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Abstract The concept of the central nervous system (CNS) as
an immune-privileged site, essentially due to the presence of
the blood brain barrier, appears to be overly simplistic. Indeed,
within healthy CNS immune activities are permitted and are
required for neuronal function and host defense, not only due
to the presence of the resident innate immune cells of the
brain, but also by virtue of a complex cross-talk of the CNS
with peripheral immune cells. Nonetheless, long-standing and
persisting neuroinflammatory responses are most often detri-
mental and characterize several neuroinflammatory diseases,
including multiple sclerosis, Alzheimer’s disease and amyo-
trophic lateral sclerosis. A growing body of evidence suggests
that Cannabis sativa-derived phytocannabinoids, as well as
synthetic cannabinoids, are endowed with significant immu-
noregulatory and anti-inflammatory properties, both in periph-
eral tissues and in the CNS, through the activation of canna-
binoid receptors. In this review, the immunomodulatory ef-
fects of cannabinoid signaling on the most relevant brain im-
mune cells will be discussed. In addition, the impact of can-
nabinoid regulation on the overall integration of the manifold
brain immune responses will also be highlighted, along with
the implication of these compounds as potential agents for the
management of neuroinflammatory disorders.
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Introduction

Cannabis (Cannabis sativa) has been known since ancient
times and has been used for recreational and medicinal pur-
poses for more than 5000 years (Russo 2001; Mechoulam
et al. 2014). Although the first plant-derived cannabinoids or
phytocannabinoids (phyCBs), like cannabinol (CBN) and
cannabidiol (CBD), were isolated during the first half of the
20th century, it was only in 1964 that Mechoulam’s group
isolated and characterized for the first time the main psychotro-
pic principle of cannabis,Δ9-tetrahydrocannabinol (Δ9-THC).
Mechoulam’s elegant work formed indeed the basis of canna-
binoid research as we know it today (Gaoni and Mechoulam
1964). Later on, the advent of synthetic cannabinoids or
syntho-cannabinoids (syCBs) led to the discovery and cloning
of type-1 and type-2 cannabinoid receptors (CB1 and CB2)
(Pertwee et al. 2010), and showed that cannabis and
cannabimimetic compounds clearly act on animal systems via
physiological frameworks that normally regulate natural
processes. The isolation of the endogenous ligands of these
receptors in the first half of 1990s, termed “endocannabinoids”,
led to the discovery of the two main substances:
arachidonoylethanolamide (anandamide, AEA) and 2-
arachidonoylglycerol (2-AG) (Devane et al. 1992; Mechoulam
et al. 1995), along with the understanding of their molecular
mechanisms at the dawn of 21st century. This knowledge
closed a circle but opened a new avenue of research based on
the development of an ever-growing number of syCBs
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possessing better specificity towards cannabinoid receptors,
and aimed at better understanding the role of cannabinoids in
the control of several pathophysiological processes.

Plant-Derived Cannabinoids and Synthetic Cannabinoids

PhyCBs belong to a class of compounds, mostly found in Can-
nabis sativa and Cannabis indica, that are produced by decar-
boxylation of their acid precursor. They include a wide array of
terpenophenolic compounds (at least 85 to date) with strong
structure-activity related properties and grouped into 11 differ-
ent classes that depend on carbon skeleton configuration
(ElSohly 2002): cannabigerol (CBG)-type, cannabichromene
(CBC)-type, cannabidiol (CBD)-type, Δ9-tetrahydrocannabi-
nol (Δ9-THC)-type,Δ8-tetrahydrocannabinol (Δ8-THC)-type,
cannabicyclol (CBL)-type, cannabielsoin (CBE)-type,
cannabitriol (CBT)-type, cannabinol (CBN)-type,
cannabinodiol (CBND)-type and a last class that includes com-
pounds with miscellaneous structure (e.g., cannabicitran and
cannabifuran). Indeed, CBN- and CBND-type cannabinoids
are thought to be oxidation artifacts of THC (ElSohly 2002;
Elsohly and Slade 2005; Pertwee 2006; El-Alfy et al. 2010).
Although a great number of phyCBs has been reported to have
different biological properties, THC, CBN and CBD have re-
ceived particular attention due to their broad spectrum of ac-
tions, which include analgesic and anti-inflammatory effects
(Pertwee 2006; Howlett et al. 2002; Mechoulam et al. 2007).
Nonetheless, THC is the main psychoactive cannabinoid due to
its well-known actions in the CNS, and its use as a recreational
drug (El-Alfy et al. 2010). Despite CBD is also able to activate
serotonine receptors (Russo et al. 2005), its congeners mostly
bind to CB1 and CB2, yet with different affinities. Deeper un-
derstanding of the chemical and structural features of phyCBs,
as well as of their receptor affinity, led to the synthesis of new
compounds, the syCBs, whose development was boosted in
search of higher selectivity, needed to discriminate the specific
role of each receptor in the different pathophysiological pro-
cesses (and to ultimately exploit them as better therapeutics
with a few or none at all side effects). SyCBs are an extremely
heterogeneous class of artificial compounds, that fall into 3
main chemical groups: (i) classical syCBs, which include
dibenzopyran derivatives that are structurally similar to THC,
the most notable example of which is (−)-11-hydroxy-Δ8-
THC-dimethylheptyl (HU210); (ii) non classical syCBs, which
include byciclic or tricyclic analogues of Δ9-THC lacking a
pyran ring, CP55,940 being the most prominent member; and
(iii) pyrrol-, indene- and indole-derivates, which consist of var-
ious compounds without any structural resemblance with either
phyCBs or syCBs. The last class can be further divided into
several subtypes, depending on the molecular structure and
including aminoalkylindoles (e.g., WIN55,212-2),
benzoylindoles (e.g., AM694), naphtoylindoles (e.g., JWH-

