










(Bátkai et al., 2001; Ros et al., 2002). These findings
suggested an increased endocannabinoid tone in cirrho-
sis, which could be attributed to both an up-regulation of
CB1 receptors in hepatic vascular endothelial cells and
an increased production of anandamide by circulating
monocytes (Bátkai et al., 2001). Increased expression of
CB1 receptors was also reported in whole liver from bile
duct-ligated mice (Biecker et al., 2004). This increase
was greater when bile duct ligation was performed in
NO synthase-3 knockout compared with wild-type mice,
which may account for the similar level of portal hyper-
tension in the two strains despite the much higher sys-
temic blood pressure in the knockout mice (Biecker et
al., 2004). Increased anandamide-induced vasorelax-
ation mediated by CB1 and TRPV1 receptors was also
reported in mesenteric arteries isolated from cirrhotic
compared with control rats (Domenicali et al., 2005).
The increase in anandamide in monocytes from cirrhotic
rats or humans is functionally important, as these cells
elicit SR141716-sensitive hypotension when injected
into normal recipient rats (Bátkai et al., 2001; Ros et al.,
2002). Plasma endotoxin levels progressively increase as
liver function deteriorates in cirrhosis (Lumsden et al.,
1988; Chan et al., 1997), and this effect is probably
responsible for the elevated endocannabinoid production
in plasma monocytes and platelets of cirrhotic animals
and patients (Bátkai et al., 2001; Ros et al., 2002; Liu et

al., 2003; Fernandez-Rodriguez et al., 2004). There is
also recent experimental evidence implicating increased
signaling through myocardial CB1 receptors in the
pathogenesis of cirrhotic cardiomyopathy (Gaskari et
al., 2005; Pacher et al., 2005c).

Beyond the vasculopathy of end-stage cirrhosis, the
endocannabinoid system may also be involved in the
pathogenesis of liver fibrosis. Siegmund et al. (2005)
have recently reported that anandamide exerts antifi-
brogenic effects in vitro by inhibiting activated hepatic
stellate cells at low micromolar concentrations and by
inducing their necrosis at higher concentrations, via
CB1/2- and TRPV1-independent mechanism(s). In a
study by Julien et al. (2005), the liver fibrosis induced by
carbon tetrachloride was more severe in CB2 knockout
mice compared with their wild-type littermates. Also,
the expression of CB2 receptors was found to be strongly
induced in liver biopsy specimens from patients with
active cirrhosis of various etiologies, particularly in non-
parenchymal cells located within and at the edge of
fibrous septa (Julien et al., 2005). Furthermore, CB2
receptor activation triggered growth inhibition and ap-
optosis in myofibroblasts and in activated hepatic stel-
late cells, highlighting the antifibrogenic role of CB2
receptors during chronic liver injury (Julien et al., 2005).
However, chronic marijuana use has been associated
with hepatotoxicity rather than hepatoprotection as ex-

FIG. 6. Cellular source and proposed targets of anti-inflammatory endocannabinoids in inflammatory bowel disease. a, cross-section of inflamed
bowel with leukocyte infiltration [polymorphonuclear leukocytes (PNM), lymphocytes (Ly), macrophages, and mast cells]. b, in macrophages, LPS
induces the production of TNF-� and chemokines (such as MIP-2macrophage inflammatory protein-2 and CXCL-8) as well as anandamide.
Anandamide is released to act as an autocrine mediator to inhibit TNF-� and chemokine production via CB1 or CB2 receptors or both. Activation of
CB1 and CB2 receptors may similarly inhibit TNF-� production in mast cells, with these effects resulting in decreased leukocyte infiltration and
inflammation. Paracrine activation of CB1 receptors on extrinsic and intrinsic enteric neurons inhibits acetylcholine (ACh) and tachykinin release,
respectively, resulting in inhibition of gut motility. These effects are amplified by treatment with a FAAH inhibitor, which prevents the breakdown
of anandamide. Reproduced with permission from Kunos and Pacher (2004) Nat Med 10:678–679. © Nature Publishing Group.
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pected from the above results (Borini et al., 2004), and
results of a recent epidemiological study indicate that
daily marijuana smoking is a risk factor for progression
of fibrosis among people with chronic hepatitis C infec-
tion (Hezode et al., 2005). This finding has triggered an
investigation into the possible pro-fibrogenic role of CB1
receptor activation, which is supported by the results of
a preliminary study showing that the progression of
experimental liver fibrosis induced by carbon tetrachlo-
ride is slower in mice with genetic ablation of CB1 re-
ceptors or treated with CB1 receptor antagonist
SR141716 (Teixeira-Clerc et al., 2006). These latter find-
ings suggest a broader role of CB1 receptors in the
pathogenesis of cirrhosis and forecast additional poten-
tial benefits from the therapeutic use of a CB1 antago-
nist in chronic liver disease.

