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The biologically active components of cannabis have therapeutic potential in
neuroinflammatory disorders due to their anti-inflammatory propensity. Cannabinoids
influence immune function in both the peripheral and the central nervous system (CNS),
and the components of the cannabinoid system, the cannabinoid receptors and their
endogenous ligands (endocannabinoids), have been detected on immune cells as well as
in brain glia. Neuroinflammation is the complex innate immune response of neural tissue
to control infection and eliminate pathogens, and Toll-like receptors (TLRs), a major
family of pattern recognition receptors (PRRs) that mediate innate immunity, have
emerged as players in the neuroinflammatory processes underpinning various CNS
diseases. This review will highlight evidence that cannabinoids interact with the immune
system by impacting TLR-mediated signaling events, which may provide cues for
devising novel therapeutic approaches for cannabinoid ligands.
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NEUROINFLAMMATION

Inflammation in the central nervous system (CNS) (neuroinflammation) incorporates a spectrum of
cellular processes that include the activation of glial cells, modulation of cytokine and chemokine
balance, neuronal dysfunction, and neurodegeneration[1]. Indeed, neuroinflammatory events are integral
to disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), and
stroke[2]. Immune surveillance occurs in the CNS, dispelling previous dogma that the CNS is an
immune-privileged site, and such immune control directs the neuroinflammatory response in neurological
disorders[3]. The classical paradigm associates neuroinflammation with strong infiltration of the CNS
with proinflammatory blood leukocytes due to blood brain barrier (BBB) alterations[4]. Leukocyte arrival
in the CNS is followed by production of reactive oxygen species, proinflammatory cytokines, and
cytolytic enzymes, leading to detrimental effects on neuronal functioning. However, long-standing
investigations have also identified glial cells, particularly microglia, as key players in both acute and
chronic neurological conditions[5]. Upon CNS injury, microglia transform to an ‘“activated” form,
whereby they display a phagocytic and ramified phenotype, participating in disease pathogenesis via the
production of oxygen radicals, cytokines, glutamate, and proteases[6]. The activity of microglia is
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controlled by multiple factors, including interferon (IFN)-y, a T-cell cytokine, and B-amyloid (AB), in
addition to their complex interaction with neurons, astrocytes, and T cells[7].

Toll-like receptors (TLRs) are type-l transmembrane glycoproteins involved in the recognition of
conserved microbial motifs[8]. They continue to emerge as key players in infectious and noninfectious
CNS diseases, in addition to their defined role in innate immunity (see below). TLR-mediated responses
can be beneficial or detrimental, depending on the strength and timing of the activating signal. With
respect to neuroinflammatory conditions, specific roles of TLRs have been shown in animal disease
models[9,10], while the expression of TLRs, and their related signaling proteins, has been characterized
in CNS glia and neurons[11]. Hence, while current treatments for neurological conditions are based on
regulating inflammation and neurotransmission, in addition to immunomodulation and repair of damage,
modulating the innate immune response by targeting TLRs and their signaling cascades in the CNS may
represent a strong therapeutic avenue for neuroinflammatory conditions.

INNATE IMMUNE SIGNALING IN THE CNS

The innate immune system represents the earliest defense against pathogens, providing protection against
infections and self-antigens. This system is orchestrated by a number of cells, including mast cells,
dendritic cells (DCs), neutrophils, natural killer (NK) cells, y 6 T cells, and macrophages. These cells act
as crucial initiators/effectors of innate immune responses, and play diverse roles in the pathogenesis of
neuroinflammatory conditions via the secretion of cytokines, activation and differentiation of naive T
cells, and production of superoxide and other reactive oxygen species[12]. Furthermore, in the last 15
years, it has become clear that glial cells play an active role in the CNS[7] and this role in innate immune
responses in the CNS is central to this review.

Innate immunity is tightly regulated by a complex mechanism involving pattern recognition receptors
(PRRs) that recognize molecular signatures of microbes known as pathogen-associated molecular patterns
(PAMPs). Intracellular signaling triggered by PRRs leads to transcriptional expression of inflammatory
mediators that coordinate the elimination of pathogens and infected cells[13]. PRRs are expressed on
innate immune cells and are involved in microbe recognition/internalization by phagocytes (endocytic
receptors), cell activation in response to diverse microbial moieties (signaling receptors), and apoptotic
cell recognition (bridging molecules and endocytic receptors)[14]. TLRs belong to the family of signaling
PRRs, along with retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs)[14]. If left unchecked, or not tightly regulated,
dysregulation of this system can lead to conditions such as sepsis, asthma, and autoimmunity[15]. NLRs
respond to pathogens to activate pro- and anti-inflammatory pathways, with mutations or polymorphisms
in both human or mouse NLRs linking these receptors with inflammatory disorders, such as Crohn’s
disease[16]. Similarly, some evidence, although limited, demonstrates that RLRs can activate
inflammatory cascades that may have consequences for the progression of neuroinflammatory
responses[17].

TLR activation is a major inducer of neuroinflammation, with a large body of evidence demonstrating
that TLR ligands induce CNS inflammation via production of cytokines, nitric oxide, and
chemokines[15,18]. The extracellular domains of TLRs contain leucine-rich repeat motifs for recognition
of their respective pathogens and a conserved intracellular Toll-interleukin-1 receptor (TIR) domain to
initiate downstream signaling[8]. TLRs are involved in the recognition of bacterial/viral products by the
activation of transcription factors, such as nuclear factor (NF)-xB, and the subsequent induction of genes
encoding IFNs and proinflammatory cytokines[8]. To date, 13 mammalian TLRs have been identified
and, with the exception of TLR3, all TLRs recruit the adaptor myeloid differentiation factor 88
(MyD88)[19] (Fig. 1). TLR3 induces MyD88-independent signaling to regulate NF-xB via the TIR-
domain—containing adaptor-inducing IFN-B (TRIF) adaptor protein. Such TRIF-mediated signaling
constitutes the MyD88-independent pathway and, in addition to stimulating NF-xB, this pathway promotes
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FIGURE 1. Mechanism of R(+)WIN55,212-2-induced regulation of TLR3 and TLR4 signaling[68].
R(+)WIN55,212-2 inhibits the proinflammatory signaling axis triggered by TLR3 and TLR4, while
selectively augmenting TLR3-induced expression of IFN-B. Innate immune recognition by TLRs
culminates in the induction of an array of immune response genes, including proinflammatory
cytokines and chemokines, in addition to type-1 IFNs. TLRs induce signaling via recruitment of the
adaptor MyD88, with the exception of TLR3, which induces Myd88-independent signaling via TRIF
protein. TRIF-mediated signaling promotes the phosphorylation and nuclear localization of
transcription factor IRF3 and subsequent induction of type-1 IFNs. TLR4 uses Myd88-dependent and
-independent pathways to activate NF-kB via the downstream adaptor tumor necrosis factor (TNF)

receptor-associated factor 6 (TRAF-6), resulting in the translocation of an active heterodimer protein
to the nucleus and induction of proinflammatory genes.