015), naphtylmethylindoles, naphtylmethylindenes,
naphthoylpyrroles and phenylacetyl-indoles. Since HU210 and
CP55,940 bind both receptors with almost the same affinity,
research and drug-design have invested a great deal of attention
towards the development of gradually more selective com-
pounds, namely JWH- and AM-series (respectively developed
by John W. Huffman and Alexandros Makrijannis, hence their
name) (Huffman and Dai 1994; Makriyannis and Deng 2000).
Of note, JWH- or AM- suffixes do not necessarily reflect their
belonging to a particular class of syCBs (for instance JWH-133,
one of the most potent CB2 selective agonist, does not belong to
the third class because it is chemically a dibenzopyran). Not
surprisingly, development of highly selective cannabinomimetic
compounds has led in recent years to their use as “legal highs”
under brand names such as Spice or K2. As a consequence,
many of these compounds have been forbidden in several coun-
tries due to their psychoactive effects similar to THC (yet with
greater intensity), which led to medical and psychiatric emer-
gencies (ElSohly et al. 2014; Castaneto et al. 2014).

Target Receptors and Signaling Pathways

PhyCBs and syCBs bind to and functionally activate their target
receptors, initiating various signaling pathways and leading to
several biological effects on different tissues. Themain receptor
targets for eCBs are type-1 (CB1) and type-2 (CB2) G protein-
coupled cannabinoid receptors (Pertwee et al. 2010;
Maccarrone et al. 2014) (Fig. 1). CB1 is widely expressed in
the nervous system and in many different extra-neural sites,
where it is involved in the regulation of cognitive, memory
and motor functions, as well as analgesia. Instead, CB2 is main-
ly expressed by the cells of the immune system where it is
commonly associated with the regulation of different immune
functions (Basu and Dittel 2011). However, CB2 has also been
identified in brainstem neurons, microglial cells and astrocytes,
where its presence was mainly correlated with cell activation or
insult (Atwood andMackie 2010). Indeed, upregulation of CB2

is associated with chronic inflammation of the nervous system,
as well as with several cardiovascular and bone disorders (Patel
et al. 2010; Galve-Roperh et al. 2013). CB1 and CB2 are me-
tabotropic receptors that usually couple to heterotrimeric Gi/o
proteins, thus leading to reduced cAMP levels through adenylyl
cyclase inhibition and subsequent inactivation of protein kinase
A (PKA). CB1 and CB2 also activate various effector protein
kinase cascades involved in cell proliferation and survival.
Among these, the most relevant are phosphatidylinositol 3-ki-
nase/protein kinase B (PI3K/PKB), mitogen-activated protein
kinase (MAPK) p38, extracellular-signaling regulated protein
kinase (ERK)-MAPK, and focal adhesion kinase (FAK)
(Galve-Roperh et al. 2013; Maccarrone et al. 2014). Other sig-
naling pathways include coupling to ion channels (N- and P/Q-
type Ca2+ channels and voltage-gated K+ channels), activation
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of phospholipase-C beta (PLCβ) and ceramide biosynthesis
(Galve-Roperh et al. 2013; Maccarrone et al. 2014). THC and
CBN bind to both CB1 and CB2 with high affinity, with the
latter being more avid for CB2 (Huffman 2000; Mahadevan
et al. 2000). Instead CBD, a non-psychoactive component,
shows little affinity for both receptors (Mechoulam et al.
2007). Additionally to CB1 and CB2, phyCBs and syCBs can
engage other non-CB targets and these include the transient
receptor potential vanilloid 1 (TRPV1) channel, expressed in
sensory neurons and in epithelial, endothelial and immune cells
(Xia et al. 2011); peroxisome proliferator-activated receptor
(PPAR) α and γ (Pistis and Melis 2010), which belong to a
family of nuclear receptors capable of regulating lipid turnover
and metabolism, as well as the orphan G protein-coupled re-
ceptor GPR55 (Moriconi et al. 2010). The presence of these

additional targets suggests that the term “cannabinoid receptor”
might be reconsidered in the near future, in order to embrace the
heterogeneity of the different molecular targets identified so far
for both phyCBs and syCBs.

