARV interneurons. The present results are consistent with our prior report of Thy1 neuron loss in BLA after mild TBI (Heldt et al., 2014; Reiner et al., 2015), and with reports of GABAergic neuron loss from BLA after controlled cortical impact TBI (Almeida-Suhett et al., 2014). Although we did not observe neuron loss in the right BLA, it is nonetheless possible that functional changes occurred in Thy1 and PARV neurons in right BLA, given that neurons can be dysfunctional after brain injury or in neurodegenerative diseases, in the absence of or prior to overt neuron loss (Cohen et al., 2007; Smith et al., 2013a; Deng et al., 2014).

Mechanisms of Neuron Loss

Taken together, our results for cortex and striatum suggest that axonal injury may contribute to subsequent neuron death after TBI, whereas our results for PARV+ interneurons of BLA indicate that axonal injury is not necessary for neuronal loss for at least some neuron types in our model. Moreover, the basis of the differential vulnerability of Thy1+ vs. Thy1-negative pyramidal neurons of left BLA is uncertain, as both send axons to the nearby central amygdala, as well as more distantly to the medial prefrontal cortex (Lüthi and Lüscher, 2014). A variety of cellular characteristics confer susceptibility to neuronal death after trauma, for example, a limited ability to buffer calcium or a high vulnerability to excitotoxic or oxidative injury (McGinn and Povlishock, 2015; Jayakumar et al., 2016; Tovar-y-Romo et al., 2016). In addition, neuroinflammation often has detrimental effects in the aftermath of TBI (Brown and Vilalta, 2015; Loane and Kumar, 2016) and is likely to contribute to the neuron loss we find here. Consistent with this possibility, neuron loss appears to be progressive in our model, as we previously found ~12% cortical neuron loss at 45 days after blast (Guley et al., 2016), as compared to the ~20% loss at 2–3 months post-blast reported here. We do not know if cortical and/or striatal neurons continue to die beyond the 3-month time point and, if so, at what rate. Moreover, we do we know if neuronal death occurs and is progressive in other regions as well. The additional loss of ~8% of cortical neurons between 6 and 10 weeks after the initial traumatic event cannot readily be explained by damage to the neurons themselves. Moreover, as will be discussed in more detail below, that SMM-189 treatment rescued roughly half of the neurons that would have otherwise been lost, suggests that the rescued neurons died as consequence of neuroinflammatory processes. It is possible that yet more neurons may be capable of rescue, since we do not know if the dose or timing of SMM-189 treatment we used could be further optimized.



Neuronal Loss and Rescue in Cerebral Cortex and Striatum and Relation to Motor Deficits

The neuronal loss we find in cerebral cortex and striatum at 3–4 months is correlated with the rotarod deficits these mice exhibited at 2 weeks post blast (Guley et al., 2016), indicating that the injury severity in the 2 weeks after blast and its rescue with SMM-189 predict the deficits and ultimate neuron loss. Consistent with this, treatment for 2 weeks after blast with the CB2 inverse agonist SMM-189 rescues about half the total number of cortical and striatal neurons that would have otherwise died, and significantly reduces rotarod deficits (Reiner et al., 2015). Whether the rescue of cortical neurons with SMM-189 treatment is the cause or consequence of the rescue of CST axons that we previously reported (Reiner et al., 2015) is uncertain. The present results extend on our prior findings, in that they show that rescue of sensorimotor deficits causing impaired rotarod performance may be due to the preservation of cortical and striatal neurons. Much of the area of the cortex for which counts were obtained corresponds to somatosensory and motor regions and staying on rotarod requires sensory-motor coordination. Similarly, the correlation of striatal neuron abundance with rotarod performance is consistent with role of striatum, as it is important in movement initiation, action sequence coordination, and motor learning (Deng et al., 2015; Yttri and Dudman, 2016). It is likely that TBI in our model produces cortical neuron loss throughout the entire cortex and deficits in functions that we have not assayed, such as in somesthesis, audition, and memory. Consistent with this, we have detected electrophysiological abnormalities in prefrontal cortex, hippocampus, visual cortex and somatosensory cortex as early as 1 month after blast (Liu et al., 2016). Whether deficits in memory and in sensory modalities other than vision occur after blast in our model and are also rescued by SMM-189 treatment requires further study.



Neuronal Loss and Rescue in BLA and Relation to Fearfulness

We previously reported that mild TBI with our model causes an increase in fearfulness as assessed in an auditory fear conditioning paradigm, as well as a reduction in the Thy1+ neurons of BLA (as determined from confocal microscopy), and that both are rescued with SMM-189 treatment (Reiner et al., 2015). The increased fearfulness manifests as both an increase in freezing (freezing being the standard indicator of fear in rodents) to a learned auditory fear stimulus that signals impending shock, and an enhancement of contextual fear when the mice are placed in the fear-training chamber (Heldt et al., 2014). Moreover, the TBI mice exhibit greater resistance to extinction of the learned fear, in that more extinction trials are needed to extinguish the learned fear response than is the case for sham blast mice. The fear is perseverative and progressive, as contextual fear persists and learned fear is even more resistant to extinction in TBI mice at 1 year after blast (Heck et al., 2015). In the present study, stereological neuron counts showed a 33.3% loss of the Thy1+ fear-suppressing pyramidal neurons and a 42.1% loss of PARV+ fear-suppressing interneurons in BLA, but no significant loss of the fear-promoting Thy1-negative pyramidal neurons of BLA. Together, these findings help explain the increased fearfulness occurring in our TBI model, as preferential loss of fear-suppressing neurons should lead to increased fear responses. Moreover, SMM-189 treatment significantly reduced the Thy1 and PARV neuron loss in BLA, with the rescue of these neuron types most likely representing the means by which SMM-189 reduces post-TBI fearfulness.

The amygdala contributes to fear via the interplay of three cell groups, BLA, the lateral anterior nucleus (LA), and the central nucleus (CeA) (Figure 8; Ehrlich et al., 2009; Ciocchi et al., 2010; Morozov et al., 2011; Janak and Tye, 2015). The LA and BLA each contain about 90% excitatory pyramidal neurons and about 10% GABAergic inhibitory interneurons. The CeA consists mainly of GABAergic inhibitory neurons, some of which are projection neurons while others are local circuit neurons. Fear associations are learned by LA neurons via their inputs from sensory and pain regions. Learned fear is then signaled to BLA neurons that activate an intrinsic fear circuit in the CeA that provides output to various brainstem sites mediating the affective, autonomic and motor components of fear behavior. This fear output from BLA appears to occur via Thy1-negative pyramidal neurons that receive input from LA neurons that learn to associate a neutral stimulus with a given aversive event. These Thy1-negative fear-promoting neurons in BLA project to GABAergic neurons of CeA that promote fear (Herry et al., 2008; Haubensak et al., 2010; Jasnow et al., 2013; Herry and Johansen, 2014; Lüthi and Lüscher, 2014). By contrast, the Thy1-enriched pyramidal neurons in BLA suppress fear and project to CeA neurons that suppress fear. BLA in rodents appears to receive its main excitatory drive via cortical inputs from different parts of the ventral medial prefrontal cortex (mPFC), which is specialized for the integration of emotional states with environmental stimuli. Projections from the fear-promoting prelimbic part of mPFC mainly target the fear-promoting pyramidal BLA neurons, while the fear-reducing infralimbic part of mPFC targets fear-suppressing pyramidal neurons and GABAergic inhibitory BLA interneurons (Rosenkranz and Grace, 2001; Paré et al., 2004; Herry et al., 2008; Jasnow et al., 2013). To better understand how mild TBI increases fearfulness, and how SMM-189 rescues this deficit, it would be valuable to know how the inputs from the prelimbic and infralimbic parts of mPFC, as well as the input from ventral hippocampus, to BLA are affected by mild TBI.
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FIGURE 8. Circuit diagram of neuron types of amygdala of interest to the present study. Neurons and inputs shown in green promote fear, while those shown in red reduce fear. Dotted lines represent connections that are less firmly established in the literature than are the connections shown by solid lines.



The BLA contains four major types of GABAergic inhibitory interneurons constituting about 10% of its total neuronal population - a parvalbuminergic (PARV) type, a somatostatinergic (SST) type, a large-sized type containing cholecystokinin (CCK), and a small-sized type containing vasoactive intestinal polypeptide (VIP) (Rainnie et al., 2006; Muller et al., 2007). The PARV interneurons primarily target pyramidal BLA neurons, making up half of their inhibitory input (Muller et al., 2006; Wolff et al., 2014), with the other types of interneurons providing the other half (Mascagni and McDonald, 2003; Muller et al., 2003, 2007). Both the PARV interneurons (Godavarthi et al., 2014; Wolff et al., 2014) and the CCK interneurons (Truitt et al., 2009) appear to reduce fear and anxiety, while the SST interneurons appear to increase fear (Wolff et al., 2014). One simple way in which PARV and CCK interneurons may reduce fear and anxiety, and SST neurons may increase fear, is if the PARV and CCK interneurons preferentially innervate the Thy1-negative fear-promoting BLA neurons, and SST interneurons preferentially innervate the Thy1-rich fear suppressing neurons of BLA. Future studies will be needed to characterize the connectivity of these other interneuron types with pyramidal neurons, and to determine how each type is affected by mild TBI, to more fully understand how mild TBI increases fearfulness, and how SMM-189 treatment produces its rescue of fearfulness.



Microglial Activation and SMM-189 Therapy

We previously showed that the axonal injury in major fiber tracts resulting from blast in our TBI model is accompanied by microglial activation along those fiber tracts and in brain regions where the damaged axons terminate (Guley et al., 2016). It is known that injured axons and their myelin sheaths release molecules that can bind to damage-associated molecular pattern molecule receptors, which include Toll-like receptors expressed on microglia, thereby activating them (Kumar and Loane, 2012). The activated microglia then typically release pro-inflammatory factors that have toxic effects on nearby neurons, may help recruit other immune cells to the region, and can compromise the integrity of the blood-brain barrier, leaving the central nervous system vulnerable to molecules in the systemic circulation (Brown and Vilalta, 2015; Loane and Kumar, 2016). Thus, an initial injury has the potential to lead to a continuing cascade of deleterious effects. Our present finding that blast TBI yields substantial neuron loss in cortex, striatum, and amygdala thus indicates that the initial trauma and the cascade it initiates leads not only to axonal injury but also neuron loss, perhaps in some cases secondary to axonal injury.

The rapid upregulation of CB2 by microglia after TBI allows them to be specifically targeted by SMM-189 for therapeutic purposes. Our prior in vitro analysis has shown that SMM-189 biases microglia from a pro-inflammatory M1 phenotype to a pro-healing M2 phenotype (Presley et al., 2015; Reiner et al., 2015). In addition, we have previously shown that treatment with SMM-189 reduces microglial activation in the right optic tract and retina, as assessed with IBA1 immunolabeling, and biases microglia away from the M1 state toward the M2 state, as indicated by increased pCREB immunolabeling (Reiner et al., 2015; Guley et al., 2016). In the present study, we have extended this observation to several additional brain regions, including BLA, the striatum, the terminal projection field of the striatum in the substantia nigra pars reticulata, and the white matter tract passing from cerebral cortex to brainstem. In all cases, microglia in these regions in blast-only mice rarely possessed evident nuclear pCREB, whereas in the SMM-189-treated mice, all the microglia showed prominent nuclear pCREB staining. Interestingly, the CD68 immunolabeling revealed some rod-like microglia in the internal capsule in mice with blast plus SMM-189, all with prominent nuclear pCREB. The presence of rod-like microglia is of interest because we have previously shown that SMM-189 promotes a rod-like morphology in microglia in vitro (Presley et al., 2015). Moreover, others have demonstrated that rod-shaped microglia show increased M2 marker expression after stable alignment with their substrate (Tam and Ma, 2014), suggesting that such microglia play a role in repairing nervous system damage.

Overall then, our results show that SMM-189 acts on brain microglia and biases them to the beneficial M2 state in the brain regions (and/or their fiber tracts) where SMM-189 rescues TBI-related neuron loss. Our present finding that SMM-189 treatment for the 2 weeks after blast yields substantial neuron rescue in cortex, striatum, and amygdala thus indicates that M1 microglial activation during the aftermath of mild TBI worsens the outcome, and that biasing toward M2 microglial activation during this same time period allows the survival of many of the neurons that would have otherwise died. It is likely that the observed neuronal rescue contributed to the reduction of motor deficits and fearfulness that mild TBI normally produces. Note that treatment with a CB2 agonist instead would reduce M1 activation but not promote M2 activation, which may explain why CB2 agonists have not consistently shown strong benefit in treating TBI (Mechoulam et al., 2002; Meyer et al., 2010; Elliott et al., 2011; Amenta et al., 2012, 2014; Firsching et al., 2012). Our results thus support further testing of CB2 inverse agonists as a useful therapeutic approach for reducing neural injury and functional deficits after mild TBI. It is possible that further optimization of dosage and timing would produce even greater benefit than we found here and that there is a critical time window during which treatment would be most effective. It will also be important to extend testing the efficacy of SMM-189 to additional neuronal populations and functions in our TBI model, as well as determine its usefulness in other TBI models.
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There is evidence of altered vascular function, including cerebrovascular, in Alzheimer's disease (AD) and transgenic models of the disease. Indeed vasoconstrictor responses are increased, while vasodilation is reduced in both conditions. β-Amyloid (Aβ) appears to be responsible, at least in part, of alterations in vascular function. Cannabinoids, neuroprotective and anti-inflammatory agents, induce vasodilation both in vivo and in vitro. We have demonstrated a beneficial effect of cannabinoids in models of AD by preventing glial activation. In this work we have studied the effects of these compounds on vessel density in amyloid precursor protein (APP) transgenic mice, line 2576, and on altered vascular responses in aortae isolated ring. First we showed increased collagen IV positive vessels in AD brain compared to control subjects, with a similar increase in TgAPP mice, which was normalized by prolonged oral treatment with the CB1/CB2 mixed agonist WIN 55,212-2 (WIN) and the CB2 selective agonist JWH-133 (JWH). In Tg APP mice the vasoconstriction induced by phenylephrine and the thromboxane agonist U46619 was significantly increased, and no change in the vasodilation to acetylcholine (ACh) was observed. Tg APP displayed decreased vasodilation to both cannabinoid agonists, which were able to prevent decreased ACh relaxation in the presence of Aβ. In summary, we have confirmed and extended the existence of altered vascular responses in Tg APP mice. Moreover, our results suggest that treatment with cannabinoids may ameliorate the vascular responses in AD-type pathology.
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INTRODUCTION

Alzheimer's disease (AD) is the major cause of dementia. This neurologic condition is characterized pathologically by β-amyloid (Aβ) deposition, neurofibrillary tangles, composed of hypophosphorylated tau, the degeneration of particular subsets of neurons and neuroinflammation, as a consequence of glial activation. Although the existence of hereditary AD, with early onset, has been described, it only accounts for a small percentage of cases (Hardy, 1996; Campion et al., 1999). The actual cause of sporadic AD is unknown, but several risk factors have been recognized (Grammas, 2011; Carnevale et al., 2016; Hamel et al., 2016). Indeed, hypertension, hypercholesterolaemia, ischaemic stroke, the ApoE4 allele and diabetes, all characterized by a vascular pathology, constitute risk factors for AD. On the other hand, several abnormalities in cerebrovascular vessels have been observed, including amyloid cerebral angiopathy (Thomas et al., 2000; Hardy and Selkoe, 2002; Kalaria, 2002; Iadecola, 2010), with a prominent accumulation of Aβ in vessels, alterations in smooth muscle or endothelial cells, and thickening of basement membrane (Mancardi et al., 1980; Kalaria, 2002; Iadecola, 2010; Morris et al., 2014). Moreover, there are pathophysiological links among these actors, since increased hypertension in mice results in Aβ deposition and cognitive impairment (Carnevale et al., 2012). Similarly, in transgenic models of the disease exists angiopathy, alterations in cerebral microvasculature occur, with the presence of apoptotic vascular cells in brain (Christie et al., 2001; Miao et al., 2005; Tong et al., 2005).

Aβ induces several types of vessel dysfunctions. Indeed, preincubation of aortae rings with the peptide diminishes the vasodilator activity of acetylcholine (ACh), while the vasoconstrictor responses to phenylephrine (Thomas et al., 1996) and endothelin-1 (ET-1; Crawford et al., 1998) are enhanced. Free radical generation appeared to mediate the effects of Aβ, since the addition of the antioxidant enzyme superoxide dismutase (SOD) avoided Aβ effects (Thomas et al., 1996; Crawford et al., 1998). On the other hand, calcium channel blockers or calcium chelators fully abrogate the enhancement induced by Aβ on ET-1 vasoconstriction (Crawford et al., 1998). In regard to the chemical species, it has been reported that Aβ 1-40 appears to be the fragment inducing higher vasoactivity (Crawford et al., 1998; Smith et al., 2007), compared to fragments 1–42 or 25–35, both showing greater cytotoxicity. It should be noted that Aβ1-42, more prone to aggregation, along with the 1-40 peptide fragment are deposited in senile plaques. However, Aß1-40 is the chemical species present in blood. However, it is not clear whether the presence of endothelium is required for vasoactivity (Thomas et al., 1996; Crawford et al., 1998). Interestingly, Aβ intra-arterial infusion to rats decreased blood flow and increased vascular resistance specifically in cerebral cortex (Suo et al., 1998), and enhances mean arterial blood pressure (Arendash et al., 1999). In isolated middle cerebral arteries from amyloid precursor protein transgenic mice (Tg APP) the vasodilator responses to calcitonin gene related peptide (CGRP) and ACh were significantly reduced, although the vasoconstriction induced by ET-1 was preserved, and both catalase and SOD addition restored to control values ACh-induced vessel relaxation (Tong et al., 2005). Moreover, Tg APP mice showed selective impairment in endothelium-dependent regulation of the neocortical microcirculation, as measured by laser-Doppler, which was counteracted by SOD (Iadecola et al., 1999).