In contrast to the hepatotoxicity associated with
chronic marijuana use, a synthetic, nonpsychotropic
cannabinoid derivative (PRS-211,092) was reported to
inhibit acute hepatitis induced by concanavalin A via
negative cytokine regulation in mice (Lavon et al., 2003).
Interestingly, in animal models of acute hepatic failure-
induced encephalopathy, both 2-AG and SR141716 have
been reported to exert beneficial effects on neurological
and cognitive function (Gabbay et al., 2005; Avraham et
al., 2006). Cannabinoids may also be beneficial in intrac-
table cholestatic pruritus (Neff et al., 2002), which is
associated with severe forms of liver disease, presum-
ably by increasing the nociceptive threshold (Gingold
and Bergasa, 2003).

Collectively, the studies discussed in this section high-
light the potential regulatory role of the endocannabi-
noid system in a variety of gastrointestinal and liver
disorders, opening new avenues for their pharmacother-
apy. It appears that CB1 agonists and perhaps FAAH
antagonists might be beneficial in reducing increased
gastrointestinal motility, bowel inflammation, and asso-
ciated diarrhea, whereas CB1 antagonists could be used
in the treatment of constipation. In chronic liver cirrho-
sis, CB1 antagonists may not only attenuate or reverse
the adverse hemodynamic consequences of cirrhosis,
thus extending life until a suitable liver becomes avail-
able for transplantation, but also could have additional
benefits by slowing the progression of fibrosis and the
neurological decline associated with hepatic encephalop-
athy. Selective CB2 receptor agonists might also be ex-
pected to protect against progression of liver fibrosis and
perhaps against the chronic inflammation associated
with IBD.

H. Musculoskeletal Disorders

1. Arthritis. Rheumatoid arthritis (RA) is a chronic,
systemic, inflammatory autoimmune disease affecting
�0.8% of adults worldwide. RA is more common in
women, and it leads to joint destruction, deformity, loss
of function, chronic pain, and reduced quality of life.

When unchecked, it leads to substantial disability and
premature death (O’Dell, 2004). Current medications
used to treat rheumatoid arthritis are divided into three
main classes: nonsteroidal anti-inflammatory drugs,
corticosteroids, and disease-modifying antirheumatic
drugs such as methotrexate (O’Dell, 2004). A better un-
derstanding of the cytokine networks that are responsi-
ble for the ongoing inflammatory response in RA has led
to the successful use of novel therapies that target
TNF-� and IL-1.

The immunosuppressant and anti-inflammatory prop-
erties of cannabinoids are highly relevant for RA and
other autoimmune disorders (e.g., systemic lupus ery-
thematosus, autoimmune vasculitis, Sjögren’s syn-
drome, and ankylosing spondylitis). Indeed, ajulemic
acid (THC-11-oic acid, CT-3, IP-751), a potent analog of
the acid metabolites of THC (Burstein, 2000, 2005) and
cannabidiol have been shown to have analgesic, anti-
inflammatory, and immunosuppressive effects in animal
models of arthritis (Zurier et al., 1998; Dajani et al.,
1999; Malfait et al., 2000). Chronic administration of
ajulemic acid attenuated joint inflammation in a murine
model of adjuvant-induced arthritis and suppressed
prostaglandin production in vitro to a greater extent
than the potent nonsteroidal anti-inflammatory drug,
indomethacin (Zurier et al., 1998). In another study,
ajulemic acid caused less gastrointestinal ulcerations
and was more effective in reducing adjuvant-induced
arthritis than common nonsteroidal anti-inflammatory
agents (Dajani et al., 1999). As discussed earlier in this
review, ajulemic acid is a high-affinity agonist for hu-
man cannabinoid receptors and has CB1-mediated, po-
tent antihyperalgesic activity in models of chronic neu-
ropathic and inflammatory pain in the rat (Dyson et al.,
2005). Ajulemic acid also induces apoptosis in human T
lymphocytes (Bidinger et al., 2003) and suppresses
IL-1� production in human monocytes (Zurier et al.,
2003), which could contribute to its therapeutic effects in
RA and other inflammatory disorders. Treatment with
cannabidiol or its more potent dimethylheptyl derivative
(HU-320) reduced an LPS-induced increase in serum
TNF-� and immune function and effectively blocked the
progression of collagen-induced arthritis in mice (Mal-
fait et al., 2000; Sumariwalla et al., 2004). Other studies
described the antinociceptive effects of anandamide and
THC in rats with arthritis (Sofia et al., 1973; Smith et
al., 1998; Cox and Welch, 2004). Mbvundula et al. (2005,
2006) have recently reported that WIN 55,212-2 and
HU-210 inhibited IL-1-stimulated NO production in bo-
vine articular chondrocytes, in contrast to AM281 and
AM630, which elicited an opposite effect. Anandamide,
WIN 55212-2, and HU-210 also inhibited the release of
sulfated glycosaminoglycans in bovine cartilage ex-
plants and IL-1a stimulated proteoglycan and collagen
degradation (Mbvundula et al., 2005, 2006).