Cannabinoid Regulation of Brain Immune Responses

Typical immune cells, such as lymphocytes, eosinophils, ba-
sophils, and plasma cells, are not normally found in the CNS
parenchyma, mostly because of the tight endothelial junctions
of the blood–brain barrier (BBB), which strictly limits their
entry. Only during intense immune activation or chronic sys-
temic inflammation (such as infections), entry of leukocytes
from the periphery occurs quite rapidly through specific areas

Fig. 1 Signaling networks of cannabinoid receptors by phyCBs and
syCBs. PhyCBs and syCBs elicit their biological effects by engaging
both membrane and intracellular receptors. Upon activation of CB1 and
CB2 G protein-coupled receptors, several downstream signaling
pathways are initiated, including: inhibition of adenylyl cyclase, thus
lowering cAMP intracellular levels; phosphorylation of p38 and
ERK1/2 MAP-kinases in a PLC- and PI3K/AKT-dependent manner, or
of FAK; promotion of ceramide biosynthesis. Moreover, they CB1 and
CB2 modulate Ca2+ and K+ channels. Upon activation of GPR55,
phyCBs and syCBs induce activation of Rho signaling and
phosphorylation of p38 MAP-kinase; instead, activation of TRPV1 and

PPARs leads to Ca2+-dependent signaling and regulation of gene
expression, respectively. Abbreviations: phyCBs phytocannabinoids,
syCBs synthocannabinoids, cAMP cyclic adenosylmonophosphate, GTP
guanosyltriphosphate, MAPK mitogen-activated protein kinase, ERK
extracellular signal-regulated kinase; PLC phospholipase C, PI3K
phosphatidylinositol 3-kinase, PKA protein kinase A, PKB protein
kinase B, FAK focal adhesion kinase, VDCC voltage-dependent calcium
channels, GIRK G protein-coupled inwardly-rectifying potassium
channels, GPR55, G protein-coupled receptor 55, TRPV1 transient
receptor potential cation channel subfamily V member 1; PPAR
peroxisome proliferator-activated receptor
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with an open BBB, termed circumventricular organs (i.e., cho-
roid plexus, subfornical organ, organum vasculosum of the
laminia terminalis, and median eminence) (Xanthos and
Sandkuhler 2014). Compelling evidence now suggests that
the brain is endowed with its own innate immune cells, pri-
marily microglia but also astrocytes and endothelial cells. In-
deed, microglia, astrocytes, endothelial cells, and even neu-
rons can release cytokines during disturbances of CNS ho-
meostasis (Rivest 2009). In this scenario, the role of cannabi-
noid signaling in the regulation of microglia and astrocytes
immune responses has been the most investigated and best
understood so far, and will be the main focus of this review.
This was possible thanks to deeper and recent knowledge on
the differential expression of cannabinoid receptors in the var-
ious resident cells of the CNS (Table 1). Also its role on the
integration of brain immune responses and in major
neuroinflammatory diseases will be discussed herein.

Cannabinoid Signaling in the Innate Cellular Soldiers
of the CNS

Microglia Microglial cells are a type of glial cells that are the
resident macrophages of the CNS, thus acting as the primary
immune sentinels of the brain and spinal cord. They share sev-
eral features with peripheral macrophages, including their

immunophenotype and functional traits. The ontogeny of
microglial cells is a controversial issue and to date two hypoth-
eses have been formulated to explain it (Prinz and Priller 2014).
The commonly accepted idea is that resident microglia differ-
entiate from mesodermal/mesenchymal monocyte precursors
that enter the brain during embryonic, fetal and perinatal stages
(Nayak et al. 2014). However, in recent years another interest-
ing hypothesis challenged the classical one, depicting
microglial cells as descending from amoeboid non-
hematopoietic microglial precursors in the yolk sac that express
typical monocyte/macrophage-associated markers; the latter
enter the brain in early stages of embryonal development
(Monier et al. 2007; Ginhoux et al. 2013). Furthermore, exper-
iments conducted on mice demonstrated that most of resident
macrophages of different systems (including brain microglia)
can differentiate through non-hematopoiesis-associated path-
ways (Perdiguero et al. 2014). It is possible that these two
mechanisms work together during development, to ensure in
different tissues a resident population of myeloid cells that act
as innate guardians of the pathophysiology of the organ.
Microglial cells act in the CNS as phagocytes/antigen-
presenting cells (APCs) and scavengers, carrying out crucial
tasks such as defense of the neural parenchyma against infec-
tions, tumors, ischemia, trauma and neurodegeneration
(Hanisch and Kettenmann 2007). They are believed to remain
in a dormant or surveying state in the healthy brain (resting
microglia). However, these cells can switch from a resting to
a primed state by an initial immune stimulus, even not exces-
sively intense, and subsequently can be rapidly activated upon
disturbance of brain homeostasis (Nayak et al. 2014). Activated
microglial cells undergo a plethora of dramatic structural and
functional changes, such as loss of ramified morphology in
favor of amoeboid, phagocytic phenotype, release of radical
species and of several inflammatory mediators. On the one
hand, such a process is meant to promptly contrast invading
microorganisms, and eliminate noxious cellular debris; on the
other hand, it resolves inflammation and promote tissue repair
(Hu et al. 2014). Indeed, much alike macrophages, microglia
are extremely heterogeneous and there is evidence that several
types of microglia exist, from neuroprotective to
neurodestructive. However, persistency of such an activated
stage can be deleterious in that it can fiercely expand tissue
damage, conversely hindering full recovery of tissue functions.
Although for a long time studies on tissue and cell distribution
of both CB1 and CB2 indicated that the former was mainly
expressed in the CNS while the latter was exclusively present
in tissues and cells of the immune system, now one can expect
to find appreciable levels of CB1 in microglia and no traces of
CB2. Surprisingly, resting microglia of healthy brain do not
particularly express neither CB1 nor CB2 (Stella 2010). Further
studies suggested that, although absent from the CNS under
normal conditions, CB2 is induced in glial cells, particularly
in reactive microglia, in response to different damaging

