
Alzheimer’s disease and its therapy

Treatment of neurodegenerative diseases represents
a major challenge for medicinal chemists, neuropharma-
cologists and clinical neurologists. In particular,
Alzheimer’s disease (AD) currently affects around 15 mil-
lion people worldwide. The risk of suffering AD varies with
age: thus, the incidence increases from 0.5% per year at
the age of 65 to 8% per year after the age of 85. Given
that life expectancy has markedly increased in industrial-
ized countries over the last century, today AD treatment
and care constitutes a major social and health problem.

In AD, brain regions involved in learning and memory
processes (e.g., the hippocampal region and several cor-
tical areas) are reduced in size, they present the patho-
logical alterations characteristic of the disease and show
loss of particular subsets of neurons. In view of the high
incidence of AD, research efforts during the past few
decades have focused on understanding the cellular and
molecular events associated with the pathology of the
disease. Animal models, human postmortem material and
genetic analyses have all provided important clues to the
etiology of AD and, in fact, the present search for effec-
tive therapies is based on these findings (1-3). There are
two types of therapies: palliative, in which drugs aimed at
symptom relief are used, and disease-modifying agents,
that prevent and/or delay the onset or slow the course of
the disease.

The first neurochemical deficit that was reported in AD
was the dramatic reduction in the neurotransmitter acetyl-
choline (ACh), known to be involved in learning and mem-
ory. However, replacement therapy, which has been used
successfully in other neurodegenerative disorders such
as Parkinson’s disease, has not been proven to be very
effective. Therefore research focused on developing and
testing inhibitors of acetylcholinesterase (AChE), the
major ACh-degrading enzyme. Several of these inhibitors
(tacrine, donepezil, rivastigmine) have been approved
and introduced into clinical practice. Of the seven drugs
currently approved by the FDA for the treatment of AD, all
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Abstract

Alzheimer’s disease (AD) is the most prevalent
neurodegenerative disorder and accounts for at least
50% of dementia cases. During the last decades,
great strides have been made in our understanding of
the molecular and cellular events leading to the
pathology of AD, and results of some preclinical stud-
ies have been promising. However, only a few thera-
pies have been introduced into the clinic. The charac-
terization of the cannabinoid system within the last
years has led to the development of cannabinoid-
based therapies for the treatment of various diseases.
In particular, the neuroprotective effects of this class of
drugs against acute brain damage and their antiin-
flammatory properties prompted us to study cannabi-
noid receptors in AD brains and their possible neuro-
protective effects in both in vivo and in vitro models.
We found that the functioning of cannabinoid recep-
tors is dramatically reduced in AD brain tissue and that
cannabinoids prevent β-amyloid peptide-induced neu-
rotoxicity and cognitive decline in rats, effects which
may be due to their ability to inhibit microglial activa-
tion both in vivo and in vitro. These findings may be
the basis for the use of cannabinoids as a therapeutic
approach for AD.



Although several studies have shown that NSAIDs have
no beneficial effects in AD patients, they may help to
delay the onset of the disease. In a recent study, the
statins were also reported to exhibit antiinflammatory
properties (18) by inhibiting Aβ-induced expression of 
IL-1β and inducible nitric oxide synthase, as well as NO
production by microglia and monocytes. Interestingly,
these actions were independent of their cholesterol-low-
ering properties (18).

Other strategies have been aimed at decreasing neu-
rodegeneration and enhancing neuroprotection (4, 6) by
the use of antioxidants, glutamate antagonists and troph-
ic factors. Oxidative stress, either as a primary cause or
as a consequence of the ongoing neurodegenerative
process, is involved in AD etiology as well (19). As men-
tioned above, Aβ-induced cell death is accompanied by
oxidative damage in vitro and in transgenic mice in vivo
(20). However, the evidence obtained in postmortem
brain tissue from patients are thus far scarce and, in
some cases, contradictory. These results are the ratio-
nale for studying the effects of different antioxidants in AD
models, in which they prevent some of the pathological
features of the disease. It should be noted that in diag-
nosed AD patients vitamin E was ineffective, again sug-
gesting that prevention is the mechanism of their benefi-
cial effect. Nerve growth factor (NGF), which is essential
for maintaining cholinergic forebrain neurons, has been
shown to be decreased in AD, and therefore mice with
reduced NGF may serve as a model of the disease (21).
A phase I clinical trial has recently reported the effective-
ness of NGF delivery by fibroblasts implanted into the
forebrain. After 22 months of follow-up, patients with mild
AD showed improved rates of cognitive decline and PET
scans with significant increases in cortical 18-fluo-
rodeoxyglucose after treatment (22).