Cannabinoids are molecules interacting with cannabinoid receptors, or with similar chemical structure to tetrahydrocannabinol, the major constituent of Cannabis sativa. Thus, cannabinoid agonists comprise molecules derived from the plant, synthetic molecules, with higher potency, and the endocannabinoids, present in living animals. Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are the major endocannabinoids, which along with their synthetic and degrading enzymes, and specific cannabinoid receptors constitute the endocannabinoid system (Di Marzo and De Petrocellis, 2012; Pertwee, 2012), which has a modulatory role with pleiotropic actions. Cannabinoid agonists have shown neuroprotective and anti-inflammatory effects of interest for the treatment of different neurodegenerative (Baker et al., 2000; Glass et al., 2000; Arévalo-Martín et al., 2008; Fernández-Ruiz et al., 2011) and mental disorders (Marsicano et al., 2002; de Bitencourt et al., 2013; Leweke et al., 2016). We (Ramírez et al., 2005; Martín-Moreno et al., 2012) and others (Wu et al., 2013; Aso and Ferrer, 2014; Cheng et al., 2014) have described beneficial effects relevant for AD treatment. Indeed, cannabinoid agonists rescue the cognitive impairment in AD animal models, affording neuroprotection by decreasing neuroinflammation and Aβ levels. On the other hand, cannabinoid agonists are hypotensive agents. Their cardiovascular actions are complex (Randall et al., 2004; López-Miranda et al., 2008). They cause vasorelaxation of isolated vessels in vitro, and in vivo they induce multiphasic responses that lead to sustained hypotension. For instance, anandamide, the endocannabinoid, caused a triphasic response in anaesthesized rats: first, there is a hypotensive response, vagally mediated, followed by a pressor response and by a sustained hypotension (Varga et al., 1996). Moreover, WIN 55,212-2 and HU-210 in conscious rats induced pressor, and renal and mesenteric vasoconstrictor effects, but hindquarters vasodilator actions (Gardiner et al., 2001). Although in some instances the classical cannabinoid receptors, the well characterized CB1 and CB2 receptors, are involved in such responses, in other occasions different receptors are activated, the release of endothelial mediators may be implicated, or even direct effects on transduction mechanisms have been invoked.

Given the vascular alterations observed in AD and in its animal models, and that cannabinoid agonists show vascular effects, in this work we sought to investigate the vascular responses of two pharmacologically distinct cannabinoid agonists, the CB1/CB2 mixed agonist WIN 55,212-2 (WIN) and the CB2 selective agonist JWH-133 (JWH). We selected WIN because it shows a slightly higher CB2 selectivity compared to other mixed agonists, and JWH because it was one of the first CB2 selective agonists synthesized and characterized (Huffman et al., 1999). Since we have been using both compounds for years, commencing with our seminal work on the cannabinoid receptor alterations in AD and the effects of cannabinoid agonists on its experimental in vitro and in vivo models (Ramírez et al., 2005), we have gathered a broad knowledge on their pharmacology. Furthermore, we tested whether they counteract the Aβ-induced alteration in vessel function and if they maintain their effects in vessels of a transgenic mouse model of the disease, Tg APP mice (line 2576). The possible beneficial effects of cannabinoid agonists on the vascular system may be of therapeutic interest in a multifactorial disease such as AD.



MATERIALS AND METHODS


Materials

ßA1−40 (Polypeptide Group, France) was dissolved in PBS (1.72 mg/ml), aliquoted and stored at −80°C until used. WIN was purchased from Sigma, JWH was from Tocris (Cookson Ltd., UK), SR141716 (SR1; Rinaldi-Carmona et al., 1994) and SR144528 (SR2; Rinaldi-Carmona et al., 1998) were kindly donated by Sanofi-Synthelabo (Montpellier, France). For in vitro experiments each of these compounds was dissolved in DMSO at 10 mM, aliquoted and stored at −80°C. Before their use, drugs were diluted in appropriate solvent and DMSO never exceeded 0.1% in pharmacological experiments. For in vivo experiments, WIN and JWH were initially dissolved in chloroform (on ice), quickly aliquoted to prevent evaporation, dried under a stream of N2, and aliquots stored desiccated. Before their use, drugs were diluted in ethanol and added to the drinking water. Salts and other reagents were analytical grade from Merck.



Human Post-mortem Brain Tissue

For immunocytochemistry, cryoprotected and fixed frozen frontal cortex samples were obtained from the Neurologic Tissue Bank, Hospital Clinic, Barcelona, Spain, and processed as previously described (Ramírez et al., 2005). Human brains were obtained by the Neurologic Tissue Bank following written consent. Controls consisted of 3 males and 2 females (median 70.0, range 38.0–0.0 years of age; median 17.0, range 3.5–21.0 h of post-mortem interval), and clinically diagnosed and neuropathologically defined AD patients consisted of 3 females and 3 males (median 74.0, range 66.0–88.0 years; median 5.5, range 4.0–9.0 h).



Animals and Treatments

Tg APP transgenic mice were obtained via heterozygous breeding of mice expressing the 695 aa long isoform of the human APP containing a double mutation Lys 670-Asn, Met 671-Leu (swedish mutation) under transcriptional control of the hamster prion promoter on a C57BL/6 breeding background (Hsiao et al., 1996). Male Tg APP, and wild type (wt) littermates, used as controls, were 7 months old at the beginning of the experiments. Mice were group-housed (4–5 animals per cage) under controlled temperature (23 ± 2°C), with a 12:12 h light/dark cycle and with ad libitum access to food and water. All of the experiments were performed according to ethical regulations on the use and welfare of experimental animals of the European Union and the Spanish Ministry of Agriculture, and the procedures were approved by the bioethical committee of the CSIC.

WIN and JWH were administered in the drinking water at a dose of 0.2 mg/Kg/day using ethanol (0.1%) as vehicle (Martín-Moreno et al., 2012). The amount of water drank by the animals was assessed every other day and the treatment was adjusted to their weight. There was no difference in the body weight or the ingested water between groups, all along the experiment, discarding a possible reinforcing effect of cannabinoids.

Animals were sacrificed by cervical dislocation followed by decapitation at 11 months of age after 4 months chronic treatment. The brain was sagittally divided. One brain hemisphere was rapidly dissected on a cold plate, frozen on dry ice and stored at −80°C until assayed. The other hemisphere was immersion fixed in 4% paraformaldehyde (4% PF) in sodium phosphate buffer (PB) 0.1 M for 24 h, cryoprotected in sucrose 15% (24 h) and 30% (24 h) in PB, snap frozen in hexane (−60°C), and stored at −20°C until cut with a sliding microtome.

For pharmacological studies male mice, wt used as control, or Tg APP mice (line 2576) (25–30 g, 12 months of age) were sacrificed by decapitation following cervical dislocation. The thoracic aorta was removed, cleaned and cut into segments of 2 mm length. Rings were mounted in Multy Myograph System 610M (Danish Myo Technology, Denmark) at 37 ± 0.5°C and gassed continuously with a mixture of 95% O2-5% CO2, in a solution of the following composition: PSS (mM): NaCl 140, KCl 5, MgCl2 1, CaCl2 1.5, HEPES 5, and glucose 10. After equilibration, arterial rings were mounted between two parallel tungsten wires under a resting tension of 2 g. The isometric force was digitalized by Myodaq 2.01 program (Danish Myo Technology, Denmark) and displayed on a personal computer.

Arteries were preconstricted with 123.5 mM K+ (KPSS) for 4 min, washed, and then a) concentration-response curves for phenylephrine (Phe, 0.1-10 μM) and the thromboxane analog U46619 (0.01-0.1 μM) were performed; b) in a different set of experiments arterial rings were preconstricted with a submaximal concentration of U46619 (0.03 μM) for 15 min and then vasodilation to ACh 10 μM was assessed. After 2 washes vessels were incubated with Aβ (1 μM) for 15 min, and stimulated with U46619 (0.03 μM) for 15 min followed by relaxation with ACh 10 μM. To assess the vasodilatory effects of WIN and JWH concentration-response curves (1nM-10 μM) were performed in segments preconstricted with U46619. Concentration-response curves for WIN and JWH were performed in arterial segments treated with the selective CB1 or CB2 antagonists (SR1 and SR2), added 5 min before preconstriction with U46619. To investigate the effect of cannabinoid agonists on ACh-induced vasodilation, agonists were added to arterial rings at 0.5 μM after 15 min incubation with Aβ (1 μM). Given that the effect of Aβ is irreversible (Thomas et al., 1996) different arterial rings were used for each experiment. Tension was expressed as mN/mm artery length, or as a percentage of initial preconstriction (either with K+ or U46619). Indeed each ring was its own control, avoiding the variance between the responses of different rings from the same animal (decreased responsivity as the rings approached the abdominal aortic region).



Immunohistochemistry

Immunostaining was performed on floating sections (30 μm thick) as described (Gómez Del Pulgar et al., 2002). Sections were incubated with the different antibodies overnight at 4°C. Dilutions of antibodies were as follow: polyclonal anti-CB1 (1:900, CC2, raised in our laboratory, De March et al., 2008), polyclonal anti-collagen IV (Col IV; 1: 400, ref. CR013X; Fitzgerald, MA, USA). The CC2 antibody was raised in rabbits using as immunogen the 15 aa N-terminal end of the CB1 receptor protein coupled to keyhole limpet hemocyanin. The antiserum was affinity purified, and it was characterized in wt mice and in CB1 KO mice brain. CB1 immunoreactivity brain distribution was in agreement with previous studies (Tsou et al., 1997, 1999). The anti-collagen antibody has been raised in rabbits using as immunogen Col IV from human and bovine placenta. It shows negligible cross reaction with Col I, Col II, Col III, and Col V. Development was conducted by the Avidin-Biotin Complex (ABC) method (Pierce), and immunoreactivity was visualized by 3,3′-diaminobenzidine oxidation as chromogen, with (CB1) or without nickel enhancement (Col IV). Omission of primary or secondary antibodies resulted in no immunostaining.

Images were acquired with a Zeiss Axiocam high resolution digital color camera, using the same settings and segmentation parameters (MCID software; InterFocus Imaging, UK) for a given marker and experiment. The mean value for each animal per region results from the analysis of 5–6 sections. The percentage of the brain area covered by Col IV positive vessels was assessed by image analysis with MCID software.



Analysis of mRNA Levels by RT-PCR

Total RNA from pooled aortae (n = 3–4) was extracted using TRIzol reagent according to the manufacturer's instructions (Invitrogen). To avoid interference with potential genomic DNA amplification 1 μg of total RNA was treated with 1 μl DNAse I (Invitrogen) plus 1 μl of 10X Buffer (Invitrogen) and incubated for 15 min at RT, then EDTA (25 mM) was added and incubated at 65°C for 15 min to inactivate DNAse I. For cDNA synthesis a total of 1 μg of RNA were reverse-transcribed for 75 min at 42°C using 5 U of avian myeloblastosis virus reverse transcriptase (Promega) in the presence of 20 U of RNAsin (Promega). The PCR reaction was performed using TaQ polymerase (TaQ DNA polymerase Sigma) and a mixture of reverse and forward primers (5 pmol). The primers used were CB1 forward 5′-AGCTTTGTTGACTTCCAGTGT and CB1 reverse 5′-CTGCCCACAGATGCTGTGAA, CB2 forward 5′-AGGAGCTGTCAGCTCAGGGTAT and CB2 reverse 5′-CTGCGCCCCTAAGGACCTA. The PCR reaction (final volume10 μl) was performed in a Veriti thermal cycler (Applied Biosystems) and the PCR program was as follows: initial denaturation for 10 min at 95°C, then 40 cycles of denaturation (15 s, 95°C), annealing (30 s, 60°C), and extension (30 s, 60°C). The PCR products were analyzed by standard agarose gel electrophoresis, and gene expression levels were detected by the use of ethidium bromide.



Electron Microscopy

Aortae 1–2 mm long rings were fixed in 4% PF/ 2.5% glutaraldehyde in cold 0.1 M Na cacodylate buffer immediately after dissection, for 6 h. The segments were washed five times with cacodylate buffer every 30 min, and left overnight at 4°C. The segments were postfixed with 1% osmium tetroxide and potassium ferrocyanide in distilled water for 1.5 h, they were washed with distilled water (3 × 10 min washes) and dehydrated in increasing acetone solutions (50–100% each for 15 min). The segments were then gradually embedded in resin (1:3, 1:1, 3:1 acetone:pure resin) and finally left in pure resin (TAAB 812 mix) at 60°C overnight. The resin embedded samples were sectioned by diamond knife, and the 80 nm sections were collected onto copper grids and post-stained with 1% uranyl acetate and Reynolds lead citrate for 4 and 3 min, respectively. Electron micrographs were obtained using a Jeol JEM-1010 high resolution transmission electronic microscope (Jeol, Tokyo, Japan).



Statistical Analysis

In pharmacological experiments we used one vessel per mouse, therefore n represents number of animals. In brief, each aorta was cut into 5 different rings and each ring was used for a given treatment to avoid artefactual results. Results are expressed as mean ± standard error mean (SEM) or as mean ± standard deviation (SD). Statistical analysis was assessed by using two-way or one-way analysis of variance (ANOVA) followed by Wilcoxon's test, if the data follow a Gaussian distribution (KS normality test), or by Kruskal-Wallis test, followed by Dunn's test (version 5.0, Prism software, GraphPad, USA). A value of p < 0.05 was considered significant.




RESULTS


Vascular Density is Increased in AD Frontal Cortex and Tg APP Mice

Previous studies have reported vascular alterations in the brain of AD affected individuals, such as increased vessel density and greater collagen deposition at the structural level. As shown in Figures 1A,B) we found an increase (≈30%) in Col IV positive vessel density in the gray matter of frontal cortex from AD patients compared with control subjects. Vessel density was significantly lower in the white matter compared to the gray matter. No difference in vessel density in the white matter was found between the control and AD group (Figures 1A,B). Vessel density in Tg APP mice was much higher (≈50%) in cortical areas compared to wt mice, however it showed similar density in the hippocampus (Figures 1C,D). Interestingly, prolonged in vivo oral treatment (0.2 mg/Kg/day) with both WIN, a mixed CB1/CB2 agonist, and JWH, a CB2 selective agonist, counteracted the increased Col IV vessel density. In summary, similar vessel alterations were found in the neurologic condition and in the experimental model of AD, where a prolonged oral treatment of a cannabinoid agonist prevented vascular changes.


[image: image]

FIGURE 1. Vessel density is altered in AD compared to controls. (A) Representative collagen IV immunostaining of cortical vessels in human controls (n = 5) and AD patients (n = 6). Scale bar, 100 μm. GM, gray matter; WM, white matter. (B) Collagen IV positive vessels are significantly increased in gray matter. Results are mean ± SD (n = 5–6) and they are expressed as percentage of area occupied by vessels. *p < 0.05 versus controls, #p < 0.05 versus gray matter vessel density (Student's t-test). (C) Tg APP vehicle treated mice showed increased collagen IV vessel density in cortex vs. wild type (Wt) vehicle treated mice. Cannabinoid agonists normalized vessel density of Tg APP mice. Results are mean ± SD (n = 7–8) *p < 0.05 vs. controls (Wt-veh), #p < 0.05 vs. Tg APP-veh (Kruskal-Wallis, followed by Dunn's test). (D) No changes in vessel density were found in hippocampus due to genotype and/or drug treatment.





Vascular Dysfunction in Tg APP Mice, Contribution of β-Amyloid and Vasodilatory Effect of Cannabinoid Agonists

We next examined whether mice aortae expressed CB1 and CB2 receptors. CB1 immunoreactivity has been previously reported in brain vessels (Ashton et al., 200), but the presence of CB2 receptors is uncertain. CB1 receptors were expressed in endothelial cells, at the basal lamina, but not in smooth muscle cells (Figure 2A, representative image of n = 3), while Col IV immunoreactivity just stained the basal lamina of the aorta (Figure 2B, representative image of n = 3). The immunostaining was very reproducible for both antibodies. There is debate on the specificity of CB2 receptors antibody (Cécyre et al., 2014; Li and Kim, 2015), therefore we used PCR to demonstrate CB2 and CB1 receptor expression in aorta extracts (Figure 2C).
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FIGURE 2. CB1, CB2, and collagen IV expression in mouse aorta. (A) CB1 immunostaining shown at endothelial cells (short arrow) and basal lamina (arrow), (B) while collagen IV is restricted to the basal lamina (arrow). Scale bar, 50 μm; representative images of n = 3 aortae for each immunostaining. (C) CB1 and CB2 mRNA expression in extracts from mouse aorta. RPL4 was used as control. Representative image of n = 3 independent experiments done with 3–4 pooled aortae.



Constriction of aorta rings with high potassium (123.5 mM K+) was decreased by 50% in Tg APP mice aortae compared to those from wt mice (1.07 ± 0.13 and 2.25 ± 0.30 mN/mm respectively; p < 0.01, Student's t-test). Next, we tested two pharmacologically distinct vasoconstrictors: phenylephrine and the thromboxane analog U46619 (Figure 3). The vasoconstrictor response to 0.1 μM phenylephrine was enhanced by 2 fold in Tg APP compared to wt mice (Figure 3A), and that of 0.1 μM U46619 around a 50% (Figure 3B). We did not find any differences in the vasodilation induced by ACh (100 μM) between groups (data not shown). Furthermore, the cannabinoid agonists (15 min preincubation) under study did not change ACh vasodilation either (data not shown).


[image: image]

FIGURE 3. Alterations in aorta contractility of Tg APP mice. Tg APP aortae showed increased phenylephrine (A) and U46619-induced (B) contraction compared to aortae from wt mice. Vessels were precontracted by 123.5 mM K+ and washed before other treatment addition. Aβ (1 μM) incubation increased U46619 (0.03 μM) contraction (C) and decreased ACh (10 μM) relaxation (D) in wt aortae, but not in Tg APP aortae. Preconstriction levels were similar for all the vessels (approximately 5.44 mN). Results are mean ± SEM of n = 7 mice and are expressed as percentage of 123.5 mM K+-induced contraction, considered 100%. *p < 0.05 (Kruskal-Wallis, followed by Dunn's test).



Given that Tg APP mice are continuously exposed to circulating Aβ we wondered whether the peptide would mediate those responses. Aβ (1 μM) preincubation increased vasoconstriction to 0.03 μM U46619 (Figure 3C) and decreased vasodilation to 10 μM ACh (Figure 3D), in aortae from wt mice, although the peptide alone did not show any vasoactivity. However, incubation with Aβ did not alter arterial vasoconstriction or vasodilation in Tg APP mice aortae (Figures 3C,D). Interestingly, both cannabinoid agonists rescued ACh-induced vasodilation in the presence of Aβ (Figure 4) in wt mice.
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FIGURE 4. Cannabinoid agonists prevent Aβ reduction of ACh relaxation. Vessels from wt mice were precontracted with U46619 (0.03 μM) and ACh (10 μM) vasodilation assessed in the absence and presence of WIN and JWH. Preconstriction levels were similar for all the vessels (approximately 5.44 mN). Results are mean ± SEM of n = 6 mice and are expressed as percentage of U46619 contraction. *p < 0.05 vs. untreated-aortae; #p < 0.05; ##p < 0.01 vs. Aβ treated alone (Kruskal-Wallis, followed by Dunn's test).