Table 1 Summary of cannabinoid receptor expression in different cells
of the brain

Cell type Cannabinoid receptors

Neurons CB1

↑CB2 upon injury

TRPV1

GPR55

PPAR

Microglia CB1 in resting cells

CB2 in resting cells

↑CB2 in resting cells

TRPV1

GPR55

PPAR

Astrocytes CB1

CB2 ?

TRPV1

GPR55 ?

PPAR

Oligodendrocytes CB1

CB2

TRPV1

GPR55 ?

PPAR ?
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conditions associated with local inflammatory events, and its
amount varies depending on the type of neuropathology
(Fernandez-Ruiz et al. 2007; Viscomi et al. 2009). For instance,
CB2 is remarkably upregulated in spinal cord injury (Zhang
et al. 2003) as well as in response to inflammatory challenges
(Maresz et al. 2005). High levels of CB2 are also found in
plaques-associated activated microglia of brain tissue from
Alzheimer’s and multiple sclerosis (MS) patients (Benito
et al. 2003; Yiangou et al. 2006). Moreover, recent studies have
proposed that CB2 receptors may be present in the brain even in
healthy conditions (Onaivi et al. 2006), despite this issue has
remained controversial due to uncertainty of experimental ap-
proaches used or of some methodological tools available. The
unexpected presence of CB2 rather than CB1 in microglia is
actually of no surprise, considering that these cells are part of
the immune system. Similarly to CB2, also GPR55 is differen-
tially expressed in microglia, as the expression of this receptor
is induced in both primary mouse microglia and the BV-2
mouse microglial cell line upon cell activation with LPS and
IFN-γ (Pietr et al. 2009). As yet, only two reports investigated
the role of GPR55 on the modulation of microglia inflamma-
tory responses, and suggest that its activation by its selective
agonists such as abnormal-CBD and the synthetic compound
O-1602 protected neurons by dampening microglia activation
(Janefjord et al. 2014). While the activation of microglial CB1

receptors has only been investigated onmollusk and rat microg-
lia, where CP55,940 exerts opposite effects on NO production
(Stefano et al. 1996; Waksman et al. 1999), the stimulation of
CB2 receptors by cannabinoids significantly affects the immune
responses of activated microglia. Indeed, activation of CB2

with selective compounds like JWH133, AM1241 or
SR144528 has been reported to potentiate microglial cell pro-
liferation and migration, while reducing the release of proin-
flammatory mediators like TNFα, IL-1 and IL-6 and reactive
species (Walter et al. 2003; Carrier et al. 2004; Kim et al. 2006;
Dirikoc et al. 2007; Eljaschewitsch et al. 2006; Ramirez et al.
2005). Moreover, in a viral model of MS, the nonselective
cannabinoid agonist WIN55,212-2 reduced microglial activa-
tion (Mestre et al. 2009). More recently, the use of the most
potent and selective CB2 agonist GP1a revealed that receptor
activation leads to reduced infiltration of microglial cells in
spinal cord, an effect that was paralleled by a decreased expres-
sion of several proinflammatory cytokines and chemokines
from T cells (Kong et al. 2014). The potential mechanism un-
derlying some of these anti-inflammatory effects is supposed to
be mediated by enhancing release of anti-inflammatory mole-
cules, such as IL-1ra (Molina-Holgado et al. 2003; Fernandez-
Ruiz et al. 2005, 2007). Another study reported that, although
both psychoactive THC and non-psychoactive CBD exert in-
hibitory effects on the production of inflammatory cytokines in
activated microglial cells in culture, their activities involve both
different and overlapping intracellular pathways (Kozela et al.
2010). These effects are not mediated via CB1, CB2, nor via

abnormal-CBD-binding receptors. For instance, CBD was re-
cently reported to enhancemicroglial phagocytosis via transient
receptor potential vanilloid 1 and 2 (Hassan et al. 2014). In
addition, CBD was found to inhibit microglial activation in a
mouse model of MS (Kozela et al. 2011). Additionally, CBD
and WIN55,212-2 inhibit microglial activation and migration,
both in vitro and in vivo (Martin-Moreno et al. 2011). The same
effect on microglial cell infiltration is induced in vivo by chron-
ic treatment with JWH133 (Martín-Moreno et al. 2012),
supporting a CB2-mediated neuroprotective role.