In summary, efforts have been made to establish use-
ful therapies to treat AD, including two approaches: pal-
liative treatment to slow its progress and preventive treat-
ment to delay its onset. Preventive therapy should be
introduced soon in the evolution of AD and even in
asymptomatic individuals at risk of developing the dis-
ease (e.g., subjects carrying mutations), since palliative
treatment has been shown to be ineffective when neuron
loss is severe as in advanced stages of AD.

Cannabinoids as neuroprotective agents

Cannabinoids are the active components of the plant
Cannabis sativa. ∆9-Tetrahydrocannabinol (THC) is the
major cannabinoid of the plant due to its high abundance
and potency, and at least 60 other cannabinoids have
been characterized to date. Several synthetic analogues
more potent than THC have been developed and various
cannabinoid agonists are now available, including com-
pounds chemically related to THC such as the tricyclic
dibenzopyranes (e.g., HU-210) and others that have no
structural similarity to THC such as the aminoalkylindo-
les (e.g., WIN-55212-2) (Fig. 1). Finally, endogenous

but one have this pharmacological action (4). However,
their efficacy is limited and in some instances their cen-
tral and peripheral side effects are considerable.
Galantamine, however, is showing promise because in
addition to inhibiting AChE it also activates some sub-
types of nicotinic receptors which control the release of
other major neurotransmitters, and also enhances ACh
release.

Although the majority of AD cases are sporadic and of
unknown etiology, some are a consequence of genetic
mutations. A small number of patients have mutations in
the gene of the amyloid precursor protein (APP) or pre-
senilin-1 and -2 (PS1 and PS2). These mutations result in
increased levels of total β-amyloid (Aβ) or of the more
pathogenic Aβ1-42 (5). Aβ is generated by sequential pro-
teolytic processing of APP. Aβ deposits in AD brains form-
ing the senile plaques, one of the pathological markers of
the disease, are a feature of both sporadic and familial
AD. Aβ is toxic both in vitro and in vivo. Different neural
cell types and cell lines in culture die upon exposure to Aβ
through a mechanism that involves oxidative stress, dis-
ruption of calcium homeostasis and/or excitotoxicity.
Furthermore, transgenic mice expressing human APP
mutations progressively develop plaques and cognitive
impairment in different behavioral tasks. Taken together,
these observations led to the development of the amyloid
cascade hypothesis of AD, that states that imbalance
between Aβ production and clearance results in a cas-
cade of events eventually leading to neuronal dysfunction
and dementia. Therefore, many of the therapeutic strate-
gies for AD are aimed at decreasing Aβ accumulation by
preventing its synthesis or by increasing its removal (6).
An example of the former is the family of inhibitors of β-
and γ-secretases, the enzymes responsible for the abnor-
mal cleavage of APP that results in amyloidogenic pep-
tides (normal cleavage relies on α-secretase activity).
Some drugs that had retrospectively been demonstrated
to diminish the risk of suffering AD such as nicotine, non-
steroidal antiinflammatory drugs (NSAIDs) (7, 8) and
statins (cholesterol-lowering drugs) (9, 10) have recently
been shown to behave in this manner. However, the Aβ42-
lowering property is not a general characteristic of
NSAIDs, and even some COX-2 selective inhibitors may
raise Aβ42 by targeting the gamma-secretase complex
(11). Active and passive vaccination has been employed
to target removal of Aβ, and in animals carrying the
human mutations of APP (APP transgenic mice, APP Tg),
it has been quite successful (12, 13) but clinical trials had
to be interrupted because some cases of cerebral hem-
orrhage occurred. Interestingly, other compounds may
increase the flux of Aβ from brain to the periphery, for
example insulin growth factor I (14) and gelsolin (15), and
also lower amyloid burden.

Inflammation is another feature almost always
observed in AD brains. Microglial cells, the immune cells
of the brain, play a major part in the process (16). There
is overwhelming evidence that a vast number of inflam-
matory mediators are increased in AD (17). As mentioned
above, NSAIDs decrease the risk of developing AD.
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and function in cultured microglia (30-33). CB1 receptor
activation appears to be responsible for some of the
effects (33), while the CB2 receptor mediates others (30).

