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Abstract: Two cannabinoids receptors have been characterised in mammals; cannabinoid receptor type 1 (CBI) which is 

ubiquitous in the central nervous system (CNS), and cannabinoid receptor type 2 (CBII) that is expressed mainly in im-

mune cells. Cannabinoids have been used in the treatment of nausea and emesis, anorexia and cachexia, tremor and pain 

associated with multiple sclerosis. These treatments are limited by the psychoactive side-effects of CBI activation. Re-

cently CBII has been described within the CNS, both in microglia and neuronal progenitor cells (NPCs), but with few ex-

ceptions, not by neurons within the CNS. This has suggested that CBII agonists could have potential to treat various con-

ditions without psycho-activity. This article reviews the potential for CBII agonists as treatments for neurological condi-

tions, with a focus on microglia and NPCs as drug targets. We first discuss the role of microglia in the healthy brain, and 

then the role of microglia in chronic neuroinflammatory disorders, including Alzheimer’s disease and Parkinson’s disease, 

as well as in neuroinflammation following acute brain injury such as stroke and global hypoxia. As activation of CBII re-

ceptor on microglia results in suppression of the proliferation and activation of microglia, there is potential for the anti-

inflammatory properties of CBII agonist to treat neuropathologies that involve heightened microglia activity. In addition, 

activating CBII receptors may result in an increase in proliferation and affect migration of NPCs. Therefore, it is possible 

that CBII agonists may assist in the treatment of neuropathologies by increasing neurogenesis. In the second part of the ar-

ticle, we review the state of development of CBII selective drugs with an emphasis on critical aspects of CBII agonist 

structural activity relationship (SAR). 
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INTRODUCTION  

 Cannabinoids are a group of compounds that bind to the 
G protein coupled receptors cannabinoid receptor I (CBI) 
and cannabinoid receptor II (CBII) [1-3]. Cannabinoids have 
been used medicinally in the treatment of nausea and emesis, 
anorexia and cachexia, tremor and pain associated with mul-
tiple sclerosis (MS) [4]. Until recently, the CBI receptor was 
thought to be the only cannabinoid receptor expressed in the 
brain, and because CBI was found ubiquitously throughout 
the brain, it was widely agreed that CBI was responsible for 
the analgesic, neuroprotective and psycho-active effects of 
cannabinoids [5]. The CBII receptor had been detected in 
immune cells, but not reliably in any cells in the central 
nervous system (CNS) [1].  

 Recently, the CBII receptor has been detected in micro-
glial cells in the brain following injury [6-8]. In vitro studies 
have demonstrated that microglia proliferate and migrate in 
response to cell damage, and then release inflammatory cy-
tokines that cause further immune cell migration and activa-
tion [9]. This results in inflammation which leads to further 
damage in the surrounding penumbra [10]. 

 Microglia-dependent inflammation has been shown to 
cause neuronal damage in acute brain injuries, such as  
 

*Address correspondence to this author at the Department of Pharmacology 

& Toxicology, Otago School of Medical Sciences, University of Otago, PO 

Box 913, Dunedin 9054, New Zealand; Tel: +64 3 479 3040; Fax: +64 3 
479 9040; E-mail: potja950@student.otago.ac.nz 

ischemic stroke and global hypoxia [11], as well as in 
chronic neurological disorders such as: Alzheimer’s disease 
(AD) [12-15], Huntington’s disease (HD) [16], Parkinson’s 
disease (PD) [17], multiple sclerosis (MS) [18], major de-
pression and schizophrenia [19], prion disease [20], and 
Down’s syndrome (DS) [21].  

 Immune-suppressants including cyclosporin-A, methyl-
prednisolone and tumor necrosis factor  (TNF- ) inhibitors 
have been shown to temporarily reduce neuronal damage 
during neuroinflammation by suppressing microglia activa-
tion [22]. However, negative side effects include neurologi-
cal disruption, nephrotoxicity, arterial hypertension, reduc-
tions in clotting and pathogen susceptibility, which makes 
these drugs unsuitable as treatments for chronic or acute 
brain injury [22, 23]. Recently, evidence has accumulated 
that CBII receptor agonists may be potential alternatives to 
current immune-suppressants. Activation of the CBII recep-
tor appears to block activation of microglial cells but has 
little effect on the normal functioning of neurons within the 
CNS [24].  

 In addition, CBII agonists may have effects on neuro-
genesis. Neurogenesis in the adult brain is upregulated fol-
lowing a neuropathological event [25]. Newly formed neu-
rons have been shown to migrate to the site of neurological 
damage, some of which may become part of the surrounding 
circuitry [26]. CBII receptors have also been found on the 
surface of neuronal progenitor cells (NPCs), and CBII ex-
pression is similarly upregulated following neuropathologi-
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cal events [27]. The CBII receptor may have roles in modu-
lating adult neurogenesis [8].  

 There is potential for the development of CBII agonists 
in the treatment of stroke patients, and chronic neurodegen-
erative disease sufferers. This review will address the role of 
the CBII in the CNS, specifically focusing on microglial 
function and pathology, modulation of microglia by the CBII 
receptor, and the role of CBII in modulating neurogenesis in 
the adult CNS.  

CBII AND NEUROINFLAMMATION 

Microglia and the Central Nervous System 

 Microglia are small glial cells in the CNS that are ubiqui-
tous and abundant, making up 5-15% of all cells within the 
CNS [9]. Although still debated, it is commonly viewed that 
they are derived from mesodermal precursor cells of hema-
topoietic lineage, and that they enter the CNS during embry-
onic and early postnatal phases of development [28-30]. The 
primary role of microglia appears to be to modulate and par-
ticipate in CNS immune responses [31]. Microglia can sense 
and respond to changes in the CNS micro-environment using 
fine processes that extend into the surrounding tissue [32, 
33]. These processes are continuously retracting and expand-
ing, sensing the micro-environment [32, 34]. The processes 
have swellings at the distal ends, suggesting that microglia 
may be constantly clearing debris in the cerebral environ-
ment [34]. When microglia recognize foreign particles, such 
as viral proteins or lipopolysaccharide (LPS) they become 
activated. Activation can also occur by signaling from inter-
feron gamma  (INF- ) or proinflammatory cytokines, or 
changes in the extra-cellular environment as a result of cellu-
lar damage [13, 35-40].  

 Once activated, microglia modulate the CNS immune 
response via secretion of cytokines. These cytokines can be 
anti-inflammatory such as TGF- 1 and IL-10, which signal 
to reduce the activity of immune cells (including microglia) 
[2, 36, 41], or proinflammatory, such as TNF-  and IL-1B. 
These induce expression of adhesive molecules on both en-
dothelial and systemic leukocyte cells, which allows these 
leukocytes to attach and migrate in the CNS [2, 36, 39, 41]. 
In addition, these cytokines also cause the activation, differ-
entiation and proliferation of endemic and invading leuko-
cytes [2, 36, 41]. This process results in inflammation which 
can be neuropathological.  

 Following activation, microglia increase expression of 
the major histocompatibility complex (MHCII), and can then 
act as antigen presenting cells to the infiltrating type one T 
helper cells (Th1) [33, 42-44]. This causes the Th1 cell to 
produce both INF- , which in turn causes the further activa-
tion and proliferation of microglia, and IL-2 which induces 
the activation, proliferation and differentiation of invading 
leukocytes [33].  

 Once activated, microglia also produce chemokines in-
cluding IP-10, MIP-1, MIP-2, CCL19, MCP-1, and MCP-2 
[45, 46], which induce the migration of leukocytes and other 
microglia, in a concentration dependent manner, to the site of 
damage/infection [45, 46]. This migration may also be medi-
ated by endocannabinoids produced by microglia, astrocytes 
and neurons in the damage area [46-48]. 

 The role of microglia in the CNS is a complicated one. 
The exact function and interaction is still being investigated; 
however, it is clear that microglia are crucial in initiating and 
propagating the CNS immune response to infection and tis-
sue damage.  

Neuroinflammation and Neuropathology 

 Under normal conditions microglia have important roles 
in removal of debris, small immune responses and neuronal 
remodeling, within the CNS [28, 30, 49]. However, micro-
glia are also sensitive to changes in the microenvironment, 
and can quickly mediate a pathological inflammatory re-
sponse when confronted with an activator stimuli, such as 
LPS or INF-  [28]. During microglia-induced inflammation, 
the CNS microenvironment can become neurotoxic and re-
sult in extensive tissue damage. Several mechanisms in-
volved in microglial neurotoxicity were investigated in a 
study by Bal-price and Brown [11]. In this study, co-cultures 
of microglia and neurons were exposed to microglia activat-
ing agents LPS and INF- , and levels of nitric oxide (NO) 
released and neuron respiration were measured. Upon activa-
tion the microglia produced large amounts of NO. Previous 
studies had shown that moderate levels of NO has antimicro-
bial and anti-tumor effects, as well as acting as a vasodilator 
and a neuromodulator, suggesting a possible biological func-
tion of microglial NO production [50]. However, this NO 
production can cause pathological levels of NO resulting in 
45%-95% of co-cultured neurons died. Neuronal death was 
almost completely prevented when cultures were pretreated 
with an inducible nitric oxide synthase (iNOS) inhibitor. 
Without pretreatment, the levels of neuronal respiration 
dropped noticeably, due to NO reversibly inhibiting cyto-
chrome-oxidase, causing depolarization of the neuron and 
subsequent glutamate release via GluT transport protein [51-
53]. These high levels of glutamate cause excitotoxicity via 
the N-methyl-D-aspartate (NMDA) receptor, and is probably 
the reason for the neuronal death [52]. 

 Activation of the NMDA receptor may also result in the 
activation of neuronal NOS enzymes (nNOS) in a calcium 
dependent manner, generating even more NO within the cell, 
possibly adding to the pathological effects of NO produced 
by activated microglia [11]. However, the role of nNOS in 
neurodegeneration is still unclear, with some studies show-
ing a neuroprotective role [50]. Other sources of NO include 
surrounding astrocytes, NO production, via the iNOS en-
zyme, is induced by IL-1B and TNF-  produced by micro-
glia during inflammation [53-55]. From this it is evident that 
microglia activation results in the production of NO though 
several mechanisms, and that this has a role in neurotoxicity.  

 In addition to being a neuromodulator, NO is also a reac-
tive oxygen species (ROS), and can take part in redox reac-
tions [56]. Furthermore, NO also causes the production of 
other members of the ROS family by a number of different 
mechanisms. NO inhibition of cytochrome-oxidase, affects 
the electron transport chain, causing electrons within the 
chain to react with other molecules in the mitochondria lead-
ing to the production of superoxide, which in turn can react 
with H2O to form the ROS H2O2. NO can then react with 
H2O2 to produce peroxynitrite. These ROS can react with 
cellular components, severely disrupting cellular function 
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causing mutation, mitochondria breakdown leading to apop-
tosis, membrane disruption leading to depolarization, and 
protein disruption which can lead to necrosis [11]. To sum-
marize this section, the NO produced by microglia can cause 
necrosis and apoptosis of neurons via both ROS related dam-
age, as well as by NMDA mediated excitotoxicity.  

Microglia and Neurodegenerative Diseases 

 Microglia have been implicated in having some patho-
logical involvement in many neurological pathologies, in-
cluding: AD [12-15], HD [16], PD [17], MS [30], major de-
pression and schizophrenia [19], prion disease [20], and DS 
[21]. This section will address each pathology and evidence 
for microglia involvement.  

Microglia and Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a disease characterized by -
amyloid plaques and neurofibrillary tangles in the brain, 
cognitive decline and memory deficits [57]. The plaques are 
believed to be formed by the abnormal processing of a 42 
amino acid peptide ( -amyloid peptide) which precipitates in 
the extra-cellular space, setting off several responses that 
lead to neuronal death [5, 58]. It has been shown that AD -
amyloid plaques are surrounded by activated microglia, and 
that microglia activation occurs before the onset of neuronal 
death [57, 59]. In vivo it has also been shown that by inhibit-
ing microglia activity, with either minocycline or cannabi-
noids, during a -amyloid peptide induced neurodegenera-
tion model for AD, the neurodegeneration normally observed 
following -amyloid treatment is significantly reduced [5, 
13, 57, 60]. It can therefore be inferred that microglial acti-
vation has an important role in the neurodegeneration that 
characterizes AD. 

Microglia and Huntington’s Disease 

 Huntington’s disease (HD) is an autosomal dominant 
neurodegenerative disease, characterized by loss of spiny 
projection neurons in the striatum and loss of pyramidal neu-
rons in most areas of the cortex [61]. This is related to an 
abnormal Huntington protein, which aggregates in the cyto-
plasm and nucleus of the affected cell [61]. The exact rela-
tionship between HD and microglia is not fully understood, 
and debate continues as to whether microglia are hyperactive 
or hypoactive in the HD brain. Ma et al. [62] used a mouse 
model of HD (R6/2) to determine that levels of microglia 
decline over time in a healthy brain, and that this decrease 
appears to be accelerated in the HD mice. This suggests that 
the hypoactivity of microglia could lead to a buildup of cel-
lular debris, and a reduction in neuronal support and remod-
eling, resulting in the neurodegeneration observed in HD 
[62]. However, in contrast there are several studies that sug-
gest that microglia are hyperactive and more prevalent in 
HD. For example, Sapp et al. [16] investigated human brains 
postmortem for activated microglia. They observed not only 
heightened levels of activated microglia, but the number of 
activated microglia was positively related to the severity of 
HD. A further study by Pavese et al. [63] used the radioac-
tive ligand [11C](R)-PK11195, which binds to a microglia 
specific peripheral benzodiazepine binding site. Visualizing 
the ligand using positron emission tomography (PET) re-

vealed that activated microglia are more prevalent in the HD 
patients compared with healthy controls, and that microglia 
activation is positively related to HD severity. The increased 
activity of microglia in human HD observed by Pavese et al. 
[63] and Sapp et al. [16] suggests that the microglia could be 
a contributing factor to the neurodegeneration observed in 
the HD brain, though the direction of causation remains to be 
determined. 

 The studies carried out by Sapp et al. [16] and Pavese et 
al. [63] demonstrate that the results obtained by Ma et al. 
[62] may be incorrect. Further evidence that supports the 
results of Sapp et al. [16] and Pavese et al. [63] are the many 
studies of other neurodegenerative diseases such as AD and 
PD, that have revealed hyperactivity of microglia in the af-
fected areas within the human brain (see above). The likely 
reason for Ma et al. [62] differing results, is the limitation in 
the animal model that they used. As the R6/2 model does not 
model the microglial or other neuroinflammatory responses 
found in the human condition, this model should be used 
with caution as a general model of HD and should be 
avoided when studying neuroinflammatory aspects of the 
disease.  

Microglia and Parkinson’s Disease 

 Parkinson’s disease (PD) is characterized by loss of do-
paminergic neurons in the substantia nigra pars compacta 
(SNpc) [64]. This results in a loss of motor reward signaling 
in the basal ganglia. The clinical symptoms of this are stiff-
ness, tremors and postural instability [64]. Although the ex-
act etiology of PD is unknown, probable contributing factors 
include toxins, genetic factors, and trauma [65]. There is 
mounting evidence that activated microglia have a role in 
neurodegeneration in PD [66, 67]. An increased prevalence 
of MHCII positive microglia were observed in human PD 
SNpc [68, 69]. Furthermore, the relationship between the 
severity of PD and microglia activation was found to be 
strongly co-related [68, 69]. A study by Yasuda et al. [67] 
demonstrated that using 1-methyl-4phenyl-1,2,3,6-tetrahydo-
pyridine induce PD-like symptoms in mice resulted in only 
transient symptoms. However, the same toxin in a primate 
model resulted in long term and degenerative PD symptoms. 
Yasuda et al. [67] noted that the microglia in the mouse 
model, did not persistently express MHCII, suggesting that 
continual expression of MHCII is required for degenerative 
PD. This demonstrates that microglial phenotype has an im-
pact on the severity of the neurodegeneration. Supporting 
work by Wu et al. [66] showed that PD symptoms were less 
severe in the 1-methyl-4phenyl-1,2,3,6-tetrahydo-pyridine 
mouse model of PD, when the mice were pretreated with the 
microglia inhibitor minocycline. From these studies, it seems 
clear that microglia have a role in neurodegeneration in vari-
ous animal models, and that microglia may have a similar 
role in neurodegeneration in PD. 