the phosphorylation of another family of transcription factors, the IFN regulatory factors (IRFs)[20]. The
phosphorylation of IRFs promotes their nuclear translocation and induction of type-1 IFNs[8]. TLR4 can
initiate both MyD88- and TRIF-dependent signaling pathways, but can only recruit these adaptors by first
employing the bridging adaptors, MyD88 adaptor-like (Mal) and TRIF-regulated adaptor molecule
(TRAM)[8] (Fig. 1). Hence, overstimulation of TLR pathways can lead to increased levels of type-1 IFNs
and proinflammatory cytokines that exacerbate inflammation in the CNS.

While early reports on TLR expression patterns focused mainly on immune cells (DCs, T cells,
macrophages)[21] and their role in orchestrating a comprehensive program to remove invading
pathogens, it has become increasingly clear that TLRs have a distinct role in immune surveillance and
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inflammatory responses in the CNS. Indeed, more recent studies have characterized TLR expression
profiles on resident CNS cells, including microglia (TLRs 1-9)[22], astrocytes (TLRs 1-5, 9,
13)[23,24,25], and neurons (TLRs 2-5, 8, 9, 11-13)[24,26,27]. TLR expression has been determined on
glial cells in human CNS tissue derived from patients suffering from MS and other diseases, and
interestingly, changes in the TLR expression profile have been determined in the neuroinflammed
brain[28]. Knockout studies have elucidated the complex role of TLRs and TLR signaling proteins in
neuroinflammatory conditions. Indeed, TLR2[18], TLR9[29], and MyD88[29] deficiency is protective in
models of neuroinflammation, while TLR4[30], TLR2[31], and TRIF (receptor proximal adaptor for
TLR3 and TLR4)[32] deficiency has been shown to exacerbate disease in neuroinflammatory models,
indicating the complex interplay of these pathways in inflammatory conditions.

CANNABINOID CHARACTERISTICS

Cannabinoids incorporate the components of the cannabis plant (Cannabis sativa L.), the endogenous
cannabinoids (endocannabinoids), and the synthetic cannabinoid ligands[33]. The cannabinoid system is
linked with all aspects of human physiology and the biological effects of cannabis intake include the
impairment of short-term memory, acute panic reactions, and motor incoordination[34]. Cannabinoids
elicit diverse central and peripheral effects by activating G protein—coupled cannabinoid receptors CB;
and CB,, the expression of which has been localized on glia[35], immune cells[36], and neurons[37].
Indeed, much experimental evidence indicates that cannabinoid receptors are key players in mediating
neuroinflammatory events[38,39]. CB; receptors are expressed at high levels throughout the brain[40],
while CB, receptor expression is predominantly restricted to glia, with neuronal CB, expression restricted
to a population of neurons in the brainstem[41]. Importantly in microglia, changes in CB; and CB,
expression have been determined depending on their activation profile, with CB, expression up-regulated
on activated microglia in CNS tissue in response to neuroinflammatory events[42], although the
implications of this are not clear. Studies in CB;, CB,, or double-knockout mice have revealed non—
CB,/CB; receptor-mediated cannabinoid effects[43] with potential candidates identified as the orphan G
protein—coupled receptor GPR55[44], transient receptor potential vanilloid type-1 (TRPV1) channel[45],
or the nuclear receptor superfamily of peroxisome proliferator-activated receptors (PPARS)[46].
Following cannabinoid receptor interaction, cannabinoids couple to multiple signal transduction
pathways, including mitogen-activated protein (MAP) kinases, adenylyl cyclase, and ion channels, with
the cellular outcome depending on both the cell type and the cell context[47].

Several therapeutic effects have been ascribed to cannabis use, including the alleviation of intraocular
pressure[48] and emesis[49]. To date, three cannabis-based medicines are in the clinic, including
Cesamet® (nabilone; a synthetic derivative of the plant-derived cannabinoid tetrahydrocannabinol; THC),
Marinol® (dronabinol; synthetic THC), and Sativex® (a combination of two plant-derived cannabinoids,
THC and cannabidiol [CBD]). Cesamet and Marinol are used as antiemetics following chemotherapy,
while Sativex has demonstrated efficacy in MS patients with central pain and spasticity[50]. Furthermore,
the neuroprotective[51], anti-inflammatory (see below)[52], and antitumoral[53] propensity of
cannabinoids make them promising therapeutic targets.

CANNABINOID ROLE IN NEUROINFLAMMATION

Cannabinoids are currently under investigation for the treatment or management of inflammatory
conditions, including MS, rheumatoid arthritis, AD, and glaucoma[52]. In particular, it is accepted that
some MS patients self-medicate with cannabis, which is suggested by anecdotal evidence to be beneficial
in controlling symptoms such as pain, spasticity, and tremor, and is supported by clinical trials of medical
cannabis extracts[54]. Such studies paved the way for clinical studies on Sativex, an oromucosal pump
spray containing a combined cannabinoid medicine constituted by the two plant-derived cannabinoids
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THC and CBD in a 1:1 ratio[55]. Sativex was developed by GW Pharmaceuticals and is currently
prescribed for the neuropathic pain and spasticity associated with MS, in addition to cancer pain[50]. It is
noteworthy that beneficial effects of cannabinoid agonists have been demonstrated in PD patients[56],
with further trials revealing beneficial effects of cannabinoids in AD patients[57]. Further studies will
elucidate the clinical potential of cannabinoid compounds in these conditions.