In a survey of 2969 people using cannabis for medic-
inal purposes, �25% of subjects mentioned relief of ar-
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thritis symptoms as the main reason for cannabis smok-
ing, which was surpassed only by chronic pain, MS, and
depression (Ware et al., 2003). Studies using cannabi-
noid-based extracts are also underway in patients with
RA (Russo, 2006). The potential benefit of cannabinoids
in fibromyalgia, a syndrome of widespread musculoskel-
etal pain, nonrestorative sleep, disturbed mood, and fa-
tigue of unknown etiology, has also been reviewed
(Russo, 2004).

2. Osteoporosis. Osteoporosis is a skeletal disorder
characterized by low bone mass and microarchitectural
deterioration of bone, leading to increased susceptibility
to bone fractures. The associated fractures and the sub-
sequent morbidity and mortality make osteoporosis an
enormous public health concern. Osteoporosis is no
longer considered an age-related disease, as it is increas-
ingly recognized in children. Osteoporosis is thought to
be a polygenic disorder, with vulnerability determined
by multiple genes and environmental risk factors. It
currently affects up to one in three women and 1 in 12
men worldwide (Keen, 2003). Treatment options include
general measures on lifestyle, calcium and vitamin D
supplements, hormone therapy, raloxifene, and bisphos-
phonates.

Cannabinoid receptors were first implicated in the
regulation of bone mass by Karsak et al. (2004), who
found that CB2 knockout mice had markedly accelerated
age-related trabecular bone loss and cortical expansion
accompanied by increased activity of trabecular osteo-
blasts, increased numbers of osteoclasts, and decreased
numbers of diaphyseal osteoblast precursors (Ofek et al.,
2006). CB2 receptors were expressed in osteoblasts, os-
teocytes, and osteoclasts. The selective CB2 agonist HU-
308, but not the CB1 agonist noladine ether, attenuated
ovariectomy-induced bone loss and markedly stimulated
cortical thickness through the suppression of osteoclast
number and stimulation of endocortical bone formation
(Ofek et al., 2006). Furthermore, HU-308 dose depen-
dently increased the number and activity of endocortical
osteoblasts and restrained trabecular osteoclastogenesis
by inhibiting proliferation of osteoclast precursors (Ofek
et al., 2006). These results, coupled with CB2 but not
CB1 receptor mRNA expression during osteoblastic dif-
ferentiation, suggested a role for CB2 receptors in bone
remodeling. Such a role of CB2 but not CB1 receptors is
also supported by a recent genetic association study in
human samples of postmenopausal osteoporosis pa-
tients and matched female control subjects (Karsak
et al., 2005).

In contrast, Idris et al. (2005) have recently reported
that CB1 receptor knockout mice or mice treated with
antagonists of either CB1 or CB2 receptors were pro-
tected from ovariectomy-induced bone loss. Further-
more, cannabinoid antagonists promoted osteoclast ap-
optosis, inhibited osteoclast activity, and decreased the
production of several osteoclast survival factors in vitro,

suggesting that cannabinoid antagonists may be benefi-
cial in the treatment of osteoporosis. Although the rea-
son for the discrepancy between the above studies is not
clear; they suggest a role for the endocannabinoid sys-
tem in the regulation of bone mass.

I. Endocannabinoids and Reproductive Functions

There is abundant evidence that the endocannabinoid
system is involved in reproductive functions in both
males and females and in both animals and humans, as
discussed in more detail in recent reviews (Fride, 2004;
Park et al., 2004; Schuel and Burkman, 2005; Tranguch
et al., 2005; Wang et al., 2006). In males, marijuana,
synthetic cannabinoids, and anandamide adversely af-
fect the fertilizing capacity of sperm, which express func-
tional CB1 receptors (Rossato et al., 2005; Schuel and
Burkman, 2005; Whan et al., 2006). On the other hand,
there is preclinical evidence to suggest that blockade of
CB1 may be useful in the treatment of erectile dysfunc-
tion (Melis et al., 2004b, 2006).