Microglia and Multiple Sclerosis 

 Multiple sclerosis (MS) is a demyelinating disease, 
which causes debilitating symptoms which initially include 
extreme fatigue, weakness and numbness; then, as the dis-
ease progresses the symptoms become more severe including 
ataxia, spasms, and cognitive decline [45]. It is probable that 
the development of MS requires both genetic predisposition 
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and exposure to an antigen from a bacterial, viral, or envi-
ronmental source, that will activate the immune system [70, 
71]. The antigen will be structurally similar to a component 
of myelin, and this would cause the immune system to be-
come sensitive to the presence of myelin, responding to it as 
a potential pathogen. This will result in the immune system 
attacking the myelin sheath that surrounds neuronal proc-
esses [70].  

 A considerable number of studies have now been carried 
out that suggest a microglial role in the progression of MS 
[18]. For example, Banati et al. [72] used a radiolabelled 
ligand and PET to visualize activated microglia in MS suf-
ferers. This revealed that activated microglia were present in 
increased numbers in patients with MS, particularly in the 
spinal region of the CNS and that microglia activation was 
positively correlated with MS severity. In addition, Felts et 
al. [18] demonstrated that demyelination of spinal axons can 
occur in rats by consistent activation of microglia by LPS 
injection. Furthermore, work published by Zabad et al. [73] 
trialled the use of the microglial activation suppressant mi-
nocycline, in the treatment of MS in a clinical trial. During 
the trial, the development of gadolinium-enhancing lesions 
in the spinal tissues, were observed using MRI. The results 
of the trial showed that minocycline reduced the progression 
of these lesions and improved the prognosis of the MS suf-
ferer. In addition, preliminary studies have shown that inhi-
bition of microglial activity reduces disease progression in 
animal models of MS [30, 45, 74]. In conclusion, there ap-
pears to be evidence for microglia activity playing an inte-
gral part in the development of MS. 

Microglia in Schizophrenia and Major Depression 

 Schizophrenia and major depression have only recently 
been linked to microglia activation. A recent study by 
Steiner et al. [19] investigated postmortem microglial num-
bers and activation, in both suicidal and schizophrenic pa-
tients. They found a significantly higher number of activated 
microglia in suicidal and schizophrenic dorsolateral prefron-
tal cortexes and hippocampi, compared to healthy controls. 
However, the direction of cause and effect underlying this 
correlation has yet to be elucidated. It is possible that in-
creased microglia activation was due to the stress prior to 
suicide, or that microglia activation has an effect on the 
catecholaminergic neurotransmission and serotonin hor-
mones within the brain. The latter seems plausible, consider-
ing that previous studies have shown two cytokines produced 
by microglia, IL-1B and IL-2, are implicated in catechola-
minergic neurotransmission modulation. In addition, IL-2 
has been implicated in clinical trial as a contributing factor to 
low levels of serotonin resulting in depression [75-77]. The 
relationship between microglia and depression, schizophre-
nia and suicide needs further research, and could possibly 
lead to microglia suppression drugs as a new treatment for 
these disorders. 

Microglia and Prion Disease 

 Prion disease is a rare neurodegenerative disease, symp-
toms of which include rapid cognitive disruption, memory 
loss, personality changes, hallucinations, and speech im-
pediment. Motor disruption also occurs including ataxia, 
irregular gait, rigid posture and seizures [78, 79]. The cause 

of the neurodegeneration is linked to the presence of an aber-
rant prion protein (PrP

sc
) [80]. The normal prion protein 

(PrP
c
) is a copper binding protein and is likely to have a role 

as an antioxidant. PrP
c
 is present in many cells but in particu-

larly in high concentration at neuronal synapses [20]. PrP
sc

 is 
resistant to degradation by proteases, which causes it to ac-
cumulate and aggregate into plaques and fibrils [81]. PrP

sc
 

plaques have been shown to induce a considerable microglia 
response in animal models [78, 79].  

 Giese et al. [79] has also demonstrated that in mice infec-
ted with the prion disease scrapie, significant neuronal apop-
tosis only occurs following the microglial response. In addi-
tion, Brown et al. [78] demonstrated that microglia have a 
clear role in neuronal death in prion disease. Using an in 
vitro model, they showed that neuronal death only occurred 
in the presence of both a PrP

sc
 analogue and microglia and 

that this could be inhibited by strong enzymatic antioxidants. 
This suggests that NO released by microglia upon activation, 
and other oxidants induced by NO, are one of the causes of 
neuronal death in prion disease, clearly implicating a role for 
microglia in prion disease neurodegeneration.  

Microglia and Down’s Syndrome 

 Down’s syndrome (DS) is a rare chromosomal disorder 
that causes a variety of symptoms [82], including neurologi-
cal symptoms such as cognitive impairment and the early 
development of AD after the age of 40 [83]. Although mi-
croglia appear to have a role in the accumulation of -
amyloid in AD, it appears that in DS microglia activate be-
fore the development of -amyloid plaques and may cause 
an upregulation in the amyloid protein [84]. Wierzba-
Bobrowicz et al. [21] investigated microglial prevalence 
during the development of fetuses with DS, and observed a 
greater number of microglia in fetuses with DS, compared 
with healthy fetuses. This suggests that microglia may be a 
contributing factor in not only the development of AD in 
later life, but also in the early cognitive impairment of people 
with DS.  

 A study by Goldgaber et al. [85] investigated interleukin-
1 and its effects on -amyloid synthesis in endothelial cells, 
and observed an increase in -amyloid precursor expression 
upon exposure to interleukin-1. This was later repeated in 
neurons by various research groups, with similar results [86, 
87]. As interleukin-1 is produced by activated microglia, this 
process could be the mechanism by which the increased 
number of microglia in people with DS can lead to early 
onset AD. Furthermore, as -amyloid protein induces micro-
glia activation, this results in the production of increased 
levels of interleukin-1 by the activated microglia, which in 
turn causes endothelia cells and neurons to produce even 
more -amyloid. Hence, there is potential for an ongoing 
increase in the microglia response, and progressively wors-
ening pathology [86, 87].  

 To summarise this section, studies on microglia in both 
the early development of DS, and on AD development in the 
later stages of DS, have suggested that there are greater 
numbers of activated microglia in the brains of people with 
DS than in healthy brains. It is unclear why there is an initial 
increase in microglia prevalence in DS sufferers, but it is 
clear that microglia are a contributing factor of both cogni-
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tive impairment and the development of AD in DS sufferers 
[82, 86, 87].  

Microglial Involvement in Ischemic Stroke and Global Hy-
poxia  

 Ischemic stroke results in various cognitive and behav-
ioral deficits, the precise nature of the deficits depending on 
location of the stroke. These deficits include losses in cogni-
tive function, motor function, and personality changes [37, 
88, 89]. Without blood supply, toxins and CO2 build up in 
the tissues surrounding the occlusion, as tissues are starved 
of oxygen, glucose and other nutrients [89-91]. This leads to 
disruptions in protein synthesis and osmotic balance, result-
ing in release of excitotoxic levels of glutamate [90, 91]. 
This results in necrosis and apoptosis of neurons around the 
affected vessel, referred to as the infarct core [91, 92]. The 
tissue that surrounds the infarct core is referred to as the pe-
numbra, and undergoes necrosis and apoptosis of neurons for 
days and weeks after the initial insult [92-95].  

 Microglia have been implicated in this delayed neurode-
generation within the penumbra [60, 92-95]. A study by Fan 
et al. [96] used a rat model of cerebral ischemia to investi-
gate the effect of the inhibition of microglia by minocycline 
on penumbral damage, and found that microglia inhibition 
significantly reduced that size of the infarction, suggesting 
that microglia activation is critically involved in penumbral 
tissue damage. Microglial induced damage is probably due to 
iNOS expression which results in pathological levels of NO. 
During hypoxia the expression of iNOS is upregulated by 
several mechanisms; one major contributor is the small pep-
tide hypoxia inducible factor-1  (HIF-1 ) [51, 97, 98]. Un-
der normal conditions, oxygen reacts with the present HIF-1 

 causing the HIF-1  to become hydroxylated and acety-
lated, allowing HIF-1  to bind to protein complexes that 
assist in degrading the HIF-1  protein. The hydroxylation 
also prevents the binding of HIF-1  to DNA binding com-
plex, preventing the transcription of HIF-1  mediated genes, 
such as genes associated with the production of iNOS. Dur-
ing hypoxia oxygen is not present in high enough concentra-
tions to effectively inhibit the binding of HIF-1  to the 
DNA binding complex, allowing the expression of the HIF-1 

 mediated genes [97, 98].  

 Global cerebral hypoxia can be caused by low levels of 
systemic oxygen, or by the blocking of carotid arteries [54, 
99], and involves the same mechanisms of cellular damage 
as ischemic stroke. In humans global hypoxia can often oc-
cur during birth complications, and has been linked with 
attention deficient disorders [100]. Global hypoxia has been 
induced in animal models to model neuroinflammation, par-
ticularly in ischemic stroke induced inflammation [54, 91, 
99]. Crucially, studies of ischemic stroke and global hypoxia 
demonstrate a clear link between microglia activity and the 
severity of the neuropathological insult.  

CBII AND MICROGLIA 

Neuroprotective Effects of CBII 

 Cannabinoids modulate nearly every aspect of the pe-
ripheral immune response, including antibody production by 
B-cells, T-cell proliferation, and macrophage phagocytosis 

[101-104]. The CBII receptor was first discovered in periph-
eral immune cells, and was proposed as the receptor respon-
sible for the immuno-modulation properties of cannabinoids 
[102, 105]. This was confirmed in a study by Buckley et al. 
[106] used CBII knock-out mice. Specifically, the immune 
suppression caused by the cannabinoid 9-tetrahydro-
cannabinol ( 9-THC, Fig. 1) did not occur in the CBII 
knock-out mice.  

 Cannabinoid receptors are G protein-coupled receptors. 
Activation of the Gi/o by the CBII receptor results in the 
inhibition of adenylate-cyclase and the activation of mitogen 
activated protein kinase (MAPK), this results in the buildup 
of AMP and the phosphorylation of various secondary mes-
sengers which illicit the cellular responses observed [1, 107, 
108]. Recently, the CBII receptor has been found to be ex-
pressed in certain cells within the CNS, including microglia 
[84, 109]. This was not entirely unexpected, as microglia are 
the resident immune cells of the CNS and derive from the 
same cellular lineage as peripheral immune cells [28-30].  

 Recent work has shown that microglia activation caused 
by various treatments can be suppressed by CBII activation 
[3-5, 110-116]. As CBII activation may suppress microglia 
proliferation and activation, CBII selective agonists may 
have potential therapeutic applications. For example, a study 
by Kelgeris et al. [117] demonstrated that activation of mi-
croglia by LPS could be inhibited by CBII activation. The 
authors of this study also showed that when the supernatant 
from the microglia cultures was administered to cultured 
neurons it was neurotoxic, but not following CB2 activation. 
In addition, a study by Fernandez-Lopez et al. [118] used in 
vitro brain slices to demonstrate a neuroprotective effect by 
CBII activation during oxygen and glucose deprivation. Fi-
nally, in vivo studies by Zhang et al. [24] have shown a neu-
roprotective effect from suppressing microglia activation in 
an ischemia model in rats, specifically showing that the size 
of the infarction caused by middle cerebral artery occlusion 
was significantly reduced in animals treated with CBII selec-
tive agonists. To conclude this section, it is likely that the 
microglia suppression caused by CBII agonists could be 
beneficial in any inflammation induced neurodegeneration or 
injury, including AD, HD, PD, MS, major depressive disor-
der, schizophrenia, prion disease, DS, global hypoxia and 
ischemic stroke.  

CBII AND NEUROGENESIS 

Sites of Neurogenesis  

 Neurogenesis is the generation of new functional neu-
rons. It is now accepted that neurogenesis in the brain occurs 
throughout adult life [119-122]. The two confirmed regions 
of the brain that neurogenesis occurs are the subventricular 
zone (SVZ) and the subgranular zone (SGZ) of the dentate 
gyrus within the hippocampus [119, 123, 124]. In the SVZ 
and SGZ, new neurons are derived from neural stem cells 
and possibly astrocytes and radial glia [119, 123]. Neurons 
produced in the SGZ migrate to the granular layer of the 
dentate gyrus, where they become granule cells and interneu-
rons forming new synapses [121, 123]. Neurons produced in 
the SVZ migrate along the rostral migratory stream, integrat-
ing into the existing circuitry of the olfactory bulb [119]. 
Although, it is clear that neurons are produced in the SVZ 
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and SGZ, other possible sites including the neocortex, stria-
tum, amygdala and substantia nigra, are debated as sites of 
adult neurogenesis [125].  

Hippocampal Neurogenesis 

 Although thymine analogue staining has clearly demon-
strated that neurons are produced in the SGZ and develop 
into mature neurons within the dentate gyrus granular layer 
[121, 126], it is unclear whether these new neurons are cru-
cial to cognitive function [127]. Many of the newly formed 
neurons die within 1-3 weeks of migration [126]. However, a 
study by Sisti et al. [128] has shown that giving rats repeated 
learning and memory challenges increases the survival rate 
of the newly formed neurons. In addition, work by van Praag 
et al. [129] demonstrated that exercise in mice induces in-
creased neurogenesis, which leads to improved performance 
in spatial learning and memory tasks. Further evidence for 
the importance of neurogenesis includes work by Bruel-
Jungerman et al. [130] which showed an anti-mitotic agent 
impaired learning and memory in rats. In contrast, a study by 
Meshi et al. [127] demonstrated that learning and memory 
appeared to be unaffected by the inhibition of neurogenesis. 
These discrepancies could be due to the differences in the 
methods used to inhibit neurogenesis. Meshi et al. [127] 
used irradiation to specifically target the hippocampus, 
whereas Breul-Jungerman et al. [130] administered a sys-
temic antimitotic agent. The latter could have dramatic ef-
fects on many physiological functions and make interpreta-
tion of the results difficult, whilst the former induces neu-
roinflammation which would have negative effects on many 
neurological processes. The overall body of evidence is in 
contrast to the work done by Meshi et al. [127], and suggests 
that adult neurogenesis is a highly regulated and crucial 
process, involved in memory [123, 131-133].  

Sub-Ventricular Neurogenesis 

 Neurons produced in the SVZ migrate along the rostral 
migratory stream to the olfactory bulb (OB), where most 
become GABA producing granule cells [134]. Like new neu-
rons produced in the SGZ, neurons produced in the SVZ 
often do not survive more than 28 days after migration. Sur-
vival of the newly formed neurons appears to depend on ol-
factory experience [121, 124]. Alonso et al. [135] investi-
gated the effects of olfactory experience on NPCs survival in 
the mouse olfactory bulb, they found that challenging the 
study animal to discriminate between odors resulted in an 
increase in NPC survival. Similarly, Gheusi et al. [136] 
demonstrated that knockout mice lacking an adhesion protein 
required for rostral migratory stream migration had no loss in 
olfactory sensitivity. However, the ability to distinguish be-
tween two similar olfactory cues was impaired in the knock-
out mice. These studies suggest that SVZ neurogenesis is 
required for olfactory learning [124, 137].  