Research evidence demonstrating the anti-inflammatory properties of cannabinoids in animal models
of neuroinflammation indicates that cannabinoid administration attenuates the clinical development of
experimental autoimmune encephalomyelitis (EAE), an animal model of MS[58], in addition to exerting
anti-inflammatory properties in rodent models of AD-related neuroinflammation[59], PD[60], head
injury[61], aging[62], and ischemia[63]. Much in vitro data support these findings. Indeed, protective
effects of cannabinoids have been demonstrated against IL-1p—[64], IFN-y—[65], AB-[66], hypoxia-
ischemia—[67], and TLR4- (see below)[68] induced inflammation in cultured CNS cells. In addition,
evidence from knockout studies indicates cannabinoid receptor involvement in the neurodegenerative and
neuroinflammatory pathology associated with EAE[39], closed head injury[69], and cerebral
ischemia[70]. In support of this, it has been demonstrated that endogenous cannabinoid concentration is
altered in the cerebrospinal fluid and peripheral lymphocytes of relapsing MS patients, and in the brain of
EAE mice[71]. Furthermore, such findings are not restricted to MS. Hence, increased endocannabinoid
content has been detected in the basal ganglia of rats in a model of PD[72], in peripheral blood from
stroke patients[73], in ischemic brain regions in murine stroke models[74], and in a murine closed head
injury model[75]. The endocannabinoid system has emerged as a key player in pathophysiological
mechanisms, and the plasticity of this system in neuroinflammatory and neurodegenerative disorders,
such as the time- and brain region—specific changes in cannabinoid receptors and the enzymes that
synthesize and hydrolyze endocannabinoids, offers both therapeutic avenues for manipulation and
insights into the immunomodulatory role of this system in disorders such as AD, MS, and PD[76].

CANNABINOID EFFECTS ON INNATE IMMUNE CELLS

TLRs are central in the innate immune and neuroimmune response, and evidence indicates that TLR
activation is a major inducer of neuroinflammation[15]. Cannabinoid receptors have been localized on the
major glial cells[35] and a large body of evidence demonstrates that cannabinoids can negatively regulate
TLR4-induced inflammation in these cells. Indeed, in microglia, THC[77], CBD[78], endocannabinoids
(anandamide and 2-arachidonoylglycerol; 2-AG)[79], and the synthetic cannabinoid receptor agonists
R(+)WIN55,212-2, methanandamide, and CP55,940[79,80,81,82], ablate proinflammatory mediator
production induced by the TLR4 agonist lipopolysaccharide (LPS), a component of the outer membrane
of Gram-negative bacteria. In parallel, findings elsewhere demonstrate that anandamide[83],
CP55,940[83], and R(+)WINb5,212-2[64,68] attenuate TLR4-induced neuroinflammatory changes in
astrocytes. Furthermore, in mixed glial cultures, synthetic cannabinoids HU210 and CP55,940 enhance
TLR4-induction of the anti-inflammatory cytokine IL-1 receptor antagonist[84], while R(+)WIN55,212-2
and the plant-derived cannabinoid cannabinol (CBN) inhibit TLR4-induced nitric oxide production in
glioma cells[85]. These data are supported by in vivo evidence showing that HU210 prevents the
accumulation of proinflammatory cytokines in the rat brain following intraperitoneal administration of
LPS[86], while R(+)WIN55,212-2 exerts a similar effect following central administration of LPS to the
CNS[87]. TLRs and cannabinoid receptors share some common signaling components (e.g., MAP
kinases). However, while evidence indicates cannabinoid receptor dependency[83] and independency[68]
for cannabinoid effects on TLR-induced signaling events, no direct cross-talk between these cascades has
been determined to date.

We have demonstrated recently that R(+)WIN55,212-2, in addition to acting as a novel regulator of
TLR3 signaling, can also impact TLR4-induced proinflammatory signaling cascades[68]. Specifically,
our findings indicate that R(+)WIN55,212-2 impacts TLR signaling by inhibiting the proinflammatory
signaling axis triggered by TLR3 and TLR4, while selectively augmenting TLR3-induced expression of
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IFN-B[68], a type-1 IFN currently used as a first-line treatment of MS[88] (Fig. 1). The mechanism(s) of
action of IFN-B is complex with demonstrated effects on antigen presentation, costimulatory molecule
expression, T-cell proliferation, and leukocyte migration[89]. Elsewhere, Kozela and colleagues[90]
demonstrate that THC and CBD inhibit TLR4-induced proinflammatory signaling and production of IFN-
B expression in microglia, but failed to address the specific impact of these cannabinoids on TLR3-
induced cascades triggered by selective TLR3 agonists. Additional data are required to further elucidate
the regulatory role of cannabinoids on other TLR cascades.

Cells of the innate immune system are pivotal players in neuroinflammatory conditions, and
immunotherapeutic intervention by targeting these cells offers an attractive treatment strategy. In addition
to CNS cells, cannabinoid receptors have been localized on virtually all immune cells associated with
neuroinflammation, including NK cells, DCs, neutrophils, and macrophages[36]. In macrophages, which
play an important role in innate and adaptive immunity, R(+)WIN55,212-2[91], CP55,940[92], THC[93],
and anandamide[94] inhibit TLR4-induced inflammation in a manner similar to that observed by
cannabinoids in glia. In addition, THC induces apoptosis in macrophages[95], while THC and CP55,940
can inhibit macrophage migration[96]. Elsewhere, data indicate that R(+)WIN55,212-2[97],
anandamide[98], and CBD[99] inhibit neutrophil migration, a key event in brain injury[100].
Furthermore, THC[101] and CP55,940[102] negatively regulate NK cell activity, an event possibly
associated with cannabinoid-induced immunosuppression. It is well recognized that cannabinoids further
target DC function. Indeed, THC induces cell death in DCs[103], while anandamide has been shown to
reduce DC capacity to stimulate T cells[104], in addition to inducing an increment in DC activation[105].
Interestingly, JWH 133, a selective CB, agonist, suppresses LPS-induced TLR4 and MyD88 up-
regulation in DCs[106], which may contribute to the anti-inflammatory effect of this cannabinoid in
autoimmune disease.

Given the immunoregulatory properties of cannabinoids, it is important to note that cannabis users
may display impaired immunological functions. Indeed, cannabis use has been associated with a
predisposition to development of opportunistic infections, bacterial pneumonia[107], and more rapid
progression of HIV in AIDs patients[108]. This is supported by animal data demonstrating cannabinoid-
induced suppression of cytokine production[109] and enhanced progression of HIV infection[110].
Consideration of cannabinoid therapies as anti-inflammatory agents should be weighed in light of their
potential effects in all aspects of the immune system, with further in-depth research on cannabinoid
impact on innate and adaptive arms of the immune system delineating the clinical promise of
cannabinoids as anti-inflammatory agents.