High levels of functional CB1 receptor, anandamide,
and FAAH are present in the preimplantation embryo
and/or in the uterus (Das et al., 1995; Paria et al., 1995,
2001; Schmid et al., 1997; Park et al., 2003; Guo et al.,
2005). Anandamide synthesized in the uterus exerts
dose- and stage-specific effects on embryo development
and implantation. A temporary reduction of anandam-
ide levels is essential for embryo implantation, and
higher anandamide levels are associated with uterine
nonreceptivity and impairment of blastocyst formation,
zona hatching, and trophoblast outgrowth via CB1 re-
ceptors (Das et al., 1995; Paria et al., 1995, 2001, 2002;
Schmid et al., 1997; Wang et al., 1999; Guo et al., 2005).
Consequently, cannabinoids may retard the develop-
ment of embryos, eventually leading to fetal loss and
pregnancy failure (Bloch et al., 1978; Smith and Asch,
1987; Park et al., 2004). Anandamide levels in the
uterus are regulated by FAAH activity (Paria et al.,
1995, 1999; Schmid et al., 1997). Accordingly, pregnant
women with low FAAH activity in lymphocytes were
found to have an increased incidence of miscarriage
(Maccarrone et al., 2000c), and low FAAH activity also
correlated with failure to maintain pregnancy after in
vitro fertilization (Maccarrone et al., 2002b). Finally,
cannabinoids may also affect the levels of various hor-
mones crucial for normal fertility and reproduction
(Brown and Dobs, 2002; Park et al., 2004; Scorticati et
al., 2004; Gammon et al., 2005). Although such findings
may suggest the potential usefulness of CB1 antagonists
in the treatment of infertility problems, a note of caution
is warranted because CB1 knockout mice were reported
to have impaired oviductal transport of embryos, leading
to embryo retention. This suggests that treatment with
CB1 antagonists may facilitate ectopic pregnancy (Wang
et al., 2004).
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IV. Future Directions

The length of this review, necessitated by the steady
growth in the number of indications for the potential
therapeutic use of cannabinoid-related medications, is a
clear sign of the emerging importance of this field. This
is further underlined by the quantity of articles in the
public database dealing with the biology of cannabi-
noids, which numbered �200 to 300/year throughout the
1970s to reach an astonishing 5900 in 2004. The growing
interest in the underlying science has been matched by
a growth in the number of cannabinoid drugs in phar-
maceutical development from two in 1995 to 27 in 2004,
with the most actively pursued therapeutic targets be-
ing pain, obesity, and multiple sclerosis (Hensen, 2005).
As in any rapidly growing area of research, not all the
leads will turn out to be useful or even valid. Neverthe-
less, it is safe to predict that new therapeutic agents that
affect the activity of the endocannaboinoid system will
emerge and become members of our therapeutic arma-
mentarium. The plant-derived cannabinoid preparation
Sativex has already gained regulatory approval in Can-
ada for the treatment of spasticity and pain associated
with multiple sclerosis, and the CB1 receptor antagonist
rimonabant has been approved in Europe and is await-
ing Food and Drug Administration approval in the
United States for the treatment of the metabolic syn-
drome. Undoubtedly, these will be followed by new and
improved compounds aimed at the same or additional
targets in the endocannabinoid system. However, it may
be only after the widespread therapeutic use of such
compounds that some important side effects will emerge.
Although this occurrence would be undesirable from a
health care perspective, such side effects may shed fur-
ther light on the biological functions of endocannabi-
noids in health and disease.
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Soubrié P, Le Fur G, Galiège S, et al. (2005) The CB1 receptor antagonist rimon-
abant reverses the diet-induced obesity phenotype through the regulation of lipol-
ysis and energy balance. FASEB J 19:1567–1569.

Jiang W, Zhang Y, Xiao L, Van Cleemput J, Ji SP, Bai G, and Zhang X (2005)
Cannabinoids promote embryonic and adult hippocampus neurogenesis and pro-
duce anxiolytic- and antidepressant-like effects. J Clin Investig 115:3104–3116.

Jimenez W (2005) Endocannabinoids and liver disease. Hepatology 41:983–985.
Jin KL, Mao XO, Goldsmith PC, and Greenberg DA (2000) CB1 cannabinoid receptor

induction in experimental stroke. Ann Neurol 48:257–261.
Jin W, Brown S, Roche JP, Hsieh C, Celver JP, Kovoor A, Chavkin C, and Mackie K

(1999) Distinct domains of the CB1 cannabinoid receptor mediate desensitization
and internalization. J Neurosci 19:3773–3780.