Evidence for the neuroprotective role of cannabinoids
has accrued over the past years. Indeed, cannabinoids
are able to counteract the neurotoxicity induced by differ-
ent types of insults in cultured neurons (34). Excitotoxicity
induced by increased glutamate release from hippocam-
pal, cortical or cerebellar cells is counteracted by cannabi-
noids (35-37). Cannabinoids modulate classical neuro-
transmitter release through CB1 presynaptic receptors
located at axon terminals and may lower glutamate extra-
cellular levels reaching excitotoxic concentrations. The
mixed cannabinoid agonist WIN-55212-2 provided neuro-
protection of cortical neurons against hypoxia and glucose
deprivation in vitro (38). In other paradigms, neuroprotec-
tion by cannabinoids was adscribed to their antioxidant
effects due to their lack of affinity for CB receptors and the
inability of selective antagonists to block the effect (35).
Indeed, Marsicano et al. reported that cannabinoids
exhibiting antioxidant properties in cell-free systems also
protected CB1-expressing cells, either transfected cells or
primary neurons, against oxidative stress, while com-
pounds devoid of antioxidant effects were inactive as neu-
roprotectants (39). Interestingly, other types of neural cells
are also protected from cell death by cannabinoid recep-
tor activation, such as the case of astrocyte death induced
by ceramide (40) or sensitized to oxidative stress by troph-
ic factor withdrawal (41), and oligodendrocytes undergo-
ing apoptosis due to trophic factor removal (42). It should
be noted that increased survival of those glial cells brought
about by cannabinoids may have a positive impact on
neuronal protection as well. In contrast, in some studies,
cannabinoids have been shown to induce neuronal cell
death. Different experimental factors may account for this
opposite effect of cannabinoids, for example: a) dual

cannabinoid molecules —the so-called endocannabi-
noids— have been discovered. These eicosanoid-like
compounds are chemically related to arachidonic acid,
two of which are anandamide (Fig. 1) and 2-arachi-
donoylglycerol. These molecules bind to CB cannabinoid
receptors, two of which have been well characterized to
date: CB1 and CB2 (23, 24). However, based on pharma-
cological evidence and on studies in knockout mice, the
existence of more subtypes has been suggested (24).
Fortunately, in addition to mixed CB1/CB2 agonists, selec-
tive agonists and antagonists are becoming available (25-
27). The chemical structure of JWH-133, a CB2 selective
agonist that has 200-fold higher potency at CB2 receptors
compared to CB1 receptors (28), is shown in Figure 1.

CB1 receptors show a very high density and are wide-
ly distributed in the brain (23, 24, 29). Several brain
regions are particularly enriched in CB1 receptors, which
are responsible for the neurofunctional effects of cannabi-
noids. Control of motor activity results from receptor acti-
vation in basal ganglia and cerebellum, learning and
memory are affected through receptors expressed in cor-
tical and hippocampal regions, amygdala cannabinoid
receptor activation modulates emotions, and sensory
control, including pain, is regulated by receptors located
in the thalamus, spinal cord and peripheral nerve end-
ings. The CB2 receptor was considered to be uniquely
expressed by cells and organs of the immune system
until recently, and therefore was called the peripheral
cannabinoid receptor, in contrast to the central cannabi-
noid receptor (CB1) that is expressed mainly in the brain.
However, CB2 and CB2-like receptors are also present in
peripheral nerve endings, but are absent in normal brain.
The presence of CB2 receptors in microglial cells (i.e.,
macrophage precursor cells residing in the brain) was
long suspected and confirmed in culture assays (30).
Cannabinoids modulate migration, cytokine expression
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Fig. 1. Chemical structures of the cannabinoid agonists ∆9-tetrahydrocannabinol (THC), WIN-55212-2, anandamide and JWH-133.
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The neuroprotective effects of cannabinoids have also
been investigated in different in vivo models and are sum-
marized in Table I. The first study addressing this issue
was that of Nagayama and coworkers (38). Cannabinoid
receptor activation reduced hippocampal neuron loss fol-
lowing transient global cerebral ischemia and reduced
infarct volume after permanent focal cerebral ischemia
induced by middle cerebral artery (MCA) occlusion in rats
(38). The protective effect was blocked by the selective
CB1 antagonist SR-141716 and the cannabinoid not only

effects may rely on the concentration and duration of
exposure, with higher signal inputs usually increasing tox-
icity; b) type of experimental paradigm, in which the nature
of the insult, the origin of the neuron or its stage of differ-
entiation may define its vulnerability; c) several endo-
cannabinoids also interact with other receptors that may
balance the cell fate outcome. This is the case of AEA and
arvanil, compounds that activate CB1 receptors as well as
type 1 vanilloid receptor (TRPV1), a member of the tran-
sient receptor potential channel family.