Astrocytes These cells are the most abundant in the whole
CNS, and like neurons and oligodendrocytes they derive from
the neuroectoderm (Chan et al. 2007). Astrocytes regulate al-
most every physiological aspect of the CNS, inasmuch as they
are responsible for a plethora of functions, including nutritional
and neuro-signaling support, neurotransmitters turnover, syn-
aptic plasticity, control and constitution of the BBB, regulation
of cerebral blood flow and energy metabolism (Jensen et al.
2013). Astrocytes are usually classified into three main cellular
subtypes, depending on their shape, role and distribution within
the CNS: (i) protoplasmic astrocytes are major regulators of the
synaptic function and reside in the grey matter; (ii) fibrous
astrocytes in the white matter are in physical contact with oli-
godendrocytes, and play a crucial role in myelination; (iii) ra-
dial astrocytes reside in the periventricular space and regulate
neuronal migration during embryogenesis (Sofroniew and
Vinters 2010; Pekny and Pekna 2014). There is also growing
evidence that astrocytes play a pivotal role in central immunity.
Indeed, upon insults they react to pathogens or damages (such
as strokes, trauma, infections, neurodegeneration) behaving
like an immune cell in a morpho-functional process that is
usually referred to as reactive gliosis or astrogliosis. The latter
is characterized by a marked hypertrophy of cellular processes,
as well as by secretion of many cytokines and chemokines to
influence effector cells, thus modulating the BBB and forming
glial scars (Pekny and Pekna 2014). This process, though
intended to restore tissue homeostasis, can degenerate and limit
neuronal functional recovery, rather than promoting it. Indeed,
astrogliosis is a hallmark of many neurodegenerative diseases
(Sofroniew and Vinters 2010). Furthermore, astrocytes can
sense the inflammatory environment by responding to pro-
and anti-inflammatory cytokines, danger-associated epitopes
via pattern-recognition receptors, and can respond to both by
changing their cell phenotype to perform immune-related tasks
as well as by directing the appropriate adaptive immune re-
sponse, in concert with microglia. Although they do not serve
as professional APCs, it seems likely that astrocytes are partic-
ularly active in the detection of, and defense against, CNS viral
infection (Jensen et al. 2013). Few studies have addressed the
expression profile and functional significance of cannabinoid
receptors in astrocytes. It is noteworthy that cultured astrocytes
from different species or brain regions show great variation in
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cannabinoid receptors expression; for instance, rat astrocytes
express CB1, whereas mouse astrocytes do not, and the activa-
tion of this receptor by THC on rat astrocytes increases the rate
of glucose oxidation and ketogenesis, both crucial for the ener-
gy supply of the brain (Blazquez et al. 1999; Sanchez et al.
1998). As a matter of fact, most studies have been centered
on CB1, proving that it holds a physiological importance in
communication between astrocytes and neurons, and in modu-
lation of synaptic plasticity, by acting on release of
gliotransmitters, energy supply and neuroprotection
(Magistretti 2009; Chen and Swanson 2003). More strictly re-
lated to the immunomodulatory role of astrocytes, activation of
CB1 on these cells restricts the production of inflammatory
mediators, such as NO induced by LPS and IL-1β (Molina-
Holgado et al. 2002; Sheng et al. 2005). Indeed, WIN55,212-2
inhibited the expression of iNOS and corresponding NO pro-
duction by IL-1β-stimulated astrocytes, and the release of
TNF-α and CXCL10, CCL2 and CCL5 chemokines. Many
of these effects were partially antagonized by both CB1- and
CB2-specific antagonists SR141716A and SR144528, respec-
tively (Sheng et al. 2005). Similarly, WIN55,212-2 and CBN
dose-dependently inhibited NO production and iNOS expres-
sion in C6 rat glioma cells, but only in a CB1-dependent man-
ner (Esposito et al. 2001). However, at the same time another
study reported that WIN55,212-2 strongly inhibited IL-1β-
induced production of ICAM-1 and VCAM-1 adhesion mole-
cules, as well as of IL-8 chemokine from astrocytoma cells.
These effects were independent of CB receptors, and rather
engaged inhibition of NF-kB activity (Curran et al. 2005). In-
terestingly, THC was found to regulate a group of biologically
relevant genes and proteins in human astrocytes, associated
with inflammation and the immune response (Bindukumar
et al. 2008). To date, the presence of CB2 in astrocytes remains
quite controversial, and its expression appears to be higher at
lesioned sites or in astrocytomas (Fernandez-Ruiz et al. 2005;
Stella 2010). One of the few reports showing a direct role of
CB2 in the regulation of astrocytic immune responses docu-
mented that WIN55,212-2 suppresses IL-1β-triggered produc-
tion of the neuroprotective CX3CL1 in a CB2-dependent man-
ner, triggering p38MAPK phosphorylation (Sheng et al. 2009).
Altogether these findings, summarized in Fig. 2, support the
concept that phyCBs and syCBs bear relevant anti-
inflammatory and neuroprotective properties on both glial cells,
and that these compounds may have true therapeutic potential
for the treatment or management of neuroinflammatory
disorders.