CONCLUDING REMARKS

Innate immune responses in the CNS are pivotal in the elimination of pathogens and promotion of cell
survival. However, dysregulation of this system is associated with neuroinflammation and degeneration.
TLRs, in addition to their role in innate immune control, have emerged as central players in
neuroinflammation, ensuring that TLR agonists/antagonists are currently undergoing preclinical and
clinical evaluation for the treatment of sepsis and inflammatory disease. Cannabinoids are recognized as
anti-inflammatory agents, with identified protective roles in many neuroinflammatory disorders. This
review summarized the main data demonstrating the propensity of cannabinoid compounds to impact
TLR-induced signaling, further highlighting the potential of these compounds to regulate innate immune
cell functioning and subsequent inflammatory events. Although these cannabinoid effects await further
in-depth studies, it is clear that cannabinoid impact on the TLR system presents a pharmacological target
with promising therapeutic potential.

860



Downer: Cannabinoids and Innate Immunity TheScientificWorldJOURNAL (2011) 11, 855-865

ACKNOWLEDGMENTS

This publication emanated from research funded by an Embark Initiative (Irish Research Council for
Science, Engineering and Technology) fellowship. The author is grateful to Dr. Janis Noonan, Dr. Mark
Mellett, and Dr. Paola Atzei for helpful discussions on the manuscript.

REFERENCES

1. Perry, V.H., Cunningham, C., and Holmes, C. (2007) Systemic infections and inflammation affect chronic
neurodegeneration. Nat. Rev. Immunol. 7(2), 161-167.

2. Infante-Duarte, C., Waiczies, S., Wuerfel, J., and Zipp, F. (2008) New developments in understanding and treating
neuroinflammation. J. Mol. Med. 86(9), 975-985.

3. Hickey, W.F. (1999) Leukocyte traffic in the central nervous system: the participants and their roles. Semin. Immunol.
11(2), 125-137.

4. Hickey, W.F. (1991) Migration of hematogenous cells through the blood-brain barrier and the initiation of CNS
inflammation. Brain Pathol. 1(2), 97-105.

5. Ransohoff, R.M. and Perry, V.H. (2009) Microglial physiology: unique stimuli, specialized responses. Annu. Rev.
Immunol. 27, 119-145.

6. van Rossum, D. and Hanisch, U.K. (2004) Microglia. Metab. Brain Dis. 19(3—-4), 393-411.

7. Lynch, M.A. (2009) The multifaceted profile of activated microglia. Mol. Neurobiol. 40(2), 139-156.

8. Moynagh, P.N. (2005) TLR signalling and activation of IRFs: revisiting old friends from the NF-kappaB pathway.
Trends Immunol. 26(9), 469-476.

9. O'Brien, K., Fitzgerald, D.C., Naiken, K., Alugupalli, K.R., Rostami, A.M., and Gran, B. (2008) Role of the innate
immune system in autoimmune inflammatory demyelination. Curr. Med. Chem. 15(11), 1105-1115.

10. Hoffmann, O., Braun, J.S., Becker, D., Halle, A, Freyer, D., Dagand, E., Lehnardt, S., and Weber, J.R. (2007) TLR2
mediates neuroinflammation and neuronal damage. J. Immunol. 178(10), 6476-6481.

11. Nishimura, M. and Naito, S. (2005) Tissue-specific mMRNA expression profiles of human toll-like receptors and
related genes. Biol. Pharm. Bull. 28(5), 886-892.

12. Gandhi, R., Laroni, A., and Weiner, H.L. (2010) Role of the innate immune system in the pathogenesis of multiple
sclerosis. J. Neuroimmunol. 221(1-2), 7-14.

13. Akira, S., Uematsu, S., and Takeuchi, O. (2006) Pathogen recognition and innate immunity. Cell 124(4), 783-801.

14. Jeannin, P., Jaillon, S., and Delneste, Y. (2008) Pattern recognition receptors in the immune response against dying
cells. Curr. Opin. Immunol. 20(5), 530-537.

15. Lehnardt, S. (2010) Innate immunity and neuroinflammation in the CNS: the role of microglia in Toll-like receptor-
mediated neuronal injury. Glia 58(3), 253-263.

16. Rietdijk, S.T., Burwell, T., Bertin, J., and Coyle, AJ. (2008) Sensing intracellular pathogens-NOD-like receptors.
Curr. Opin. Pharmacol. 8(3), 261-266.

17. Hiscott, J. (2007) Convergence of the NF-kappaB and IRF pathways in the regulation of the innate antiviral response.
Cytokine Growth Factor Rev. 18(5-6), 483-490.

18. Lehnardt, S., Lehmann, S., Kaul, D., Tschimmel, K., Hoffmann, O., Cho, S., Krueger, C., Nitsch, R., Meisel, A., and
Weber, J.R. (2007) Toll-like receptor 2 mediates CNS injury in focal cerebral ischemia. J. Neuroimmunol. 190(1-2),
28-33.

19. Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A., Chen, C., Ghosh, S., and Janeway, C.A., Jr. (1998)
MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol. Cell 2(2), 253-258.

20. Fitzgerald, K.A., McWhirter, S.M., Faia, K.L., Rowe, D.C., Latz, E., Golenbock, D.T., Coyle, A.J., Liao, S.M., and
Maniatis, T. (2003) IKKepsilon and TBK1 are essential components of the IRF3 signaling pathway. Nat. Immunol.
4(5), 491-496.

21. Muzio, M. and Mantovani, A. (2001) Toll-like receptors (TLRs) signalling and expression pattern. J. Endotoxin Res.
7(4), 297-300.

22. Aravalli, R.N., Peterson, P.K., and Lokensgard, J.R. (2007) Toll-like receptors in defense and damage of the central
nervous system. J. Neuroimmune Pharmacol. 2(4), 297-312.

23. Jack, C.S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., McCrea, E., Shapiro, A., and Antel, J.P. (2005) TLR
signaling tailors innate immune responses in human microglia and astrocytes. J. Immunol. 175(7), 4320-4330.

24. Mishra, B.B., Gundra, U.M., and Teale, J.M. (2008) Expression and distribution of Toll-like receptors 11-13 in the
brain during murine neurocysticercosis. J. Neuroinflammation 5, 53.

25. Mishra, B.B., Mishra, P.K., and Teale, J.M. (2006) Expression and distribution of Toll-like receptors in the brain

during murine neurocysticercosis. J. Neuroimmunol. 181(1-2), 46-56.