810 Neuroprotective effects of cannibinoids in Alzheimer’s disease

Fig. 2. Cannabinoids counteract the effects of Aβ administration in vivo. Rats were injected i.c.v. with Aβ (20 µg/rat/day for 7 days) alone
or in combination with WIN-55212-2 (WIN; 10 µg/rat/day for 7 days). They were tested and sacrificed at the times indicated. Control rats
received a control peptide (“scrambled” peptide, SCR). Aβ induced marked microglial activation at 8 days after beginning treatments and
astrogliosis at 15 days, both of which were prevented by WIN administration. Aβ-induced impairment of spatial navigation at 2 months
was prevented by cannabinoid injection as well.

Table I: Drugs targeted for treating Alzheimer’s disease.

Alteration Target Drug type References

↓ACh AChE AChE inhibitors
Nicotinic receptors Nicotine

↑Aβ synthesis Synthetic enzymes Secretase inhibitors, NSAIDs 64
Statins 9, 10

Nicotinic receptors Nicotine
↑Aβ deposition Enhanced clearance IGF-I, statins, vaccination 10, 12-14

Curcumin 65
Estrogens 66

↑Inflammation NSAIDs, statins 7-10, 18
↑Oxidative stress Enzymes Antioxidants, estrogens
↓Cell survival TyrK receptors Trophic factors 22
↑Glutamate Glutamate receptors NMDA blockers

ACh: acetylcholine; IGF-I: insulin-like growth factor I; NMDA: N-methyl-D-aspartate; NSAIDs: nonesteroidal antiinflammatory drugs;
TyrK: Tyrosine kinase.



considered of major therapeutic interest. Microglial cells
as a target for cannabinoid therapy have the additional
advantage of expressing not only CB1 receptors, like the
other types of neural cell, but also CB2 receptors.
Indeed, CB2 receptors in brain may be uniquely
expressed by microglia. One of the difficulties in intro-
ducing cannabinoids into the clinic is their psychoactivi-
ty, whether affective (euphoria), somatic (somnolence,
motor incoordination), sensorial (altered temporal and
spatial perception) or cognitive (memory lapses, confu-
sion), which are all mediated by CB1 activation.
Therefore, we thought it would be interesting to investi-
gate whether cannabinoids might have a selective effect
on microglia by limiting their activation and subsequent
neurotoxicity.

We first studied the localization, expression and func-
tion of CB receptors in AD postmortem brain tissue, with
particular emphasis on any association with microglial
cells and their activation (55), using immunohistochemi-
cal, pharmacological and biochemical techniques. Our
results were in agreement with a recent work (56), that
CB1 and CB2 receptors are expressed in senile plaques
of AD brains along with markers of microglial activation.
CB1-positive neurons exist in high numbers in normal
human brains, and we found a marked reduction of these
neurons in AD frontal cortex, in particular in areas show-
ing enhanced microglial activation. We demonstrated that
CB1 receptor protein expression was greatly reduced in
AD and, more importantly, so was its function as
assessed by G-protein coupling induced by the cannabi-
noid agonist WIN-55212-2. Since increased nitration is
also evident in senile plaques of AD brain, we studied
whether altered nitration of CB receptors might explain
their reduced function. As anticipated, we observed
increased CB1 and CB2 nitration, a chemical alteration
that inactivates other proteins in AD brains (57).