Cannabinoid-Mediated Integration of Brain Immunity

After the CNS, the immune system is considered the most
complex in the body, providing a dynamic, highly versatile

and, in many instances, a very specific defense. It is now clear
that both systems do not function independently of each other,
but are rather intimately connected, showing manifold inter-
actions that drive the overall body health. Indeed, a bidirec-
tional relationship links the immune systemwith the CNS, and
such a communication pathway serves as the foundation for
the multidisciplinary field of neuroimmunology (Wrona
2006). Immune cells and neuroimmune molecules such as
cytokines, chemokines, and growth factors modulate brain
functions through multiple signaling pathways throughout
the lifespan. The CNS is under constant monitoring from both
the adaptive and innate immune system. Throughout develop-
ment and adult life, the immune system detects, and responds
to, changes in cell identity and neural connectivity. Deregula-
tion of both adaptive and acquired immune responses, impair-
ment of crosstalks between these two systems, and alterations
in the deployment of innate immune mechanisms can predis-
pose the CNS to autoimmunity and neurodegeneration
(Schwartz and Baruch 2014; Banks 2014). Among the main
check points through which the immunosurveillance and in-
flammatory responses of the brain are regulated, the role of
Toll-like receptors (TLRs), and of the recruitment of leuko-
cytes from the periphery through the BBB, seem to be crucial
and it is well-known that they are modulated by phyCBs and
syCBs (Downer 2011; Klein 2005). Incidentally, in both mi-
croglia and astrocytes THC, CBD, WIN55,212-2 and CP55,
940 ablate proinflammatory mediators production and
neuroinflammatory changes mediated by TLR4 (Facchinetti
et al. 2003; Waksman et al. 1999; Froger et al. 2009; Cabral
et al. 2001; Molina-Holgado et al. 2002). WIN55,212-2 acts
also as a novel regulator of TLR3, by selectively enhancing
TLR3-induced expression of the antiviral IFN-β (Downer
et al. 2011). TLRs are key players in infectious and non-
infectious diseases of CNS, and their responses can be bene-
ficial or detrimental, depending on the strength and timing of
the activating signal (Kawasaki and Kawai 2014). Although
additional data are required to further elucidate the regulatory
role of phyCBs and syCBs on other TLR-dependent cascades,
evidence for a cannabinoid-based modulation of these recep-
tors suggests that these compounds are also crucial in achiev-
ing coordinated responses that are appropriate for maintaining
brain homeostasis. Another checkpoint is represented by the
expression of major histocompatibility complex (MHC) mol-
ecules, mainly MHC class I and class II, which play a key role
in the induction and regulation of immune responses. The
former class presents intracellular antigens and is expressed
in most nucleated cells, whereas the latter class presents ex-
tracellular antigens is expressed only on APC, mature B cells
and activated Tcells. MHCmolecules are particularly induced
upon cell maturation and activation by specific transactivators,
the most important of which is MHC class II transactivator
CIITA (Reith et al. 2005). Very few reports have investigated
the role of phyCBs and syCBs on the regulation of MHC
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expression, yet there is a general consensus that these com-
pounds may reduce MHC molecules either directly (Wacnik
et al. 2008) or through downregulation of CIITA (Gongora
et al. 2004).

Concerning the infiltration of blood leukocytes within
the CNS, which is a classical paradigm associated with
neuroinflammation that leads to detrimental effects on neu-
ronal functioning and glial responses (Wrona 2006), both
phyCBs and syCBs have been shown to impact on such a
process. The first evidence came from Guaza’s group, who
reported that WIN55,212-2 is able to reduce ICAM-1- and
VCAM-1-mediated CD4+ T lymphocytes infiltration in
brain endothelium (Mestre et al. 2009). Subsequently, this
finding was confirmed by the same group using the non-
psychotropic CBD, which also involved down-regulation of
chemokines and of IL-1β (Mecha et al. 2013). In addition,
further studies demonstrated that selective activation of ei-
ther CB1 or CB2 by syCBs inhibit leukocyte entry into the
CNS in models of brain ischemia (Murikinati et al. 2010),

MS (Mestre et al. 2011; Rossi et al. 2011; Kong et al.
2014), encephalitis (Ramirez et al. 2012), and uveitis
(Toguri et al. 2014).