861



Downer: Cannabinoids and Innate Immunity TheScientificWorldJOURNAL (2011) 11, 855-865

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

Tang, S.C., Arumugam, T.V., Xu, X., Cheng, A., Mughal, M.R., Jo, D.G., Lathia, J.D., Siler, D.A., Chigurupati, S.,
Ouyang, X., Magnus, T., Camandola, S., and Mattson, M.P. (2007) Pivotal role for neuronal Toll-like receptors in
ischemic brain injury and functional deficits. Proc. Natl. Acad. Sci. U. S. A. 104(34), 13798-13803.

Ma, Y., Li, J., Chiu, I., Wang, Y., Sloane, J.A,, Lu, J., Kosaras, B., Sidman, R.L., Volpe, J.J., and Vartanian, T.,
(2006) Toll-like receptor 8 functions as a negative regulator of neurite outgrowth and inducer of neuronal apoptosis.
J. Cell Biol. 175(2), 209-215.

Bsibsi, M., Ravid, R., Gveric, D., and van Noort, J.M. (2002) Broad expression of Toll-like receptors in the human
central nervous system. J. Neuropathol. Exp. Neurol. 61(11), 1013-1021.

Prinz, M., Garbe, F., Schmidt, H., Mildner, A., Gutcher, I., Wolter, K., Piesche, M., Schroers, R., Weiss, E.,
Kirschning, C.J., Rochford, C.D., Bruck, W., and Becher, B. (2006) Innate immunity mediated by TLR9 modulates
pathogenicity in an animal model of multiple sclerosis. J. Clin. Invest. 116(2), 456-464.

Marta, M., Andersson, A., Isaksson, M., Kampe, O., and Lobell, A. (2008) Unexpected regulatory roles of TLR4 and
TLR9 in experimental autoimmune encephalomyelitis. Eur. J. Immunol. 38(2), 565-575.

Richard, K.L., Filali, M., Prefontaine, P., and Rivest, S. (2008) Toll-like receptor 2 acts as a natural innate immune
receptor to clear amyloid beta 1-42 and delay the cognitive decline in a mouse model of Alzheimer's disease. J.
Neurosci. 28(22), 5784-5793.

Guo, B., Chang, E.Y., and Cheng, G. (2008) The type | IFN induction pathway constrains Th1l7-mediated
autoimmune inflammation in mice. J. Clin. Invest. 118(5), 1680-1690.

Iversen, L. (2000) The Science of Marijuana. Oxford University Press, New York.

Abood, M.E. and Martin, B.R. (1992) Neurobiology of marijuana abuse. Trends Pharmacol. Sci. 13(5), 201-206.
Walter, L. and Stella, N. (2004) Cannabinoids and neuroinflammation. Br. J. Pharmacol. 141(5), 775-785.

Galiegue, S., Mary, S., Marchand, J., Dussossoy, D., Carriere, D., Carayon, P., Bouaboula, M., Shire, D., Le Fur, G.,
and Casellas, P. (1995) Expression of central and peripheral cannabinoid receptors in human immune tissues and
leukocyte subpopulations. Eur. J. Biochem. 232(1), 54-61.

Howlett, A.C., Blume, L.C., and Dalton, G.D. (2010) CB(1) cannabinoid receptors and their associated proteins.
Curr. Med. Chem. 17(14), 1382-1393.

Pryce, G., Ahmed, Z., Hankey, D.J., Jackson, S.J., Croxford, J.L., Pocock, J.M., Ledent, C., Petzold, A., Thompson,
A.J., Giovannoni, G., Cuzner, M.L., and Baker, D. (2003) Cannabinoids inhibit neurodegeneration in models of
multiple sclerosis. Brain 126(Pt 10), 2191-2202.

Palazuelos, J., Davoust, N., Julien, B., Hatterer, E., Aguado, T., Mechoulam, R., Benito, C., Romero, J., Silva, A.,
Guzman, M., Nataf, S., and Galve-Roperh, 1. (2008) The CB(2) cannabinoid receptor controls myeloid progenitor
trafficking: involvement in the pathogenesis of an animal model of multiple sclerosis. J. Biol. Chem. 283(19), 13320—
13329.

Tsou, K., Brown, S., Sanudo-Pena, M.C., Mackie, K., and Walker, J.M. (1998) Immunohistochemical distribution of
cannabinoid CB1 receptors in the rat central nervous system. Neuroscience 83(2), 393-411.

Van Sickle, M.D., Duncan, M., Kingsley, P.J., Mouihate, A., Urbani, P., Mackie, K., Stella, N., Makriyannis, A.,
Piomelli, D., Davison, J.S., Marnett, L.J., Di Marzo, V., Pittman, Q.J., Patel, K.D., and Sharkey, K.A. (2005)
Identification and functional characterization of brainstem cannabinoid CB2 receptors. Science 310(5746), 329-332.
Zhang, J., Hoffert, C., Vu, H.K., Groblewski, T., Ahmad, S., and O'Donnell, D. (2003) Induction of CB2 receptor
expression in the rat spinal cord of neuropathic but not inflammatory chronic pain models. Eur. J. Neurosci. 17(12),
2750-2754.

Howlett, A.C., Barth, F., Bonner, T.l., Cabral, G., Casellas, P., Devane, W.A., Felder, C.C., Herkenham, M., Mackie,
K., Martin, B.R., Mechoulam, R., and Pertwee, R.G. (2002) International Union of Pharmacology. XXVII.
Classification of cannabinoid receptors. Pharmacol. Rev. 54(2), 161-202.

Sharir, H. and Abood, M.E. (2010) Pharmacological characterization of GPR55, a putative cannabinoid receptor.
Pharmacol. Ther. 126(3), 301-313.

Zygmunt, P.M., Petersson, J., Andersson, D.A., Chuang, H., Sorgard, M., Di Marzo, V., Julius, D., and Hogestatt,
E.D. (1999) Vanilloid receptors on sensory nerves mediate the vasodilator action of anandamide. Nature 400(6743),
452-457.

O'Sullivan, S.E. (2007) Cannabinoids go nuclear: evidence for activation of peroxisome proliferator-activated
receptors. Br. J. Pharmacol. 152(5), 576-582.

Demuth, D.G. and Molleman, A. (2006) Cannabinoid signalling. Life Sci. 78(6), 549-563.

Carlini, E.A. (2004) The good and the bad effects of (-) trans-delta-9-tetrahydrocannabinol (delta 9-THC) on humans.
Toxicon 44(4), 461-467.