The Link Between Neuroinflammation, Neurodegenera-

tion and Neurogenesis 

 Neurogenesis in both the SGV and the SVZ is upregu-
lated in response to both global hypoxia and ischemic stroke 
[121, 138, 139]. New neurons migrate to the infarcted region 
along blood vessels that are generated after CNS injury [26, 

140]. Some studies have shown that implanted NPCs migrate 
towards the site of the infarction [26, 46-48]. A study by 
Belmadani et al. [141] showed that NPC migration and sur-
vival, is partially regulated by chemokines such as MCP-1 
and IL-6. These chemokines are produced by microglia acti-
vated by ischemia. Another mechanism that guides the mi-
gration of NPCs was investigated by Wang et al. [142] who 
found that the interneurons that surround an infarction pro-
duce neurotrophins that guide NPCs to the site of neuronal 
damage.  

 The direction of change in levels of neurogenesis during 
neurodegeneration is debated. One theory proposes that neu-
rogenesis is upregulated in a healing response to replace the 
neurons that die during the degeneration [121, 140]. Evi-
dence for this has been provided by a study by Jin et al. 
[143] who investigated immature neurons in the brains of 
people who died with AD, compared with healthy controls. 
In this study, immunohistochemistry was use to identify im-
mature and migrating neurons, and it was found that AD 
patients had increased levels of immature and migrating neu-
rons compared to healthy controls. Similar results were 
found in a study by Curtis et al. [144] for people with HD. 
Using post mortem brains of people with HD, Curtis et al. 
[144] used proliferating cell nuclear antigen (PCNA) imag-
ing to characterize the generation of new neuronal cells in 
the brain, and found that neurogenesis was higher in HD 
patients than health controls. The question of how neuronal 
damage can lead to an upregulation of neurogenesis was 
investigated by Zhu et al. [25], who used an ischemia rat 
model, that showed a seven fold upregulation of neurogene-
sis in the hippocampus, following ischemia. Zhu et al. [25] 
also found that neurogenesis correlated with an increased 
expression of iNOS within the hippocampus, and that admin-
istering an iNOS inhibitor after the ischemia could inhibit the 
increase in neurogenesis in the hippocampus. As iNOS is 
expressed in microglia during activation, and activated mi-
croglia are important players during ischemia, it is possible 
that neuronal damage leads to proliferation and activation of 
microglia, which then leads to NO generation from iNOS, 
which in turn induces neurogenesis, [28, 50, 92, 97, 132, 
145].  

 An alternative theory proposes that neurogenesis is 
down-regulated during neuroinflammation, and that this adds 
to neurodegeneration. This was suggested by Ekdahl et al. 
[146] as the cause of the neurodegeneration suffered by re-
cipients of radiation treatment. Specifically, the radiation is 
thought to induce a neuroinflammatory response, which in 
turn inhibits neurogenesis. Similarly, neuroinflammation 
induced by LPS causes a down-regulation of neurogenesis in 
the rat SGZ, and this is partially alleviated by the anti-
inflammatory compound minocycline. This inhibition of 
neurogenesis is thought to be caused by increased production 
of interleukin-6 by microglia. A similar study by Monje et 
al. [147] used both irradiation and LPS to induce neuroin-
flammation. The combined treatments reduced neurogenesis 
in the SGZ, whereas inhibiting inflammation with indo-
methacin restored neurogenesis to normal levels. These stud-
ies conflict with the many human studies of neurodegenera-
tive and neuroinflammatory conditions which show that neu-
roinflammation is associated with increased neurogenesis 
[132, 145]. These discrepancies are probably due to differ-



The Development of Cannabinoid CBII Receptor Agonists Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1    53 

ences in the methods used to induce neuroinflammation. 
Furthermore, it is possible that intensity, duration, and loca-
tion, of neuroinflammation could result in differing effects 
on neurogenesis.  

 The results of studies reviewed here, especially the hu-
man studies, provide strong evidence that neurogenesis is 
upregulated following insult; either by an acute ischemia or a 
more chronic pathology, and that new neurons migrate to the 
site(s) of damage. It is possible that some of these new neu-
rons become functioning neurons. However, it remains un-
confirmed whether these new neurons improve cognitive 
function [132, 145]. 

CBII Expression and Activation and Neurogenesis 

 Until recently, little was known about the role of the 
CBII receptor and neurogenesis. However, recent work by 
Palazuelos et al. [8] using RTPCR and immunohistochemis-
try has demonstrated that the CBII receptor is expressed by 
NPCs present in the dentate gyrus and has a role in regulat-
ing neurogenesis. Using neurosphere cell cultures Palazuelos 
et al. [8] showed that administering the CBII agonist HU-
308 increased NPC proliferation. However, this proliferation 
was not seen in cultures of neurospheres that did not express 
the CBII receptor. Palazuelos et al. [8] also showed that 
CBII activation also induced migration of the neurosphere 
cells suggesting that endocannabinoids may be involved in 
signaling both the increase of neurogenesis and chemotaxic 
migration of NPCs. 

 Endocannabinoids are produced by both neurons and 
microglia [148, 149]. Neurons secrete endocannabinoids in 
response to NMDA activation, which can be caused by glu-
tamate release due to microglial iNOS dependent production 
of NO [27, 148, 149]. Carrier et al. [148] also demonstrated 
that activated microglia produce endocannabinoids in cul-
ture. Conceivably endocannabinoid production by microglia 

could act as a negative feedback signal to control microglial 
proliferation, and also as a signal to other cells such as NPCs 
[3, 14, 46, 115, 148-151]. 

 To summarize, microglia that have been activated during 
a neuropathological insult may induce endocannabinoid pro-
duction in neurons via an iNOS-NMDA mediated mecha-
nism, and produce endocannabinoids themselves [51, 97, 
148, 152, 153]. These endocannabinoids signal various types 
of cells to proliferate, including NPCs [27, 131, 138, 154]. 
Microglia and other surrounding cells then signal to NPCs to 
migrate towards the site of damage via cannabinoids, 
chemokines, neurotrophins and cytokines, [26, 46, 47, 155]. 
Here it is possible that the NPCs differentiate into functional 
neurons, replacing the neurons that had been lost during the 
neuropathological insult [155]. 

THE DEVELOPMENT OF CBII-SELECTIVE AGO-

NISTS 

 It is evident that selective CBII receptor agonists have the 
potential to help improve outcomes but without the psy-
choactive effects of CBI selective or non-selective cannabi-
noids receptor agonists. The side-effect profile for CBII ago-
nism is benign, with no adverse effects known. However, 
there currently exist no highly selective CBII full agonists 
that are widely available, and the development of CBII-
selective agonists is a subject of intense research in the fields 
of cannabinoid treatment of inflammation and pain.  

Computer Models and CBII Ligand SAR 

 WIN55,212,2 (3) is a moderately CBII-selective agonist 
for human cannabinoid receptors. This property of 
WIN55,212,2 (3) has led to considerable research into CBII 
ligand selectivity. This is discussed in relation to the devel-
opment of CBII-selective agonists further below. Cannabi-
noid receptors belong to the -rhodopsin family of GPCRs, 
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and have the same basic structure [156]. All current 
understanding of the three-dimensional structure of 
mammalian GPCRs comes from X-ray crystallographic 
analysis of bovine rhodopsin [157], although the structure of 
the 2 adrenergic receptor has just been published [158]. All 
GPCR models are based upon bovine rhodopsin. However, 
cannabinoid receptors share only 20-21% sequence identity 
with bovine rhodopsin. Despite this, modelling has contrib-
uted a great deal to current understanding of cannabinoid 
ligand-receptor interactions [159-165], including CBII [166-
168], and have helped explain why some ligands are selec-
tive for one receptor over another [160, 166, 167, 169].  

 Automated docking to computer models is problematic 
for highly flexible ligands such as anandamid (2), but has 
been more successful with more rigid cannabinoids such as 
3. Both CBI and CBII have a central ligand binding pocket 
that is surrounded by the seven transmembrane helices. Sev-
eral subdomains in CBI and CBII are important for ligand 
binding, with key residues in each of these subdomains 
spanning several of the transmembrane helices. Anandamide 
(2) consists of a long hydrophobic alkyl tail, and an 
ethanolamide head group. The lipophilic alkyl chain folds 
into a hydrophobic pocket involving transmembrane helix 2 
(henceforth “TM2”), TM3, TM6, and TM7. By contrast, the 
alkyl tail of classical and bicyclic cannabinoids folds into a 
hydrophobic subdomain involving TM3, TM5, TM6, and 
TM7. Criticaly, hydrophobic interactions for 3 involve 
another (overlapping) subdomain spanning TM3, TM4, 
TM5, and TM6. 

 Many residues have been identified by mutation and 
binding studies as critical for cannabinoid SAR. However, 
we discuss only a small selection here (for reviews see [161, 
170]. Mutation and binding studies have revealed that resi-
due K3.28 in particular is critical for hydrogen bonding to 
anandamide (2), and to classical cannabinoids and their ana-
logues, which share with endocannabinoids a lipophilic 
group along with groups able to form hydrogen bonds. 9-
THC (1) is a fused ring compound that consists of a dihy-
dropyran ring fused with a cyclohexene and a phenol ring. A 
lipophilic alkyl tail is attached to the phenol ring (position 3). 
Pfizer developed non-classical cannabinoids such as 
CP55,940 (4) by removing the middle dihydropyran ring of 
the classical cannabinoids, thus producing bicyclic ana-
logues. These compounds were modified by the substitution 
of hydroxyl groups, designated the southern aliphatic hy-
droxyl (SAH) and the northern aliphatic hydroxyl (NAH). 
The most potent analogues contain the SAH. Up to a point, 
increasing the length of the alkyl tail increases potency, with 
a chain consisting of 7 carbons considered optimal [171].  

 CP55,940 (4) is considerably more potent than 9-THC 
(1) as an agonist at both CBI and CBII. When 4 enters the 
receptor binding site, the alkyl tail folds into the lipophilic 
binding subdomain and hydrogen bonds are formed at each 
of the three hydroxyl groups [159, 164, 165], with residue 
K3.28 considered critical in all current models. For instance, 
hypothesis postulates that the SAH interacts with K3.28, the 
phenolic hydroxyl with D6.58, and the NAH hydroxyl with 
K258 (E258 in the human receptor), which is located on the 
second extracellular loop (ECL2) [159].  

 Several rules have emerged from the study of classical 
cannabinoids and their analogues. First, increasing the length 
of the alkyl side chain increases receptor affinity up to a 
point. Second, hydrogen bonds are a critical feature of CBI 
agonism, particularly via residue K3.28. Loss of the phenolic 
hydroxyl group leads to a loss of CBI activity, but not 
activity at CBII. Third, configuration of the hydroxyl groups 
constrains the orientation of lipophilic groups with respect to 
hydrophobic binding pockets, and thereby modulates CBI 
activity. These three points correspond to the three-point 
interaction model for the activity of 9-THC (1). Interest-
ingly, this predates the development of receptor models 
[172].  

 WIN55,212-2 (3) also binds into the transmembrane he-
lix-bound hydrophobic pocket, but there are key differences 
in the way that it binds to CBI. Current evidence suggests 
that aromatic stacking in an aromatic subdomain is a critical 
feature of 3 binding to both CBI and CBII [159, 167, 169, 
170, 173, 174]. In contrast to endocannabinoids, classical, 
and non-classical cannabinoids, 3 does not form hydrogen 
bonds with K3.28, and mutations at K3.28 do not cause a 
loss of activity for 3 at CBI [175]. However, replacing 
aromatic residues in the aromatic subdomain with alanine 
reduces binding [176]. These properties of 3 are starting 
points for the development of CBII selective agonists.  

 Huffman et al. [177] proposed that the naphthalene ring 
of 3 is an overlapping moiety with cyclohexene group in 9-
THC (1), with similar  interactions during receptor 
binding. Loss of the phenolic hydroxyl group from 9-THC 
(1) results in a loss of activity at CBI but not CBII. 
Therefore, loss of hydrogen bonding at K3.28 and increased 
reliance on aromatic stacking has been a key strategy in 
developing CBII-selective agonists. Consistent with this, 
anandamide (2) may have WIN55,212-2 (3) like binding into 
the aromatic subdomain in CBII. Mutational studies have 
shown that hydrogen bonds at K3.28 are not important for 
anandamide (2) (or 4) binding to CBII [175], and residues 
important for WIN55,212-2 (3) binding to CBII are also 
identified as important for anandamide (2) [170]. For in-
stance, 2 may form hydrogen bonds with Y5.39 in CBII 
[178], and Xie et al. [168] postulated that this residue forms 
part of a distinct subdomain; an amphipathic cavity that con-
sists of a hydrophobic and hydrophilic centre surrounded by 
aromatic residues. Raduner et al. [179] have modelled the 
binding of N-alkyl amides (5, 6, Fig. 2) to CBII using this 
theory. These compounds show CBII selective binding, and 
differ from endocannabinoids chiefly in that they lack a hy-
droxyl at the amide headgroup. Raduner et al. [179] pro-
posed that the alkyl tails fold into the hydrophobic cleft 
across TM3,5,6,7 surrounded by aromatic residues and 
framed by the polar residues homologous to the CBI binding 
site for 3. Y5.39 is thought to form a hydrogen bond with the 
amide oxygen and -  interactions with the alkyl side chain. 
Loss of the hydroxyl head-group leads to decreased CBI 
activity due loss of hydrogen bonding to K3.28.  

 CBII-selective agonists such as JWH-015 (7) and 
AM1241 (8) [180], GW405833 (9) [181], and 3 have the 
potential to form hydrogen bonds with Y5.39. However, 
aromatic stacking rather than hydrogen bonding appears to 
be the key interaction at Y5.39 for binding CBII agonist 
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(excepting the N-alkyl amides, 5 and 6, discussed above) 
[166, 167, 169], and the carbonyl oxygen in 3 and its CBII-
selective analogues does not appear to form hydrogen bonds 
at Y5.39. However, Huffman et al. [177] have argued that 
the phenolic hydroxyl in 9-THC (1) is an overlapping 
moiety with the carbonyl oxygen in 3, suggesting that the 
carbonyl oxygen of 3 forms hydrogen bonds with K3.28 in 
CBI. However, mutations at K3.28 do not reduce 3 binding 
to CBI. In addition, despite the importance of the carbonyl 
group of analogues of 3 for CBII-selectivity, modelling 
analysis suggests that it is not required for interaction with 
the aromatic subdomain [173].  

Dodeca-2E,4E,8Z,10Z-tetroenoic acid isobutyl amide 5

N
H

O

Dodeca-2E,4E-dienoic acid isobutyl amide 6

O

N
H

 

Fig. (2). N-alkyl amides derived from Echinacea spp. With selec-

tive agonist activity at the CBII receptor. 

 

 One polar residue, S3.31 (G3.31 in CBI) appears to be a 
critical site for the formation of hydrogen bonds with CBII 
agonists. Chin et al. [182] postulated that S3.31 forms 
hydrogen bonds with the carbonyl oxygen of 3. By contrast, 
Tuccinardi et al. [167] argued that the oxygen in the 
morpholine ring of 3 forms a hydrogen bond with S3.31. 
However, JWH-015 (7), an analogue of 3 without a 
morpholine ring [183], is more selective for CBII than is 3. 
Therefore, the morpholine ring may be important for 3 
binding to CBI but not to CBII. Tuccinardi et al. [167] 
concluded that CBII selectivity is chiefly determined by 
interactions with S3.31 and F5.46 (cognate residues are 
G3.31 and V5.46 in CBI), but through different chemical 
interactions. In contrast to S3.31, F5.46 appears to increase 
CBII activity by enhancing aromatic stacking [184].  

 G3.31S mutation in CBI enhances 3 binding to CBI, and 
S3.31G mutation in CBII severely reduces agonist activity. 
Tuccinardi et al. [167] speculated that CBII selectivity could 
be increased for ligands that form aromatic -stacking 
interactions with F5.46 in CBII, and form a hydrogen bond 
with S3.31. Mutation of S3.31G results in a loss of affinity to 
CBII for non-selective cannabinoids such as 9-THC (1), 
CP55,940 (4), and anandamide (2) [175], and on the balance 
of evidence, it seems that S3.31 in CBII replaces K3.28 in 
CBI as the critical hydrogen bonding site. A similar change 
may occur from K3.28 to S3.31 (and Y5.39) for 2. 