WIN concentration-dependently induced vasodilation in control mice, with a maximal effect of 80% at 1 μM (Figure 5A). The vasodilatory effect of JWH was smaller than the one induced by WIN, with a maximal effect of 56% at 1 μM (Figure 5B). In Tg APP aortae the vasodilation induced by WIN was significantly decreased at all the concentrations tested (Figure 5A), but in the case of JWH the effect at lower concentrations (1 and 10 nM) was decreased and at higher concentrations was similar between wt and Tg APP mice (Figure 5B).
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FIGURE 5. Cannabinoid agonists induce dose-dependent vasodilation. Cannabinoid vasodilation was reduced in Tg APP aortae compared to wt (A,B). Concentration-response curves (1 nM-10 μM) for WIN and JWH were performed in segments preconstricted with U46619 (0.03 μM). Preconstriction levels were similar for all the vessels (approximately 8.9 mN). Results are mean ± SEM of n = 6 mice and are expressed as percentage of U46619-induced contraction. *p < 0.05, **p < 0.01 (two way ANOVA).



Taken together these results show that vascular function is markedly altered in Tg APP mice and that Aβ may play a role in those altered responses. Furthermore, cannabinoid agonists induce vasodilation in aortic rings, which is partially preserved in Tg APP mice.



Ultrastructural Changes in Tg APP Aortae

Some reports have described changes in the structure of Tg APP vessels (Christie et al., 2001; Tong et al., 2005). Therefore, we sought to determine if changes at the ultrastructural level may explain the vessel dysfunction observed in Tg APP mice. Toluidine labeled vessels showed similar vessel structure (Figures 6A,B). Endothelial cells appeared unaltered in both strains (Figures 6C,D). Moreover, smooth muscle cells also appeared normal, with normal numbers of mitochondria (not shown). However, there was a great difference in basal lamina collagen that was markedly increased in Tg APP when compared with wt aortae (Figures 6E,F).
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FIGURE 6. Electron micrographs of wild type and Tg APP mice. Representative images are shown for wt (A,C,E) and Tg APP mice aortae (B,D,F). (A,B) toluidine blue micrographs showing similar structure (n = 20 animals/per group). BL: basal lamina, (C,D) endothelial cells show similar appearance (wt n = 4, Tg APP n = 6). (E) smooth muscle cells surrounded by collagen in wt mice aorta, (F) muscle cells are embedded in collagen in Tg APP aorta (wt n = 4, Tg APP n = 6). Scale bars, 50 μm in (A,B); 100 nm in (C–F).






DISCUSSION

In the present work we report that WIN, a mixed CB1 and CB2 agonist (Howlett et al., 2002), and JWH, a CB2 selective agonist (Huffman et al., 1999), induce vasodilation of isolated aortae. Tg APP vessels show altered vascular responses, in which Aβ may play a role, that were restored by the cannabinoids under study. We found an enhancement of collagen in basal lamina, that may partly explain the vascular dysfunction in Tg APP mice. This collagen increase was found in AD cerebrocortical vessels, and in Tg APP mice as well, and was fully reverted by prolonged oral treatment with both cannabinoid agonists. Taken together these results suggest that cannabinoid have effects on vascular function that may be beneficial in the treatment of AD.

Vessel function is compromised in Tg APP mice. Indeed we have confirmed and extended previous reports on the increase in the vasoconstriction to phenylephrine in isolated aorta rings (Thomas et al., 1996), and we have found similar increases with U46619, that decreased cerebral blood flow in vivo (Iadecola et al., 1999). However, endothelium-independent vasoconstriction was markedly reduced in Tg APP aortae, as judged by the decreased vasoconstriction to high potassium. This change parallels the attenuation in the vasodilator response to sodium nitroprusside (an endothelial-independent vasodilator) observed in vivo by multiphoton microscopy in Tg APP mice (Christie et al., 2001). Although ACh vasodilation was decreased in cerebral arteries from Tg APP mice (Tong et al., 2005), and following topical application onto the brain (Christie et al., 2001), in our hands its vasodilatory response was similar in wt and in Tg APP aortae. These results may be explained by the different origin of the vessels, cerebral compared to peripheral vessels, or the age of the animals. In AD, vessels are continuously exposed to high circulating levels of soluble Aβ, in contrast to the insoluble form of the peptide present in senile plaques occurring in brain. In our hands incubation with Aβ up to 15 min did not alter mice vessel tone. This is in contrast with the results of Thomas et al. (1996) and Crawford et al. (1998) obtained in rat aorta. Given that the methods used were very similar, we speculate that the rodent species accounts for this difference. However, in wt mice Aβ significantly enhanced the vasoconstriction to the thromboxane analog, paralleling the results obtained with noradrenaline, phenylephrine or ET-1 reported by other authors (Thomas et al., 1996; Crawford et al., 1998; Smith et al., 2007). Similarly, in the present study the vasodilation to ACh was decreased by Aβ (Smith et al., 2007) in wt mice. In contrast, the vessel responses in Tg APP were not modified by Aβ. These results suggest that in Tg APP mice, that express high levels of APP in the brain and in peripheral organs, including cerebral microvessels and the aorta (Paris et al., 2004), there is tolerance to Aβ effects due to the continuous exposure to the peptide. More importantly, both cannabinoids were able to normalize the Tg APP dysfunctional responses.

Cannabinoids induce vasodilatory effects in different isolated vessels, but so far these responses have not been studied in Tg APP mice. The CB1/CB2 mixed agonist WIN induced a concentration-dependent vasodilation of wt mice aortae, reaching 80% decrease of the maximal constriction to U46619, and higher than the vasodilation to ACh at 10 μM. The maximal vasodilatory effect to JWH in wt aortae was smaller compared to WIN. Cannabinoid-induced vasodilation, in spite of the presence of both CB1 (Ashton et al., 2004) and CB2 receptors in aortae, was completely insensitive to either CB1 or CB2 antagonism (data not shown). This is not without precedent, since the vascular effects of cannabinoids in many instances have been shown to be resistant to antagonism by cannabinoid antagonists, and they may involve activation of other targets (Randall et al., 2004; López-Miranda et al., 2008). We did not intend to characterize the mechanism underlying the vasodilatory effects of WIN and JWH in this work, since the pharmacology of the effects of cannabinoids is increasingly complicated (Randall et al., 2004; Stanley and O'Sullivan, 2014). Several possible targets could be proposed such as the putative “endothelial” cannabinoid receptor, potassium channel activation and calcium channel blockade. On the other hand, several cannabinoid agonists, including WIN, interact with peroxisome proliferator-activated receptors (PPAR) (O'Sullivan, 2016), members of the family of nuclear receptors, exerting vasodilation (O'Sullivan, 2007). Importantly, the vasodilation to both WIN and JWH was partially preserved in Tg APP mice, suggesting its possible therapeutic endorsement in AD.

We observed increased Col IV vessel density in AD specimens compared to control subjects, with a similar increase in Tg APP brain. Previous works have reported increased thickening of basement membranes in AD (Mancardi et al., 1980; Kalaria, 2002; Miao et al., 2005), in particular Col IV (Miao et al., 2005; Tong et al., 2005), associated or not with differences in density. In Tg APP mice similar changes were observed (Tong et al., 2005). Although the exact cause of increased basement membrane is unknown, several factors could be involved such as soluble Aβ and its progressive deposition in vessels, inflammatory mediators derived from activated glial cells around vessels and chronic changes in levels of vasoactive mediators (Grammas, 2011). Cannabinoid agonists, in particular CB2 selective agonists, impinge on several of these factors by decreasing glial activation, inflammation and Aβ levels (Ramírez et al., 2005; Martín-Moreno et al., 2012; Wu et al., 2013; Chiurchiù et al., 2015), explaining the normalization in vessel density following prolonged oral treatment with the drugs. At the ultrastructural level, aortic endothelial cells appeared normal in Tg APP aortae, in agreement with their preservation found in other works (Iadecola et al., 1999; Miao et al., 2005), which contrasts with the endothelial disruption in Aβ treated vessels (Thomas et al., 1996). Therefore, altered vessel function is not a consequence of endothelial disruption or death. Interestingly the major change observed in Tg APP aortae compared to wt mice was the increase in Col IV in the basement membrane, paralleling the changes in AD brain microvasculature, which may be involved in altered vessel contractility.

We have here described important pharmacological effects of cannabinoid agonists with relevance for the therapy of a devastating disorder such as AD. Prolonged oral treatment abrogated the changes in microvasculature that are important for vascular function and the perivascular drainage of Aβ from the parenchyma, that would initiate or worsen Aβ angiopathy, leading to a vicious circle toward further accumulation of the peptide. Moreover, both cannabinoids improved endothelial-dependent relaxations impaired by Aβ and showed vasodilatory effects that are maintained in Tg APP mice, albeit being reduced. Finally, the therapeutic activation of CB2R is safe and it does not trigger psychoactivity (Atwood and Mackie, 2010; Pertwee, 2012).
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Endocannabinoids activate two types of specific G-protein-coupled receptors (GPCRs), namely cannabinoid CB1 and CB2. Contrary to the psychotropic actions of agonists of CB1 receptors, and serious side effects of the selective antagonists of this receptor, drugs acting on CB2 receptors appear as promising drugs to combat CNS diseases (Parkinson's disease, Huntington's chorea, cerebellar ataxia, amyotrohic lateral sclerosis). Differential localization of CB2 receptors in neural cell types and upregulation in neuroinflammation are keys to understand the therapeutic potential in inter alia diseases that imply progressive neurodegeneration. Medicinal chemistry approaches are now engaged to develop imaging tools to map receptors in the living human brain, to develop more efficacious agonists, and to investigate the possibility to develop allosteric modulators.
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INTRODUCTION

To date only two cannabinoid receptors have been identified and completely accepted as key members of the endocannabinoid signaling. The CB1 receptor (CB1R) is mainly expressed in the central nervous system (CNS) (Hu and Mackie, 2015), whereas, the CB2 receptor (CB2R) is mainly expressed in the periphery, especially in blood cells, and in blood-cell producing organs (Onaivi et al., 1999; Atwood and Mackie, 2010; Atwood et al., 2012). Other receptors, e.g., GPR55, the cation channel TRPV1 and the nuclear receptors of the PPAR family, are also under discussion as possible members of the endocannabinoid receptor family. CB1R and CB2R belong to the most populated family of the human proteome, i.e., to the family of receptors coupled to heterotrimeric G proteins (GPCRs). More specifically they are members of class A GPCRs, which are characterized by being structurally similar to rhodopsin, for having an extracellular N-terminal domain, a seven α-helical transmembrane domain, and a C-terminal domain of 73 (for CB1R) or of 59 (for CB2R) amino acids. Total length of the most common1 protein products is 472 for CB1R and 360 for CB2R. The difference in receptor length comes from the bigger N-terminal domain of the CB1R (116 vs. 33 amino acids).

Soon after its discovery and the realization of the relevant role of endogenous cannabinoids, the CB1R was considered a potential target to combat CNS diseases. In fact, the CB1R is considered the class A GPCR member with the highest expression in the CNS. In sharp contrast, controversy surrounds expression of CB2R in the CNS, and until recently this receptor was not considered as target for neurological or neuropsychiatric diseases (Atwood and Mackie, 2010; Atwood et al., 2012). This paper scans the literature that supports the view that CB2R may have now more potential than CB1R to combat some CNS disorders, in particular those related to neuroinflammatory, and neurodegenerative events. The paper also informs on current developments in medicinal chemistry aspects of CB2R-based CNS drug discovery.



BETTER PROSPECTS FOR CB2R THAN FOR CB1R IN CNS DISEASES

GPCRs constitute the target of approximately 40% of approved drugs. Drug development programs are still heavily relying on the potential of GPCRs for a huge variety of diseases. Agonists, which are able to activate the receptor and compete with the endogenous agonist, and antagonists, which block the receptor and impede activation by the endogenous agonist, have therapeutic potential. However, the number of medications that consist of GPCR antagonists outnumbers that of GPCR agonists. In general terms, the higher success of antagonists means that they have fewer side effects than agonists, although other causes overlay. The endocannabinoid system is a very special case as endogenous compounds produced by neurons and acting on central CB1Rs are absolutely required for higher brain functions, but any synthetic or natural (e.g., Δ9-tetrahydrocannabinol) agonist reaching the brain and hitting CB1R has proved to have psychotropic actions in animal models of disease and in humans. Therefore, the potential of CB1Rs as targets for diseases of the CNS, and also peripheral disorders, has been limited by the psychoactive side effects derived from their agonists, and for the need to consider the risk-benefit balance. In this context, some researchers wanted to develop CB1R antagonists (including inverse agonists) as a safer alternative in those pathologies having an overactivity of the endocannabinoid system (e.g., obesity, addiction, schizophrenia), although side effects were also evident with such strategy (see below).

The first two molecules targeting CB1R that reached the therapeutic market (in the 80s) were Δ9-tetrahydrocannabinol, also known as dronabinol (marketed as Marinol®), and nabilone (marketed as Cesamet®) (Figure 1), both prescribed to combat nausea and vomiting, as well anorexia, derived from cancer, and AIDS treatments, respectively (Green et al., 1989), but their use was limited. By contrast, a CB1R antagonist/inverse agonist, rimonabant (Acomplia®), was approved in 2006 to treat obesity, and metabolic syndrome (Carai et al., 2006) and generated extremely high expectations. Unfortunately, the drug had to be retired due to side effects, especially due to reports of suicide (Sam et al., 2011). Consequently, chances, that other CB1R selective drug may advance though regulatory bodies, and reach the market have dramatically diminished. In this context, the CB2R has taken the lead in the race to find novel cannabinoid-related drugs for CNS diseases. On the one hand, CB1R is expressed in almost any brain region, and in many neuronal cell types, whereas CB2R expression in neurons is restricted to few areas. Accordingly, fewer side effects are expected when drugs are targeting receptors with restricted expression than when drugs are targeting receptors widely expressed in the CNS. Furthermore, CB2R are upregulated in a variety of CNS diseases that course with activated microglia or astroglia. Then the CB2R but not the CB1R is a promising candidate to consider in diseases with a neuroinflammatory component. It is even possible that the activation of CB2Rs may explain recent controversies in relation with the consumption of cannabis as a factor either increasing risk or preventing against spontaneous brain insults (e.g., intracerebral hemorrhage). Recent epidemiological studies suggest a potential protective effect of cannabis to the modulation of C-reactive protein response in intracerebral hemorrhage (Di Napoli et al., 2012, 2016; Alshaarawy and Anthony, 2015), an effect that could be possibly related to CB2R activation, although this has not been investigated. Advantages of developing CB2R selective drugs to prevent neurodegeneration in cases of neuroinflammation are presented later in this article.
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FIGURE 1. Chemical structure of Δ9-THC, nabilone, and the CB2R ligands: JWH133, 0-1966, AEA, BCP, SMM-189, PM226, 1-butyl-3-[(cyclohexylamino)methylidene]-8-methylquinoline-2,4(1H,3H)-dione, [11C]NE40, [11C]KD2, [11C]RS-016, 2-{2-chloro-[5-(4-[18F]-d2-methoxy)-6-(4-fluorophenethylamino)-1,3,5-triazin-2-yl]phenyl}propan-2-ol.



As macrophages express CB2R and microglia is somehow a similar cell type, these receptors were soon identified in microglial cells, but further research demonstrated that they can be also found in other types of glial cells (see below). There is however, some controversy on the degree of CB2R expression in resting vs. activated microglial cells. Also the activated microglial phenotype is different in macrophages filtered from the blood into the CNS and in resident microglia that becomes activated due to, inter alia, accumulation of protein aggregates such as alpha-synuclein, or ß-amyloid. Remarkably, (see Franco and Fernández-Suárez, 2015 and references therein) a better understanding of the expression and role of CB2R in the different microglial phenotypes (M0, M1, M2) will help in designing CB2R selective ligands able to induce the neuroprotective/anti-inflammatory-skewed phenotype(s).

CB2R may be also expressed by CNS neurons. The role of CB2Rs in schizophrenia, depression, food consumption, and drug addiction has been demonstrated in different laboratories and the results are consistent with neuronal expression of the receptor (Onaivi et al., 2008a,b,c; Hu et al., 2009; García-Gutiérrez et al., 2010; Ishiguro et al., 2010a,b; García-Gutiérrez and Manzanares, 2011; Ortega-Alvaro et al., 2011; Aracil-Fernández et al., 2012; Navarrete et al., 2012, 2013; Bahi et al., 2014; Blanco-Calvo et al., 2014; Ortega-Álvaro et al., 2015; Rodríguez-Arias et al., 2015; García-Cabrerizo and García-Fuster, 2016). The receptor is significantly expressed in neurons in the brain stem (Van Sickle et al., 2005), in the cerebellum (Skaper et al., 1996; Ashton et al., 2006; Gong et al., 2006; Rodríguez-Cueto et al., 2014) in the internal and the external segments of the globus pallidus of the non-human primate (Lanciego et al., 2011), and in the substantia nigra (in humans, not in rodents) (García et al., 2016; Gómez-Gálvez et al., 2016). Different laboratories working with rodents or primates have also identified receptor expression in neurons of the prefrontal cortex and hippocampus (Callén et al., 2012; den Boon et al., 2012; Sierra et al., 2015; García-Cabrerizo and García-Fuster, 2016). Expression of CB2R in the basal ganglia show promise in Parkinson's disease and Huntington's chorea; the presence of the receptor in hippocampus and prefrontal cortex makes it attractive for Alzheimer's disease and the expression in brain stem and cerebellum opens novel therapeutic avenues for a variety of diseases such as hereditary spinocerebellar ataxias. Last but not least, the data on CB2R-mediated endocannabinoid regulation of microglial activation makes the receptor attractive for diseases with a neuroinflammatory component.

Cannabinoid neuroregulation is mainly based on retrograde signaling (Alger, 2002), i.e., endocannabinoids come from post-synaptic elements to activate presynaptic receptors. However, postsynaptic CB2Rs have been also reported (Brusco et al., 2008). The combination of restricted neuronal expression with the possibility of targeting pre- or postsynaptic receptors, makes the CB2R a really attractive target.