Soderpalm, A.H., Schuster, A., and de Wit, H. (2001) Antiemetic efficacy of smoked marijuana: subjective and
behavioral effects on nausea induced by syrup of ipecac. Pharmacol. Biochem. Behav. 69(3-4), 343-350.

Wang, T., Collet, J.P., Shapiro, S., and Ware, M.A. (2008) Adverse effects of medical cannabinoids: a systematic
review. CMAJ 178(13), 1669-1678.

van der Stelt, M. and Di Marzo, V. (2005) Cannabinoid receptors and their role in neuroprotection. Neuromolecular
Med. 7(1-2), 37-50.

Ashton, J.C. (2007) Cannabinoids for the treatment of inflammation. Curr. Opin. Investig. Drugs 8(5), 373-384.

862



Downer: Cannabinoids and Innate Immunity TheScientificWorldJOURNAL (2011) 11, 855-865

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Velasco, G., Carracedo, A., Blazquez, C., Lorente, M., Aguado, T., Haro, A., Sanchez, C., Galve-Roperh, I., and
Guzman, M. (2007) Cannabinoids and gliomas. Mol. Neurobiol. 36(1), 60-67.

Zajicek, J., Fox, P., Sanders, H., Wright, D., Vickery, J., Nunn, A., and Thompson, A. (2003) Cannabinoids for
treatment of spasticity and other symptoms related to multiple sclerosis (CAMS study): multicentre randomised
placebo-controlled trial. Lancet 362(9395), 1517-1526.

Smith, P.F. (2007) Symptomatic treatment of multiple sclerosis using cannabinoids: recent advances. Expert Rev.
Neurother. 7(9), 1157-1163.

Sieradzan, K.A., Fox, S.H., Hill, M., Dick, J.P., Crossman, A.R., and Brotchie, J.M. (2001) Cannabinoids reduce
levodopa-induced dyskinesia in Parkinson's disease: a pilot study. Neurology 57(11), 2108-2111.

Volicer, L., Stelly, M., Morris, J., McLaughlin, J., and Volicer, B.J. (1997) Effects of dronabinol on anorexia and
disturbed behavior in patients with Alzheimer's disease. Int. J. Geriatr. Psychiatry 12(9), 913-919.

Lyman, W.D., Sonett, J.R., Brosnan, C.F., Elkin, R., and Bornstein, M.B. (1989) Delta 9-tetrahydrocannabinol: a
novel treatment for experimental autoimmune encephalomyelitis. J. Neuroimmunol. 23(1), 73-81.

Esposito, G., Scuderi, C., Savani, C., Steardo, L., Jr., De Filippis, D., Cottone, P., luvone, T., Cuomo, V., and Steardo,
L. (2007) Cannabidiol in vivo blunts beta-amyloid induced neuroinflammation by suppressing IL-1beta and iNOS
expression. Br. J. Pharmacol. 151(8), 1272-1279.

Price, D.A., Martinez, A.A., Seillier, A., Koek, W., Acosta, Y., Fernandez, E., Strong, R., Lutz, B., Marsicano, G.,
Roberts, J.L., and Giuffrida, A. (2009) WIN55,212-2, a cannabinoid receptor agonist, protects against nigrostriatal
cell loss in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson's disease. Eur. J. Neurosci.
29(11), 2177-2186.

Panikashvili, D., Shein, N.A., Mechoulam, R., Trembovler, V., Kohen, R., Alexandrovich, A., and Shohami, E.
(2006) The endocannabinoid 2-AG protects the blood-brain barrier after closed head injury and inhibits mMRNA
expression of proinflammatory cytokines. Neurobiol. Dis. 22(2), 257-264.

Marchalant, Y., Cerbai, F., Brothers, H.M., and Wenk, G.L. (2008) Cannabinoid receptor stimulation is anti-
inflammatory and improves memory in old rats. Neurobiol. Aging 29(12), 1894-1901.

Hayakawa, K., Mishima, K., Irie, K., Hazekawa, M., Mishima, S., Fujioka, M., Orito, K., Egashira, N.,
Katsurabayashi, S., Takasaki, K., lwasaki, K., and Fujiwara, M. (2008) Cannabidiol prevents a post-ischemic injury
progressively induced by cerebral ischemia via a high-mobility group box1-inhibiting mechanism.
Neuropharmacology 55(8), 1280-1286.

Curran, N.M., Griffin, B.D., O'Toole, D., Brady, K.J., Fitzgerald, S.N., and Moynagh, P.N. (2005) The synthetic
cannabinoid R(+)WIN 55,212-2 inhibits the interleukin-1 signaling pathway in human astrocytes in a cannabinoid
receptor-independent manner. J. Biol. Chem. 280(43), 35797-35806.

Ehrhart, J., Obregon, D., Mori, T., Hou, H., Sun, N., Bai, Y., Klein, T., Fernandez, F., Tan, J., and Shytle, R.D. (2005)
Stimulation of cannabinoid receptor 2 (CB2) suppresses microglial activation. J. Neuroinflammation 2, 29.

Esposito, G., De Filippis, D., Maiuri, M.C., De Stefano, D., Carnuccio, R., and luvone, T. (2006) Cannabidiol inhibits
inducible nitric oxide synthase protein expression and nitric oxide production in beta-amyloid stimulated PC12
neurons through p38 MAP kinase and NF-kappaB involvement. Neurosci. Lett. 399(1-2), 91-95.

Castillo, A., Tolon, M.R., Fernandez-Ruiz, J., Romero, J., and Martinez-Orgado, J. (2010) The neuroprotective effect
of cannabidiol in an in vitro model of newborn hypoxic-ischemic brain damage in mice is mediated by CB(2) and
adenosine receptors. Neurobiol. Dis. 37(2), 434-440.

Downer, E.J., Clifford, E., Gran, B., Nel, H.J.,, Fallon, P.G., and Moynagh, P.N. (2011) Identification of the synthetic
cannabinoid R(+)WIN55,212-2 as a novel regulator of IFN regulatory factor 3 (IRF3) activation and IFN-{beta}
expression: relevance to therapeutic effects in models of multiple sclerosis. J. Biol. Chem. [Epub ahead of print]
Panikashvili, D., Mechoulam, R., Beni, S.M., Alexandrovich, A., and Shohami, E. (2005) CB1 cannabinoid receptors
are involved in neuroprotection via NF-kappa B inhibition. J. Cereb. Blood Flow Metab. 25(4), 477-484.
Parmentier-Batteur, S., Jin, K., Mao, X.0., Xie, L., and Greenberg, D.A. (2002) Increased severity of stroke in CB1
cannabinoid receptor knock-out mice. J. Neurosci. 22(22), 9771-9775.