Next we examined the possible protective effects of
cannabinoids in rats injected intracerebroventricularly
with Aβ for 7 days (20 mcg/rat/day) as a model of AD,
since these animals show similar behavioral, biochemical
and pathological alterations as patients with AD.
Increased microglial activation was observed at 8 days
after beginning Aβ administration and astrogliosis was
observed at 15 days. A marked reduction in learning abil-

afforded protection when given 30 min before MCA occlu-
sion but also when administered 30 min afterwards,
though not at later times (38). Furthermore, WIN-55212-2
given 10 min after submitting neonatal rats to asphyxia
reduced early neuron loss and fully prevented delayed
neuron loss, the latter in a CB1-dependent manner (43).
Neuroprotection by cannabinoids was monitored against
ouabain-induced excitotoxicity in rats. THC, AEA and
arvanil all afforded neuroprotection  as measured by a
reduction in edema, neuronal damage and astrogliotic
tissue (34, 44, 45). Interestingly, the neuroprotection of
AEA and arvanil was not only attenuated by CB1 receptor
blockade but also by a TRPV1 antagonist (45). The neu-
roprotective activity of 2-AG was also demonstrated in
mice subjected to closed head injury (46). Increased lev-
els of 2-AG were first observed as early as 1 h after injury,
then they peaked at 4 h, but stayed above control levels
for at least 24 h. Furthermore, when administered 15 min
before contusion, 2-AG induced a dose-dependent reduc-
tion in brain edema monitored at 24 h, but, more impor-
tantly, it significantly enhanced clinical recovery up to 1
week after intervention. Hippocampal neuron loss was
also reduced by 2-AG administration (46). The involve-
ment of CB1 receptors in neuroprotection is further sup-
ported by the increased severity of stroke in CB1 receptor
knockout mice, as assessed by increased mortality,
infarct size and neurological deficits after transient focal
cerebral ischemia and by enhanced neurotoxicity of
NMDA in nonischemic mice (47, 48).

Cannabinoid neuroprotection in Alzheimer’s disease

Activated microglia are almost always present at the
hallmark pathological feature of AD —the senile
plaque— where they cluster (16, 49). They are believed
to be central to the ongoing inflammatory process in the
disease, and microglial activation is also a feature
observed both in transgenic mice models of AD (50, 51)
and following focal injection of Aβ into the brain (52).
Furthermore, microglial activation results in neurode-
generation both in vitro and in vivo (53, 54). These
observations further support the notion that limiting
microglial activation and inflammation in AD may be
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Table II: Experimental models and treatment characteristics of cannabinoids as neuroprotectants against acute brain damage.

Model Brain region Drug/dose/time Survival References

Ouabain Striatum/cortex AEA, 10 mg/kg, –30 min 7d 34, 44
Striatum AEA, 10 mg/kg, –30 min 7d 45

Arvanil, 1 mg/kg 7d 45
Head injury Hippocampus 2-AG, 0.1-10 mg/kg, +15 min 1-7d 46
Ischemia Hippocampus WIN, 0.03-1 mg/kg, –40 min 3d 38

WIN, 1 mg/kg, –30 to +30 min 1d
Asphyxia Hippocampus WIN, 0.1 mg/kg, +10 min 7d 43

Different experimental models of acute brain injury have been used. A single injection of cannabinoids was systemically administered to
rodents at the doses and times indicated and their effects were studied at different survival times. AEA: anandamide; 2-AG: 2-arachin-
odoylglycerol; WIN: WIN-55212-2.



route of administration and physicochemical characteris-
tics of cannabinoids should be investigated and
improved, the pharmacological selectivity of the drugs
should be studied following long-term administration, the
unwanted side effects should be monitored and the mol-
ecular and cellular mechanism of action should be fur-
ther defined. Intracranial administration of drugs as has
been done in the present work has very limited applica-
tion in a clinical context. Therefore, systemic administra-
tion will be used in further studies, but this allows the
drugs to reach the entire organism rather than just the
brain. As already mentioned cannabinoid receptors are
widely distributed in the periphery as well. In particular,
the modulatory effects of cannabinoids on immune func-
tion may be a double edged sword (58) and should be
taken into account. The bioavailability is high due to the
lipophilicity of the compounds, although this property
poses problems concerning route of administration.
Indeed, the development of water-soluble cannabinoids
is greatly needed and would allow their oral administra-
tion. One of the major concerns with mixed cannabinoid
agonists may be their psychoactivity mediated by CB1
receptor activation. This may be theoretically circum-
vented by using very low doses that may be neuropro-
tective with no accompanying psychoactivity, but this has
not yet been investigated. In this respect it should be
mentioned that acute treatment with cannabinoids has
negative effects on learning and memory. This may have
been the rationale for developing CB1 antagonists as a
pharmacological strategy for the treatment of AD. For
example, one such CB1 antagonist, AVE-1625, is under-
going phase II clinical trials in AD patients (4). However,
the effects of cannabinoids on memory in some
instances may have been overestimated. The disrupting
effects of cannabinoids on working memory are dose-
dependent and low doses have no effect. Moreover,
mice lacking CB1 receptors exhibited the same acquisi-
tion rate as wild-type mice in the Morris water maze in a
fixed platform procedure, and only demonstrated signifi-
cant deficits in a reversal task, pointing to a role of CB1
in facilitating extinction or forgetting processes (59, 60).
Nevertheless, it should be taken into account that sub-
chronic cannabinoid exposure produced lasting memory
impairment and increased anxiety in adolescent but not
adult rats (61). In contrast, CB2 agonists are devoid of
psychoactive effects (62) and upon repeated intratu-
moral administration JWH-133 maintained its pharmaco-
logical selectivity. In any case, more behavioral studies
with these compounds are needed.