Jo Y-H, Chen Y-JJ, Chua SC Jr, Talmage DA, and Role LW (2005) Integration of
endocannabinoid and leptin signaling in an appetite-related neural circuit. Neuron
48:1055–1066.

Johanek LM, Heitmiller DR, Turner M, Nader N, Hodges J, and Simone DA (2001)
Cannabinoids attenuate capsaicin-evoked hyperalgesia through spinal and periph-
eral mechanisms. Pain 93:303–315.

Johanek LM and Simone DA (2004) Activation of peripheral cannabinoid receptors
attenuates cutaneous hyperalgesia produced by a heat injury. Pain 109:432–442.

Johns A (2001) Psychiatric effects of cannabis. Br J Psychiatry 178:116–122.
Johnson SW and North RA (1992) Opioids excite dopamine neurons by hyperpolar-

ization of local interneurons. J Neurosci 12:483–488.
Johnson DD, McNeill JR, Crawford RD, and Wilcox WC (1975) Epileptiform seizures

in domestic fowl. V. The anticonvulsant activity of �9-tetrahydrocannabinol. Can
J Physiol Pharmacol 53:1007–1013.

Jones G, Pertwee RG, Gill EW, Paton WD, Nilsson IM, Widman M, and Agurell S
(1974) Relative pharmacological potency in mice of optical isomers of �1-
tetrahydrocannabinol. Biochem Pharmacol 23:439–446.

Jones S and Howl J (2003) Cannabinoid receptor systems: therapeutic targets for
tumour intervention. Expert Opin Ther Targets 7:749–758.

Jonsson KO, Andersson A, Jacobsson SO, Vandevoorde S, Lambert DM, and Fowler
CJ (2003) AM404 and VDM 11 non-specifically inhibit C6 glioma cell proliferation
at concentrations used to block the cellular accumulation of the endocannabinoid
anandamide. Arch Toxicol 77:201–207.

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, Hogestatt ED,
Meng ID, and Julius D (2004) Mustard oils and cannabinoids excite sensory nerve
fibres through the TRP channel ANKTM1. Nature (Lond) 427:260–265.

Joseph J, Niggemann B, Zaenker KS, and Entschladen F (2004) Anandamide is an
endogenous inhibitor for the migration of tumor cells and T lymphocytes. Cancer
Immunol Immunother 53:723–728.

Joyeux M, Arnaud C, Godin-Ribuot D, Demenge P, Lamontagne D, and Ribuot C
(2002) Endocannabinoids are implicated in the infarct size-reducing effect con-
ferred by heat stress preconditioning in isolated rat hearts. Cardiovasc Res 55:
619–625.

Juan-Pico P, Fuentes E, Javier Bermudez-Silva F, Javier Diaz-Molina F, Ripoll C,
Rodriguez de Fonseca F, and Nadal A (2005) Cannabinoid receptors regulate Ca2�

signals and insulin secretion in pancreatic �-cell. Cell Calcium 39:155–162.
Julien B, Grenard P, Teixeira-Clerc F, Van Nhieu JT, Li L, Karsak M, Zimmer A,

Mallat A, and Lotersztajn S (2005) Antifibrogenic role of the cannabinoid receptor
CB2 in the liver. Gastroenterology 128:742–755.

Kadoi Y, Hinohara H, Kunimoto F, Kuwano H, Saito S, and Goto F (2005a) Effects
of AM281, a cannabinoid antagonist, on systemic haemodynamics, internal carotid
artery blood flow and mortality in septic shock in rats. Br J Anaesth 94:563–568.

Kadoi Y, Hinohara H, Kunimoto F, Saito S, and Goto F (2005b) Cannabinoid
antagonist AM 281 reduces mortality rate and neurologic dysfunction after cecal
ligation and puncture in rats. Crit Care Med 33:2629–2636.

Kamei J, Yoshikawa Y, and Saitoh A (2006) Effect of N-arachidonoyl-(2-methyl-4-
hydroxyphenyl) amine (VDM11), an anandamide transporter inhibitor, on capsa-
icin-induced cough in mice. Cough 2:2.

Kanakis C Jr, Pouget JM, and Rosen KM (1976) The effects of delta-9-
tetrahydrocannabinol (cannabis) on cardiac performance with and without beta
blockade. Circulation 53:703–707.