 Hydrogen bonding to K3.28 in CBI is a critical feature of 
CBII selective agonists, because CBII selectivity depends on 
maintaining affinity for CBII whilst losing affinity for CBI. 
Therefore, a key strategy for the development of CBII-
selective agonist is to target moieties that form hydrogen 

bonds with K3.28. For instance, JWH-133 (10) is a THC-
analogue that acts as a CBII agonist with 200-fold selectivity 
for human CBII over rat CBI, and lacks a phenolic hydroxyl 
[170, 180]. Similarly, HU-308 (11) is a greater than 440-fold 
selective bicyclic CBII-agonist with a single hydroxyl group 
but that otherwise lacks hydrogen bond donors [185]. Con-
ceivably the hydroxyl group of HU-380 binds to S3.31 in 
CBII, with the majority of interactions with the receptor be-
ing -stacking interactions in the aromatic subdomain. 

 A limitation of computer modelling is that models are 
based on the structure of inactive bovine rhodopsin [186]. 
GPCRs, including cannabinoid receptors, undergo a confor-
mational change upon bind by an agonist [187]. Therefore, 
current cannabinoid receptor models are only moderately 
useful for understanding binding of receptor agonists [169, 
188]. However, the current consensus is that TM6 moves up 
and away from the receptor core, rotating in the counter 
clockwise direction, and that there is a small rotation of 
TM3, also in the counter clockwise direction [186, 189-191]. 
Ebersole et al. [192] postulated that the indole ring of 5-HT 
interacts with the aromatic subdomain of the 5-HT2a recep-
tor, and thereby induces a change to the activated state. 
Given the importance of aromatic -stacking for CBII ago-
nism, aromatic stacking might be more readily induced to 
cause a change to the active conformation in CBII than in 
CBI. Consistent with this, Shim and Howlett [169] have 
recently suggested that aromatic stacking is important for 
both cannabinoid receptor ligand binding, and for the 
induction of conformational changes. 

CBII-Selective Agonists: State of the Play 

 Compounds under investigation for CBII-selective 
agonism include indoles, classical cannabinoid analogues, 
cannabimimetic amides, pyrazoles, and a number of 
compounds that do not fall into any traditional class of 
cannabinoids. Each of these are discussed in turn below. 

Indoles  

 The selectivity of WIN55,212-2 (3) for CBII led to the 
development of 7, which is more selective for CBII than 3 
[193] (Fig. 3). This compound does not have a morpholine 
ring and has a shortened alkyl tail. JWH-046 is an example 
of a moderately CBII-selective (21-fold) derivative of 7 

[172, 194]. At the same time that these series were being 
developed, the Merck Frosst group developed several indoles 
related to GW405833 (9), that had up to 146-fold selectivity 
for CBII [195]. AM1241 (8) is another (patented) analogue 
of 3 that is reportedly a selective agonist for CBII [196]. This 
compound has been described in [197] as possessing nearly 
100-fold selectivity for CBII over CB1. In contrast, in [182] 
it has been described as having 538-fold selectivity. A 
similar compound, AM1221, is also selective for CBII (187-
fold) [198]. 

 Huffman & Padgett [199] have discussed various 
compounds that have been developed working from the 
hypothesis that cannabinoid indoles bind to CBI and CBII 
chiefly through aromatic stacking. In addition, Barth et al. 
[200] have described patented and CBII-selective indoles, 
and more recently, Pagé et al. [201] have reported the 
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development of CBII agonists that bind to CBII with greater 
than 350-fold selectivity for CBII. 
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Fig. (3). WIN55,212-2 analogues with selective agonist activity at 

the CBII receptor. 

Classical Cannabinoids and Analogues 

 Derivatives of THC (1) (e.g., JWH-142, 12 and JWH-
143, 13) are moderately selective for CBII [202-205]. This 

discovery led to the development of analogues with increase 
CBII-selectivity, such as JWH-139 (14) [180, 199, 203]. 
Related series of analogues [199, 206] are discussed by 
Huffman [180]. Notably, analogues, such as JWH-229 (15) 
are highly selective for mouse CBII over human CBI.  

 Compounds with very shortened alkyl tails, such as ana-
logues related to 10, have significant selectivity for CBII. 
JWH-133 (10) itself has nearly 200-fold selectivity for CBII 
[203]. Partly, this is because 10 lacks a C1 phenolic hy-
droxyl, and therefore probably does not bind to K3.28 in 
CBI. In general, replacing the phenolic hydroxyl with a 
methoxy group or a fluorine atom increases CBII-selectivity. 
For example, JWH-142 (L-759,656, 12) and JWH-143 (L-
759,633, 13) both have C1 methoxy substituents and are 
potent CBII agonists, with 414-fold and over 163-fold 
selectivity over CBI respectively. Also, O-1191 (16) has a 
fluorine atom substituent, and has with 35-fold selectivity for 
CBII (Fig. 4). 

 Adam et al. [207] describe a pyridone-based bicyclic 
cannabinoid that is moderately CBII-selective, and GlaxoS-
mithKlein have reported pyridine derivatives with more than 
100-fold selectivity [207]. Shionogi & Co have also de-
scribed pyridine analogues with CBII-selective agonism 
[208]. Astra Zeneca have developed a series of alkoxyaryl-
benzimidazolecarboxamides, several of which have CBII-
selectivity approaching 1000-fold, and show agonist activity 
[201]. Manera et al. [209, 210] have also reported that sev-
eral 1,8-naphthyridin-4(1H)-on-3-carboxamide and quinolin-
4(1H)-on-3-carboxamide derivatives bind selectively to 
CBII. 
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Fig. (4). 9-THC and 8-THC analogues with selective agonist activity at the CBII receptor. 
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 HU-308 (11) is a potent CBII agonist, covered under 
patent for various clinical and experimental uses [211]., and 
has more than 440-fold selectivity for rat CBII [185]. HU-
308 (11) is a bicyclic resorcinol derivative. Compounds in 
this series have a bicyclic ring system ortho to the phenolic 
hydroxyl that corresponds to the cyclohexene ring of 1 . HU-
308 (11) also has a methoxy substituent replacing the hy-
droxyl group at C1, and another methoxy substuent in a meta 
position, as well as a hydroxymethyl substituent on the ali-
phatic ring, and a 7 carbon alkyl tail.  

 Replacing the dihydropyran ring in THC analogues with 
phenanthridine produces tricyclic cannabinoids termed 
octahydrophenanthridines with selectivity for CBII [212]. 
Replacing the C-3 alkyl side chain of classical cannabinoids 
with a cyclised side chain produces a series of compounds 
with considerable selectivity for CBII [213]. Lastly, hetero-
cyclic cannabinoids with CBII selectivity have been patented 
by Kai et al. [214] and by Hanasaki et al. [215]. 

Cannabimimetic Amides 

 Jürg Gertsch and colleagues [216] described the devel-
opment of cannabimimetic N-alkyl amides (5, 6) with selec-
tivity for CBII (30 to 50-fold) [216] that are natural constitu-
ents of Echinacea angustifolia and E. purpura. Gertsch et al. 
[216] have also published preliminary results showing that 
some N-benzyl amides have moderate affinity for CBII. 
Inaba et al. [217] have also reported that several N-
substituted aromatic amides, cinnamides, and heterocyclic 
amides have high affinity binding to CBII. 

Pyrazoles 

 SR141716 (17) and SR144528 (18) are tricyclic pyra-
zoles that are highly selective inverse agonists at CBI and 
CBII respectively Fig. (5). Huffman [180] has discussed the 
development of bridged pyrazoles that are highly selective 
for CBII. However, it was not reported whether any of the 
series have agonist activity. 
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Fig. (5). Selective cannabinoid receptor antagonists. 

 

 Mussinu et al. [218] have described 1,4-
dihydroindeno[1,2-c]pyrazol-based compounds which bind 
to both CBI and CBII, and Murineddu et al. [219] have de-
veloped analogues that are selective CBII. One compound 
has agonist activity in vitro and is 6029-fold selective for 
mouse CBII, over mouse CBI. 

 

Miscellaneous CBII Agonists 

 Adam et al. [207] have described monocyclic CBII 
agonists, including a tetrazine derivative with 90-fold CBII-
selectivity, and a 2-imino-1,3-thiazolidine derivative with 
more than 500-fold CBII-selectivity. Gonsiorek et al. [220] 
have described Sch35966 (19), a benzoquinolinone deriva-
tive with more than 450-fold selectivity for CBII over CBI 
Fig. (6). They reported that the compound is a more potent 
agonist at CBII than 4 for both rodent and primate receptors. 
Schering Corporation have also patented several series of 
piperidine [221], indanesulfonamide [222], N-( -methyl-
benzyl, and heteroarene [223] derivatives [224] with CBII-
selective activity. 

N

O

O
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Fig. (6). Sch35966, a potent and selective CBII agonist in both 

rodents and primates. 

DISCUSSION: POTENTIAL THERAPEUTIC USES OF 

CBII AGONISTS IN BRAIN PATHOLOGIES 

CBII and Neuroinflammation 

 Microglia are crucial for the normal functioning of the 
healthy brain by responding to small responses to changes in 
the CNS micro-environment, clearing debris, and carrying 
out other metabolic functions. Microglia can also, induce 
neuroinflammation by initiating immune cell migration and 
proliferation through the production of cytokines, growth 
factors, and chemokines. Microglia also produce NO via 
iNOS and this is implicated in inhibiting mitochondrial func-
tion in the surrounding neurons, which causes neuronal de-
polarization and the release of excitotoxic levels of gluta-
mate. This cascade of events has been implicated in many 
pathologies including acute injuries caused by hypoxia and 
ischemic stroke, as well as by chronic neurological dysfunc-
tions such as AD, HD, PD, MS, major depression, schizo-
phrenia, prion disease, and DS. Upon activation microglia 
increase expression of the CBII receptor, and various lines of 
evidence have suggested that activation of this receptor re-
sults in inhibition of microglial proliferation and activation, 
and prevents production of proinflammatory factors and NO. 
This results in reduced inflammation and neuronal damage. 
Therefore there is potential for CBII modulators as treat-
ments for a variety of neuropathologies. 

CBII and Neurogenesis 

 NPCs produced in both the dentate gyrus SGZ and the 
SVZ have been shown to express the CBII receptor. Under 
normal conditions newly formed neurons migrate to either 
the olfactory bulb or the SGZ of the dentate gyrus. During 
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neuropathological insult proliferation of NPCs is up to seven 
fold greater than those in healthy brains. NPCs also migrate 
to sites of neurological damage. Both proliferation and che-
motaxic signals may involve activation of the CBII receptor 
by endocannabinoids in combination with the actions of 
chemokines, cytokines, and neurotrophic factors produced 
by interneurons and microglia. It is possible that once the 
NPCs reach the site of neuronal damage they differentiate 
into functional neurons, reducing the cognitive impact of the 
neurological damage. Therefore, CBII agonists may have the 
potential to treat neuropathologies not only by preventing 
damage caused by neuroinflammation, but perhaps also by 
stimulating the regeneration of function through neurogene-
sis.  

Outstanding Questions with Respect to CBII Function in 

the Pathological CNS 

 Elucidating the role of the CBII receptor in the CNS has 
been challenging. Discrepancies between studies have oc-
curred due to the complexity of the system, differences be-
tween in vivo and in vitro results, and the differences in ani-
mal models and the human system. This is particularly evi-
dent in the animal models of neurodegenerative conditions 
and the role microglia have in these conditions, as well as the 
role CBII have in these microglia. Many studies on CBII 
agonist’s role in reducing neuroinflammation have adminis-
tered agonists before or directly after initiating neuroinflam-
mation [30, 116]. Furthermore, these studies often only ob-
served the adverse effects of the neuroinflammation for a 
short period.  

 Before CBII agonist can been seen as having potential 
medical importance, several interactions need to be investi-
gated. First, the window of effectiveness is largely undeter-
mined, i.e., for how long after a neuroinflammatory insult 
application of a CBII agonist may be effective as a treatment. 
This is a particularly important consideration for treatment of 
acute injuries, for example human stroke, where pre-
administration of a CBII agonist is impossible, and diagnosis 
and treatment may not occur for several hours after the 
stroke. The long term effects of CBII on neuroinflammation 
induced neuronal death also requires investigation. It is cur-
rently unknown where administering of a CBII agonist 
merely delays the damage that occurs during neuroinflamma-
tion.  

 The involvement of the CBII receptor in neurogenesis is 
a very new field. Future studies could fruitfully focus on 
how CBII induced neurogenesis either delays neurodegen-
eration or helps cognitive recovery from a neuropathology. 
The difficulty lies in distinguishing the neuroprotective/anti-
inflammatory properties of CBII agonists and the possible 
positive effects that CBII agonists have on neurogenesis. For 
this reason animal models which involve long term neuroin-
flammation cannot be used in investigation of neurogenesis 
and CBII.  

REFERENCES 

[1] Bouaboula, M.; Poinot-Chazel, C.; Marchand, J.; Canat, X.; Bour-

rie, B.; RinaldiCarmona, M.; Calandra, B.; LeFur, G.; Casellas, P. 

Signaling pathway associated with stimulation of CB2 peripheral 

cannabinoid receptor - Involvement of both mitogen-activated pro-

tein kinase and induction of Krox-24 expression. Eur. J. Biochem., 

1996, 237 (3), 704-711. 

[2] Gilman, A.G.; Hardmand, J.G.; Limbird, L.E. Eds. The Pharma-

cological Basis of Therapeutics; McGraw-Hill: New York, 2001. 

[3] Facchinetti, F.; Del Giudice, E.; Furegato, S.; Passarotto, M.; Leon, 

A. Cannabinoids ablate release of TNF alpha in rat microglial cells 

stimulated with lypopolysaccharide. Glia, 2003, 41 (2), 161-168. 

[4] Ashton, J.C.; Glass, M. The cannabinoid CB2 receptor as a target 

for inflammation-dependent neurodegeneration. Curr. Neuro-

pharm., 2007, 5 (2), 73-80. 

[5] Benito, C.; Tolon, R.M.; Pazos, M.R.; Nunez, E.; Castillo, A.I.; 

Romero, J. Cannabinoid CB2 receptors in human brain inflamma-

tion. Br. J. Pharmacol., 2008, 153 (2), 277-285. 

[6] Ashton, J.C.; Rahman, R.M.; Nair, S.M.; Sutherland, B.A.; Glass, 

M.; Appleton, I. Cerebral hypoxia-ischemia and middle cerebral ar-

tery occlusion induce expression of the cannabinoid CB2 receptor 

in the brain. Neurosci. Lett., 2007, 412 (2), 222-226. 

[7] Fernandez-Ruiz, J.; Romero, J.; Valesco, G.; Tolon, R.M.; Ramos, 

J.A.; Guzman, M. Cannabinoid CB2 receptor: a new target for con-

trolling cell survival? Trends Pharmacol. Sci., 2006, 

doi:10.1016/j.tips.006.11.001. 

[8] Palazuelos, J.; Aguado, T.; Egia, A.; Mechoulam, R.; Guzman, M.; 

Galve-Roperh, I. Non-psychoactive CB2 cannabinoid agonists 

stimulate neural progenitor proliferation. FASEB J., 2006, 20 (13), 

2405-2407. 

[9] Chao, C.C.; Hu, S.; Molitor, T.W.; Shaskan, E.G.; Peterson, P.K. 

Activated microglia mediate neuronal cell injury via a nitric oxide 

mechanism. J. Immunol., 1992, 149 (8), 2736-2741. 

[10] Clarkson, A.N.; Rahman, R.; Appleton, I. Inflammation and auto-

immunity as a central theme in neurodegenerative disorders: fact or 

fiction? Curr. Opin. Investig. Drugs., 2004, 5 (7), 706-713. 