Interestingly, further evidence has recently shown that
the regulation of the overall integration of immune re-
sponses and the evolution of several chronic inflamma-
tory diseases are mediated by epigenetic mechanisms
(Huang and Wells 2014). Of note, cannabinoids have
been recently reported to regulate epigenetic modifica-
tions in both health and disease via chemical interactions
with epigenetic enzymes, and through interactions with
DNA repair mechanisms (D’Addario et al. 2013; Pucci
et al. 2013; Lotsch et al. 2013; Yang et al. 2014). This
appears particularly important, because targeting canna-
binoid signaling might serve as a potentially innovative
strategy to suppress the expression of proinflammatory
genes, while activating that of anti-inflammatory genes,
overall regulating the intricate immunologic responses
within the brain.
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Fig. 2 Beneficial effects of phyCBs and syCBs on brain immune cells.
Both phyCBs and syCBs inhibit microglial activation and migration, as
well as release of proinflammatory cytokines or reactive species, thus
preventing neuronal death and axonal loss. Moreover, both groups of
substances inhibit release of proinflammatory mediators from

astrocytes, either preventing neuronal death or limiting further
microglial activation. Most of these effects are mediated by mixed or
selective CB1/CB2 agonists (see text for details). Abbreviations: ROS
reactive oxygen species, NO nitric oxide
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Cannabinoid-Based Modulation of Neuroinflammatory
Diseases

In the light of their anti-inflammatory and neuro-protective
properties, cannabinoids are currently under investigation for
the treatment or management of several neuroinflammatory
diseases, including MS, Alzheimer’s disease (AD),
Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS), and Parkinson’s disease (PD) (Ashton 2007; Koppel
et al. 2014). Indeed, neuroinflammation and neurodegenera-
tion, both characterized by hyperactive glial cells accompa-
nied by infiltration of blood leukocytes (which both release a
myriad of proinflammatory mediators), are a hallmark of these
neurodegenerative diseases. Most of these findings have
stemmed from animal models, which have proven to be valu-
able settings for the study of pharmacological modulation of
CB receptors. However, there is still controversy on the origin
of the different cells that populate the CNS in rodents and
humans; therefore, a distinction between mouse models or
patients affected by the disorders of interest has been made
in this section.

AD is characterized by a progressive decline in cognitive
function and extensive neuronal loss due to numerous amy-
loid plaques and neurofibrillary tangles that cause neuronal
death. Amyloid plaques are primarily composed of aggregates
of β-amyloid (Aβ), as well as other protein aggregates (e.g.,
hyperphosphorylated Tau, ubiquitin, and presenilins 1 and 2),
whereas neurofibrillary tangles are aggregates of
hyperphosphorylated Tau protein (Gosselet et al. 2013;
Chiurchiù and Maccarrone 2011). Activated microglia are,
indeed, found within Aβ plaques and both CB1 and CB2 are
increased, suggesting a role for cannabinoids in the modula-
tion of inflammatory processes during AD. Indeed, THC has
been found to inhibit acetylcoline esterase-induced aggrega-
tion of Aβ (Eubanks et al. 2006), while CBD reduced the
transcription and expression of glial proinflammatory mole-
cules in the hippocampus of an in vivo mouse model of Aβ-
induced neuroinflammation (Esposito et al. 2007). In indepen-
dent studies, WIN55,212-2 and SR141716A have been found
to prevent Aβ-induced microglial activation in AD patients
(Ramirez et al. 2005), and amnesia in the AD mouse model
(Mazzola et al. 2003).

HD is characterized by loss of muscle coordination, cogni-
tive decline and behavioral symptoms caused by a genetic
defect (in the gene encoding for the huntingtin protein), that
causes abnormal protein processing and aggregation, ulti-
mately leading to cytotoxic effects (Ross and Tabrizi 2011).
In HD, there is a reduction of CB1 in the basal ganglia of either
rat and mouse models of HD or post-mortem brains of HD
patients, where the most prominent cell loss occurs (Blazquez
et al. 2011; Lastres-Becker et al. 2002). Furthermore, THC has
been found to attenuate motor coordination deficits and pro-
tein aggregation in a mouse model of HD (Blazquez et al.

2011), whereas oral doses of CBD have been used for a clin-
ical trial in patients with HD, but its efficacy was almost the
same as that of the placebo (Consroe et al. 1991). SyCBs like
WIN55,212-2 and HU210 have also been found to exert par-
tial neuroprotection in animal models of HD (Sagredo et al.
2012), yet further studies are needed to understand how and if
cannabinoids can be used in clinical practice for the treatment
of this disorder.