Kaplan BL, Ouyang Y, Herring A, Yea SS, Razdan R, and Kaminski NE (2005)
Inhibition of leukocyte function and interleukin-2 gene expression by 2-methyl-
arachidonyl-(2�-fluoroethyl)amide, a stable congener of the endogenous cannabi-
noid receptor ligand anandamide. Toxicol Appl Pharmacol 205:107–115.

Karler R, Calder LD, Sangdee P, and Turkanis SA (1984) Interaction between
�-9-tetrahydrocannabinol and kindling by electrical and chemical stimuli in mice.
Neuropharmacology 23:1315–1320.

Karler R, Calder LD, and Turkanis SA (1986) Prolonged CNS hyperexcitability in
mice after a single exposure to �-9-tetrahydrocannabinol. Neuropharmacology
25:441–446.

Karler R and Turkanis SA (1981) The cannabinoids as potential antiepileptics.
J Clin Pharmacol 21:437S–448S.

Karsak M, Cohen-Solal M, Freudenberg J, Ostertag A, Morieux C, Kornak U, Essig
J, Erxlebe E, Bab I, Kubisch C, et al. (2005) The cannabinoid receptor type 2
(CNR2) gene is associated with human osteoporosis. Hum Mol Genet 14:3389–
3396.

Karsak M, Ofek O, Fogel M, Wright K, Tam J, Gabet Y, Birenboim R, Attar-Namdar
M, Müller R, and Cohen-Solal M (2004) The cannabinoid CB2 receptor: a potential
target for the treatment of osteoporosis. J Bone Miner Res 19:S383.

Karst M, Salim K, Burstein S, Conrad I, Hoy L, and Schneider U (2003) Analgesic
effect of the synthetic cannabinoid CT-3 on chronic neuropathic pain: a random-
ized controlled trial. J Am Med Assoc 290:1757–1762.

Kathuria S, Gaetani S, Fegley D, Valino F, Duranti A, Tontini A, Mor M, Tarzia G,
La Rana G, Calignano A, et al. (2003) Modulation of anxiety through blockade of
anandamide hydrolysis. Nat Med 9:76–81.

Katona I, Rancz EA, Acsady L, Ledent C, Mackie K, Hajos N, and Freund TF (2001)
Distribution of CB1 cannabinoid receptors in the amygdala and their role in the
control of GABAergic transmission. J Neurosci 21:9506–9518.

Katona I, Sperlagh B, Sik A, Kafalvi A, Vizi ES, Mackie K, and Freund TF (1999)
Presynaptically located CB1 cannabinoid receptors regulate GABA release from
axon terminals of specific hippocampal interneurons. J Neurosci 19:4544–4558.

Kearn CS, Blake-Palmer K, Daniel E, Mackie K, and Glass M (2005) Concurrent
stimulation of cannabinoid CB1 and dopamine D2 receptors enhances heterodimer
formation: a mechanism for receptor cross-talk? Mol Pharmacol 67:1697–1704.

Keeler MH and Reifler CB (1967) Grand mal convulsions subsequent to marijuana
use: case report. Dis Nerv Syst 28:474–475.

Keen RW (2003) Burden of osteoporosis and fractures. Curr Osteoporos Rep 1:66–70.
Kelly LA and Butcher RW (1973) The effects of �1-tetrahydrocannabinol on cyclic

AMP levels in WI-38 fibroblasts. Biochim Biophys Acta 320:540–544.
Kelly S, Jhaveri MD, Sagar DR, Kendall DA, and Chapman V (2003) Activation of

peripheral cannabinoid CB1 receptors inhibits mechanically evoked responses of
spinal neurons in noninflamed rats and rats with hindpaw inflammation. Eur
J Neurosci 18:2239–2243.

Khanolkar AD, Abadji V, Lin S, Hill WA, Taha G, Abouzid K, Meng Z, Fan P, and
Makriyannis A (1996) Head group analogs of arachidonylethanolamide, the en-
dogenous cannabinoid ligand. J Med Chem 39:4515–4519.

Khaspekov LG, Brenz Verca MS, Frumkina LE, Hermann H, Marsicano G, and Lutz
B (2004) Involvement of brain-derived neurotrophic factor in cannabinoid recep-
tor-dependent protection against excitotoxicity. Eur J Neurosci 19:1691–1698.

Killestein J, Hoogervorst EL, Reif M, Blauw B, Smits M, Uitdehaag BM,
Nagelkerken L, and Polman CH (2003) Immunomodulatory effects of orally ad-
ministered cannabinoids in multiple sclerosis. J Neuroimmunol 137:140–143.