[11] Bal-Price, A.; Brown, G.C. Inflammatory neurodegeneration medi-

ated by nitric oxide from activated glia-inhibiting neuronal respira-

tion, causing glutamate release and excitotoxicity. J. Neurosci., 

2001, 21 (17), 6480-6491. 

[12] Kowall, N.W.; Beal, M.F.; Busciglio, J.; Duffy, L.K.; Yankner, 

B.A. An in vivo model for the neurodegenerative effects of beta-

amyloid and protection by substance-P. Proc. Natl. Acad. Sci. USA, 

1991, 88 (16), 7247-7251. 

[13] Weldon, D.T.; Rogers, S.D.; Ghilardi, J.R.; Finke, M.P.; Cleary, 

J.P.; O'Hare, E.; Esler, W.P.; Maggio, J.E.; Mantyh, P.W. Fibrillar 

beta-amyloid induces microglial phagocytosis, expression of induc-

ible nitric oxide synthase, and loss of a select population of neurons 

in the rat CNS in vivo. J. Neurosci., 1998, 18 (6), 2161-2173. 

[14] Ramirez, B.G.; Blazquez, C.; del Pulgar, T.G.; Guzman, N.; de 

Ceballos, M.A.L. Prevention of Alzheimer's disease pathology by 

cannabinoids: Neuroprotection mediated by blockade of microglial 

activation. J. Neurosci., 2005, 25 (8), 1904-1913. 

[15] Streit, W.J. Microglia and neuroprotection: implications for Alz-

heimer's disease. Brain Res. Rev., 2005, 48 (2), 234-239. 

[16] Sapp, E.; Kegel, K. B.; Aronin, N.; Hashikawa, T.; Uchiyama, Y.; 

Tohyama, K.; Bhide, P.G.; Vonsattel, J.P.; DiFiglia, M. Early and 

progressive accumulation of reactive microglia in the Huntington 

disease brain. J. Neuropathol. Exp. Neurol., 2001, 60 (2), 161-172. 

[17] Arai, H.; Furuya, T.; Mizuno, Y.; Mochizuki, H. Inflammation and 

infection in Parkinson's disease. Histol. Histopathol., 2006, 21 (6), 

673-678. 

[18] Felts, P.A.; Woolston, A.M.; Fernando, H.B.; Asquith, S.; Gregson, 

N.A.; Mizzi, O.J.; Smith, K.J. Inflammation and primary demyeli-

nation induced by the intraspinal injection of lipopolysaccharide. 

Brain, 2005, 128 (Pt 7), 1649-1666. 

[19] Steiner, J.; Bielau, H.; Brisch, R.; Danos, P.; Ullrich, O.; Mawrin, 

C.; Bernstein, H. G.; Bogerts, B. Immunological aspects in the neu-

robiology of suicide: elevated microglial density in schizophrenia 

and depression is associated with suicide. J. Psychiatr. Res., 2008, 

42 (2), 151-157. 

[20] Brown, D.R. Microglia and prion disease. Microsc. Res. Tech., 

2001, 54 (2), 71-80. 

[21] Wierzba-Bobrowicz, T.; Lewandowska, E.; Schmidt-Sidor, B.; 

Gwiazda, E. The comparison of microglia maturation in CNS of 

normal human fetuses and fetuses with Down's syndrome. Folia 

Neuropathologica, 1999, 37 (4), 227-234. 



The Development of Cannabinoid CBII Receptor Agonists Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1    59 

[22] Borlongan, C.V.; Yu, G.L.; Matsukawa, N.; Xu, L.; Hess, D.C.; 

Sanberg, P.R.; Wang, Y. Acute functional effects of cyclosporine-

A and methylprednisolone treatment in adult rats exposed to tran-

sient ischemic stroke. Life Sci., 2005, 76 (13), 1503-1512. 

[23] Doutre, M.S. Ciclosporin. Ann. Dermatol. Venereol., 2002, 129 (4), 

392-404. 

[24] Zhang, M.; Martin, B.R.; Adler, M.W.; Razdan, R.K.; Jallo, J.I.; 

Tuma, R.F. Cannabinoid CB(2) receptor activation decreases cere-

bral infarction in a mouse focal ischemia/reperfusion model. J. 

Cereb. Blood Flow Metab., 2007, 27 (7), 1387-1396. 

[25] Zhu, D.Y.; Liu, S.H.; Sun, H.S.; Lu, Y.M. Expression of inducible 

nitric oxide synthase after focal cerebral ischemia stimulates neu-

rogenesis in the adult rodent dentate gyrus. J. Neurosci., 2003, 23 

(1), 223-239. 

[26] Thored, P.; Wood, J.; Arvidsson, A.; Cammenga, J.; Kokaia, Z.; 

Lindvall, O. Long-term neuroblast migration along blood vessels in 

an area with transient angiogenesis and increased vascularization 

after stroke. Stroke, 2007, 38 (11), 3032-3039. 

[27] Kim, S.H.; Won, S.J.; Mao, X.O.; Ledent, C.; Jin, K.L.; Greenberg, 

D.A. Role for neuronal nitric-oxide synthase in cannabinoid-

induced neurogenesis. J. Pharmacol. Exp. Ther., 2006, 319 (1), 

150-154. 

[28] Liu, B.; Hong, J.S. Role of microglia in inflammation-mediated 

neurodegenerative diseases: Mechanisms and strategies for thera-

peutic intervention. J. Pharmacol. Exp. Ther., 2003, 304 (1), 1-7. 

[29] Chan, W.Y.; Kohsaka, S.; Rezaie, P. The origin and cell lineage of 

microglia - New concepts. Brain Res. Rev., 2007, 53 (2), 344-354. 

[30] Baker, D.; Jackson, S.J.; Pryce, G. Cannabinoid control of neuroin-

flammation related to multiple sclerosis. Br. J. Pharmacol., 2007, 

152 (5), 649-654. 

[31] Gehrmann, J.; Matsumoto, Y.; Kreutzberg, G.W. Microglia - In-

trinsic immuneffector cell of the brain. Brain Res. Rev., 1995, 20 

(3), 269-287. 

[32] Kreutzberg, G.W. Microglia: A sensor for pathological events in 

the CNS. Trends Neurosci., 1996, 19 (8), 312-318. 

[33] Melchior, B.; Puntambekar, S.S.; Carson, M.J. Microglia and the 

control of autoreactive T cell responses. Neurochem. Int., 2006, 49 

(2), 145-153. 

[34] Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial 

cells are highly dynamic surveillants of brain parenchyma in vivo. 

Science, 2005, 308 (5726), 1314-1318. 

[35] Buttini, M.; Boddeke, H. Peripheral lipopolysaccharide stimulation 

induces interleukin-1-Beta messenger-RNA in rat-brain microglial 

cells. Neuroscience, 1995, 65 (2), 523-530. 

[36] Gebicke-Haerter, P. J. Microglia in neurodegeneration: Molecular 

aspects. Microsc. Res. Tech., 2001, 54 (1), 47-58. 

[37] Stoll, G.; Jander, S.; Schroeter, M. Inflammation and glial re-

sponses in ischemic brain lesions. Prog. Neurobiol., 1998, 56 (2), 

149-171. 

[38] Sun, D.M.; Hu, X.Z.; Liu, X.H.; Whitaker, J.N.; Walker, W.S. 

Expression of chemokine genes in rat glial cells: The effect of mye-

lin basic protein-reactive encephalitogenic T cells. J. Neurosci. 

Res., 1997, 48 (3), 192-200. 

[39] Andersson, J.; Bjork, L.; Dinarello, C.A.; Towbin, H.; Andersson, 

U. Lipopolysaccharide induces human interleukin-1 receptor an-

tagonist and interleukin-1 production in the same cell. Eur. J. Im-

munol., 1992, 22 (10), 2617-2623. 

[40] Mukhopadhyay, S.; Das, S.; Williams, E.A.; Moore, D.; Jones, 

J.D.; Zahm, D.S.; Ndengele, M.M.; Lechner, A.J.; Howlett, A.C. 

Lipopolysaccharide and cyclic AMP regulation of CB2 cannabi-

noid receptor levels in rat brain and mouse RAW 264.7 macro-

phages. J. Neuroimmunol., 2006, 181 (1-2), 82-92. 

[41] Dinarello, C.A. Inflammatory cytokines - Interleukin-1 and tumor-

necrosis-factor as effector molecules in autoimmune-diseases. 

Curr. Opin. Immunol., 1991, 3 (6), 941-948. 

[42] Nikodemova, M.; Duncan, I.D.; Watters, J.J. Minocycline exerts 

inhibitory effects on multiple mitogen-activated protein kinases and 

I kappa B alpha degradation in a stimulus-specific manner in mi-

croglia. J. Neurochem., 2006, 96 (2), 314-323. 

[43] Byram, S.C.; Carson, M.J.; DeBoy, C.A.; Serpe, C.J.; Sanders, 

V.M.; Jones, K.J. CD4-positive T cell-mediated neuroprotection 

requires dual compartment antigen presentation. J. Neurosci., 2004, 

24 (18), 4333-4339. 

[44] Carlisle, S.J.; Marciano-Cabral, F.; Staab, A.; Ludwick, C.; Cabral, 

G.A. Differential expression of the CB2 cannabinoid receptor by 

rodent macrophages and macrophage-like cells in relation to cell 

activation. Int. Immunopharmacol., 2002, 2 (1), 69-82. 

[45] Carson, M.J. Microglia as liaisons between the immune and central 

nervous systems: Functional implications for multiple sclerosis. 

Glia, 2002, 40 (2), 218-231. 

[46] Walter, L.; Franklin, A.; Witting, A.; Wade, C.; Xie, Y.H.; Kunos, 

G.; Mackie, K.; Stella, N. Nonpsychotropic cannabinoid receptors 

regulate microglial cell migration. J. Neurosci., 2003, 23 (4), 1398-

1405. 

[47] Franklin, A.; Stella, N. Arachidonylcyclopropylamide increases 

microglial cell migration through cannabinoid CB2 and abnormal-

cannabidiol-sensitive receptors. Eur. J. Pharmacol., 2003, 474 (2-

3), 195-198. 

[48] Miller, A.M.; Stella, N. CB2 receptor-mediated migration of im-

mune cells: it can go either way. Br. J. Pharmacol., 2008, 153, 

299-308. 

[49] Barron, K.D. The microglial cell. A historical review. J. Neurol. 

Sci., 1995, 134, 57-68. 

[50] Iadecola, C. Bright and dark sides of nitric oxide in ischemic brain 

injury. Trends Neurosci., 1997, 20 (3), 132-139. 

[51] Brown, G.C. Mechanisms of inflammatory neurodegeneration: 

iNOS and NADPH oxidase. Biochem. Soc. Trans., 2007, 35, 1119-

1121. 

[52] Brown, G.C.; Cooper, C.E. Nanomolar concentrations of nitric-

oxide reversibly inhibit synaptosomal respiration by competing 

with oxygen at cytochrome-oxidase. FEBS Lett., 1994, 356 (2-3), 

295-298. 

[53] Moncada, S.; Bolanos, J.P. Nitric oxide, cell bioenergetics and 

neurodegeneration. J. Neurochem., 2006, 97 (6), 1676-1689. 

[54] Endoh, M.; Maiese, K.; Wagner, J. Expression of the inducible 

form of nitric-oxide synthase by reactive astrocytes after transient 

global-ischemia. Brain Res., 1994, 651 (1-2), 92-100. 

[55] Ortega-Gutierrez, S.; Molina-Holgado, E.; Guaza, C. Effect of 

anandamide uptake inhibition in the production of nitric oxide and 

in the release of cytokines in astrocyte cultures. Glia, 2005, 52 (2), 

163-168. 

[56] Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.D.; Mazur, M.; 

Telser, J. Free radicals and antioxidants in normal physiological 

functions and human disease. Int. J. Biochem. Cell Biol., 2007, 39 

(1), 44-84. 

[57] Familian, A.; Boshuizen, R.S.; Eikelenboom, P.; Veerhuis, R. 

Inhibitory effect of minocycline on amyloid beta fibril formation 

and human microglial activation. Glia, 2006, 53 (3), 233-240. 

[58] Veerhuis, R.; Van Breemen, M.J.; Hoozemans, J.J.M.; Morbin, M.; 

Ouladhadj, J.; Tagliavini, F.; Eikelenboom, P. Amyloid beta 

plaque-associated proteins C1q and SAP enhance the A beta(1-42) 

peptide-induced cytokine secretion by adult human microglia in vi-

tro. Acta Neuropathol., (Berl.), 2003, 105 (2), 135-144. 

[59] Eikelenboom, P.; Rozemuller, J.M.; Veerhuis, R. The role of mi-

croglia and a beta associated proteins in the pathogenesis of Alz-

heimer's disease. Glia, 2003, 41, 17-17. 

[60] Cai, Z.; Lin, S.; Fan, L.W.; Pang, Y.; Rhodes, P.G. Minocycline 

alleviates hypoxic-ischemic injury to developing oligodendrocytes 

in the neonatal rat brain. Neuroscience, 2006, 137 (2), 425-435. 

[61] Macdonald, M.E.; Ambrose, C.M.; Duyao, M.P.; Myers, R.H.; Lin, 

C.; Srinidhi, L.; Barnes, G.; Taylor, S.A.; James, M.; Groot, N.; 

Macfarlane, H.; Jenkins, B.; Anderson, M.A.; Wexler, N.S.; 

Gusella, J.F.; Bates, G.P.; Baxendale, S.; Hummerich, H.; Kirby, 

S.; North, M.; Youngman, S.; Mott, R.; Zehetner, G.; Sedlacek, Z.; 

Poustka, A.; Frischauf, A.M.; Lehrach, H.; Buckler, A.J.; Church, 

D.; Doucettestamm, L.; Odonovan, M.C.; Ribaramirez, L.; Shah, 

M.; Stanton, V. P.; Strobel, S.A.; Draths, K.M.; Wales, J.L.; Der-

van, P.; Housman, D.E.; Altherr, M.; Shiang, R.; Thompson, L.; 

Fielder, T.; Wasmuth, J.J.; Tagle, D.; Valdes, J.; Elmer, L.; Allard, 

M.; Castilla, L.; Swaroop, M.; Blanchard, K.; Collins, F.S.; Snell, 

R.; Holloway, T.; Gillespie, K.; Datson, N.; Shaw, D.; Harper, P.S. 

A novel gene containing a trinucleotide repeat that is expanded and 

unstable on Huntingtons-disease chromosomes. Cell, 1993, 72 (6), 

971-983. 



60    Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1 Rivers and Ashton 

[62] Ma, L.; Morton, A.J.; Nicholson, L.F. Microglia density decreases 

with age in a mouse model of Huntington's disease. Glia, 2003, 43 

(3), 274-280. 

[63] Pavese, N.; Gerhard, A.; Tai, Y.F.; Ho, A.K.; Turkheimer, F.; 

Barker, R.A.; Brooks, D.J.; Piccini, P. Microglial activation corre-

lates with severity in Huntington disease: a clinical and PET study. 

Neurology, 2006, 66 (11), 1638-1643. 

[64] Pakkenberg, B.; Moller, A.; Gundersen, H.J.G.; Dam, A.M.; Pak-

kenberg, H. The absolute number of nerve-cells in substantia-nigra 

in normal subjects and in patients with Parkinsons-disease esti-

mated with an unbiased stereological method. J. Neurol. Neuro-

surg. Psychiatr., 1991, 54 (1), 30-33. 

[65] Jenner, P.; Schapira, A.H.V.; Marsden, C.D. New insights into the 

cause of Parkinsons-disease. Neurology, 1992, 42 (12), 2241-2250. 

[66] Wu, D.C.; Jackson-Lewis, V.; Vila, M.; Tieu, K.; Teismann, P.; 

Vadseth, C.; Choi, D. K.; Ischiropoulos, H.; Przedborski, S. Block-

ade of microglial activation is neuroprotective in the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson dis-

ease. J. Neurosci., 2002, 22 (5), 1763-1771. 