CB2R IN NEURODEGENERATIVE DISORDERS. RELEVANCE OF DIFFERENTIAL EXPRESSION OF CB2R IN NEURAL CELLS

The preservation of neuronal integrity and survival is one of the most promising therapeutic possibilities of CB2R-targeting cannabinoids (Atwood et al., 2012). There is potential in pain and in numerous acute or chronic neurodegenerative/neuroinflammatory conditions (Jhaveri et al., 2007; Micale et al., 2007; Campillo and Páez, 2009). The neuroprotective potential of compounds targeting the CB2R is, first of all, the logical consequence of their location in key cell types (e.g., in specific neuronal subsets, activated astrocytes, reactive microglia, perivascular microglia, oligodendrocytes, and neural progenitor cells), and also in some structures (e.g., the blood-brain barrier (BBB)) that are critical for the maintenance of the CNS integrity (Amenta et al., 2012; Chung et al., 2016) (Figure 2A). Such variety of locations enable compounds capable to selectively activate the CB2R to exert a selective control over the specific functions fulfilled by these cells in degeneration, protection and/or repair (Fernández-Ruiz et al., 2014). For example, BBB function is under the control of CB2R-mediated signals (Fujii et al., 2014), which maintain the integrity of tight junctions, inhibit leukocyte infiltration, and facilitate β-amyloid clearance (Vendel and de Lange, 2014).
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FIGURE 2. (A). Expression of CB2Rs in different neural cell types and how receptor activation may impact on cell-specific functions. (B) Cellular events that explain the therapeutic possibilities for ligands that target CB2Rs, which are upregulated in activated glial cells.



CB2Rs in glial cells recruited to the site of the neurodegeneration, appear to be critical for preserving the neuronal integrity and function (Savonenko et al., 2015). In fact, CB2R may be absent of these cells in resting conditions, with a weak expression in the healthy brain. As the receptors are strongly up-regulated when glial cells are activated in conditions of neurodegeneration (Fernández-Ruiz et al., 2007, 2015), they have potential from a therapeutic point of view (Figure 2B). Up-regulation may occur in both astrocytes and microglial cells, but the CB2R-mediated signaling may vary depending inter alia on the type of pathology and the experimental model. CB2R-mediated neuroprotection/neurorestoration mechanisms are of special interest in disorders that affect movement-related areas, such as (i) Parkinson's and Huntington's diseases (affecting the basal ganglia, and producing rigidity, postural instability, bradykinesia, tremor, and chorea), (ii) autosomal dominant spinocerebellar ataxias (affecting the cerebellum and its afferent and efferent connections, and producing loss of balance, and motor incoordination), and (iii) amyotrophic lateral sclerosis (ALS) (affecting upper and lower spinal motor neurons, and producing muscle denervation and atrophy, which results in a progressive weakness and paralysis affecting voluntary muscles). For example, in this last disorder, CB2Rs become up-regulated in microglial cells recruited at the spinal cord of patients (Yiangou et al., 2006), a fact corroborated by studies in the TDP-43 mouse model of the disease (Espejo-Porras et al., 2015). However, apart from microglial cells, other CB2R-positive cells were found in this murine model (Espejo-Porras et al., 2015). In another murine model of ALS, (the SOD-1 mouse), CB2R also become up-regulated, but the study did not characterize the type of cell that was expressing the receptors (Shoemaker et al., 2007).

Interestingly, microglial CB2Rs appear up-regulated in the cerebellum of patients with different autosomal dominant cerebellar ataxias, but such trend was also found in activated astrocytes located in the cerebellar parenchyma and in the periphery of blood vessels, and in certain neuronal subpopulations (Rodríguez-Cueto et al., 2014). Similarly, increased levels of CB2R are found in both striatal activated astrocytes and reactive microglial cells after an insult with malonate in rats, an experimental model of Huntington's disease (Sagredo et al., 2009). Although data collected from Huntington's disease patients or obtained in genetic models of the disease (e.g., R6/1, R6/2) indicated that CB2R were located and up-regulated only in microglial cells (Palazuelos et al., 2009), a more recent study situated the up-regulation of these receptors in vascular cells, not in activated glial cells, in HD patients (Dowie et al., 2014).

In yet another neurodegenerative condition affecting the basal ganglia circuits, (Price et al., 2009) were the first to demonstrate up-regulation of CB2R in microglial cells recruited at the substantia nigra in MPTP-lesioned mice. In the study it was not addressed whether there were other CB2R-positive cells that do not correspond to reactive microglia. We investigated the issue in parkinsonian patients using postmortem samples and identified such up-regulation in microglial cells (labeled with Iba-1) and in another unidentified cell type (Gómez-Gálvez et al., 2016).

CB2R has potential in demyelinating disorders (e.g., multiple sclerosis; Molina-Holgado et al., 2002; Gomez et al., 2010, 2011). In fact, CB2R are present in oligodendrocytes, and more importantly, in their natural precursor cells, so that they may play a role in their survival, proliferation, and differentiation. CB2Rs have been also identified in neural progenitor cells, and it appears that they can play a role in the proliferation and differentiation of these precursors (Palazuelos et al., 2006, 2012; Goncalves et al., 2008; Avraham et al., 2014), opening the possibility to facilitate neurorestoration by pharmacologically manipulating this receptor. Lastly, the identification of CB2Rs in perivascular microglial cells in the cerebellum (Núñez et al., 2004) may be possibly related to the role attributed to these receptors at the level of the BBB (see above).



CHALLENGES IN CB2R-BASED DRUG DESIGN

Pharmacology of cannabinoid receptors is complex due to the lipophilic nature of many natural and synthetic agonists. Endogenous agonists of many class A GPCRs are hydrophilic, which contrast with the lipophilic nature of endocannabinoids. Pharmacological characterization by radioligand binding to CB2R is especially complex. On the one hand, the binding site extends deeply within the seven transmembrane domain of the receptor, and the two available radiolabeled ligands (tritiated CP-55940 and tritiated WIN-55212-2) do not interact with exactly the same amino acid residues in the orthosteric center; in particular CP-55940 does not interact with a conserved lysine residue in the binding site (Tao et al., 1999). Furthermore, it is hypothesized that cannabinoids may not reach the binding site from the outside of the cells but by lateral diffusion via the lipid bilayer of the plasma membrane (Guo et al., 2003; Makriyannis et al., 2005; Hurst et al., 2010). These features suggest that newly synthesized drugs or newly discovered natural cannabinoids have qualitatively different modes of binding to CB2Rs. On the other hand, the nonspecific binding to membranes from natural CNS sources is high and leads to low-confidence values of the amount of receptor in neural cells. This problem is partially solved by performing the assays in heterologous cells expressing the human receptor; such approach provides reliable parameters for drug discovery. The complex pharmacology is also slowing the discovery of allosteric centers, and accordingly, of allosteric CB2R modulators.

GPCR pharmacology must somehow be revisited due to the occurrence of receptor heteromers (Cordomí et al., 2015; Franco et al., 2016). Each heteromer is unique and functionally different from the two constituting receptors. In fact, affinity of agonists/antagonists may change when a given receptor is forming heteroreceptor complexes, and more importantly, signaling cascades may be heteromer-specific (Ferré et al., 2009; Franco et al., 2016). Also relevant is the fact that presynaptic heteromers seem to be different from those in post-synaptic locations, i.e., a given GPCR may form different heteromers in pre- or post-synaptic membranes. Cannabinoid receptors may form a variety of heteromers with other class a GPCRs (see www.gpcr-hetnet.com; Borroto-Escuela et al., 2014). Interestingly, the two cannabinoid receptors may interact and give rise to CB1R-CB2R heteromers (Callén et al., 2012; Sierra et al., 2015). In agreement with the widespread distribution of CB2Rs in brain and the robust expression of CB2Rs in the globus pallidus, CB1R-CB2R heteromers are abundant in basal ganglia output neurons; available data indicate that these CB1R-CB2R heteromers are mainly post-synaptic. Pallidal expression of heteromers investigated in a primate model of Parkinson's disease was evident in naïve and parkinsonian animals, but it was markedly reduced in the levodopa-induced dyskinetic group (Sierra et al., 2015). Although likely, cannabinoid-receptor containing heteromers have not been identified and characterized in glial cells. Heteromer expression is worth considering on designing drugs targeting CB2R. In particular pallidal CB1R-CB2R heteromers constitute a specific target in Parkinson's disease. A main advantage of selectively targeting GPCR heteromers, i.e., to use drugs that preferentially act on heteromer-expressing cells, is the reduction of side effects.



CB2R LIGANDS AS THERAPEUTIC AGENTS IN CNS DISEASES


Positron Emission Tomography Reagents for Brain Imaging

Studies of CB2R ligands as diagnostic agents for noninvasive brain imaging have been reported. Positron emission tomography (PET) provides a sensitive and non-invasive imaging technique to quantify CB2R expression in the CNS. This technique requires radioligands with high affinity and high specificity toward CB2R. Despite the development of highly selective CB2R ligands (Han et al., 2014), a limited number of PET radiotracers for imaging CB2R have been reported. Whereas, novel PET tracers for CB1R in brain imaging have been evaluated in clinical trials, few CB2R radioligands have been tested in humans. Few years ago, the first PET tracers for CB2R were presented as candidates for the in vivo imaging of neuroinflammatory events (Evens and Bormans, 2010). Preliminary clinical assays of the first CB2R radioligand, [11C]NE40 (Figure 1), showed appropriate fast brain kinetics in the healthy human brain (Ahmad et al., 2013). A major challenge is the development of CB2R PET agents with maximized brain penetration and minimized non-specific binding. In this sense, structural optimization of [11C]KD2 (Figure 1) (Mu et al., 2013), a potential PET tracer with poor brain penetration, led to the discovery of [11C]RS-016 (Figure 1), which showed slightly improved blood-brain penetration, and higher specific CB2R binding in murine spleen tissues and postmortem ALS patient spinal cord tissues (Contartese et al., 2012; Slavik et al., 2015a,b). A promising PET tracer candidate for the in vivo evaluation of neuroinflammation and disease progression has been recently described (Hortala et al., 2014). A triazine derivative labeled with the long-lasting radionucleotide fluorine-18 (Figure 1), 2-{2-chloro-[5-(4-[18F]-d2-methoxy)-6-(4-fluorophenethylamino)-1,3,5-triazin-2-yl]phenyl}propan-2-ol, showed in rhesus macaques, and baboons significant brain uptake and moderate washout.



Current Medicinal Chemistry Approaches

Often, increased levels of the endogenous cannabinoid, anandamide (AEA, Figure 1), correlate with neurodegenerative conditions. In recent studies, AEA has been shown to alleviate lipopolysaccharide-induced neuroinflammation in rat primary microglial cultures. Even though AEA can activate CB1R, CB2R, and other receptors such as GPR55, GPR18, TRPV1, or PPARs, the anti-inflammatory effects seem to be CB2R-mediated, although a possible functional cross talk with GPR18/GPR55 cannot be ruled out (Malek et al., 2015). Accordingly, AEA may have potential therapeutic action on managing microglial-derived neuroinflammation and may regulate many aspects of the brain's inflammatory response. However, from a medicinal chemistry perspective, drug development is more securely based on designing novel and selective CB2R ligands.

Despite the increasing number of reports on selective CB2R ligands and the high expectations with this cannabinoid target, only a few synthetic CB2R agonists have reached clinical trials (Han et al., 2014; Aghazadeh Tabrizi et al., 2016). CB2R agonists, namely GW842166X, CP55940, S-777469, and JTE-907, completed phase II for treatment of different pain conditions, but none of them has been evaluated in humans for neurodegenerative or neuroinflammatory diseases. However, preclinical data of CB2R agonists and inverse agonists have been described within this therapeutic perspective (Dhopeshwarkar and Mackie, 2014; Zhang et al., 2014).

Administration of a selective CB2R agonist, JWH-133 (Figure 1), to an animal model of brain infarction improved infarct outcome and neurological impairment through inhibition of different subpopulations of microglia and macrophages (Zarruk et al., 2012). Repeated treatments with the resorcinol-based CB2R agonist, O-1966, resulted in attenuated BBB disruption and neuronal degeneration as shown in a traumatic brain injury model (Amenta et al., 2012).

Trans-caryophyllene (BCP, Figure 1), a bicyclic sesquiterpene with selective CB2R agonist properties, has been reported as a therapeutic target for the treatment of cerebral ischemia (Guo et al., 2014). This sesquiterpene suppressed hypoxia-induced neuroinflammatory responses by inhibiting NF-κB activation in microglia. Effectively, studies performed in the microglial cell line BV-2 and in primary cultures of microglia indicated that the inhibitory action of both cannabinoid receptor agonists and antagonists was mediated by extracellular signal regulated kinase 1/2 (ERK1/2), cytosolic phospholipase A2 (cPLA2), and activation of nuclear factor kappa (NF-κB) (Ribeiro et al., 2013).

New potentially neuroprotective CB2R ligands have been recently described. Among them, the novel CB2R inverse agonist SMM-189 (Figure 1) (Ki(CB2) = 121 nM; Ki(CB1) = 4780 nM; EC50 = 153 nM) showed in a murine model of mild traumatic brain injury efficacy in reducing the motor, visual, and emotional deficits; such neuroprotection was seemingly achieved by modulating microglial activation (Reiner et al., 2015) and chemokine expression. Reduction of the proinflammatory markers, oetaxin, MCP-1, and IP-10 by SMM-189 suggests that SMM-189 would decrease infiltration of peripheral macrophage and other cells of the immune system implicated in neurodegeneration events (Presley et al., 2015). The chromenoisoxazole PM226 (Figure 1) has been described as a selective CB2R agonist (Ki(CB2) = 13 nM; Ki(CB1R) > 40 μM; EC50 = 39 nM) with neuroprotective properties in vitro and in vivo evaluations (Gómez-Cañas et al., 2016). In this study, the beneficial effects of PM226 against the toxicity caused by conditioned media generated from LPS-treated cultured BV2 cells and exposed to a striatal neuron-derived cell line in culture was shown to be mediated by CB2R. This neuroprotective potential was confirmed in an in vivo model of mitochondrial damage of striatal neurons in rats. Structure-activity relationship studies on the quinoline-2,4(1H,3H)-dione scaffold allowed the discovery of the CB2R agonist 1-butyl-3-[(cyclohexylamino)methylidene]-8-methylquinoline-2,4(1H,3H)-dione (Figure 1) (EC50(CB2) = 92 nM; EC50(CB1) > 10 μM) that significantly reduced the clinical symptoms of experimental autoimmune encephalomyelitis in a mouse model of multiple sclerosis (Han et al., 2015). As shown by histological analysis, oral administration of this quinoline-2,4(1H,3H)-dione(10 mg/Kg) decreased leukocyte infiltration in the spinal cord and demyelination in white matter.

New strategies involving the targeting of CB2R have been recently proposed for neurodegenerative and neuroinflammatory diseases. One of them has been proposed recently after reporting the mechanisms that could led to the beneficial effects of 4′-O-methylhokiol (MH, Figure 1), the major bioactive component of Magnolia grandiflora L., in animal models of neurodegeneration (Chicca et al., 2015). MH exerts dual actions on the endocannabinoid system by acting as CB2R modulator and COX-2 substrate-specific inhibitor.

Another strategy that needs to be explored is targeting CB2R homo o heterodimers. Homobivalent and heterobivalent ligands have been explored for several GPCRs such as opioid (Fulton et al., 2010), dopamine (Gogoi et al., 2012), or histamine receptors (Birnkammer et al., 2012). CB1R homobivalent and heterobivalent ligands have been designed and reported in the literature (Nimczick and Decker, 2015). In what concerns CB2R dimers, the first structurally bivalent compounds was designed and synthesized in 2014 (Nimczick et al., 2014). Unfortunately, these molecules have less activity and selectivity compared to their monomeric compound. Bivalent molecules showed to be weak antagonists/inverse agonists of CB1 and CB2 receptors whereas the monomeric parent was selective CB2R agonist (Nimczick et al., 2014). It appears that the development of bivalent drugs for CB2Rs is still a complex task as commented very recently (Glass et al., 2016). Reported bivalent CB1 receptor ligands are too short to bind both receptors simultaneously. The strategy for CB1 or CB2 receptor dimers need to be reviewed due to the fact that the ligand reaches the binding site through the lipid bilayer and the linkers are unlikely to be at the external receptor face.

Despite the promising therapeutic potential offered by CB2R agonists, their translational success depends on overcoming some limitations, such as immune suppression upon chronic use- or pro-inflammatory actions. There is growing evidence that CB1Rs are subject to ligand-biased signaling (Khajehali et al., 2015). However, ligand-biased signaling profiles of ligands at CB2R are still under scrutiny; certainly, upon validation, they could open new therapeutic approaches. For example, the endocannabinoid 2-arachidonoylglycerol is very potent activating the ERK1/2-MAPK pathway at low concentration, whereas the inhibition of the adenylyl cyclase and calcium pathways needs higher concentrations (Dhopeshwarkar and Mackie, 2014). In the near future allosteric modulation at CB2R may offer a novel therapeutic approach as allosteric modulators may both fine-tune the receptor response and minimize side-effects. Signaling-specific allosteric modulation as well as orthosteric probe dependence at CB1R is currently under intense focus (Morales et al., 2016). In what concerns the CB2R, positive and negative CB2R allosteric modulators still need to be discovered.




TARGETING CB2R IN NEURODEGENERATIVE DISORDERS

As above mentioned, drugs specifically targeting CB2R in pallidal neurons may provide symptomatic relief in Parkinson's disease. However, neuroprotection is more likely afforded by guiding glial cells to protect or restore neuronal damage. The expression of CB2R by glia enables these receptors to participate in the control by glial cells of the neuronal homeostasis, integrity and survival, particularly when glial cells become reactive (Fernández-Ruiz et al., 2007, 2015). Such potential situates cannabinoid ligands acting on CB2Rs in a promising position for being used in neuroprotection (Figure 2B) (Fernández-Ruiz et al., 2015). Such pharmacological manipulations may be the best way to modulate the endogenous response provoked by these receptors, which are up-regulated in activated astrocytes and reactive microglia in response to inflammatory, excitotoxic and traumatic insults. Accordingly, preserving healthy neurons, or rescuing damaged neurons may be likely achieved by selecting the right agonist or allosteric modulator of CB2R (see Figure 2B).

In the case of activated astrocytes, the benefits derived from the activation of CB2R may be associated with: (i) increasing the trophic role exerted by these glial cells, including the supply of metabolic substrates to neurons (Köfalvi et al., 2016); (ii) enhancing the generation of neurotrophins (e.g., GDNF), anti-inflammatory mediators (e.g., interleukin-10, interleukin-1 receptor antagonist), and/or pro-survival factors (e.g., transforming growth factor-β) (Smith et al., 2000; Molina-Holgado et al., 2003); and (iii) inhibiting the production of chemokines (e.g., fractalkine) which contribute to neuronal damage (Sheng et al., 2009). All these effects should be likely dependent on the activation of CB2R, either working alone or in conjunction with CB1R (Stella, 2010).