PD is characterized by muscular rigidity, bradykinesia,
tremor of resting limbs, and loss of postural balance. The basic
neuropathology of PD involves degeneration of pigmented
neurons in substantia nigra, resulting in depletion of striatal
dopamine and its metabolites and subsequent impairment of
dopaminergic neurotransmission in the basal ganglia
(Schapira and Tolosa 2010; Chiurchiù and Maccarrone
2011). Due to the increased activity of CB1 in the basal gan-
glia and its role in regulating neurotransmitter release and
motor activity, agonists for this receptor have proven to be
useful therapeutics against PD. Indeed, in mouse models of
PD WIN55,212-2 has been shown to protect nigrostriatal do-
pamine neurons and microglial activation (Price et al. 2009),
while SR141716A attenuated the hypokinesia induced by 6-
hydroxydopamine injection (Gonzalez et al. 2006). A clinical
trial is currently investigating the effect of phyCBs on tremors
associated to PD, and results from this study are expected by
the end of 2015 (Cl in ica lTr ia l s .gov Iden t i f i e r :
NCT02028858). ALS is a neurodegenerative disease that af-
fects primarily motor neurons in the spinal cord and brain
stem, ultimately leading to progressive weakness and atrophy
of skeletal muscles, weakness of chest muscles and dia-
phragm, and dysfunction of the larynx and pharynx, thus lead-
ing to respiratory problems, and ultimately to death. Currently
the only licensed therapy available for the treatment of ALS is
the anti-glutamatergic agent Riluzole, which has limited ther-
apeutic effects. However, there is increasing evidence that
cannabinoids and manipulation of the cannabinoid system
may have therapeutic value in ALS. Although evidence on
cannabinoids in ALS is scarce, the ability of these compounds
to target multiple neurotoxic pathways and to exert neuropro-
tective and symptomatic effects in this disorder in both animal
models of ALS and in true patients (Raman et al. 2004; Kim
et al. 2006; Shoemaker et al. 2007; Rossi et al. 2010) boosted
several clinical trials with phyCBs (Carter et al. 2010; Weber
et al. 2010; Joerger et al. 2012), also using a Sativex®-like
combination of THC and CBD (Moreno-Martet et al. 2014).
Yet, the use of cannabinoids to treat ASL needs to be further
investigated, and should focus on strategies that selectively
activate CB2 receptors.

Undoubtedly, the most promising clinical use of cannabi-
noids concerns MS. This is a demyelinating, chronic inflam-
matory immune-mediated disease of the CNS, and is charac-
terized by either episodic acute periods of exacerbations (re-
lapses or attacks), gradual progressive deterioration of
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neurologic function, or combinations of both (Compston and
Coles 2008; Chiurchiù and Maccarrone 2011). As a matter of
fact, the hallmarks of MS are inflammation and neurodegen-
eration where, upon BBB damage, a massive infiltration of
highly proinflammatory and autoreactive leukocytes occurs,
thus causing demyelination as well as oligodendrocyte death,
axon damage, and even neuronal loss (Weissert 2013). These
autoimmune processes are paralleled by a continuous activa-
tion of resident macrophages/microglia, which potentiate the
inflammatory response by producing proinflammatory cyto-
kines and chemokines, along with reactive oxidants (Gandhi
et al. 2010). Especially thanks to animal models of MS, i.e.,
experimental autoimmune encephalomyelitis (EAE) and
Theiler’s murine encephalomyelitis virus-induced demyelin-
ating disease (TMEV-IDD), a great deal of evidence has been
accumula ted fo r a ro le o f cannab ino ids in the
immunopathogenesis of MS. To date, it is clear that not only
the cannabinoid system is profoundly altered in MS patients
(Centonze et al. 2007; Maccarrone et al. 2011; Chiurchiu et al.
2013), but also that phyCBs and syCBs have the potential to
exert a myriad of immunomodulatory and neuroprotective
effects (Pryce and Baker 2012; Granja et al. 2012; Jawahar
et al. 2013). These findings paved the way to multiple clinical
trials with cannabinoids and, at present, the cannabinoid oral
spray Nabiximol®, which is a 1:10 mixture of the two canna-
binoids THC and CBD, is available in the UK, in some Euro-
pean and Asian countries, but not yet in the U.S.A. (Sanchez
and Garcia-Merino 2012). Nabiximol® was developed by
GW Pharmaceuticals, and is currently prescribed for the neu-
ropathic pain and spasticity associated with MS.

Nonetheless, despite the wealth of data describing
cannabinoid-based and CB1/CB2 –targeting drugs as promising
approaches in the treatment of neurodegenerative diseases and
neuroinflammatory conditions, interesting new findings un-
veiled a possible unexpected dark side of cannabinoids and
cannabimimetic compounds. Indeed, recently chronic exposure
to cannabis components has been shown to cause microglial
activation and subsequent cerebellar dysfunction through
deregulated release of glutamate by cerebellar neurons
(Cutando et al. 2013). Such an effect opens the possibility that,
at least under particular circumstances, phyCBs and syCBs
could lead to neuroinflammation instead of neuroprotection.
Hence, the effects of these compounds are considerably com-
plex, and the outcome of their action on the immunopatholog-
ical features of neurodegeneration and neuroinflammation
could either depend on their direct action on the cellular com-
ponents of inflammation or on secondary events, in a rather
intricate manner. Future therapies will have to consider both
sides of the coin, as well as the possibility of additional side
effects of cannabinoid-related drugs, including volume reduc-
tion of pivotal memory-associated brain areas (Lorenzetti et al.
2014), and onset of psychopathological issues (Radhakrishnan
et al. 2014; Sanchez-Blazquez et al. 2014).
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