[67] Yasuda, Y.; Shinagawa, R.; Yamada, M.; Mori, T.; Tateishi, N.; 

Fujita, S. Long-lasting reactive changes observed in microglia in 

the striatal and substantia nigral of mice after 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine. Brain Res., 2007, 1138, 196-202. 

[68] Imamura, K.; Hishikawa, N.; Sawada, M.; Nagatsu, T.; Yoshida, 

M.; Hashizume, Y. Distribution of major histocompatibility com-

plex class II-positive microglia and cytokine profile of Parkinson's 

disease brains. Acta Neuropathol. (Berl.), 2003, 106 (6), 518-526. 

[69] Mirza, B.; Hadberg, H.; Thomsen, P.; Moos, T. The absence of 

reactive astrocytosis is indicative of a unique inflammatory process 

in Parkinson's disease. Neuroscience, 2000, 95 (2), 425-432. 

[70] Fujinami, R.S.; Oldstone, M.B.A. Amino-acid homology between 

the encephalitogenic site of myelin basic-protein and virus - 

Mechanism for autoimmunity. Science, 1985, 230 (4729), 1043-

1045. 

[71] Noseworthy, J.H. Progress in determining the causes and treatment 

of multiple sclerosis. Nature, 1999, 399 (6738), A40-A47. 

[72] Banati, R.B.; Newcombe, J.; Gunn, R.N.; Cagnin, A.; Turkheimer, 

F.; Heppner, F.; Price, G.; Wegner, F.; Giovannoni, G.; Miller, 

D.H.; Perkin, G.D.; Smith, T.; Hewson, A.K.; Bydder, G.; Kreutz-

berg, G.W.; Jones, T.; Cuzner, M.L.; Myers, R. The peripheral 

benzodiazepine binding site in the brain in multiple sclerosis: quan-

titative in vivo imaging of microglia as a measure of disease activ-

ity. Brain, 2000, 123 (Pt 11) 2321-2337. 

[73] Zabad, R.K.; Metz, L.M.; Todoruk, T.R.; Zhang, Y.; Mitchell, J.R.; 

Yeung, M.; Patry, D.G.; Bell, R.B.; Yong, V.W. The clinical re-

sponse to minocycline in multiple sclerosis is accompanied by 

beneficial immune changes: a pilot study. Mult. Scler., 2007, 13 

(4), 517-526. 

[74] Maier, K.; Merkler, D.; Gerber, J.; Taheri, N.; Kuhnert, A.V.; Wil-

liams, S.K.; Neusch, C.; Bahr, M.; Diem, R. Multiple neuroprotec-

tive mechanisms of minocycline in autoimmune CNS inflammati-

on. Neurobiol. Dis., 2007, 25 (3), 514-525. 

[75] Walker, L.G.; Walker, M.B.; Heys, S.D.; Lolley, J.; Wesnes, K.; 

Eremin, O. The psychological and psychiatric effects of rIL-2 ther-

apy: A controlled clinical trial. Psychooncology, 1997, 6 (4), 290-

301. 

[76] Shanks, N.; Francis, D.; Zalcman, S.; Meaney, M.J.; Anisman, H. 

Alterations in central catecholamines associated with immune re-

sponding in adult and aged mice. Brain Res., 1994, 666 (1), 77-87. 

[77] Zalcman, S.; Greenjohnson, J.M.; Murray, L.; Nance, D.M.; Dyck, 

D.; Anisman, H.; Greenberg, A.H. Cytokine-specific central mono-

amine alterations induced Bp interleukin-1, interleukin-2 and inter-

leukin-6. Brain Res., 1994, 643 (1-2), 40-49. 

[78] Brown, D.R.; Schmidt, B.; Kretzschmar, H.A. Role of microglia 

and host prion protein in neurotoxicity of a prion protein fragment. 

Nature, 1996, 380 (6572), 345-347. 

[79] Giese, A.; Brown, D.R.; Groschup, M.H.; Feldmann, C.; Haist, I.; 

Kretzschmar, H. A. Role of microglia in neuronal cell death in 

prion disease. Brain Pathol., (Zurich, Switzerland), 1998, 8 (3), 

449-457. 

[80] Brown, D.R.; Schmidt, B.; Kretzschmar, H. A. A neurotoxic prion 

protein fragment enhances proliferation of microglia but not astro-

cytes in culture. Glia, 1996, 18 (1), 59-67. 

[81] Selvaggini, C.; Degioia, L.; Cantu, L.; Ghibaudi, E.; Diomede, L.; 

Passerini, F.; Forloni, G.; Bugiani, O.; Tagliavini, F.; Salmona, M. 

Molecular characteristics of a protease-resistant, amyloidogenic 

and neurotoxic peptide homologous to residues-106-126 of the 

prion protein. Biochem. Biophys. Res. Commun., 1993, 194 (3), 

1380-1386. 

[82] Wisniewski, H.M.; Wrzolek, M. Pathogenesis of amyloid forma-

tion in Alzheimer’s-disease, downs-syndrome and scrapie. Ciba 

Found. Symp., 1988, 135, 224-238. 

[83] Nunez, E.; Benito, C.; Pazos, M.R.; Barbachano, A.; Fajardo, O.; 

Gonzalez, S.; Tolon, R.M.; Romero, J. Cannabinoid CB2 receptors 

are expressed by perivascular microglial cells in the human brain: 

an immunohistochemical study. Synapse (New York, N.Y.) 2004, 

53 (4), 208-213. 

[84] Nunez, E.; Benito, C.; Tolon, R.M.; Hillard, C.J.; Griffin, W.S.T.; 

Romero, J. Glial expression of cannabinoid CB2 receptors and fatty 

acid amide hydrolase are beta amyloid-linked events in Down's 

syndrome. Neuroscience, 2008, 151 (1), 104-110. 

[85] Goldgaber, D.; Harris, H.W.; Hla, T.; Maciag, T.; Donnelly, R.J.; 

Jacobsen, J.S.; Vitek, M.P.; Gajdusek, D.C. Interleukin 1 regulates 

synthesis of amyloid beta-protein precursor mRNA in human endo-

thelial cells. Proc. Natl. Acad. Sci. USA, 1989, 86 (19), 7606-7610. 

[86] Griffin, W.S.T.; Stanley, L.C.; Ling, C.; White, L.; Macleod, V.; 

Perrot, L.J.; White, C.L.; Araoz, C. Brain interleukin-1 and S-100 

immunoreactivity are elevated in Down syndrome and Alzheimer-

disease. Proc. Natl. Acad. Sci. USA, 1989, 86 (19), 7611-7615. 

[87] Joseph, R.; Tsang, W.; Han, E.; Saed, G.M. Neuronal beta-amyloid 

precursor protein gene-expression - regulation by aurintricarboxylic 

acid. Brain Res., 1993, 625 (2), 244-255. 

[88] Baigent, C.; Sudlow, C.; Collins, R.; Peto, R. Collaborative meta-

analysis of randomised trials of antiplatelet therapy for prevention 

of death, myocardial infarction, and stroke in high risk patients. Br. 

Med. J., 2002, 324 (7329), 71-86. 

[89] Towfighi, J.; Yager, J.Y.; Housman, C.; Vannucci, R.C. Neuropa-

thology of remote hypoxic-ischemic damage in the immature rat. 

Acta Neuropathol. (Berl.), 1991, 81 (5), 578-587. 

[90] Kabakus, N.; Ozcan, A.; Aysun, S.; Yilmaz, B. Evaluation of neu-

ronal damage following hypoxic-ischaemic brain injury in acute 

and early chronic periods in neonatal rats. Cell Biochem. Funct., 

2006, 24 (3), 257-260. 

[91] Andine, P.; Thordstein, M.; Kjellmer, I.; Nordborg, C.; Thiringer, 

K.; Wennberg, E.; Hagberg, H. Evaluation of brain-damage in a rat 

model of neonatal hypoxic-ischemia. J. Neurosci. Methods, 1990, 

35 (3), 253-260. 

[92] Kaushal, V.; Schlichter, L.C. Mechanisms of microglia-mediated 

neurotoxicity in a new model of the stroke penumbra. J. Neurosci., 

2008, 28 (9), 2221-2230. 

[93] Clarkson, A.N.; Liu, H.Z.; Pearson, L.; Kapoor, M.; Harrison, J.C.; 

Sammut, I.A.; Jackson, D.M.; Appleton, I. Neuroprotective effects 

of spermine following hypoxia-ischemia-induced brain damage: A 

mechanistic study. FASEB J., 2004, 18 (7), 1114-1135. 

[94] Clarkson, A.N.; Liu, H.Z.; Rahman, R.; Jackson, D.M.; Appleton, 

I.; Kerr, D.S. Clomethiazole: mechanisms underlying lasting neu-

roprotection after hypoxia-ischemia. FASEB J., 2005, 19 (6), 1036-

1060. 

[95] Sutherland, B.A.; Shaw, O.M.; Clarkson, A.N.; Jackson, D.M.; 

Sammut, I.A.; Appleton, I. Neuroprotective effects of (-)-

epigallocatechin gallate after hypoxia-ischemia-induced brain dam-

age: novel mechanisms of action. FASEB J., 2004, 18 (14), 258-

280. 

[96] Fan, L.W.; Lin, S.; Pang, Y.; Rhodes, P.G.; Cai, Z. Minocycline 

attenuates hypoxia-ischemia-induced neurological dysfunction and 

brain injury in the juvenile rat. Eur. J. Neurosci., 2006, 24 (2), 341-

350. 

[97] Lu, D.Y.; Liou, H.C.; Tang, C.H.; Fu, W.M. Hypoxia-induced 

iNOS expression in microglia is regulated by the P13-

kinase/Akt/mTOR signaling pathway and activation of hypoxia in-

ducible factor-1 alpha. Biochem. Pharmacol., 2006, 72 (8), 992-

1000. 

[98] Sharp, F.R.; Bernaudin, M. HIf1 and oxygen sensing in the brain. 

Nat. Rev. Neurosci., 2004, 5 (6), 437-448. 



The Development of Cannabinoid CBII Receptor Agonists Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1    61 

[99] Vannucci, R.C.; Connor, J.R.; Mauger, D.T.; Palmer, C.; Smith, 

M.B.; Towfighi, J.; Vannucci, S. J. Rat model of perinatal hypoxic-

ischemic brain damage. J. Neurosci. Res., 1999, 55 (2), 158-163. 

[100] Bass, J.L.; Corwin, M.; Gozal, D.; Moore, C.; Nishida, H.; Parker, 

S.; Schonwald, A.; Wilker, R.E.; Stehle, S.; Kinane, T.B. The ef-

fect of chronic or intermittent hypoxia on cognition in childhood: A 

review of the evidence. Pediatrics, 2004, 114 (3), 805-816. 

[101] Klein, T.W.; Friedman, H.; Specter, S. Marijuana, immunity and 

infection. J. Neuroimmunol., 1998, 83 (1-2), 102-115. 

[102] Batkai, S.; Osei-Hyiaman, D.; Pan, H.; El-Assal, O.; Rajesh, M.; 

Mukhopadhyay, P.; Hong, F.; Harvey-White, J.; Jafri, A.; Hasko, 

G.; Huffman, J.W.; Gao, B.; Kunos, G.; Pacher, P. Cannabinoid-2 

receptor mediates protection against hepatic ischemia/reperfusion 

injury. FASEB J., 2007, 21 (8), 1788-1800. 

[103] Marchalant, Y.; Rosi, S.; Wenk, G.L. Anti-inflammatory property 

of the cannabinoid agonist WIN-55212-2 in a rodent model of 

chronic brain inflammation. Neuroscience, 2007, 144 (4), 1516-

1522. 

[104] Martinez-Orgado, J.; Fernandez-Frutos, B.; Gonzalez, R.; Romero, 

E.; Uriguen, L.; Romero, J.; Viveros, A.P. Neuroprotection by the 

cannabinoid agonist WIN-55212 in an in vivo newborn rat model of 

acute severe asphyxia. Mol. Brain Res., 2003, 114 (2), 132-139. 

[105] Galiegue, S.; Mary, S.; Marchand, J.; Dussossoy, D.; Carriere, D.; 

Carayon, P.; Bouaboula, M.; Shire, D.; Lefur, G.; Casellas, P. Ex-

pression of central and peripheral cannabinoid receptors in human 

immune tissues and leukocyte subpopulations. Eur. J. Biochem., 

1995, 232 (1), 54-61. 

[106] Buckley, N.E.; McCoy, K.L.; Mezey, E.; Bonner, T.; Zimmer, A.; 

Felder, C.C.; Glass, M.; Zimmer, A. Immunomodulation by can-

nabinoids is absent in mice deficient for the cannabinoid CB(2) re-

ceptor. Eur. J. Pharmacol., 2000, 396 (2-3), 141-149. 

[107] Slipetz, D.M.; Oneill, G.P.; Favreau, L.; Dufresne, C.; Gallant, M.; 

Gareau, Y.; Guay, D.; Labelle, M.; Metters, K. M. Activation of the 

human peripheral cannabinoid receptor results in inhibition of 

adenylyl-cyclase. Mol. Pharmacol., 1995, 48 (2), 352-361. 

[108] Bai, M.F.; Sexton, M.; Stella, N.; Bornhop, D.J. MBC94, a conju-

gable ligand for cannabinoid CB2 receptor imaging. Bioconjug. 

Chem., 2008, 19 (5), 988-992. 

[109] Ashton, J.C.; Friberg, D.; Darlington, C.L.; Smith, P.F. Expression 

of the cannabinoid CB2 receptor in the rat cerebellum: An immu-

nohistochemical study. Neurosci. Lett., 2006, 396 (2), 113-116. 

[110] Arevalo-Martin, A.; Garcia-Ovejero, D.; Gomez, O.; Rubio-Araiz, 

A.; Navarro-Galve, B.; Guaza, C.; Molina-Holgado, E.; Molina-

Holgado, F. CB2 cannabinoid receptors as an emerging target for 

demyelinating diseases: from neuroimmune interactions to cell re-

placement strategies. Br. J. Pharmacol., 2008, 153 (2), 216-225. 

[111] Cabral, G. A.; Raborn, E. S.; Griffin, L.; Dennis, J.; Marciano-

Cabral, F. CB2 receptors in the brain: role in central immune func-

tion. Br. J. Pharmacol., 2008, 153, 240-251. 

[112] Dittel, B.N. Direct suppression of autoreactive lymphocytes in the 

central nervous system via the CB2 receptor. Br. J. Pharmacol., 

2008, 153 (2), 271-276. 

[113] Guindon, J.; Hohmann, A.G. Cannabinoid CB2 receptors: a thera-

peutic target for the treatment of inflammatory and neuropathic 

pain. Br. J. Pharmacol., 2008, 153, 319-334. 

[114] Hajrasouliha, A.R.; Tavakoli, S.; Ghasemi, M.; Jabehdar-Maralani, 

P.; Sadeghipour, H.; Ebrahimi, F.; Dehpour, A.R. Endogenous can-

nabinoids contribute to remote ischemic preconditioning via can-

nabinoid CB2 receptors in the rat heart. Eur. J. Pharmacol., 2008, 

579 (1-3), 246-252. 

[115] Maresz, K.; Carrier, E.J.; Ponomarev, E.D.; Hillard, C.J.; Dittel, 

B.N. Modulation of the cannabinoid CB2 receptor in microglial 

cells in response to inflammatory stimuli. J. Neurochem., 2005, 95 

(2), 437-445. 

[116] Zhang, M.; Martin, B.R.; Adler, M.W.; Razdan, R.K.; Jallo, J.I.; 

Tuma, R.F. Cannabinoid CB2 receptor activation decreases cere-

bral infarction in a mouse focal ischemia/reperfusion model. J. 

Cereb. Blood Flow Metab., 2007, 27 (7), 1387-1396. 

[117] Klegeris, A.; Bissonnette, C.; McGeer, P. Reduction of human 

monocytic cell neurotoxicity and cytokine secretion by ligands of 

the cannabinoid-type CB2 receptor. Br. J. Pharmacol., 2003, 139 

(4), 775-786. 