Microglial cells have an added value as they are recruited to the lesion site where they become reactive and change morphology and molecular phenotype. Accordingly, CB2Rs are concentrated surrounding the site of action of the therapeutic drug. The benefits derived from targeting CB2R in activated microglia may be associated with: i) regulation of migration and proliferation at lesion sites (Walter et al., 2003; Carrier et al., 2004); (ii) regulation in the production of TNF-α and other microglia-derived neurotoxic factors (Fernández-Ruiz et al., 2007, 2015; Stella, 2010); and (iii) regulation of the balance M1 (pro-inflammatory) vs. M2 (neuroprotective) phenotypes (Mecha et al., 2013; Franco and Fernández-Suárez, 2015; Malek et al., 2015; Jia et al., 2016).



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The aim of this article was to collect evidence generated in the last years in support of the therapeutic potential of compounds selectively targeting the CB2R. We placed emphasis in the potential relevance to provoke neuroprotection/neurorestoration in neurodegenerative disorders, particularly when activation of glial elements and occurrence of local inflammatory events are involved. We have compared the advantages of targeting CB2Rs over targeting other elements of the endocannabinoid signaling, in particular the CB1Rs. Right now there are a number of advantages based on the biochemical and signaling properties of CB2Rs, the characteristics of the binding site, their capability to form heteromers, and very importantly, to their differential expression and function depending on the CNS region and the neural cell type. Knowledge of the exact role of CB2R in activated glial cells will enhance the therapeutic potential of targeting these receptors in neuroinflammatory/neurodegenerative disorders.

It would be relevant to assess which among those disorders may receive more benefit from the targeting the receptor. Also relevant are the new perspectives in the design and development of novel ligands targeting the receptor. Other issues that require additional investigation are those related to the necessary developments to translate the preclinical potential of CB2Rs and their ligands to the clinical scenario. This would be the major challenge in the next 5–10 years after which the first CB2R-based medications will, hopefully, be available. Expectations are that new formulations of selective CB2R ligands active at the orthosteric binding site, or acting as allosteric modulators, used alone or in combination with other licensed medicines, will be available to combat devastating neurological disorders such as Alzheimer's disease, Parkinson's disease, ataxias or amyotrophic lateral sclerosis.
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Over the past two decades, our understanding of the endocannabinoid system has greatly improved due to the wealth of results obtained from exploratory studies. Currently, two cannabinoid receptor subtypes have been well-characterized. The cannabinoid receptor type 1 (CB1) is widely expressed in the central nervous system, while the levels of the cannabinoid receptor type 2 (CB2) in the brain and spinal cord of healthy individuals are relatively low. However, recent studies demonstrated a CB2 upregulation on activated microglia upon neuroinflammation, an indicator of neurodegeneration. Our research group aims to develop a suitable positron emission tomography (PET) tracer to visualize the CB2 receptor in patients suffering from neurodegenerative diseases. Herein we report two novel thiophene-based 11C-labeled PET ligands designated [11C]AAT-015 and [11C]AAT-778. The reference compounds were synthesized using Gewald reaction conditions to obtain the aminothiophene intermediates, followed by amide formation. Saponification of the esters provided their corresponding precursors. Binding affinity studies revealed Ki-values of 3.3 ± 0.5 nM (CB2) and 1.0 ± 0.2 μM (CB1) for AAT-015. AAT-778 showed similar Ki-values of 4.3 ± 0.7 nM (CB2) and 1.1 ± 0.1 μM (CB1). Radiosynthesis was carried out under basic conditions using [11C]iodomethane as methylating agent. After semi-preparative HPLC purification both radiolabeled compounds were obtained in 99% radiochemical purity and the radiochemical yields ranged from 12 to 37%. Specific activity was between 96 and 449 GBq/μmol for both tracers. In order to demonstrate CB2 specificity of [11C]AAT-015 and [11C]AAT-778, we carried out autoradiography studies using CB2-positive mouse/rat spleen tissues. The obtained results revealed unspecific binding in spleen tissue that was not blocked by an excess of CB2-specific ligand GW402833. For in vivo analysis, [11C]AAT-015 was administered to healthy rats via tail-vein injection. Evaluation of the CB2-positive spleen, however, showed no accumulation of the radiotracer. Despite the promising in vitro binding affinities, specific binding of [11C]AAT-015, and [11C]AAT-778 could not be demonstrated.

Keywords: cannabinoid receptor type 2, neuroinflammation, positron emission tomography, neurodegenerative disorders, thiophene-based structures


INTRODUCTION

Cannabinoid receptors belong to the large family of G protein-coupled receptors (GPCRs) exhibiting the characteristics of a glycosylated extracellular N-terminus, seven transmembrane α-helixes, and an intracellular C-terminus (Mackie, 2008; Rom and Persidsky, 2013). They are key players in a series of physiological processes resulting in an overall auto-protective effect in mammalians (Pertwee, 2005). Currently, there are two well-characterized subtypes of the cannabinoid receptor (CB1 and CB2) that share 44% sequence similarity and differ substantially in their expression profiles (Pertwee, 1997). The CB1 receptor is mainly expressed in the central nervous system (CNS), CB2 is predominantly found in peripheral immune cells (Matsuda et al., 1990; Herkenham et al., 1991; Maresz et al., 2005; Chin et al., 2008). Under physiological conditions, the CB2 receptor expression in the brain and the spinal cord is barely detectable (Van Sickle et al., 2005). However, there are several studies demonstrating an upregulation of CB2 on activated microglial cells (macrophages of the CNS), rendering the receptor a promising target to exploit neuroinflammatory changes involved in neurodegenerative disorders such as multiple sclerosis, amyotrophic lateral sclerosis (ALS), Parkinson's or Alzheimer's disease (Benito et al., 2008; Onaivi, 2009).

The various implications of the CB2 receptor as well as the fact that it is only marginally expressed in the CNS of healthy subjects make it a promising target for diagnostic and clinical applications. The development of a successful CB2 PET ligand might improve our understanding of the mechanisms underlying disease pathogenesis as well as provide a tool for therapy monitoring and development of novel therapeutic drug candidates. In particular, this would be beneficial for patients suffering from rare diseases with no current effective drug treatment like ALS (Zinman and Cudkowicz, 2011). Several CB2 radioligands have been published by various research groups but till now, none of these radioligands has been found to be useful in the clinics. Their limitations included lack of selectivity over CB1, high lipophilicity, low brain uptake due to P-glycoprotein efflux, brain penetrating radiometabolites, and trapped radiometabolites (Evens et al., 2008; Horti et al., 2010; Vandeputte et al., 2011; Hortala et al., 2014). Our research group is interested in evaluating different structural scaffolds in order to determine potential candidate compounds as CB2-specific radioligands. In our previous work, we reported the development of oxoquinoline- as well as pyridine-based CB2 radiotracers (Mu et al., 2013, 2014; Slavik et al., 2015a,b). Recently, a new class of thiophene amide derivatives emerged as potent and selective CB2 agonists (Nelson et al., 2012). Several studies have been conducted to show the therapeutic applicability of thiophene-based derivatives in pain management, but this class of compounds has not yet been tested within the context of neurodegeneration. Herein we report the development of two novel thiophene-based PET radioligands designated [11C]AAT-015 and [11C]AAT-778 for a diagnostic approach toward CB2 receptor imaging.



MATERIALS AND METHODS

All animal experiments were carried out in accordance with the Swiss Animal Welfare legislation and approved by the Veterinary Office of the Canton Zurich. Male Wistar rats and male CD1 mice were purchased from Charles River Laboratories (Sulzfeld, DE) and kept under standard conditions.

All chemicals, unless otherwise stated, were purchased from Sigma Aldrich GmbH (Taufkirchen, DE), ABCR GmbH (Karlsruhe, DE), Merck (Darmstadt, DE), or Fluka (Buchs, CH) and were used without further purification. Solvents for thin layer chromatography (TLC), column chromatography and extractions were purchased as commercial grade. Organic chemistry reactions were monitored by TLC using Sigma-Aldrich silica gel 60 plates under UV light at 254 nm. Nuclear magnetic resonance (NMR) spectra (1H and 13C NMR) were obtained on a Bruker Avance FT-NMR spectrometer (400 MHz). Chemical shifts are given in delta (δ) units, in ppm relative to tetramethylsilane (TMS, 0 ppm). Multiplicities in the 1H NMR spectra are described as: s = singlet, d = doublet, t = triplet, m = multiplet and br = broad peak. Coupling constants (J) are reported in Hz. High resolution mass spectrometry (HRMS) was performed on a Bruker's maXis (ESI-Qq-TOF-MS) spectrometer (Bruker Daltonik GmbH, DE) and are given in m/z.

High-performance liquid chromatography (HPLC) analysis were performed using a reversed phase column (ACE column, C18, 3 μm) with a gradient system of acetonitrile and 0.1% trifluoroacetic acid in water. Analytical radio-HPLC was performed with a flow rate of 1 mL/min on an Agilent 1100 series system equipped with a Raytest Gabi Star radiodetector (Agilent Technologies, Morges, CH). Semi-preparative HPLC purifications were carried out using a reversed phase column (ACE column, Symmetry C8 5 μm; 7.8 × 50 mm) under the following conditions: 0.1% H3PO4 in H2O (solvent A), MeCN (solvent B); 0.0–8.0 min, 20% B; 8.1–30.0 min, 20–90% B; 30.1–32.0 min, 90% B; 32.1–34.0 min, 90–20% B; 34.1–40.0 min, 20% B; flow rate: 4 mL/min. Specific activity was calculated by comparing ultraviolet peak intensity of the final formulated products with calibration curves of corresponding non-radioactive standards of known concentrations.


Chemistry

Methyl 2-amino-5-methyl-4-propylthiophene-3-carboxylate (1)

Morpholine (0.87 mL, 10 mmol) was added to a mixture of 3-hexanone (1.0 g, 10 mmol), methyl cyanoacetate (0.88 mL, 10 mmol) and sulfur (0.32 g, 10 mmol) in MeOH (5 mL). The mixture was refluxed overnight, then cooled to room temperature and poured into ice water. The resulting precipitate was filtered and the solid was then dissolved in dichloromethane. The solution was dried over anhydrous sodium sulfate and evaporated to dryness. The residue was purified by flash column chromatography on silica gel using petroleum ether/ethyl acetate (9:1) as eluent to give the title compound (230 mg, 11%) as a white solid. 1H NMR (400 MHz, DMSO-d6): δ 7.14 (s, 2H), 3.68 (s, 3H), 3.32 (s, 3H), 2.54 (t, J = 7.4 Hz, 2H), 1.38 (m, 2H), 0.85 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6): δ 165.0, 162.4, 136.2, 112.5, 103.0, 50.3, 29.6, 23.2, 13.9, 12.0. HRMS calculated for C10H16NO2S (M+H) 214.0896, found 214.0897.

Methyl 2-(adamantane-1-carboxamido)-5-methyl-4-propylthiophene-3-carboxylate (AAT-778)

A solution of 1-adamantane-carbonyl chloride (240 mg, 1.22 mmol) in dry 1,4-dioxane (3 mL) was added dropwise to a solution of compound 1 (200 mg, 0.94 mmol) in 10 mL of the same solvent while maintaining the reaction temperature at 70°C. After the addition was completed, the solution was stirred at 100°C for 2 h and then concentrated under reduced pressure. The residue was dissolved in dichloromethane, washed with aq. HCl (1M) and NaHCO3 (saturated solution), dried over anhydrous sodium sulfate and evaporated to dryness. The crude product was purified by flash column chromatography on silica gel and eluted with petroleum ether/ethyl acetate (9:1). Subsequent recrystallization from MeOH gave the title compound (166 mg, 47%). 1H NMR (400 MHz, CDCl3): δ 11.6 (s, 1H), 3.9 (s, 3H), 2.7 (t, J = 6.7 Hz, 2H), 2.2 (s, 3H), 2.1 (m, 3H), 2.0 (m, 7H), 1.8 (m, 7H), 1.5 (m, 2H), 0.9 (t, J = 6.7 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 175.3, 167.1, 148.0, 133.7, 123.6, 111.6, 51.4, 39.0, 36.4, 29.8, 28.0, 23.8, 14.0, 12.3. HRMS calculated for C21H30NO4S (M+H) 392.1890, found 392.1888.

2-(adamantane-1-carboxamido)-5-methyl-4-propylthiophene-3-carboxylic acid (2)

A solution of NaOH (140 mg, 3.5 mmol) in water (2 mL) was added to a solution of AAT-778 (100 mg, 0.26 mmol) in MeOH (2 mL) and the mixture was stirred at 80°C for 3 h. After cooling, aq. HCl (1 M) was added until a pH of 2 was reached. The resulting precipitate was filtered and dried to afford the pure acid (71 mg, 75%) as a white solid. 1H NMR (400 MHz, DMSO-d6): δ 13.2 (s, 1H), 11.7 (s, 1H), 2.7 (t, J = 5.7 Hz, 2H), 2.2 (s, 3H), 2.0 (m, 3H), 1.9 (m, 7H), 1.7 (m, 7H), 1.4 (m, 2H), 0.9 (t, J = 6.7 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ 174.5, 167.8 146.7, 134.3, 123.2, 112.7, 38.9, 36.3, 29.4, 27.9, 23.8, 14.3, 12.4. HRMS calculated for C20H27NO3S (M+H) 362.1784, found 362.1781.

Methyl 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (3)

To a suspension of sulfur in MeOH (10 mL) was added methyl 2-cyanoacetate (0.93 mL, 10.54 mmol) and cyclohexanone (0.993 mL, 9.58 mmol). Subsequent addition of diethylamine (0.49 mL, 4.69 mmol) gave a clear solution which was stirred at 50°C for 12 h. After cooling to room temperature, the reaction mixture was poured into ice-water and the resulting precipitate was filtered. The crude product was purified by flash column chromatography on silica gel using hexane/ethyl acetate (8:2) as eluent to obtain compound 3 (1.570 g, 78%). 1H NMR (400 MHz, DMSO-d6): δ 7.20 (s, 2H), 3.66 (s, 3H), 2.57 (t, J = 6.0 Hz, 2H), 2.41 (t, J = 6.0 Hz, 2H), 1.66 (m, 4H). 13C NMR (100 MHz, DMSO-d6): δ 165.5, 163.1, 131.5, 115.6, 102.6, 50.4, 26.6, 24.1, 23.0, 22.5. HRMS calculated for C10H13NO2S (M+H) 212.0740, found 212.743.

Methyl 2-3-hydroxyadamantane-1-carboxamido)-4,5,6,7-tetrahydroben-zo[b]thiophene-3-carboxylate (AAT-015)

To a solution of 3-hydroxyadamantane-1-carbonyl chloride (108 mg, 0.503 mmol) in dry DCM (2 mL) was added dropwise a mixture of compound 3 (213 mg, 1.006 mmol) and triethylamine (70.1 μL, 0.503 mmol) in 0.8 mL of the same solvent. The reaction mixture was stirred at room temperature for 3 h, diluted with DCM and extracted with aq. NaHCO3 (saturated solution), aq. HCl (0.2 M) and brine. The organic layer was dried over magnesium sulfate and evaporated under reduced pressure. The crude product was purified by flash column chromatography on silica gel using hexane/ethyl acetate (6:4) as eluent to yield the title compound as a white solid (27 mg, 14%). 1H NMR (400 MHz, CDCl3): δ 11.6 (s, 1H), 3.9 (s, 3H), 2.7 (t, J = 5.6 Hz, 2H), 2.6 (t, J = 5.6 Hz, 2H), 2.4 (br. m, 2H), 1.9 (m, 6H), 1.8 (m, 8H), 1.6 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 173.8, 167.4, 148.1, 130.7, 126.8, 111.4, 68.4, 51.5, 46.6, 44.2, 37.9, 34.9, 30.4, 26.3, 24.4, 23.0, 22.8. HRMS calculated for C21H27NO4S (M+H) 390.1734, found 390.1729.

2-3-(hydroxyadamantane-1-carboxamido)-4,5,6,7-tetrahydrobenzo[b]thio-phene-3-carboxylic acid (4)

To a solution of AAT-015 (50 mg, 0.128 mmol) in MeOH (5 mL) was added dropwise NaOH (0.385 mL, 0.385 mmol) and the reaction mixture was refluxed for 3 h. The reaction mixture was diluted with water and aq. HCl (1 M) was added until a pH of 2 was reached. The resulting precipitate was filtered and washed with ice water to give compound 4 (33 mg, 69%). 1H NMR (400 MHz, aceton-d6): δ 11.7 (s, 1H), 2.8 (t, J = 5.7 Hz, 2H), 2.6 (t, J = 5.7 Hz, 2H), 2.3 (br. m, 2H), 2.1 (s, 1H), 1.9 (m, 6H), 1.7 (m, 8H), 1.6 (m, 2H). 13C NMR (100 MHz, aceton-d6): δ 174.3, 168.2, 149.3, 131.8, 126.8, 112.1, 67.7, 47.4, 45.1, 38.7, 35.8, 31.2, 26.9, 24.8, 23.8, 23.5. HRMS calculated for C20H25NO4S (M+H) 376.1577, found 376.1573.



In vitro Binding Assay

Membrane preparations originating from CHO-K1 cells stably transfected with either hCB1 or hCB2 (0.5 mg/tube, PerkinElmer, Massachusetts, US) and tritiated cannabinoid receptor agonist CP-55,940 (1.4 nM, CB2 agonist, Perkin Elmer, Boston, US) were used to determine inhibition constants of AAT-015 and AAT-778 in a competitive in vitro binding assay. A dilution series ranging from 1 pM to 1 mM in assay buffer (50 mM TRIS, 1 mM EDTA, 3 mM MgCl2 and 0.05% bovine serum albumin, pH adjusted to 7.4) was prepared for each ligand to be tested. Nonspecific binding was determined in the presence of AM251 (5 μM, CB1 inverse agonist, BIOTREND AG, Zürich, CH) and GW405833 (5 μM, CB2 partial agonist, Sigma Aldrich GmbH, Taufkirchen, DE), respectively. The samples were incubated at 30°C for 90 min and subsequently diluted with ice cold assay buffer (3 mL) in order to be vacuum-filtered through Whatman GF/C filters (pre-treated with aq. polyethylenimine, 0.05%). Each sample was washed twice with ice cold assay buffer (3 mL) and filtered again. After addition of scintillation cocktail (Ultima Gold, Perkin Elmer), radioactivity was measured using a Beckman LS 6500 Liquid Scintillation Counter. IC50 mean values were calculated after performing three independent experiments, each as triplicate. The Cheng-Prusoff equation (Cheng and Prusoff, 1973) was used to calculate the inhibition constants.