Centonze, D., Bari, M., Rossi, S., Prosperetti, C., Furlan, R., Fezza, F., De Chiara, V., Battistini, L., Bernardi, G.,
Bernardini, S., Martino, G., and Maccarrone, M. (2007) The endocannabinoid system is dysregulated in multiple
sclerosis and in experimental autoimmune encephalomyelitis. Brain 130(Pt 10), 2543-2553.

Gubellini, P., Picconi, B., Bari, M., Battista, N., Calabresi, P., Centonze, D., Bernardi, G., Finazzi-Agro, A., and
Maccarrone, M. (2002) Experimental parkinsonism alters endocannabinoid degradation: implications for striatal
glutamatergic transmission. J. Neurosci. 22(16), 6900-6907.

Naccarato, M., Pizzuti, D., Petrosino, S., Simonetto, M., Ferigo, L., Grandi, F.C., Pizzolato, G., and Di Marzo, V.
(2010) Possible anandamide and palmitoylethanolamide involvement in human stroke. Lipids Health Dis. 9, 47.
Muthian, S., Rademacher, D.J., Roelke, C.T., Gross, G.J., and Hillard, C.J. (2004) Anandamide content is increased
and CB1 cannabinoid receptor blockade is protective during transient, focal cerebral ischemia. Neuroscience 129(3),
743-750.

Panikashvili, D., Simeonidou, C., Ben-Shabat, S., Hanus, L., Breuer, A., Mechoulam, R., and Shohami, E. (2001) An
endogenous cannabinoid (2-AG) is neuroprotective after brain injury. Nature 413(6855), 527-531.

Di Marzo, V. (2009) The endocannabinoid system: its general strategy of action, tools for its pharmacological
manipulation and potential therapeutic exploitation. Pharmacol. Res. 60(2), 77-84.

863



Downer: Cannabinoids and Innate Immunity TheScientificWorldJOURNAL (2011) 11, 855-865

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Puffenbarger, R.A., Boothe, A.C., and Cabral, G.A. (2000) Cannabinoids inhibit LPS-inducible cytokine mRNA
expression in rat microglial cells. Glia 29(1), 58-69.

El-Remessy, A.B., Tang, Y., Zhu, G., Matragoon, S., Khalifa, Y., Liu, E.K,, Liu, J.Y., Hanson, E., Mian, S., Fatteh,
N., and Liou, G.I. (2008) Neuroprotective effects of cannabidiol in endotoxin-induced uveitis: critical role of p38
MAPK activation. Mol. Vis. 14, 2190-2203.

Facchinetti, F., Del Giudice, E., Furegato, S., Passarotto, M., and Leon, A. (2003) Cannabinoids ablate release of
TNFalpha in rat microglial cells stimulated with lypopolysaccharide. Glia 41(2), 161-168.

Waksman, Y., Olson, J.M., Carlisle, S.J., and Cabral, G.A. (1999) The central cannabinoid receptor (CB1) mediates
inhibition of nitric oxide production by rat microglial cells. J. Pharmacol. Exp. Ther. 288(3), 1357-1366.

Froger, N., Orellana, J.A., Cohen-Salmon, M., Ezan, P., Amigou, E., Saez, J.C., and Giaume, C. (2009) Cannabinoids
prevent the opposite regulation of astroglial connexin43 hemichannels and gap junction channels induced by pro-
inflammatory treatments. J. Neurochem. 111(6), 1383-1397.

Cabral, G.A., Harmon, K.N., and Carlisle, S.J. (2001) Cannabinoid-mediated inhibition of inducible nitric oxide
production by rat microglial cells: evidence for CB1 receptor participation. Adv. Exp. Med. Biol. 493, 207-214.
Molina-Holgado, F., Molina-Holgado, E., Guaza, C., and Rothwell, N.J. (2002) Role of CB1 and CB2 receptors in the
inhibitory effects of cannabinoids on lipopolysaccharide-induced nitric oxide release in astrocyte cultures. J.
Neurosci. Res. 67(6), 829-836.

Molina-Holgado, F., Pinteaux, E., Moore, J.D., Molina-Holgado, E., Guaza, C., Gibson, R.M., and Rothwell, N.J.
(2003) Endogenous interleukin-1 receptor antagonist mediates anti-inflammatory and neuroprotective actions of
cannabinoids in neurons and glia. J. Neurosci. 23(16), 6470-6474.

Esposito, G., 1zzo, A.A., Di Rosa, M., and luvone, T. (2001) Selective cannabinoid CB1 receptor-mediated inhibition
of inducible nitric oxide synthase protein expression in C6 rat glioma cells. J. Neurochem. 78(4), 835-841.

Roche, M., Diamond, M., Kelly, J.P., and Finn, D.P. (2006) In vivo modulation of LPS-induced alterations in brain
and peripheral cytokines and HPA axis activity by cannabinoids. J. Neuroimmunol. 181(1-2), 57-67.

Marchalant, Y., Rosi, S., and Wenk, G.L. (2007) Anti-inflammatory property of the cannabinoid agonist WIN-55212-
2 in a rodent model of chronic brain inflammation. Neuroscience 144(4), 1516-1522.

Graber, J.J., McGraw, C.A., Kimbrough, D., and Dhib-Jalbut, S. (2010) Overlapping and distinct mechanisms of
action of multiple sclerosis therapies. Clin. Neurol. Neurosurg. 112(7), 583-591.

Vosoughi, R. and Freedman, M.S. (2010) Therapy of MS. Clin. Neurol. Neurosurg. 112(5), 365-385.

Kozela, E., Pietr, M., Juknat, A., Rimmerman, N., Levy, R., and Vogel, Z. (2010) Cannabinoids delta(9)-
tetrahydrocannabinol and cannabidiol differentially inhibit the lipopolysaccharide-activated NF-kappaB and
interferon-beta/STAT proinflammatory pathways in BV-2 microglial cells. J. Biol. Chem. 285(3), 1616-1626.

Zhao, Y., Liu, Y., Zhang, W., Xue, J., Wu, Y.Z., Xu, W., Liang, X., Chen, T., Kishimoto, C., and Yuan, Z. (2010)
WIN55212-2 ameliorates atherosclerosis associated with suppression of pro-inflammatory responses in ApoE-
knockout mice. Eur. J. Pharmacol. 649(1-3), 285-292.