The therapeutic potential of cannabinoids has been
disregarded for a long time. This situation is rapidly
changing given the very promising results obtained in
recent studies both in animals and in humans.
Undoubtedly, our increasing knowledge of the cannabi-
noid system and its pharmacology will result in the use of
these compounds in the treatment of more human disor-
ders. In the case of AD, cannabinoids that combine anti-
inflammatory properties (58) with neuroprotective activity
(63) may be suitable therapeutic agents.

ity in a spatial navigation task (Morris water maze) was
also seen at 2 months (Fig. 2). Moreover, in cerebral cor-
tex there was a similar reduction to that found in AD
patients in the expression of CB1 receptor protein and in
several neuronal markers. Furthermore, microglial activa-
tion, astrogliosis, cognitive impairment and loss of neu-
ronal markers was prevented in rats that received
cannabinoids together with Aβ (Fig. 2). Any changes
indicative of adverse side effects of cannabinoids were
carefully monitored, especially alterations in locomotor
activity, including both horizontal and vertical activity and
stereotypies, which were only present on the first day of
cannabinoid injection but not on day 7 or 2 months later.
Finally, immediately after treatment cessation the general
hematological profiles of WIN-55212-2 treated rats were
normal, as were the biochemical parameters and markers
of tissue damage.

To gain insight into the mechanism of cannabinoid
protection we studied the effects of cannabinoids on
microglial activation and neurodegeneration induced by
Aβ addition to cultures. As expected, cultured microglial
cells expressed both CB1 and CB2 receptors. Aβ addition
to microglia cultures increased mitochondrial respiration,
changed their round appearance to a rod-like morpholo-
gy and enhanced TNF-α release. Cannabinoids did not
alter the basal values of these parameters but effective-
ly counteracted Aβ-induced microglial activation.
Interestingly, the effect of HU-210 was mimicked by WIN-
55212-2, which is devoid of antioxidant capacity, and by
the selective CB2 agonist JWH-133. Aβ exerts both direct
toxicity on neurons and indirect toxicity through
microglia-mediated activation. Direct toxicity of high con-
centrations of Aβ on cultured neurons or astrocytes were
unaffected by cannabinoids. We then performed experi-
ments using microglia/neuron cocultures. To avoid direct
toxicity, microglial cells seeded in inserts were treated
with Aβ at nontoxic concentration for 4 h, allowing suffi-
cient time for microglial activation, and then cultured
them with neurons for another 20 h. In this paradigm,
WIN-55212-2 and JWH-133 prevented Aβ toxicity. The
neuroprotective effect of WIN-55212-2 was blocked by
the selective CB1 and CB2 antagonists SR-141716 and
SR-144528, while the effect of JWH-133 was only coun-
teracted by the latter.

In summary, we have described neuroprotective
effects of cannabinoids in models of AD in vitro and in
vivo in which limiting microglial activation plays a crucial
role. The fact that a CB2 agonist is effective in this respect
is of importance considering that the psychoactive effects
of cannabinoids may cause concern when using them in
a clinical setting.

Future directions

Undoubtedly there are several issues that must be
addressed in preclinical studies with cannabinoids
before any clinical trials aimed at preventing or slowing
the progress of AD can be performed. For instance, the

812 Neuroprotective effects of cannibinoids in Alzheimer’s disease



15. Matsuoka, Y. et al. Novel therapeutic approach for the treat-
ment of Alzeimer´s disease by peripheral administration of
agents with affinity to β-amyloid. J Neurosci 2003, 23: 29-33.