Radiochemistry

Radiosynthesis of [11c]AAT-015

[11C]CO2 was produced by proton bombardment of nitrogen gas fortified with 0.5% oxygen in a Cyclone 18/9 cyclotron (18-MeV; IBA, Ottignies-Louvain-la-Neuve, Belgium) via the 14N(p,a)11C nuclear reaction. In a first step, nickel-based catalytic reduction of [11C]CO2 yielded [11C]methane which was subsequently iodinated to give [11C]MeI. In order to prepare [11C]AAT-015, the methylating agent was bubbled into a reaction mixture containing precursor 4 (1 mg) and cesium carbonate (5 mg) in DMF (0.6 mL) and stirred at 90°C for 3 min. After dilution of the crude product with water (1.4 mL), purification was performed by semi-preparative HPLC. The collected radiotracer was diluted with water (10 mL) and passed through a C18 cartridge (Waters, pre-conditioned with 5 mL EtOH and 5 mL water). After washing of the cartridge with water (5 mL), the product was eluted with EtOH (0.5 mL) into a sterile vial and diluted with water for injection (9.5 mL) to give a final formulation containing 5% of ethanol. The formulation was used for all in vitro/in vivo studies. For the purpose of quality control, an aliquot of the final formulation was injected into the analytical HPLC system. Identity of the product was confirmed by co-injection and comparison with the retention time of the standard reference. The specific activity was calculated by linear regression using a UV-intensity based calibration curve of standard reference AAT-015.

Radiosynthesis of [11C]AAT-778

[11C]AAT-778 was prepared according to the radiosynthetic procedure described in Section Radiosynthesis of [ 11 C]AAT-015, starting from precursor 2.



In vitro Autoradiography

Autoradiography was performed on rat/mouse spleen tissue. Sections were prepared in 20 μm thickness using a cryostat (Cryo-Star NX 50; Thermo Scientific). The tissue slices were adsorbed to SuperFrost Plus (Menzel) slides and stored at −20°C until use. After thawing on ice for 10 min, sections were pre-incubated in the assay buffer containing 50 mM TRIS, 5 mM MgCl2, 2.5 mM EDTA, and 0.5% BSA (pH 7.4). Slices were dried and incubated in a humidified chamber with [11C]AAT-015 (5 nM) or [11C]AAT-778 (5 nM) in assay buffer for 15 min at room temperature. In order to test for specificity toward CB2, a solution containing both radiotracer and an excess of CB2 specific partial agonist GW405833 (10 μM) was prepared and added to the tissue. The tissue slices were washed twice with assay buffer (each 2 min) and twice with distilled water (each 5 s) on ice, air dried, and exposed to a phosphor imager plate for a period of 25 min. The plate was scanned using a BAS5000 reader (Fujifilm, Dielsdorf, CH).



In vivo PET

PET and CT scans were obtained with a Super Argus PET/CT tomograph (Sedecal, Madrid, Spain) after injection of [11C]AAT-015 (10–15 MBq, 0.02–0.10 nmol) into the tail of male Wistar rats (416 ± 32 g, n = 4) immobilized by isoflurane. Under baseline conditions, radiotracer accumulation was recorded in the region of the spleen in dynamic PET acquisition mode over 60 min (n = 2). During this whole time period rats were kept under anesthesia, body temperature and respiratory rate were constantly monitored. Under blockade conditions, 1.5 mg/kg GW405833 was injected shortly before radiotracer application in two of the four rats. Acquired PET data were reconstructed as user-defined time frames with a voxel size of 0.3875 × 0.3875 × 0.775 mm. For anatomical orientation, CT scans were acquired after each PET scan. Images were evaluated with PMOD v3.4 (PMOD Technologies Inc., Zurich, CH) software. Regions of interest (spleen, liver, and muscle) were drawn manually using the PMOD fusion tool. Time activity curves (TACs) for spleen, liver and muscle were expressed as standardized uptake values (SUV) which are the decay-corrected radioactivity per cm3 divided by the injected radioactivity dose per gram of body weight.




RESULTS


Chemistry and Radiochemistry

Thiophene-based reference compounds AAT-778 and AAT-015 were synthesized starting from commercially available methyl cyanoacetate and the appropriate ketones as depicted in Scheme 1. The thiophene amine compounds 1 and 3 were obtained in 11 and 78%, respectively under the Gewald reaction conditions (Puterová et al., 2010). Subsequent coupling of 1 and 3 with 1-adamantanecarbonyl chloride and 3-hydroxyadamantane-1-carbonyl chloride, respectively, yielded the reference compounds AAT-778 and AAT-015. Saponification of the ester moiety of AAT-778 afforded precursor 2 for radiolabeling in 75% yield. Similarly, compound 4 was obtained from AAT-015 in 69% yield.


[image: image]

Scheme 1. Synthesis of thiophene-based CB2 ligands AAT-778 and AAT-015 and their respective precursors for C-11 radiolabeling.



The radiosynthesis of [11C]AAT-778 and [11C]AAT-015 was accomplished by methyl ester formation from their corresponding carboxylic acids with [11C]MeI (Scheme 2). The obtained radiochemical yields ranged from 12 to 37% (decay corrected) with specific activities between 96 and 449 GBq/μmol at the end of synthesis. In all cases, a radiochemical purity of 99% was attained after semi-preparative HPLC purification (Figures 1, 2). The total radiosynthesis time from end of bombardment to the end of synthesis was 40 min.


[image: image]

Scheme 2. Radiosynthesis of [11C]AAT-778 and [11C]AAT-015.
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FIGURE 1. A typical analytical HPLC profile of [11C]AAT-015 [UV-trace (top) and radio-trace (bottom)].
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FIGURE 2. A typical analytical HPLC profile of [11C]AAT-778 [UV-trace (top) and radio-trace (bottom)].





In vitro Characterization

Binding affinity studies were performed using membranes stably transfected with human CB1 and CB2, respectively. A Ki-value of 4.3 ± 0.7 nM toward CB2 and a 250-fold selectivity over CB1 (Table 1) was obtained for compound AAT-778. We found that introduction of a polar hydroxyl on the adamantane moiety and ring closure to form the rather rigid cyclohexene did not impact the binding affinity and selectivity toward CB2 as shown by the Ki-value of 3.3 ± 0.5 nM (toward CB2) and 300-fold selectivity over CB1 for AAT-015. One limitation of our in vitro work is that besides CB1 we did not investigate the binding affinity of our ligands to other targets. Furthermore, clogP values depicted in Table 1 indicate a significant reduction of lipophilicity after introduction of the hydroxyl group on the adamantane moiety in AAT-015.


Table 1. Ki-values of known CB1/CB2 ligands (entry 1–3; Showalter et al., 1996; Lan et al., 1999; Valenzano et al., 2005) and newly synthesized compounds (entry 4, 5).

[image: image]


Autoradiography with CD1 mouse and Wistar rat spleen tissue revealed binding of [11C]AAT-778 to the spleen tissue in both species under baseline conditions (Figures 3A,C). No blocking effect was observed using an excess of CB2-specific ligand GW405833, suggesting that the binding was unspecific (Figures 3B,D). Similar results were obtained with the less lipophilic [11C]AAT-015 (Figure 4).


[image: image]

FIGURE 3. The autoradiography results obtained with 5 nM [11C]AAT-778 using spleen tissue sections. (A) Mouse spleen under baseline condition; (B) Mouse spleen under blockade conditions (10 μM GW405833); (C) Rat spleen under baseline conditions; (D) Rat spleen under blockade conditions (10 μM GW405833); n = 2.
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FIGURE 4. The autoradiography results obtained with 5 nM [11C]AAT-015 using spleen tissue sections. (A) Mouse spleen under baseline condition; (B) Mouse spleen under blockade conditions (10 μM GW405833); (C) Rat spleen under baseline conditions; (D) Rat spleen under blockade conditions (10 μM GW405833); n = 2.





In vivo Characterization

For in vivo evaluation, [11C]AAT-015 was selected due to the favored lipophilicity profile. Coronal and axial PET/CT slices of the abdominal region of a representative Wistar rat which was administered with [11C]AAT-015 are shown in Figure 5. The spleen is encircled in all the images depicted in Figure 5 and shows only low uptake of [11C]AAT-015.


[image: image]

FIGURE 5. Rat spleen PET/CT images after injection of [11C]AAT-015 (averaged 0–60 min post injection). (A) Coronal and axial slices of the abdominal region. Spleen is encircled in the CT and PET/CT images, demonstrating low uptake of [11C]AAT-015. SUV max = 4. (B) Maximal intensity projection (MIP) images of the abdominal region under baseline (same rat as in A) and blockade conditions (injection of 1.5 mg/kg GW405833 shortly before radiotracer). Spleen is encircled. Li, liver; Ki, kidney; Int, intestine. SUV max = 6.



Time activity curves (TACs) are depicted in Figure 6 for the liver, spleen and muscle under baseline (Figure 6A) and blockade (Figure 6B) conditions. There was no difference in the spleen uptake of [11C]AAT-015 when comparing the TACs under baseline and blockade conditions. Radioactivity washout from the spleen was rather rapid, suggesting a perfusion-like profile rather than specific accumulation in the target organ. Thus, the uptake in the spleen was not specific.


[image: image]

FIGURE 6. Representative time activity curves (TACs) showing the standardized uptake values (SUV) of spleen, liver, and muscle in the time course of 60 min after injection of [11C]AAT-015 into Wistar rats. (A) Injection of tracer only; (B) Injection of tracer and 1.5 mg/kg GW405833 (shortly before tracer).






DISCUSSION

Thiophene-based structures with high affinity toward CB2 have been previously reported by Nelson et al. (2012). A series of derivatives were screened within the context of pain therapy. We developed two novel thiophene-based compounds, with an ester functionality which allows generating the precursors for C-11 radiolabeling. The designated compounds were obtained in a two-step synthetic approach involving Gewald reaction to form the thiophene amine. In the Gewald reaction, methyl cyanoacetate was treated with the corresponding ketones, followed by reaction with sulfur to afford thiophene amine derivatives 1 and 3. In the case of the linear 3-hexanone, two different regioisomers were obtained which were not separable by column chromatography. Therefore, an additional recrystallization step was necessary in order to obtain pure compound 1 which may partly explain the lower yield when compared to the synthesis of 2-aminothiophene 3. Coupling of the amine building blocks to adamantanecarboxylic acid using HBTU as the coupling reagent did not give the desired amides. However, amides AAT-015 and AAT-778 could be obtained by the reaction of the acid chloride with the corresponding thiophene amines. Subsequently, saponification of the ester intermediates gave the acid precursors in good chemical yields.

Binding affinity studies revealed that the introduction of the hydrophilic OH-group at the adamantane moiety did not have any influence on the affinity toward the CB2 receptor since similar Ki-values were obtained for both AAT-015 and AAT-0778. Furthermore, the introduction of rigidity by ring-closure did not affect the binding affinity, which enlarges the compound selection and simplifies compound synthesis. As expected, the lipophilicity of AAT-015 was significantly reduced to 4.11 compared to 6.00 for AAT-778, which is highly desired. Carbon-11 radiolabelings of the acid precursors were carried out under similar conditions for both tracers and yielded comparable results in terms of radiochemical yield and purity as well as specific activity. In autoradiography studies with rodent spleen tissue [11C]AAT-778 exhibited high unspecific binding. We speculate that this high unspecific binding is related to the high lipophilicity of the molecule. In order to reduce this unspecific binding, we modified AAT-778 by introducing a hydroxyl moiety on the adamantine ring to deliver AAT-015. However, despite the significant reduction of clogP, [11C]AAT-015 still revealed a high unspecific binding in mouse and rat spleen tissues. PET studies of [11C]AAT-015 confirmed the lack of specificity toward CB2-positive spleen tissue in vivo. Possible reasons for the described in vivo results might include high plasma protein binding and rapid metabolism. The ester functionality can be cleaved by the action of carboxylesterases which are present in the plasma. This would, however, lead to a loss of the radiolabel from the core structure.

In conclusion, the novel thiophene-based radiotracers [11C]AAT-778 and [11C]AAT-015 are not suitable CB2 PET tracers due to the lack of specificity for CB2-positive spleen tissue and therefore were not further evaluated in neuroinflammatory animal models. Nonetheless, the high in vitro binding affinity toward CB2 as well as the high selectivity over CB1 makes this class of compounds interesting for further structural optimization toward improved physicochemical and pharmacological properties.
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The type 2 cannabinoid receptor (CB2) is a member of the endocannabinoid system and is known for its important role in (neuro)inflammation. A PET-imaging agent that allows in vivo visualization of CB2 expression may thus allow quantification of neuroinflammation. In this paper, we report the synthesis, radiosynthesis, biodistribution and in vitro evaluation of a carbon-11 ([11C]MA2) and a fluorine-18 ([18F]MA3) labeled analog of a highly potent N-arylamide oxadiazole CB2 agonist (EC50 = 0.015 nM). MA2 and MA3 behaved as potent CB2 agonist (EC50: 3 nM and 0.1 nM, respectively) and their in vitro binding affinity for hCB2 was found to be 87 nM and 0.8 nM, respectively. Also MA3 (substituted with a fluoro ethyl group) was found to have higher binding affinity and EC50 values when compared to the originally reported trifluoromethyl analog 12. [11C]MA2 and [18F]MA3 were successfully synthesized with good radiochemical yield, high radiochemical purity and high specific activity. In mice, both tracers were efficiently cleared from blood and all major organs by the hepatobiliary pathway and importantly these compounds showed high brain uptake. In conclusion, [11C]MA2 and [18F]MA3 are shown to be high potent CB2 agonists with good brain uptake, these favorable characteristics makes them potential PET probes for in vivo imaging of brain CB2 receptors. However, in view of its higher affinity and selectivity, further detailed evaluation of MA3 as a PET tracer for CB2 is warranted.

Keywords: Type 2 cannabinoid receptor, CB2 agonists, Positron emission tomography, Radiosynthesis


INTRODUCTION

The two types of cannabinoid receptors, CB1 and CB2, together with their endogenous lipid ligands (endocannabinoids) and all proteins responsible for synthesis, transport and degradation of these endocannabinoids represent the endocannabinoid system (ECS) (Rodríguez de Fonseca et al., 2005; Mackie, 2008). CB1 and CB2 are both G-protein coupled receptors, but exhibit different expression patterns and signaling profiles. CB1 receptors are mainly located in brain and are responsible for the psychoactive effects of cannabinoids (Piomelli, 2003), whereas cannabinoid's immunomodulatory activity is assigned to CB2 receptors, which are predominantly expressed on β-lymphocytes and organs and tissues related to the immune system such as the spleen and lymph nodes (Lynn and Herkenham, 1994; Galiegue et al., 1995).

In addition, low levels of CB2 mRNA and protein have been detected in healthy brain in Purkinje cells of the cerebellum, hippocampal neurons, and various nuclei of the brain stem (Atwood and Mackie, 2010). This may indicate that the physiological role of CB2 in the central nervous system (CNS) has been underestimated and that both CB1 and CB2 may control central functions. CB2 is, however, up-regulated in the CNS under neuroinflammation. This CB2 overexpression has been predominantly assigned to microglia, the resident immune cells of the brain, and alters depending on their activation state(Cabral and Griffin-Thomas, 2009; Atwood and Mackie, 2010). CB2-positive microglia have been detected in β-amyloid plaques of Alzheimer's disease patients (Ramirez et al., 2005), in spinal cords of an amyotrophic lateral sclerosis (ALS) mouse model (Shoemaker et al., 2006), in active plaques of patients with multiple sclerosis (MS) (Benito et al., 2007) and in striatal lesions of Huntington's disease (HD) transgenic mouse models and patients (Palazuelos et al., 2009). Moreover, selective CB2 activation results in a decrease of microglial activation in HD and ALS transgenic mouse models and appears to be effective in reducing neurodegeneration (Shoemaker et al., 2006; Palazuelos et al., 2009; Sagredo et al., 2009). These observations suggest that therapeutic modulation of CB2 may be a new promising treatment for neuropathogenic disorders characterized by a neuroinflammatory component.

Various CB2-selective drugs and companion PET-imaging agents have been developed over the past years (Evens et al., 2008, 2009, 2011; Horti et al., 2010; Turkman et al., 2012; Slavik et al., 2015, 2016; Moldovan et al., 2016). Horti and co-workers demonstrated binding of [11C]A-836339 to CB2 in lipopolysaccharide (LPS)-induced neuroinflammation and AD mouse models (Horti et al., 2010). Our group previously showed [11C]NE40 had CB2-specific retention in the spleen of mice (Evens et al., 2009) and in a rat model with local overexpression of a human inactive CB2 variant (Evens et al., 2012). Rühl et al. reported the synthesis of a 18F-labeled N-aryl-oxadiazolyl-propionamide derivative with low nanomolar binding affinity for hCB2 (Rühl et al., 2012). The non-radioactive compound was shown to bind CB2 in mouse spleen in an autoradiographic study using [3H]CP55940 as radioligand.

There is still a need for CB2 PET-tracers with improved imaging profiles and high affinity and selectivity for CB2. Such high affinity PET-radioligands may allow in vivo visualization of the low density brain CB2 receptors. Moreover, agonists preferentially bind to cannabinoid receptors in their (functionally) activated conformation (Gullapalli et al., 2010). Therefore, agonist CB2 PET-radioligands may allow visualization of the activated fraction of the receptor which may correlate better with CB2 related pathology of the receptor system. Here we report the synthesis, radiosynthesis, and biological evaluation of potent carbon-11 and a fluorine-18 labeled CB2 agonists as potential PET tracers for in vivo imaging of brain CB2 receptors.



RESULTS


Synthesis and Radiolabelling

Compound 1 was synthesized using a previously reported procedure where nitromethane (MeNO2) was treated with 10 M sodium hydroxide (NaOH) to form potentially explosive methazoic acid 1. (Cheng et al., 2008; DiMauro et al., 2008) Condensation of 1 with in situ generated ortho-aminoaldehyde (3) formed 3-nitro-6-hydroxyquinoline 4, in 19% overall yield starting from compound 2. Compound 4 was methylated using methyl iodide (MeI) in the presence of potassium carbonate (K2CO3) under reflux to give 3-nitro-6-methoxyquinoline 5a in 61% yield. Also compound 4 was converted into 5b in 67% yield, using 1-Bromo-2-fluoroethane (FEtBr) and K2CO3 in DMF. Finally, 6, 6a, and 6b were synthesized (36, 45, and 60% yields respectively) by reducing the corresponding nitro compounds 4, 5a, and 5b respectively, via a standard reduction using iron (Fe) powder/acetic acid (Figure 1).


[image: image]

FIGURE 1. Synthesis of substituted 3-amino quinolines (6a-c).