Killestein J, Hoogervorst EL, Reif M, Kalkers NF, Van Loenen AC, Staats PG, Gorter

450 PACHER ET AL.



RW, Uitdehaag BM, and Polman CH (2002) Safety, tolerability, and efficacy of
orally administered cannabinoids in MS. Neurology 58:1404–1407.

Killestein J and Polman CH (2005) Current trials in multiple sclerosis: established
evidence and future hopes. Curr Opin Neurol 18:253–260.

Killestein J, Uitdehaag BM, and Polman CH (2004) Cannabinoids in multiple scle-
rosis: do they have a therapeutic role? Drugs 64:1–11.

Kim EK, Miller I, Aja S, Landree LE, Pinn M, McFadden J, Kuhajda FP, Moran TH,
and Ronnett GV (2004) C75, a fatty acid synthase inhibitor, reduces food intake via
hypothalamic AMP-activated protein kinase. J Biol Chem 279:19970–19976.

Kim J and Alger BE (2004) Inhibition of cyclooxygenase-2 potentiates retrograde
endocannabinoid effects in hippocampus. Nat Neurosci 7:697–698.

Kim J, Isokawa M, Ledent C, and Alger BE (2002) Activation of muscarinic acetyl-
choline receptors enhances the release of endogenous cannabinoids in the hip-
pocampus. J Neurosci 22:10182–10191.

Kim SH, Won SJ, Mao XO, Jin K, and Greenberg DA (2005) Involvement of protein
kinase A in cannabinoid receptor-mediated protection from oxidative neuronal
injury. J Pharmacol Exp Ther 313:88–94.

Kirkham TC (2004) Cannabinoids and medicine: eating disorders, nausea and eme-
sis, in Cannabinoids (Di Marzo V ed) pp 147–160, Landes Bioscience, Georgetown,
TX.

Kirkham TC (2005) Endocannabinoids in the regulation of appetite and body weight.
Behav Pharmacol 16:297–313.

Kirkham TC and Williams CM (2001a) Endogenous cannabinoids and appetite. Nutr
Res Rev 14:65–86.

Kirkham TC and Williams CM (2001b) Synergistic effects of opioid and cannabinoid
antagonists on food intake. Psychopharmacology 159:267–270.

Kirkham TC, Williams CM, Fezza M, and Di Marzo V (2002) Endocannabinoid levels
in rat limbic forebrain and hypothalamus in relation to fasting, feeding and
satiation: stimulation of eating by 2-arachidonoyl glycerol. Br J Pharmacol 136:
550–557.

Klein TW (2005) Cannabinoid-based drugs as anti-inflammatory therapeutics. Nat
Rev Immunol 5:400–411.

Klein TW, Friedman H, and Specter SC (1998) Marijuana, immunity and infection.
J Neuroimmunol 83:102–115.

Klein TW, Lane B, Newton CA, and Friedman H (2000a) The cannabinoid system
and cytokine network. Proc Soc Exp Biol Med 225:1–8.

Klein TW, Newton C, Larsen K, Lu L, Perkins I, Nong L, and Friedman H (2003) The
cannabinoid system and immune modulation. J Leukoc Biol 74:486–496.

Klein TW, Newton CA, Nakachi N, and Friedman H (2000b) �9-Tetrahydrocannab-
inol treatment suppresses immunity and early IFN-�, IL-12, and IL-12 receptor �
2 responses to Legionella pneumophila infection. J Immunol 164:6461–6466.

Klijn CJ and Hankey GJ (2003) American Stroke Association and European Stroke
Initiative: management of acute ischaemic stroke: new guidelines from the Amer-
ican Stroke Association and European Stroke Initiative. Lancet Neurol 2:698–701.

Knoller N, Levi L, Shoshan I, Reichenthal E, Razon N, Rappaport ZH, and Biegon A
(2002) Dexanabinol (HU-211) in the treatment of severe closed head injury: a
randomized, placebo-controlled, phase II clinical trial. Crit Care Med 30:548–554.

Kogan NM, Rabinowitz R, Levi P, Gibson D, Sandor P, Schlesinger M, and Mechou-
lam R (2004) Synthesis and antitumor activity of quinonoid derivatives of canna-
binoids. J Med Chem 47:3800–3806.

Kola B, Hubina E, Tucci SA, Kirkham TC, Garcia EA, Mitchell SE, Williams LM,
Hawley SA, Hardie DG, Grossman AB, et al. (2005) Cannabinoids and ghrelin
have both central and peripheral metabolic effects via AMP-activated protein
kinase. J Biol Chem 280:25196–25201.