[118] Fernandez-Lopez, D.; Martinez-Orgado, J.; Nunez, E.; Romero, J.; 

Lorenzo, P.; Moro, M. A.; Lizasoain, I. Characterization of the 

neuroprotective effect of the cannabinoid agonist WIN-55212 in an 

in vitro model of hypoxic-ischemic brain damage in newborn rats. 

Pediatr. Res., 2006, 60 (2), 169-173. 

[119] Alvarez-Buylla, A.; Garcia-Verdugo, J. M. Neurogenesis in adult 

subventricular zone. J. Neurosci., 2002, 22 (3), 629-634. 

[120] Gage, F.H. Neurogenesis in the adult brain. J. Neurosci., 2002, 22 

(3), 612-613. 

[121] Zhao, C.M.; Deng, W.; Gage, F.H. Mechanisms and functional 

implications of adult neurogenesis. Cell, 2008, 132 (4), 645-660. 

[122] Noctor, S.C.; Flint, A.C.; Weissman, T.A.; Dammerman, R.S.; 

Kriegstein, A.R. Neurons derived from radial glial cells establish 

radial units in neocortex. Nature, 2001, 409 (6821), 714-720. 

[123] Liu, S.H.; Wang, J.; Zhu, D.Y.; Fu, Y.P.; Lukowiak, K.; Lu, Y.M. 

Generation of functional inhibitory neurons in the adult rat hippo-

campus. J. Neurosci., 2003, 23 (3), 732-736. 

[124] Doetsch, F.; Caille, I.; Lim, D.A.; Garcia-Verdugo, J.M.; Alvarez-

Buylla, A. Subventricular zone astrocytes are neural stem cells in 

the adult mammalian brain. Cell, 1999, 97 (6), 703-716. 

[125] Gould, E. Opinion - How widespread is adult neurogenesis in 

mammals? Nat. Rev. Neurosci., 2007, 8 (6), 481-488. 

[126] Doetsch, F.; GarciaVerdugo, J.M.; AlvarezBuylla, A. Cellular 

composition and three-dimensional organization of the subventricu-

lar germinal zone in the adult mammalian brain. J. Neurosci., 1997, 

17 (13), 5046-5061. 

[127] Meshi, D.; Drew, M.R.; Saxe, M.; Ansorge, M.S.; David, D.; San-

tarelli, L.; Malapani, C.; Moore, H.; Hen, R. Hippocampal neuro-

genesis is not required for behavioral effects of environmental en-

richment. Nat. Neurosci., 2006, 9 (6), 729-731. 

[128] Sisti, H.M.; Glass, A.L.; Shors, T.J. Neurogenesis and the spacing 

effect: learning over time enhances memory and the survival of 

new neurons. Learn. Mem., 2007, 14 (5), 368-375. 

[129] van Praag, H.; Christie, B.R.; Sejnowski, T.J.; Gage, F.H. Running 

enhances neurogenesis, learning, and long-term potentiation in 

mice. Proc. Natl. Acad. Sci. USA, 1999, 96 (23), 13427-13431. 

[130] Bruel-Jungerman, E.; Laroche, S.; Rampon, C. New neurons in the 

dentate gyrus are involved in the expression of enhanced long-term 

memory following environmental enrichment. Eur. J. Neurosci., 

2005, 21 (2), 513-521. 

[131] Pourie, G.; Blaise, S.; Trabalon, M.; Nedelec, E.; Gueant, J.L.; 

Daval, J.L. Mild, non-lesioning transient hypoxia in the newborn 

rat induces delayed brain neurogenesis associated with improved 

memory scores. Neuroscience, 2006, 140 (4), 1369-1379. 

[132] Jin, K.L.; Peel, A.L.; Mao, X.O.; Xie, L.; Cottrell, B.A.; Henshall, 

D.C.; Greenberg, D.A. Increased hippocampal neurogenesis in 

Alzheimer's disease. Proc. Natl. Acad. Sci. USA, 2004, 101 (1), 

343-347. 

[133] Seri, B.; Garcia-Verdugo, J. M.; McEwen, B.S.; Alvarez-Buylla, A. 

Astrocytes give rise to new neurons in the adult mammalian hippo-

campus. J. Neurosci., 2001, 21 (18), 7153-7160. 

[134] Lledo, P.M.; Saghatelyan, A. Integrating new neurons into the adult 

olfactory bulb: joining the network, life-death decisions, and the ef-

fects of sensory experience. Trends Neurosci., 2005, 28 (5), 248-

254. 

[135] Alonso, M.; Viollet, C.; Gabellec, M.M.; Meas-Yedid, V.; Olivo-

Marin, J.C.; Lledo, P.M. Olfactory discrimination learning in-

creases the survival of adult-born neurons in the olfactory bulb. J. 

Neurosci., 2006, 26 (41), 10508-10513. 

[136] Gheusi, G.; Cremer, H.; McLean, H.; Chazal, G.; Vincent, J.D.; 

Lledo, P.M. Importance of newly generated neurons in the adult ol-

factory bulb for odor discrimination. Proc. Natl. Acad. Sci. USA, 

2000, 97 (4), 1823-1828. 

[137] Gheusi, G.; Lledo, P.M. Importance of newly generated neurons in 

the adult olfactory bulb for odor discrimination. Med. Sci., 2000, 16 

(4), 553-554.  

[138] Minger, S.L.; Ekonomou, A.; Carta, E.M.; Chinoy, A.; Perry, R.H.; 

Ballard, C.G. Endogenous neurogenesis in the human brain follow-

ing cerebral infarction. Regen. Med., 2007, 2 (1), 69-74. 

[139] Daval, J.L.; Pourie, G.; Grojean, S.; Lievre, V.; Strazielle, C.; 

Blaise, S.; Vert, P. Neonatal hypoxia triggers transient apoptosis 

followed by neurogenesis in the rat CA1 hippocampus. Pediatr. 

Res., 2004, 55 (4), 561-567. 



62    Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1 Rivers and Ashton 

[140] Vert, P.; Daval, J.L. Cell death and neurogenesis after hypoxia: a 

brain repair mechanism in the developing rat? Bull. Acad. Natl. 

Med., 2006, 190 (2), 469-481. 

[141] Belmadani, A.; Tran, P.B.; Ren, D.; Miller, R.J. Chemokines regu-

late the migration of neural progenitors to sites of neuroinflamma-

tion. J. Neurosci., 2006, 26 (12), 3182-3191. 

[142] Wang, Y.; Sheen, V.L.; Macklis, J.D. Cortical interneurons upregu-

late neurotrophins in vivo in response to targeted apoptotic degen-

eration of neighboring pyramidal neurons. Exp. Neurol., 1998, 154 

(2), 389-402. 

[143] Jin, K.; Galvan, V.; Xie, L.; Mao, X.O.; Gorostiza, O.F.; Bredesen, 

D.E.; Greenberg, D.A. Enhanced neurogenesis in Alzheimer's dis-

ease transgenic (PDGF-APPSw,Ind) mice. Proc. Natl. Acad. Sci. 

USA, 2004, 101 (36), 13363-13367. 

[144] Curtis, M.A.; Penney, E.B.; Pearson, A.G.; van Roon-Mom, W.M.; 

Butterworth, N. J.; Dragunow, M.; Connor, B.; Faull, R.L. In-

creased cell proliferation and neurogenesis in the adult human 

Huntington's disease brain. Proc. Natl. Acad. Sci. USA, 2003, 100 

(15), 9023-9027. 

[145] Lie, D.C.; Song, H.J.; Colamarino, S.A.; Ming, G.L.; Gage, F.H. 

Neurogenesis in the adult brain: New strategies for central nervous 

system diseases. Annu. Rev. Pharmacol. Toxicol., 2004, 44, 399-

421. 

[146] Ekdahl, C.T.; Claasen, J.H.; Bonde, S.; Kokaia, Z.; Lindvall, O. 

Inflammation is detrimental for neurogenesis in adult brain. Proc. 

Natl. Acad. Sci. USA, 2003, 100 (23), 13632-13637. 

[147] Monje, M.L.; Toda, H.; Palmer, T.D. Inflammatory blockade re-

stores adult hippocampal neurogenesis. Science, 2003, 302 (5651), 

1760-1765. 

[148] Carrier, E.; Kearn, C.; Barkmeier, A.; Breese, N.; Yang, W.; Nithi-

patikom, K.; Pfister, S.; Campbell, W.; Hillard, C. Cultured rat mi-

croglial cells synthesize the endocannabinoid 2-arachidonyl-

glycerol, which increases proliferation via a CB2 receptor-

dependent mechanism. Mol. Pharmacol., 2004, 65 (4), 999-1007. 

[149] Eljaschewitsch, E.; Witting, A.; Mawrin, C.; Lee, T.; Schmidt, 

P.M.; Wolf, S.; Hoertnagl, H.; Raine, C.S.; Schneider-Stock, R.; 

Nitsch, R.; Ullrich, O. The endocannabinoid anandamide protects 

neurons during CNS inflammation by induction of MKP-1 in mi-

croglial cells. Neuron, 2006, 49 (1), 67-79. 

[150] Kreutz, S.; Koch, M.; Ghadban, C.; Korf, H.W.; Dehghani, F. 

Cannabinoids and neuronal damage: Differential effects of THC, 

AEA and 2-AG on activated microglial cells and degenerating neu-

rons in excitotoxically lesioned rat organotypic hippocampal slice 

cultures. Exp. Neurol., 2007, 203 (1), 246-257. 

[151] Cabral, G.A.; Marciano-Cabral, F. Cannabinoid receptors in micro-

glia of the central nervous system: immune functional relevance. J. 

Leukoc. Biol., 2005, 78 (6), 1192-1197. 

[152] Pacher, P.; Hasko, G. Endocannabinoids and cannabinoid receptors 

in ischaemia-reperfusion injury and preconditioning. Br. J. Phar-

macol., 2008, 153, 252-262. 

[153] Sun, Y.J.; Jin, K.L.; Childs, J.T.; Xie, L.; Mao, X.O.; Greenberg, 

D.A. Neuronal nitric oxide synthase and ischemia-induced neuro-

genesis. J. Cereb. Blood Flow Metab., 2005, 25 (4), 485-492. 

[154] Ziv, Y.; Schwartz, M. Immune-based regulation of adult neuro-

genesis: Implications for learning and memory. Brain Behav. Im-

mun., 2008, 22 (2), 167-176. 

[155] Hess, D.C.; Borlongan, C.V. Stem cells and neurological diseases. 

Cell Prolif., 2008, 41, 94-114. 

[156] Fredriksson, R.; Lagerstrom, M.C.; Lundin, L.G.; Schioth, H.B. 

The G-protein-coupled receptors in the human genome form five 

main families. Phylogenetic analysis, paralogon groups, and fin-

gerprints. Mol. Pharmacol., 2003, 63 (6), 1256-1272. 

[157] Lambert, D.M.; Fowler, C.J. The endocannabinoid system: drug 

targets, lead compounds, and potential therapeutic applications. J. 

Med. Chem., 2005, 48 (16), 5059-5087. 

[158] Rasmussen, S.G.; Choi, H.; Rosenbaum, D.M.; Kobilka, T.S.; 

Thian, F.S.; Edwards, P.C.; Burghammer, M.; Ratnala, V.R.P.; 

Sanishvili, R.; Fischetti, R.F.; Schertler, G.F.X.; Weis, W.I.; Ko-

bilkba, K.K. Crystal structure of the human 2 adrenergenic G-

protein-coupled receptor. Nature, 2007, 450 (7168), 383-387. 

[159] McAllister, S.D.; Rizvi, G.; Anavi-Goffer, S.; Hurst, D.P.; Barnett-

Norris, J.; Lynch, D.L.; Reggio, P.H.; Abood, M.E. An aromatic 

microdomain at the cannabinoid CB(1) receptor constitutes an ago-

nist/inverse agonist binding region. J. Med. Chem., 2003, 46 (24), 

5139-5152. 

[160] Montero, C.; Campillo, N.E.; Goya, P.; Paez, J.A. Homology mod-

els of the cannabinoid CB1 and CB2 receptors. A docking analysis 

study. Eur. J. Med. Chem., 2005, 40 (1), 75-83. 

[161] Ortega-Gutierrez, S.; Lopez-Rodriguez, M.L. CB1 and CB2 can-

nabinoid receptor binding studies based on modeling and mutage-

nesis approaches. Mini Rev. Med. Chem., 2005, 5 (7), 651-658. 

[162] Reggio, P.H. Cannabinoid receptors and their ligands: ligand-

ligand and ligand-receptor modeling approaches. Handb. Exp. 

Pharmacol., 2005 (168), 247-281. 

[163] Reggio, P.H. Computational methods in drug design: modeling G 

protein-coupled receptor monomers, dimers, and oligomers. AAPS 

J., 2006, 8 (2), E322-336. 

[164] Salo, O.M.; Lahtela-Kakkonen, M.; Gynther, J.; Jarvinen, T.; Poso, 

A. Development of a 3D model for the human cannabinoid CB1 re-

ceptor. J. Med. Chem., 2004, 47 (12), 3048-3057. 

[165] Shim, J.Y.; Welsh, W.J.; Howlett, A.C. Homology model of the 

CB1 cannabinoid receptor: sites critical for nonclassical cannabi-

noid agonist interaction. Biopolymers, 2003, 71 (2), 169-189. 

[166] Salo, O.M.; Raitio, K.H.; Savinainen, J.R.; Nevalainen, T.; Lahtela-

Kakkonen, M.; Laitinen, J.T.; Jarvinen, T.; Poso, A. Virtual screen-

ing of novel CB2 ligands using a comparative model of the human 

cannabinoid CB2 receptor. J. Med. Chem, 2005, 48 (23), 7166-

7171. 

[167] Tuccinardi, T.; Ferrarini, P.L.; Manera, C.; Ortore, G.; Saccomanni, 

G.; Martinelli, A. Cannabinoid CB2/CB1 selectivity. Receptor 

modeling and automated docking analysis. J. Med. Chem, 2006, 49 

(3), 984-994. 

[168] Xie, X.Q.; Chen, J.Z.; Billings, E.M. 3D structural model of the G-

protein-coupled cannabinoid CB2 receptor. Proteins, 2003, 53 (2), 

307-319. 

[169] Shim, J.Y.; Howlett, A.C. WIN55212-2 docking to the CB1 can-

nabinoid receptor and multiple pathways for conformational induc-

tion. J. Chem. Inf. Model., 2006, 46 (3), 1286-1300. 

[170] Raitio, K.H.; Salo, O.M.; Nevalainen, T.; Poso, A.; Jarvinen, T. 

Targeting the cannabinoid CB2 receptor: mutations, modeling and 

development of CB2 selective ligands. Curr. Med. Chem., 2005, 12 

(10), 1217-1237. 

[171] Makriyannis, A.; Rapaka, R.S. The molecular basis of cannabinoid 

activity. Life Sci., 1990, 47 (24), 2173-2184. 

[172] Aung, M.M.; Griffin, G.; Huffman, J.W.; Wu, M.; Keel, C.; Yang, 

B.; Showalter, V. M.; Abood, M.E.; Martin, B.R. Influence of the 

N-1 alkyl chain length of cannabimimetic indoles upon CB(1) and 

CB(2) receptor binding. Drug Alcohol Depend., 2000, 60 (2), 133-

140. 

[173] Reggio, P.H.; Basu-Dutt, S.; Barnett-Norris, J.; Castro, M.T.; 

Hurst, D.P.; Seltzman, H.H.; Roche, M.J.; Gilliam, A.F.; Thomas, 

B.F.; Stevenson, L.A.; Pertwee, R.G.; Abood, M.E. The bioactive 

conformation of aminoalkylindoles at the cannabinoid CB1 and 

CB2 receptors: insights gained from (E)- and (Z)-naphthylidene in-

denes. J. Med. Chem., 1998, 41 (26), 5177-5187. 