The oxadiazole fragment (11) was synthesized as shown in Figure 2. Commercially available 2-chloro-4-fluoro-benzonitrile (7) was converted into an oxime (8) in 97% yield when treated with hydroxylamine hydrochloride (NH2OH·HCl). The oxadiazole core was formed by condensing 8 with succinic anhydride and obtained in 28% yield after column purification. The carboxylic acid (9) then underwent a Steglich esterification (Neises and Steglich, 1978) with N,N′-dicyclohexylcarbodiimide (DCC)/4-dimethylaminopyridine (DMAP) to form the desired methyl ester (10) in 63% yield. The ester group of compound 10 was then subjected to diisobutylaluminium hydride (DIBAL-H) reduction at −80°C to form the corresponding aldehyde (11) in 45% yield. Longer reaction times and increasing DIBAL-H loading led to the formation of a side product, presumably the corresponding alcohol.


[image: image]

FIGURE 2. Synthesis of the oxadiazole fragment 11.



The final reductive amination of 11 with 6a-c was performed using an excess of titanium isopropoxide (Ti(O-iPr)4), followed by reduction with sodium borohydride (NaBH4) to form respectively, the desired precursor 3-(3-(3-(2-chloro-4-fluorophenyl)-1,2,4-oxadiazol-5- yl)propylamino)quinolin-6-ol (MA1, 57% yield) and reference compounds N-(3-(3-(2- chloro-4-fluorophenyl)-1,2,4-oxadiazol-5-yl)propyl)-6-methoxyquinolin-3-amine (MA2, 49% yield), 6-(2-Fluoroethoxy)-N-(3-(3-(2-chloro-4-fluorophenyl)-1,2,4-oxadiazol-5-yl) propyl)quinolin-3-amine (MA3, 51% yield) as shown in Figure 3. Compound 12 was synthesized using a literature procedure and NMR and MS data matched reported data (Cheng et al., 2008).
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FIGURE 3. Final step to synthesize precursor MA1 and reference compounds MA2 and MA3 with structure of compound 12.



[11C]MA2 and [18F]MA3 were successfully produced via a nucleophilic substitution reaction on the phenol moiety of precursor MA1 using, respectively, [11C]MeI or 1-bromo- 2-[18F]fluoroethane ([18F]FEtBr) as presented in Figure 4. Carbon-11 methylation yields ranged from 34 to 47% of HPLC-recovered radioactivity relative to [11C]MeI, with corresponding isolated amounts of 1628–3145 MBq. Fluorine-18 alkylations yielded isolated amounts of 617–706 MBq (24–68% of HPLC-recovered radioactivity relative to [18F]FEtBr). The desired radiolabeled compounds were separated from the precursor, unreacted [11C]MeI or [18F]FEtBr, and side products by high-performance liquid chromatography (HPLC) yielding over 98% pure [11C]MA2 and over 99% pure [18F]MA3 with a specific activity of 518 ± 284 GBq/μmol (n = 5) and 560 GBq/μmol (n = 2), respectively. Non-radioactive MA2 or MA3 were co-injected on the analytical HPLC system to confirm the identity of, respectively, [11C]MA2 and [18F]MA3.
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FIGURE 4. Radiosynthesis of [11C]MA2 and [18F]MA3.





Biodistribution Studies

The tissue distribution and kinetics of [11C]MA2 and [18F]MA3 were studied in male NMRI mice at 2, 10, 30, and 60 min post injection of the tracer. The results of the biodistribution studies are presented in Table 1 ([11C]MA2) and Table 2 ([18F]MA3) as percentage of injected dose (% ID) and standard uptake value (SUV).



Table 1. Tissue distribution of [11C]MA2 in control mice at 2 and 60 min post injection (n = 4 per time point).
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Table 2. Tissue distribution of [18F]MA3 in control mice at 2, 10, 30, and 60 min post injection (n = 3 or 4 per time point).
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[11C]MA2 and [18F]MA3 were efficiently cleared from blood (% ID 2 min/60 min ratio = 8.6 and 5.2, respectively) and all major organs. Elimination of the tracers occurred predominantly via the hepatobiliary pathway with excretion of radioactivity (via liver) into the intestines ([11C]MA2: 63.8% ID and [18F]MA3: 64.4% ID at 60 min post injection) and to a lesser extent via renal pathway, as urinary excretion was minimal with only 4.5% ID ([11C]MA2) and 1.6% ID ([18F]MA3) at 60 min after injection of the tracers. This is expected, as usually compounds with higher lipophilicity are expected to be excreted via hepatobiliary pathway. The calculated logD and polar surface area (PSA) values for [11C]MA2 [logD = 4.7; PSA = 73 Å (Mackie, 2008)] and [18F]MA3 [clogD = 4.9; PSA = 73 Å (Mackie, 2008)]suggest that the tracers may cross the blood-brain barrier (BBB) through passive diffusion. In accordance, brain uptake of [11C]MA2 (1.6% ID at 2 min post injection) was higher than brain uptake of [18F]MA3 (1.2% ID at 2 min post injection) although the difference was not statistically significant (p = 0.7), but was followed by a rapid wash-out from brain (% ID 2 min/60 min ratio = 18.4 and 9.2, respectively). None of the studied organs, except the liver (SUV = 2.0 and 2.1, respectively, at 60 min post injection), retained [11C]MA2 or [18F]MA3.



Radiometabolites

The fraction of radiometabolites in mouse plasma at 2 and 30 min after injection of the tracer was determined by RP-HPLC analysis to investigate the in vivo stability of [11C]MA2. The obtained data show that [11C]MA2 is rapidly metabolized in vivo. At 2 min post injection of [11C]MA2, 88% (n = 2) of the recovered radioactivity was assigned to the intact parent tracer. The percentage of intact [11C]MA2 decreased to 34% at 30 min post injection of the tracer. All detected radiometabolites were more polar than the intact tracer.



Binding Profile

The results from the binding and functional assays are presented in Table 3. MA2, MA3, and 12 behaved as agonists with an EC50 of, respectively, 3, 0.13, and 0.15 nM for human CB2 (hCB2) and an efficacy of 101, 102, and 100% in the cAMP assays. Among the tested compounds MA3 exhibited the highest binding affinity (Ki) for hCB2 (Ki = 0.8 nM) and had about 4 times higher affinity compared to 12, about 100 times higher affinity compared to MA2 and 5 times higher affinity compared to NE40. MA2 showed a lower selectivity toward the CB1 receptor (Ki ratio hCB1/hCB2 = 19) compared with MA3 (Ki ratio hCB1/hCB2 = 127), NE40 (Ki ratio hCB1/hCB2 = 241), and 12 (Ki ratio hCB1/hCB2 = 202). NE40 behaved as an inverse agonist in the cAMP assay displaying an EC50 of 8 nM for hCB2 and a negative efficacy (−178%). With NE40 no species difference in binding affinity was observed.



Table 3. Radiometabolite analysis in blood plasma.
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DISCUSSION

The aim of this study was to synthesize new high-affinity CB2 agonists, evaluate their brain uptake and potential for in vivo visualization of peripheral and brain CB2 receptors. A highly potent N-arylamide oxadiazole CB2 agonist was selected from literature as lead compound for the development of our radiolabeled analog 25. However, it should be noted that in the paper of Cheng et al. (2008) the position of the nitrogen atom in the biaryl moiety of the lead compound's structure is incorrectly indicated. A CB2 agonist PET-radioligand would allow to study the functional state of the CB2 receptor system under (patho)physiological conditions. The tracers were obtained in favorable yields, with a high radiochemical purity and high specific activity.

Though there may be some exceptions, the optimal logD value for molecules to cross the BBB via passive diffusion is assumed to be between 2.0 and 3.5 (Pike, 2009) and the PSA value is ideally less than 90 Å (van de Waterbeemd et al., 1998). As shown in Table 4, replacement of trifluoromethyl group (12) with fluoroethyl group (MA3) leads to higher Ki and EC50 values among the tested compounds both in mouse and human varients whereas substitution of the trifluoromethyl with a methyl group (MA2) decreases affinity. Despite slightly higher lipophilicity for MA2 compared to MA3 (clogD = 4.7 and 4.9 respectively), [11C]MA2 have crossed the BBB efficiently (1.6 and 1.2% of ID at 2 min post injection respectively) and wash-out from brain was rapid for both the tracers. The brain uptake of [11C]MA2 was found to be similar to that of [11C]NE40 (% ID = 1.7 in mouse brain at 2 min post injection) (Evens et al., 2012) and in comparision to that of [11C]A-836339 (SUV ~ 0.5 in rat brain at 2 min post injection) (Horti et al., 2010). The biodistribution studies also showed that [11C]MA2 and [18F]MA3 were cleared from blood via the hepatobiliary system, as could be expected for compounds with lipophilic properties. [11C]MA2 was substantially metabolized as a significant fraction (> 60%) of unidentified polar radiometabolites was found in plasma of mice at 30 min after injection of the tracer. Besides the activity in the liver, due to metabolism and/or excretion of the tracers, radioactivity in other major organs was negligible at 60 min after injection of [11C]MA2 or [18F]MA3. Retention of the tracers in the spleen was anticipated, as this organ is known to express high levels of CB2 (Lynn and Herkenham, 1994; Galiegue et al., 1995). Surprisingly no accumulation of [11C]MA2 or [18F]MA3 was observed in the spleen and tracer washout from the spleen was comparable to that from other organs such as the pancreas and lungs. Previously, a lack of retention in the spleen of mice and rats was also observed for other specific CB2 PET-tracers including [11C]GW405833 (Evens et al., 2011), [18F]FE-GW405833 (Evens et al., 2011), and a 18F-labeled 2-oxoquinoline derivative (Turkman et al., 2012). The low spleen uptake could also due to the lower binding affinity of [11C]GW405833 (35 nM) and [18F]FE-GW405833 (27 nM) for CB2 or in the case of the 18F-labeled 2-oxoquinoline derivative a low specific activity (44.4 GBq/μmol) (Turkman et al., 2012). Also recently, a 1,3,5-triazine based CB2 agonist labeled with fluorine-18 was reported to have a low spleen uptake (0.39% ID/g, at 15 min) (Yrjölä et al., 2015). In general agonists bind to activated receptor sites, which only represent a fraction of total binding sites, and this may explain the low spleen uptake. However, the specific in vivo binding of these tracers to CB2 receptors has to be established, experiments with these two tracers on local overexpression of hCB2 in rats (as previously shown) (Evens et al., 2011; Turkman et al., 2012) are currently underway.



Table 4. Characterization of MA2, MA3, 12, and NE40 in functional cAMP assays and radioligand binding assays with [3H]CP55940.
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CONCLUSIONS

We successfully synthesized MA2 and MA3 and their in vitro binding affinity for hCB2 was found to be 87 nM and 0.8 nM, respectively. Radiolabeled [11C]MA2 and [18F]MA3 was obtained in relatively high yields, high radiochemical purity, and high specific activity. Preliminary biodistribution studies indicate favorable brain uptake and clearance from blood and major organs. These preliminary results indicate [11C]MA2 and [18F]MA3 can be potential tracers for imaging brain CB2 receptors, in the view of their higher CB2 affinity and good brain uptake. It has to be noted that, not many CB2 agonists are available for pharmacologic studies that have both high affinity and excellent brain uptake and the compounds described here are suited to perform pharmacological experiments studying the role of CB2 in CNS.



MATERIALS AND METHODS


General

2-Chloro-4-fluorobenzonitrile was purchased from TCI Europe (Zwijndrecht, Belgium). All other chemicals and solvents were obtained from Acros Organics (Geel, Belgium), Sigma-Aldrich (Bornem, Belgium), or VWR International (Leuven, Belgium). For ascending thin layer chromatography (TLC), pre-coated aluminum backed plates (Silica gel 60 with fluorescent indicator UV 254 nm, 0.2 mm thickness; Macherey-Nagel, Düren, Germany) were used. Molecular mass measurements were performed on a time-of-flight mass spectrometer (LCT, Micromass, Manchester, UK) equipped with an orthogonal electrospray ionization (ESI) interface. Acquisition and processing of data was done using MassLynx software (version 3.5, Micromass). Mass data were rounded to the whole number. 1H nuclear magnetic resonance (NMR) spectra were acquired with a Bruker Avance II spectrometer (400 MHz, 5 mm probe, Fällanden, Switzerland). Chemical shifts are reported in parts per million relative to tetramethylsilane (δ = 0). Coupling constants are reported in hertz (Hz). Splitting patterns are defined by s (singlet), d (doublet), t (triplet), or m (multiplet). The clogD and PSA values were calculated using, respectively, Marvinsketch 5.7.0 software and the calculator from Daylight (http://www.daylight.com/meetings/emug00/Ertl/tpsa.html). HPLC analysis was performed on an L2130 LaChrom Elite pump (Hitachi, Tokyo, Japan) connected to a UV L2400 LaChrom Elite spectrometer (Hitachi). Radiolabeled compounds were analyzed by passage of the HPLC eluate (after passing through the UV detector) over a 3-inch NaI(Tl) scintillation detector connected to a single channel analyzer (GABI box; Raytest, Straubenhardt, Germany). Data were acquired and analyzed using a RaChel (Lablogic, Sheffield, UK) or GINA Star (Raytest) data acquisition system. Quantification of radioactivity during biodistribution and metabolite studies was performed using an automated gamma counter equipped with a 3-inch NaI(Tl) well crystal coupled to a multichannel analyzer, mounted in a sample changer [2480 Wizard (Mackie, 2008), Perkin Elmer, Massachusetts, USA]. The values are corrected for background radiation, physical decay and counter dead time.

Animals were housed in individually ventilated cages in a thermo-regulated (22°C), humidity-controlled facility under a 12 h light/12 h dark cycle, with free access to food and water. All animal experiments were performed in compliance with the principles set by the Belgian law relating to the conduct of animal experimentation, after approval from the university (KU Leuven) animal ethics committee.



Organic Synthesis

Methazoic Acid (1)

Caution:

Methazoic acid is a potential explosive, heat, and shock sensitive compound. To a solution of 10 M NaOH (3 mL) at 0°C was added dropwise MeNO2 (0.5 mL) and the resulting mixture was stirred for 15 min. The reaction mixture was allowed to warm to room temperature, stirred for 15 min and a second amount of MeNO2 (0.5 mL) was added. After stirring until a clear brown solution was formed (~30 min), ice-cold water (50 mL), and concentrated hydrochloric acid (~11.6 M HCl, 3 mL) were slowly added to the mixture. The resultant solution was extracted with diethyl ether (Et2O; 2 × 100 mL) and the organic layers were collected and dried over magnesium sulfate (MgSO4). The solvent was carefully removed under reduced pressure without heating to yield compound 1 (~1 g) as an orange-yellow viscous oil, which was used in the synthesis of 4, without any further purification.

3-Nitro-6-Hydroxyquinoline (4)

Step A:

To a solution of 2-nitro-5-hydroxybenzaldehyde (2; 1.20 g, 7.18 mmol, 1.0 eq) in ethanol (EtOH; 30 mL) was added Fe powder (1.48 g, 26.57 mmol, 3.7 eq), followed by acetic acid (2.4 mL) and H2O (0.8 mL). After stirring at room temperature for 16 h, the dark brown reaction mixture was diluted with EtOH (30 mL), filtered through a sintered funnel, and concentrated in vacuo. The crude mixture was extracted with dichloromethane (DCM; 2 × 200 mL), the combined organic layers were dried over MgSO4 and concentrated in vacuo. Compound 3 was obtained as a crude yellow powder, which was used in step B without any further purification.

Step B:

To a stirred solution of 3 in either tetrahydrofuran (THF) or EtOH (10 mL) was added a solution of compound 1 (~1 g) in a mixture of H2O (5 mL) and 5 M HCl (5 mL). The dark brown mixture was heated to 80oC and stirred for 2 h. The solvent was evaporated under reduced pressure, the crude material was extracted with DCM (3 × 100 mL) and the solution was again concentrated under reduced pressure and purified over silica column to give 4 as a pale brown solid. 1H NMR (CDCl3): δ 7.10– 7.17 (m, 1H, Ar), 7.41–7.45 (m, 1H, Ar), 8.11 (s, 1H, Ar), 8.67 (s, 1H, Ar), 9.24 (s, 1H, Ar). MS (ESI) m/z: 191.2 [(M+H)+, 100%].

3-Nitro-6-Methoxyquinoline (5a)

To a solution of compound 4 (260 mg, 1.37 mmol, 1 eq) in acetone (15 mL), K2CO3 (283 mg, 2.05 mmol, 1.5 eq) and MeI (5 eq) were added and the reaction mixture was stirred at 60 °C for 4 h. Completion of reaction was confirmed by TLC (EtOAc/heptane 1:1). Acetone was removed under reduced pressure and the crude residue was diluted with DCM (100 mL) and washed with H2O (3 × 25 mL). The organic layer was dried over MgSO4 and the solvent was removed under reduced pressure. Silica gel column purification yielded 5 (171 mg) as pale yellow crystalline needles. Yield: 61%. TLC (EtOAc/heptane 1:1): Rf = 0.55. 1H NMR (CDCl3): δ 3.94 (s, 3H, OMe), 7.19–7.23 (m, 1H, Ar), 7.50–7.55 (m, 1H, Ar), 8.05 (s, 1H, Ar), 8.86 (s, 1H, Ar), 9.44 (s, 1H, Ar). MS (ESI) m/z: 205.2 [(M+H)+, 100%].

6-(2-Fluoroethoxy)-3-Nitroquinoline (5b)

To a solution of compound 4 (260 mg, 1.37 mmol, 1 eq) in DMF (15 mL), K2CO3 (283 mg, 2.05 mmol, 1.5 eq) and FEtBr (5 eq) were added and the reaction mixture was stirred at 50°C for 2 h. Completion of reaction was confirmed by TLC (EtOAc/heptane 1:1). The crude residue was diluted with DCM (100 mL) and washed with H2O (3 × 25 mL). The organic layer was dried over MgSO4 and the solvent was removed under reduced pressure. Silica gel column purification yielded 5b (230 mg) as pale yellow crystalline needles. Yield: 67%. TLC (EtOAc/heptane 1:1): Rf = 0.60. 1H NMR (CDCl3): δ 4.36 (dt, 2H, J 2.4 & 19.4), 4.84 (dt, 2H, J 2.4 & 39.2), 7.22 (s, 1H, Ar), 7.59 (d, 1H, J 9.2, Ar), 8.10 (d, 1H, J 9.2, Ar), 8.87 (s, 1H, Ar), 9.47 (s, 1H, Ar). MS (ESI) m/z: 236.8 [(M+H)+, 100%].