Koob GF (1992) Drugs of abuse: anatomy, pharmacology and function of reward
pathways. Trends Pharmacol Sci 13:177–184.

Koob GF (1996) Drug addiction: the yin and yang of hedonic homeostasis. Neuron
16:893–896.

Koob GF and Thatcher-Britton K (1985) Stimulant and anxiogenic effects of corti-
cotropin releasing factor. Prog Clin Biol Res 192:499–506.

Korczyn AD (1980) The ocular effects of cannabinoids. Gen Pharmacol 11:419–423.
Kosersky DS (1978) Antihypertensive effects of �9-tetrahydrocannabinol. Arch Int

Pharmacodyn Ther 233:76–81.
Koutek B, Prestwich GD, Howlett AC, Chin SA, Salehani D, Akhavan N, and

Deutsch DG (1994) Inhibitors of arachidonoyl ethanolamide hydrolysis. J Biol
Chem 269:22937–22940.

Kreutzer AC and Regehr WG (2001) Retrograde inhibition of presynaptic calcium
influx by endogenous cannabinoids at excitatory synapses onto Purkinje cells.
Neuron 29:717–727.

Kristensen P, Judge ME, Thim L, Ribel U, Christjansen KN, Wulff BS, Clausen JT,
Jensen PB, Madsen OD, Vrang N, et al. (1998) Hypothalamic CART is a new
anorectic peptide regulated by leptin. Nature (Lond) 393:72–76.

Krylatov AV, Bernatskaia NA, Maslov LN, Pertwee RG, Mechoulam R, Stefano GB,
Sharaevskii MA, and Sal’nikova OM (2002a) Increase of the heart arrhythmogenic
resistance and decrease of the myocardialnecrosis zone during activation of can-
nabinoid receptors Ross Fiziol Zh Im I M Sechenova 88:560–567.

Krylatov AV, Maslov LN, Lasukova OV, and Pertwee RG (2005) Cannabinoid recep-
tor antagonists SR141716 and SR144528 exhibit properties of partial agonists in
experiments on isolated perfused rat heart. Bull Exp Biol Med 139:558–561.

Krylatov AV, Ugdyzhekova DS, Bernatskaya NA, Maslov LN, Mekhoulam R, Pert-
wee RG, and Stephano GB (2001) Activation of type II cannabinoid receptors
improves myocardial tolerance to arrhythmogenic effects of coronary occlusion and
reperfusion. Bull Exp Biol Med 131:523–525.

Krylatov AV, Uzhachenko RV, Maslov LN, Bernatskaya NA, Makriyannis A,
Mechoulam R, Pertwee RG, Sal’nikova OM, Stefano JB, and Lishmanov Y (2002b)
Endogenous cannabinoids improve myocardial resistance to arrhythmogenic ef-
fects of coronary occlusion and reperfusion: a possible mechanism. Bull Exp Biol
Med 133:122–124.

Krylatov AV, Uzhachenko RV, Maslov LN, Ugdyzhekova DS, Bernatskaia NA,
Pertwee R, Stefano GB, and Makriyannis A (2002c) Anandamide and R-(�)-

methanandamide prevent development of ischemic and reperfusion arrhythmia in
rats by stimulation of CB2-receptors. Eksp Klin Farmakol 65:6–9.

Kuijten RR, Bunin GR, Nass CC, and Meadows AT (1992) Parental occupation and
childhood astrocytoma: results of a case-control study. Cancer Res 52:782–786.

Kulkarni-Narla A and Brown DR (2000) Localization of CB1-cannabinoid receptor
immunoreactivity in the porcine enteric nervous system. Cell Tissue Res 302:73–
80.
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Wagner JA, Varga K, Járai Z, and Kunos G (1999) Mesenteric vasodilation mediated
by endothelial anandamide receptors. Hypertension 33:429–434.

Wahn H, Wolf J, Kram F, Frantz S, and Wagner JA (2005) The endocannabinoid
arachidonyl ethanolamide (anandamide) increases pulmonary arterial pressure
via cyclooxygenase-2 products in isolated rabbit lungs. Am J Physiol 289:H2491–
H2496.

Waksman Y, Olson JM, Carlisle SJ, and Cabral GA (1999) The central cannabinoid
receptor (CB1) mediates inhibition of nitric oxide production by rat microglial cells.
J Pharmacol Exp Ther 288:1357–1366.

Walker JM and Huang SM (2002) Cannabinoid analgesia. Pharmacol Ther 95:127–
135.

Walker JM, Huang SM, Strangman NM, and Sañudo-Peña MC (2000) Identification
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