[174] McPartland, J.M.; Glass, M.; Pertwee, R.G. Meta-analysis of can-

nabinoid ligand binding affinity and receptor distribution: interspe-

cies differences. Br. J. Pharmacol., 2007, 152 (5), 583-593. 

[175] Tao, Q.; McAllister, S.D.; Andreassi, J.; Nowell, K.W.; Cabral, 

G.A.; Hurst, D.P.; Bachtel, K.; Ekman, M.C.; Reggio, P.H.; Abood, 

M.E. Role of a conserved lysine residue in the peripheral cannabi-

noid receptor (CB2): evidence for subtype specificity. Mol. Phar-

macol., 1999, 55 (3), 605-613. 

[176] McAllister, S.D.; Hurst, D.P.; Barnett-Norris, J.; Lynch, D.; Reg-

gio, P.H.; Abood, M. E. Structural mimicry in class A G protein-

coupled receptor rotamer toggle switches: the importance of the 

F3.36(201)/W6.48(357) interaction in cannabinoid CB1 receptor 

activation. J. Biol. Chem., 2004, 279 (46), 48024-48037. 

[177] Huffman, J.W.; Dai, D.; Martin, B.R.; Compton, D.R. Design, 

synthesis, and pharmacology of cannabimimetic indoles. Biomed. 

Chem., 1994, 4, 563-566. 

[178] McAllister, S.D.; Tao, Q.; Barnett-Norris, J.; Buehner, K.; Hurst, 

D.P.; Guarnieri, F.; Reggio, P.H.; Nowell, H.K.W.; Cabral, G.A.; 

Abood, M.E. A critical role for a tyrosine residue in the cannabi-

noid receptors for ligand recognition. Biochem. Pharmacol., 2002, 

63 (12), 2121-2136. 



The Development of Cannabinoid CBII Receptor Agonists Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1    63 

[179] Raduner, S.; Majewska, A.; Chen, J.Z.; Xie, X.Q.; Hamon, J.; 

Faller, B.; Altmann, K.H.; Gertsch, J. Alkylamides from Echinacea 

are a new class of cannabinomimetics. Cannabinoid type 2 recep-

tor-dependent and -independent immunomodulatory effects. J. 

Biol. Chem., 2006, 281 (20), 14192-14206. 

[180] Huffman, J.W. CB2 receptor ligands. Mini Rev. Med. Chem., 2005, 

5 (7), 641-649. 

[181] Valenzano, K.J.; Tafesse, L.; Lee, G.; Harrison, J.E.; Boulet, J.M.; 

Gottshall, S. L.; Mark, L.; Pearson, M.S.; Miller, W.; Shan, S.; Ra-

badi, L.; Rotshteyn, Y.; Chaffer, S.M.; Turchin, P.I.; Elsemore, 

D.A.; Toth, M.; Koetzner, L.; Whiteside, G.T. Pharmacological and 

pharmacokinetic characterization of the cannabinoid receptor 2 

agonist, GW405833, utilizing rodent models of acute and chronic 

pain, anxiety, ataxia and catalepsy. Neuropharmacology, 2005, 48 

(5), 658-672. 

[182] Chin, C.N.; Murphy, J.W.; Huffman, J.W.; Kendall, D.A. The third 

transmembrane helix of the cannabinoid receptor plays a role in the 

selectivity of aminoalkylindoles for CB2, peripheral cannabinoid 

receptor. J. Pharmacol. Exp. Ther., 1999, 291 (2), 837-844. 

[183] Malan, T.P., Jr.; Ibrahim, M.M.; Deng, H.; Liu, Q.; Mata, H.P.; 

Vanderah, T.; Porreca, F.; Makriyannis, A. CB2 cannabinoid recep-

tor-mediated peripheral antinociception. Pain, 2001, 93 (3), 239-

245. 

[184] Song, Z.H.; Slowey, C.A.; Hurst, D.P.; Reggio, P.H. The difference 

between the CB(1) and CB(2) cannabinoid receptors at position 

5.46 is crucial for the selectivity of WIN55212-2 for CB(2). Mol. 

Pharmacol., 1999, 56 (4), 834-840. 

[185] Hanus, L.; Breuer, A.; Tchilibon, S.; Shiloah, S.; Goldenberg, D.; 

Horowitz, M.; Pertwee, R.G.; Ross, R.A.; Mechoulam, R.; Fride, E. 

HU-308: a specific agonist for CB(2), a peripheral cannabinoid re-

ceptor. Proc. Natl. Acad. Sci. USA, 1999, 96 (25), 14228-14233. 

[186] Bissantz, C. Conformational changes of G protein-coupled recep-

tors during their activation by agonist binding. J. Recept. Signal 

Transduct. Res., 2003, 23 (2-3), 123-153. 

[187] Kearn, C.S.; Greenberg, M.J.; DiCamelli, R.; Kurzawa, K.; Hillard, 

C.J. Relationships between ligand affinities for the cerebellar can-

nabinoid receptor CB1 and the induction of GDP/GTP exchange. J. 

Neurochem., 1999, 72 (6), 2379-2387. 

[188] Picone, R.P.; Fournier, D.J.; Makriyannis, A. Ligand based struc-

tural studies of the CB1 cannabinoid receptor. J. Pept. Res., 2002, 

60 (6), 348-356. 

[189] Gether, U.; Lin, S.; Ghanouni, P.; Ballesteros, J.A.; Weinstein, H.; 

Kobilka, B.K. Agonists induce conformational changes in trans-

membrane domains III and VI of the beta2 adrenoceptor. EMBO J., 

1997, 16 (22), 6737-6347. 

[190] Ghanouni, P.; Gryczynski, Z.; Steenhuis, J.J.; Lee, T.W.; Farrens, 

D.L.; Lakowicz, J.R.; Kobilka, B.K. Functionally different agonists 

induce distinct conformations in the G protein coupling domain of 

the beta 2 adrenergic receptor. J. Biol. Chem., 2001, 276 (27), 

24433-24436. 

[191] Jensen, A.D.; Guarnieri, F.; Rasmussen, S.G.; Asmar, F.; Balles-

teros, J.A.; Gether, U. Agonist-induced conformational changes at 

the cytoplasmic side of transmembrane segment 6 in the beta 2 

adrenergic receptor mapped by site-selective fluorescent labeling. 

J. Biol. Chem., 2001, 276 (12), 9279-9290. 

[192] Ebersole, B.J.; Visiers, I.; Weinstein, H.; Sealfon, S.C. Molecular 

basis of partial agonism: orientation of indoleamine ligands in the 

binding pocket of the human serotonin 5-HT2A receptor deter-

mines relative efficacy. Mol. Pharmacol., 2003, 63 (1), 36-43. 

[193] Wiley, J.L.; Compton, D.R.; Dai, D.; Lainton, J.A.; Phillips, M.; 

Huffman, J.W.; Martin, B.R. Structure-activity relationships of in-

dole- and pyrrole-derived cannabinoids. J. Pharmacol. Exp. Ther., 

1998, 285 (3), 994-1004. 

[194] Huffman, J.W.; Lu, J.; Dai, D.; Kitaygorodskiy, A.; Wiley, J.L.; 

Martin, B.R. Synthesis and pharmacology of a hybrid cannabinoid. 

Bioorg. Med. Chem., 2000, 8 (2), 439- 447. 

[195] Gallant, M.; Dufresne, C.; Gareau, Y.; Guay, D.; Leblanc, Y.; 

Prasit, P.; Rochette, C.; Sawyer, N.; Slipertz, D.M.; Tremblay, N.; 

Metters, K. M.; Labelle, M. New glass of potent rigands for the 

human peripheral cannabinoid receptor. Bioorg. Med. Chem. Lett., 

1996, 6 (19), 2263-2268. 

[196] Yao, B.B.; Mukherjee, S.; Fan, Y.; Garrison, T.R.; Daza, A.V.; 

Grayson, G.K.; Hooker, B.A.; Dart, M.J.; Sullivan, J.P.; Meyer, 

M.D. In vitro pharmacologyical characterization of AM1241: a 

protean agonist at the cannabinoid CB2 receptor. Br. J. Pharma-

col., 2006, 149 145-154. 

[197] Pertwee, R.G. The pharmacology of cannabinoid receptors and 

their ligands: an overview. Int. J. Obes., 2006, 30 (Suppl 1) S13-

S18. 

[198] Makriyannis, A.; Deng, H. WO Patent 01/028557, 2001. 

[199] Huffman, J.W.; Padgett, L.W. Recent developments in the medici-

nal chemistry of cannabimimetic indoles, pyrroles and indenes. 

Curr. Med. Chem., 2005, 12 (12), 1395-1411. 

[200] Barth, F.; Millan, J.; Oustric, D.; Rinaldi, M.; Vernhet, M. WO 

Patent 01/032629 A1, 2001. 

[201] Page, D.; Walpole, C.; Yang, H. WO Patent 04/035548, 2004. 

[202] Gareau, Y.; Dufresne, C.; Gallant, M.; Rochette, C.; Sawyer, N.; 

Sipertz, D.M.; Tremblay, N.; Weech, P.K.; Metters, K.M.; Labelle, 

M. Structure activity relationships of tetrahydrocannabinol ana-

logues on human cannabinoid receptors. Bioorg. Med. Chem. Lett., 

1996, 6, 189-194. 

[203] Huffman, J.W.; Liddle, J.; Yu, S.; Aung, M.M.; Abood, M.E.; 

Wiley, J.L.; Martin, B. R. 3-(1',1'-Dimethylbutyl)-1-deoxy-delta8-

THC and related compounds: synthesis of selective ligands for the 

CB2 receptor. Bioorg. Med. Chem., 1999, 7 (12), 2905-2914. 

[204] Huffman, J.W.; Yu, S.; Showalter, V.; Abood, M.E.; Wiley, J.L.; 

Compton, D.R.; Martin, B.R.; Bramblett, R.D.; Reggio, P.H. Syn-

thesis and pharmacology of a very potent cannabinoid lacking a 

phenolic hydroxyl with high affinity for the CB2 receptor. J. Med. 

Chem., 1996, 39 (20), 3875-3877. 

[205] Ross, R.A.; Brockie, H.C.; Stevenson, L.A.; Murphy, V.L.; Tem-

pleton, F.; Makriyannis, A.; Pertwee, R.G. Agonist-inverse agonist 

characterization at CB1 and CB2 cannabinoid receptors of 

L759633, L759656, and AM630. Br. J. Pharmacol., 1999, 126 (3), 

665-672. 

[206] Huffman, J.W.; Bushell, S.M.; Miller, J.R.; Wiley, J.L.; Martin, 

B.R. 1-Methoxy-, 1-deoxy-11-hydroxy- and 11-hydroxy-1-

methoxy-Delta(8)-tetrahydrocannabinols: new selective ligands for 

the CB2 receptor. Bioorg. Med. Chem., 2002, 10 (12), 4119-4129. 

[207] Adam, J.; Cowley, P.M.; Kiyoi, T.; Morrison, A.J.; Mort, C.J. 

Recent progress in cannabinoid research. Prog. Med. Chem., 2006, 

44, 207-329. 

[208] Tada, Y.; Iso, Y.; Hanasaki, K. WO Patent 02/010135, 2002. 

[209] Manera, C.; Cascio, M.G.; Benetti, V.; Allara, M.; Tuccinardi, T.; 

Martinelli, A.; Saccomanni, G.; Vivoli, E.; Ghelardini, C.; Di 

Marzo, V.; Ferrarini, P.L. New 1,8-naphthyridine and quinoline de-

rivatives as CB(2) selective agonists. Bioorg. Med. Chem. Lett., 

2007, 17, 6505-6510. 

[210] Manera, C.; Benetti, V.; Castelli, M.P.; Cavallini, T.; Lazzarotti, S.; 

Pibiri, F.; Saccomanni, G.; Tuccinardi, T.; Vannacci, A.; Marti-

nelli, A.; Ferrarini, P.L. Design, synthesis, and biological evalua-

tion of new 1,8-naphthyridin-4(1H)-on-3-carboxamide and quino-

lin-4(1H)-on-3-carboxamide derivatives as CB2 selective agonists. 

J. Med. Chem., 2006, 49 (20), 5947-5957. 

[211] Fride, E.; Breuer, A.; Hanus, L.; Tchilibon, S.; Horowitz, M.; 

Mechoulam, R.; Garzon, A. US Patent 7214716, 2005. 

[212] Makriyannis, A.; Khanolkar, A. Peripheral cannabinoid receptor 

(CB2) selective ligands US Patent 323560 2006. 

[213] Khanolkar, A.; Lu, D.; Makriyannis, A. W.O. Patent 99/57107, 

2001. 

[214] Kai, H.; Murashi, T.; Tomida, M. WO Patent 02/072562, 2002. 

[215] Hanasaki, K.; Murashi, T.; Kai, H. WO Patent 01/19807, 2001. 

[216] Gertsch, J.; Raduner, S.; Altmann, K.H. New natural noncannabi-

noid ligands for cannabinoid Type-2 (CB2) receptors. J. Recept. 

Signal. Transduct. Res., 2006, 26, 709-730. 

[217] Inaba, T.; Kaya, T.; Iwamura, H. WO Patent 97/29079, 1997. 

[218] Mussinu, J.M.; Ruiu, S.; Mule, A.C.; Pau, A.; Carai, M.A.; Loriga, 

G.; Murineddu, G.; Pinna, G. A. Trycyclic pyrazole, Part 1: synthe-

sis and biological evaluation of novel 1,4-dihydroindeno[1,2-

c]pyrazol-based ligands for CB1 and CB2 cannabinoid receptors. 

Bioorg. Med. Chem. Lett., 2003, 11 (2), 251-263. 

[219] Murineddu, G.; Lazzari, P.; Ruiu, S.; Sanna, A.; Loriga, G.; Manca, 

I.; Falzoi, M.; Dessi, C.; Curzu, M.M.; Chelucci, G.; Pani, L.; 

Pinna, G.A. Tricyclic pyrazoles. 4. Synthesis and biological evalua-

tion of analogues of the robust and selective CB2 cannabinoid 

ligand 1-(2',4'-Dichlorophenyl)-6-methyl-N-piperidin-1-yl-1,4-di-



64    Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 1 Rivers and Ashton 

hydroindenol[1,2c]pyrazole-3-carboxamide. J. Med. Chem., 2007, 

14 (59), 7502-7512. 

[220] Gonsiorek, W.; Lunn, C.A.; Fan, X.; Deno, G.; Kozlowski, J.; 

Hipkin, R.W. Sch35966 is a potent, selective agonist at the periph-

eral cannabinoid receptor (CB2) in rodents and primates. Br. J. 

Pharmacol., 2007, 151 (8), 1262-1271. 

[221] Friary, R.J.; Kozlowski, J.A.; Shankar, B.B.; Wong, M.K.C.; Zhou, 

G.; Lavey, B. J.; Shih, N.-Y.; Tong, L.; Chen, L.; Shu, Y. WO Pat-

ent 03/042174, 2003. 

[222] Tong, L.; Chem, L.; Shankar, B.B.; Kozlowski, J.; Shih, N.-Y. WO 

Patent 04/048322, 2004. 

[223] Kozlowski, J.; Shankar, B.B.; Shih, N.-Y.; Tong, L. WO Patent 

04/000807, 2003. 

[224] Kozlowski, J.; Shih, N.-Y.; Lavey, B.J.; Rizvi, G.; Shankar, B.B.; 

Spitler, J.M.; Tong, L.; Wolin, R.L.; Wong, M.K.C. W.O. Patent 

02/062750, 2002. 

 

 

 

Received: October 20, 2009 Revised: December 21, 2009 Accepted: January 22, 2010 



Copyright of Central Nervous System Agents in Medicinal Chemistry is the property of Bentham Science

Publishers Ltd. and its content may not be copied or emailed to multiple sites or posted to a listserv without the

copyright holder's express written permission. However, users may print, download, or email articles for

individual use.