3-Amino-6-Quinolinols (6a-c)

3-Aminoquinolin-6-ol (6a) To a solution of compound 4 (330 mg, 1.74 mmol, 1 eq) in EtOH (10 mL), Fe powder (485 mg, 8.68 mmol, 5 eq) was added and the mixture was stirred. After adding acetic acid (1 mL) and H2O (0.2 mL), the reaction mixture was heated to 60oC and stirred for 3 h. The Fe powder was removed by filtering the reaction mixture over a sintered funnel. The filtrate was collected, dried over MgSO4 and concentrated to yield 6a (100 mg) as a pale yellow powder. Yield: 36%. TLC (DCM/MeOH, 95:5): Rf = 0.21. MS (ESI) m/z: 161.0 [(M+H)+, 100%].

6-Methoxyquinolin-3-amine (6b) Compound 6b was synthesized starting from compound 5a in accordance with the procedure described for compound 6a. Yellow solid was obtained in 45% yield. TLC (DCM/MeOH 95:5): Rf = 0.25. MS (ESI) m/z: 174.7 [(M+H)+, 100%].

6-(2-Fluoroethoxy)quinolin-3-amine (6c) Compound 6c was also synthesized starting from compound 5b as described for compound 6a. Colorless powder was obtained in 60% yield (175 mg). RF 0.25 (9.5:0.5 DCM:MeOH). 1H NMR (MeOD): δ 4.55 (dt, 2H, J 3.5 & 28.8), 5.01 (dt, 2H, J 3.4 & 47.8), 7.35 (d, 1H, J 9.2, Ar), 7.25 (s, 1H, Ar), 7.51 (s, 1H, Ar), 7.98 (d, 1H, J 9.2, Ar) 8.54 (s, 1H, Ar). MS (ESI) m/z: 206.9 [(M+H)+, 100%].

2-Chloro-4-Fluoro-N′-Hydroxybenzamidine (8)

To a solution of 2-chloro-4-fluoro-benzonitrile (7; 1.0 g, 6.45 mmol, 1.0 eq) in MeOH was added NH2OH·HCl (0.58 g, 8.36 mmol, 1.3 eq), Na2CO3 (1.0 g, 9.64 mmol, 1.5 eq) and H2O (4 mL), and the reaction mixture was stirred for 4 h at 60°C. The solvent was evaporated under reduced pressure and the crude residue was extracted with DCM (2 × 500 mL). The combined organic layers were dried over MgSO4 and the solvent was removed under reduced pressure. The crude compound 8 (1.18 g, 97%) was used as such in the next step without any further purification. RF 0.41 (1:1 hexane:EtOH). MS (ESI) m/z: 189.0 [(M+H)+, 100%].

3-(3-(2-Chloro-4-Fluorophenyl)-1,2,4-Oxadiazol-5-yl)Propanoic Acid (9)

A solution of compound 8 (1.0 g, 5.32 mmol, 1.0 eq) and succinic anhydride (0.53 g, 5.32 mmol, 1.0 eq) in toluene (15 mL) was stirred for 3 h at 110°C. Toluene was evaporated under reduced pressure, the crude residue was extracted with DCM (3 × 250 mL), the combined organic extracts were dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified using silica gel column chromatography (EtOAc/heptane gradient 10–30% EtOAc) and compound 9 was obtained as a white solid (425 mg). Yield: 28%. RF 0.25 (1:1 hexane:EtOH). 1H NMR (DMSO-d6): δ 2.56 (t, 2H, J 6.7, CH2), 2.94 (t, 2H, J 6.9, CH2), 7.11–7.18 (m, 1H, Ar), 7.39–7.44 (m, 1H, Ar), 7.65–7.71 (m, 1H, Ar). MS (ESI) m/z: 269.29 [(MH¬), 100%].

Methyl-3-(3-(2-Chloro-4-Fluorophenyl)-1,2,4-Oxadiazol-5-yl)Propanoate (10)

Compound 9 (100 mg, 0.370 mmol, 1 eq) was dissolved in dry DCM (4 mL) followed by the addition of DCC (229 mg, 1.11 mmol, 3 eq), DMAP (90 mg, 0.740 mmol, 2 eq), and dry MeOH (0.5 mL). The reaction mixture was stirred for 16 h at room temperature. The reaction mixture was concentrated under reduced pressure, DCM (50 mL) was added and the solution was washed with H2O (2 × 20 mL). After drying the organic layer over MgSO4, the solvent was removed and the crude product purified through silica gel column chromatography (EtOAc/heptane gradient 0–10% EtOAc) yielded pure compound 10. Colorless oil (63% yield, 66 mg). RF 0.55 (1:1 hexane:EtOH). 1H NMR (CDCl3): δ 2.54 (t, 2H, J 7.3, CH2), 2.89 (t, 2H, J 7.3, CH2), 3.33 (s, 3H, CH3), 6.66–6.72 (m, 1H, Ar), 6.85–6.89 (m, 1H, Ar), 7.50–7.55 (m, 1H, Ar). MS (ESI) m/z: 285.1 [(MH+), 100%].

3-(3-(2-Chloro-4-Fluorophenyl)-1,2,4-Oxadiazol-5-yl)Propanal (11)

To a solution of compound 10 (100 mg, 0.352 mmol, 1 eq) in dry DCM (5 mL) cooled to −80°C was added drop-wise over 5 min DIBAL-H 1.5 M in toluene (0.107 mL, 0.528 mmol, 1.5 eq) and the reaction mixture was stirred at the same temperature for 1 h. The reaction was quenched with a few drops of H2O, DCM (50 mL) was added and the mixture was washed with H2O (2 × 20 mL). The organic layer was dried over MgSO4 and the solvent was removed under reduced pressure. The crude residue was purified through silica gel flash chromatography using a mixture of heptane/EtOAc (2:1) to yield the desired aldehyde 11 (40 mg). Colorless powder (40 mg, 45%). RF 0.40 (1:1 hexane:EtOH). 1H NMR (CDCl3): δ 2.72 (t, 2H, J 6.8, CH2), 2.87 (t, 2H, J 6.9, CH2), 6.67–6.70 (m, 1H, Ar), 6.85–6.89 (m, 1H, Ar), 7.54–7.56 (m, 1H, Ar), 9.49 (s. 1H, CHO). MS (ESI) m/z: 255.1 [(MH+), 100%].

N-(3-(3-(2-Chloro-4-Fluorophenyl)-1,2,4-Oxadiazol-5-yl)Propyl)-6-Methoxyquinolin-3-Amine (MA2)

Compound 11 (87.0 mg, 0.343 mmol, 1 eq) and amine 6b (60.0 mg, 0.343 mmol, 1 eq) were dissolved in dichloroethane (DCE; 3 mL), followed by the addition of Ti(O-iPr)4 (1.68 mL, 5.142 mmol, 15 eq) at room temperature. After stirring for 1 h, the reaction mixture was added dropwise to a stirred solution of NaBH4 (77.8 mg, 2.057 mmol, 6 eq) in dry MeOH (6 mL) at 0oC. After the addition was complete the mixture was brought to room temperature and stirred for 2 h. The reaction was quenched with a few drops of 1 M HCl and solvents were evaporated under reduced pressure. The residue was dissolved in DCM (100 mL), the solution was washed with H2O (2 × 15 mL) and the organic layer was dried and concentrated by vacuum evaporation. The crude product was purified over silica gel chromatography using mixtures of DCM/MeOH as eluent. Pale yellow oil (70 mg), yield: 49%. TLC (hexane/EtOH 1:1): Rf = 0.21. 1H NMR (CDCl3): δ 2.25–2.30 (m, 2H, H3b), 3.10–3.16 (m, 2H, H3c), 3.40 (t, 2H, J 6.7, H3a), 3.87 (s, 3H, OMe), 6.86–6.88 (m, 1H, Ar), 6.94–6.97 (m, 1H, Ar), 7.02–7.11 (m, 2H, Ar), 7.21–7.27 (m, 2H, Ar), 7.78–7.83 (m, 1H, Ar), 7.85–7.91 (m, 1H, Ar), 8.25 (br s, 1H, NH). MS (ESI) m/z: 412 [(M+H)+, 100%].

3-(3-(3-(2-Chloro-4-Fluorophenyl)-1,2,4-Oxadiazol-5-yl)Propylamino)Quinolin-6-ol (MA1)

MA1 was synthesized starting from compound 6a in accordance with the procedure described for MA2. Pale yellow solid (90 mg), yield: 57%. TLC (hexane/EtOH 1:1): Rf = 0.20. MS (ESI) m/z: 398 [(M+H)+, 100%]. 1H NMR (CDCl3): δ 2.50–2.56 (m, 2H, H3b), 3.40–3.46 (m, 2H, H3c), 3.60–3.65 (m, 2H, H3a), 7.16–7.26 (m, 4H, Ar), 7.42–7.48 (m, 1H, Ar), 7.65–7.70 (m, 1H, Ar), 8.09–8.13 (m, 1H, Ar), 8.24–8.28 (m, 1H, Ar), 8.45 (s, 1H, NH). HRMS (ESI) Calcd. for C20H17ClFN4O2 [M+H]+: 399.1018. Found: 399.1058.

6-(2-Fluoroethoxy)-N-(3-(3-(2-Chloro-4-Fluorophenyl) -1,2,4-Oxadiazol-5-yl)Propyl)Quinolin-3-amine (MA3)

Yellow crystalline solid (55 mg, 51%). RF 0.25 (1:1 hexane:EtOH). 1H NMR (CDCl3): δ 2.20–2.30 (m, 2H), 3.11 (t, 2H, J 7.2), 3.37 (t, 2H, J 6.8), 4.25 (dt, 2H, J 4.2 & 27.7), 4.77 (dt, 2H, J 4.1 & 47.4), 6.86 (d, 1H, J 2.7, Ar), 6.92 (d, 1H, J 2.6, Ar), 7.03–7.11 (m, 2H, Ar), 7.23–7.28 (m, 1H, Ar), 7.78–7.89 (m, 2H, Ar), 8.25 (d, 1H, J 2.7, Ar). HRMS (ESI) Calcd. for C22H20ClF2N4O2 (MH+): 445.1237. Found: 445.1276.



Radiosynthesis

[11C]CH3I and [18F]FEtBr were produced according to methods described by Evens et al. (2008) and Chitneni et al. (2008), respectively. [11C]CH3I was bubbled with a stream of helium through a solution of the precursor MA1 (100 μg) and cesium carbonate (Cs2CO3; 1–2 mg) in dimethylformamide (DMF, 100 μL) until the radioactivity in the reaction vial was stabilized. The reaction mixture was heated for 3 min at 70°C, diluted with 1 mL of water for injection and applied onto an HPLC column (Waters XBridge RP-C18, 5 μm, 4.6 × 150 mm) that was eluted with a mixture of EtOH/sodium acetate (NaOAc) buffer 0.05 M pH 5.5 (53:47 V/V) as mobile phase at a flow rate of 1 mL/min. The desired product [11C]MA2 eluted after 11 min. [18F]FEtBr was distilled with a stream of helium and passed through an ascarite column (6 × 150 mm) in a reaction vial containing MA1 (100 μg) and Cs2CO3 (1–2 mg) in DMF (100 μL). After heating for 15 min at 90°C, the reaction mixture was diluted with 1 mL of water for injection and injected on an XBridge column (5 μm, 4.6 × 150 mm) which was eluted with a mixture of EtOH/NaOAc 0.05 M pH 5.5 (45:55 V/V) at a flow rate of 1 mL/min. The desired product [18F]MA3 was collected after 20 min. Quality control of [11C]MA2 and [18F]MA3 was performed on an analytical HPLC system consisting of an XBridge column (RP-C18, 3.5 μm, 3.0 × 100 mm; Waters) eluted with a mixture of CH3CN/NaOAc buffer 0.05 M pH 5.5 ([11C]MA2: 45:55 V/V and [18F]MA3: 40:60 V/V) at a flow rate of 0.8 mL/min. UV detection was performed at 254 nm.



Biodistribution Studies

The biodistribution of [11C]MA2 and [18F]MA3 was studied in normal male Naval Medical Research Institute (NMRI) mice. A solution of HPLC-purified [11C]MA2 or [18F]MA3 was diluted with saline to obtain an ethanol concentration < 10%. Mice were anesthetized with isoflurane (2% in oxygen) and injected intravenously (i.v.) with [11C]MA2 (~ 9.25 MBq) or [18F]MA3 (~ 0.92 MBq) via a lateral tail vein. The mice were sacrificed by decapitation at 2, and 60 min post injection (for [11C]MA2, n = 4) and at 2, 10, 30, or 60 min post injection (for [18F]MA3, n = 3 or 4 per time point) and dissected. Blood, organs, and other body parts were collected in tared tubes and the radioactivity in each tube was measured using an automated gamma counter. The tubes containing selected organs and blood were weighed. For calculation of total radioactivity in blood, blood mass was assumed to be 7% of the body mass (Fritzberg et al., 1982). Quantitative data are expressed as mean ± standard deviation (SD). Means were compared using an unpaired two-tailed student t-test. Values were considered statistically significant for P ≤ 0.05.



Plasma Radiometabolite Analysis

After i.v. administration of [11C]MA2 (~ 9.25 MBq) via a lateral tail vein to anesthetized NMRI mice (isoflurane 2% in oxygen), the mice were decapitated at 2 or 30 min post injection (n = 2 per time point). Blood was collected into lithium heparin-containing tubes (4.5-mL lithium heparin PST tubes, BD Vacutainer; BD, Franklin Lakes, New Jersey) and stored on ice. The blood samples were centrifuged for 10 min at 3000 rpm to separate the plasma. The isolated plasma was spiked with authentic non-radioactive MA2 (15 μL of 1 mg/mL solution in CH3CN) and analyzed by RP-HPLC on a Chromolith RP C18 column (3 mm x 100 mm; Merck) eluted with gradient mixtures of CH3CN (A) and 0.05 M NaOAc pH 5.5 (B) (0–5 min: Isocratic 100% B, flow rate of 0.5 mL/min; 5–10 min: Linear gradient 100 B to 10% B, flow rate of 1 mL/min; 10–13 min: Isocratic 10% B, flow rate of 1 mL/min; 13–13.1 min: Linear gradient 10 B to 100% B, flow rate of 0.5 mL/min; 13.1–15 min: Isocratic 100% B, flow rate of 0.5 mL/min). After passing through a UV detector (254 nm) and an in-line 3-inch NaI(Tl) scintillation detector, the HPLC eluate was collected as 0.5- or 1-mL fractions (model 2110 fraction collector, Biorad, Hercules, CA). The radioactivity in all fractions was measured using an automated gamma counter. The recovery of the injected radioactivity from the HPLC apparatus and Chromolith column was 94.9 ± 0.9 % (n = 4).



Functional and Binding Experiments

The competition binding experiments and functional assays were performed by Roche Healthcare.

Cell Culture

CHO-K1 beta-arrestin cells (DiscoveRx, Fremont, CA) expressing hCB2, mouse CB2 (mCB2), and human CB1 (hCB1) were cultured in F-12 Nutrient Mixture (HAM) supplemented with 10% fetal bovine serum (FBS), 300 μg/mL hygromycin and 800 μg/mL geneticin (G418). Cells were incubated in a humidified atmosphere at 37°C with 5% CO2.

cAMP Assay

cAMP was measured using cAMP-Nano-TRF detection kit (Roche Diagnostics, Penzberg, Germany). Cells were seeded 17–24 h prior to the experiment 3 × 104 cells per well in a black 96-well plate with flat clear bottom (Corning, Wiesbaden, Germany) in growth medium and incubated in 5% CO2 at 37°C in a humidified incubator. The growth medium was exchanged with Krebs Ringer bicarbonate buffer with 1 mmol/L 3-isobutyl-1-methylxanthine (IBMX), 0.1% fatty acid-free bovine serum albumin (BSA) and incubated at 30°C for 60 min. Agonist was added to a final assay volume of 100 μL and the mixture was incubated for 30 min at 30°C. The assay was stopped by the addition of 50 μL 3x lysis reagent and shaken for 2 h at room temperature. The time-resolved energy transfer was measured using an LF502 Nanoscan FLT (IOM, Berlin, Germany), equipped with a laser as excitation source. cAMP content was determined from the function of a standard curve spanning from 10 to 0.13 nmol/L cAMP.

Radioligand Binding Assay

Stably transfected cells were treated for 24 h with 5 mM butyrate in growth medium before harvesting, followed by homogenization in 15 mmol/L Hepes, 0.3 mmol/L EDTA, 1 mmol/L EGTA, 2 mmol/L MgCl2, complete EDTA-free protease inhibitor (Roche Applied Science, Rotkreuz, Switzerland), pH 7.4 using a glass potter and centrifugation at 47,800 g at 4°C for 30 min. The pellet was then rehomogenized twice in the same buffer and centrifuged (47,800 g, 4°C, 30 min). The final pellet was then resuspended in 75 mmol/L Tris, 0.3 mmol/L EDTA, 1 mmol/L EGTA, 12.5 mmol/L MgCl2, 250 mmol/L sucrose, pH 7.4 at a protein concentration of 1 to 3 mg/mL, aliquoted, frozen on dry ice and stored at −80°C. Saturation binding was performed with 0.05 to 2.6 nM [3H]CP55940 (Perkin Elmer) and 1.0 μg of membrane protein. CP55940 (10 μM) was used to define non-specific binding. More than 95% of the total binding signal was specific. Assay buffer consisted of 50 mmol/L Tris-HCl, 5 mmol/L MgCl2, 2.5 mmol/L EGTA, and 0.1% fatty acid-free BSA, pH 7.4. Assays were initiated by addition of membranes in a final volume of 250 μL/well. Mixtures were incubated for 3 h at room temperature and then vacuum filtered and rinsed with wash buffer (50 mmol/L Tris-HCl, 5 mmol/L MgCl2, 2.5 mmol/L EGTA, and 0.5% fatty acid-free BSA, pH 7.4) on a Filtermate cell harvester through Packard GF/B filters presoaked in 0.3% polyethylenimine.

For competition binding, membrane preparations were incubated with 0.3 nM [3H]CP55940 in the presence or absence of increasing concentrations of ligands for 60 min at 30°C in a final volume of 0.2 mL of 50 mmol/L Tris-HCl, 5 mmol/L MgCl2, 2.5 mmol/L EGTA, 0.1% fatty acid-free BSA, and 1% DMSO, pH 7.4, buffer, gently shaking. Non-specific binding was defined with 10 μM CP55940. All binding reactions were terminated by vacuum filtration onto 0.5% polyethylenimine presoaked GF/B filter plates (Packard) followed by seven brief washes with 2 mL of ice-cold binding buffer containing 0.5% fatty acid-free BSA. Plates were dried at 50°C for 1 h and liquid scintillation counting was used to determine bound radiolabel. IC50 values and Hill slopes were determined by a four parameter logistic model using ActivityBase (ID Business Solution, Guilford, UK). pKi values were determined by the generalized Cheng-Prusoff equation (Yung-Chi and Prusoff, 1973).
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