Ponti, W., Rubino, T., Bardotti, M., Poli, G., and Parolaro, D. (2001) Cannabinoids inhibit nitric oxide production in
bone marrow derived feline macrophages. Vet. Immunol. Immunopathol. 82(3—4), 203-214.

Coffey, R.G., Snella, E., Johnson, K., and Pross, S. (1996) Inhibition of macrophage nitric oxide production by
tetrahydrocannabinol in vivo and in vitro. Int. J. Immunopharmacol. 18(12), 749-752.

Chang, Y.H., Lee, S.T., and Lin, W.W. (2001) Effects of cannabinoids on LPS-stimulated inflammatory mediator
release from macrophages: involvement of eicosanoids. J. Cell. Biochem. 81(4), 715-723.

Zhu, W., Friedman, H., and Klein, T.W. (1998) Delta9-tetrahydrocannabinol induces apoptosis in macrophages and
lymphocytes: involvement of Bcl-2 and caspase-1. J. Pharmacol. Exp. Ther. 286(2), 1103-1109.

Raborn, E.S. and Cabral, G.A. (2010) Cannabinoid inhibition of macrophage migration to the trans-activating (Tat)
protein of HIV-1 is linked to the CB(2) cannabinoid receptor. J. Pharmacol. Exp. Ther. 333(1), 319-327.

Smith, S.R., Denhardt, G., and Terminelli, C. (2001) The anti-inflammatory activities of cannabinoid receptor ligands
in mouse peritonitis models. Eur. J. Pharmacol. 432(1), 107-119.

McHugh, D., Tanner, C., Mechoulam, R., Pertwee, R.G., and Ross, R.A. (2008) Inhibition of human neutrophil
chemotaxis by endogenous cannabinoids and phytocannabinoids: evidence for a site distinct from CB1 and CB2. Mol.
Pharmacol. 73(2), 441-450.

Napimoga, M.H., Benatti, B.B., Lima, F.O., Alves, P.M., Campos, A.C., Pena-Dos-Santos, D.R., Severino, F.P.,
Cunha, F.Q., and Guimaraes, F.S. (2009) Cannabidiol decreases bone resorption by inhibiting RANK/RANKL
expression and pro-inflammatory cytokines during experimental periodontitis in rats. Int. Immunopharmacol. 9(2),
216-222.

Szmydynger-Chodobska, J., Strazielle, N., Zink, B.J., Ghersi-Egea, J.F., and Chodobski, A. (2009) The role of the
choroid plexus in neutrophil invasion after traumatic brain injury. J. Cereb. Blood Flow Metab. 29(9), 1503-1516.
Massi, P., Fuzio, D., Vigano, D., Sacerdote, P., and Parolaro, D. (2000) Relative involvement of cannabinoid CB(1)
and CB(2) receptors in the delta(9)-tetrahydrocannabinol-induced inhibition of natural killer activity. Eur. J.
Pharmacol. 387(3), 343-347.

Patrini, G., Sacerdote, P., Fuzio, D., Manfredi, B., and Parolaro, D. (1997) Regulation of immune functions in rat
splenocytes after acute and chronic in vivo treatment with CP-55,940, a synthetic cannabinoid compound. J.
Neuroimmunol. 80(1-2), 143-148.

864



Downer: Cannabinoids and Innate Immunity TheScientificWorldJOURNAL (2011) 11, 855-865

103.

104.

105.

106.

107.

108.

109.

110.

Do, Y., McKallip, R.J., Nagarkatti, M., and Nagarkatti, P.S. (2004) Activation through cannabinoid receptors 1 and 2
on dendritic cells triggers NF-kappaB-dependent apoptosis: novel role for endogenous and exogenous cannabinoids in
immunoregulation. J. Immunol. 173(4), 2373-2382.

Wacnik, P.W., Luhr, K.M., Hill, R.H., Ljunggren, H.G., Kristensson, K., and Svensson, M. (2008) Cannabinoids
affect dendritic cell (DC) potassium channel function and modulate DC T cell stimulatory capacity. J. Immunol.
181(5), 3057-66.

Ribeiro, A., Ferraz-de-Paula, V., Pinheiro, M.L., Sakai, M., Costa-Pinto, F.A., and Palermo-Neto, J. (2010)
Anandamide prior to sensitization increases cell-mediated immunity in mice. Int. Inmunopharmacol. 10(4), 431-439.
Xu, H., Cheng, C.L., Chen, M., Manivannan, A., Cabay, L., Pertwee, R.G., Coutts, A., and Forrester, J.V. (2007)
Anti-inflammatory property of the cannabinoid receptor-2-selective agonist JWH-133 in a rodent model of
autoimmune uveoretinitis. J. Leukoc. Biol. 82(3), 532-541.

Caiaffa, W.T., Vlahov, D., Graham, N.M., Astemborski, J., Solomon, L., Nelson, K.E., and Munoz, A. (1994) Drug
smoking, Pneumocystis carinii pneumonia, and immunosuppression increase risk of bacterial pneumonia in human
immunodeficiency virus-seropositive injection drug users. Am. J. Respir. Crit. Care Med. 150(6 Pt 1), 1493-1498.
Tindall, B., Cooper, D.A., Donovan, B., Barnes, T., Philpot, C.R., Gold, J., and Penny, R. (1988) The Sydney AIDS
Project: development of acquired immunodeficiency syndrome in a group of HIV seropositive homosexual men. Aust.
N. Z. J. Med. 18(1), 8-15.

Massi, P., Sacerdote, P., Ponti, W., Fuzio, D., Manfredi, B., Vigano, D., Rubino, T., Bardotti, M., and Parolaro, D.
(1998) Immune function alterations in mice tolerant to delta9-tetrahydrocannabinol: functional and biochemical
parameters. J. Neuroimmunol. 92(1-2), 60-66.

Roth, M.D., Tashkin, D.P., Whittaker, K.M., Choi, R., and Baldwin, G.C. (2005) Tetrahydrocannabinol suppresses
immune function and enhances HIV replication in the huPBL-SCID mouse. Life Sci. 77(14), 1711-1722.

This article should be cited as follows:

Downer, E.J. (2011) Cannabinoids and innate immunity: taking a Toll on neuroinflammation. TheScientificWorldJOURNAL 11,
855-865. DOI 10.1100/tsw.2011.84.

865