16. McGeer, P.L. et al. Reactive microglia in patients with senile
dementia of the Alzheimer type are positive for the histocompat-
ibility glycoprotein HLA-DR. Neurosci Lett 1987, 79: 195-200. 

17. Akiyama, H. et al. Inflammation and Alzheimer’s disease.
Neurobiol Aging 2000, 21: 383-421.

18. Cordle, A., Landreth, G. 3-Hydroxy-3-methylglutaril-coen-
zyme A reductase inhibitors attenuate β-amyloid-induced micro-
gial inflammatory responses. J Neurosci 2005, 25: 299-307.

19. Butterfield, D.A. et al. Evidence that amyloid β-peptide
induced lipid peroxidation and its sequelea in Alzheimer’s dis-
ease brain contributes to neuronal death. Neurobiol Aging 2002,
23: 655-64.

20. Matsuoka, Y. et al. Fibrillar β-amyloid evokes oxidative dam-
age in a transgenic mouse model of Alzheimer’s disease.
Neuroscience 2002, 104: 609-13.

21. Capsoni, S. et al. Alzheimer-like neurodegeneration in aged
antinerve growth factor transgenic mice. Proc Natl Acad Sci USA
2000, 97: 6826-31.

22. Tuszynski, M.H. et al. A phase 1 clinical trial of nerve growth
factor gene therapy for Alzeimer disease. Nat Med 2005, 11:
551-5.

23. Howlett, A.W. et al. International Union of Pharmacology.
XXVII. Classification of cannabinoid receptors. Pharmacol Rev
2002, 54: 161-202.

24. Piomelli, D. The molecular logic of endocannabinoid sig-
nalling. Nat Rev Neurosci 2003, 4: 873-84.

25. Lan, R. et al. Structure-activity relationships of pyrazole
derivatives as cannabinoid receptor antagonists. J Med Chem
1999, 42: 769-74.

26. Rinaldi-Carmona, M. et al. SR141716A, a potent and selec-
tive antagonist of the brain cannabinoid receptor. FEBS Lett
1994, 350: 240- 4.

27. Rinaldi-Carmona, M. et al. SR144528, the first potent and
selective antagonist of the CB2 cannabinoid receptor. J
Pharmacol Exp Ther 1998, 284: 644-50.

28. Huffman, J.W. et al. 3-(1’,1’-Dimethylbutyl)-1-deoxy-∆-8-THC
and related compounds: Synthesis and selective ligands for the
CB2 receptor. Bioorg Med Chem Lett 1999, 7: 2905-14.

29. Herkenham, M. et al. Cannabinoid receptor localization in
brain. Proc Natl Acad Sci USA 1990, 87: 1932-6.

30. Walter, L. et al. Nonpsychotropic cannabinoid receptors reg-
ulate microglial cell migration. J Neurosci 2003, 23: 1398-405.

31. Facchinetti, F. et al. Cannabinoids ablate release of TNFα in
rat microglial cells stimulated with lypopolysaccharide. Glia
2003, 41: 161-8.

32. Puffenbarger, R.A. et al. Cannabinoids inhibit LPS-inducible
cytokine mRNA expression in rat microglial cells. Glia 2000, 29:
58-69.

33. Waksman, Y. et al. The central cannabinoid receptor (CB1)
mediates inhibition of nitric oxide production by rat microglial
cells. J Pharmacol Exp Ther 1999, 288: 1357-66.

Acknowledgements

We are grateful to our collaborators Dr. C. Blázquez,
Dr. T. Gómez del Pulgar and B. Ramírez, who is the recip-
ient of a fellowship from the Community of Madrid. M.E
Fernández de Molina is gratefully acknowledged for the
excellent technical assistance and editorial help. This
work was supported by the Spanish Ministry of Science
and Technology (SAF 2002-01566 to M.L.C and SAF
2003-00745 to M.G.), Community of Madrid (CAM
08.1/0079 to M.G. and M.L.C.), Red de Investigación en
Enfermedades Neurológicas (to M.L.C.) and Fundación
Científica de la Asociación Española contra el Cáncer (to
M.G.).

References

1. Martin, J.B. Molecular basis of the neurodegenerative disor-
ders. New Engl J Med 1999, 340: 1970-80.

2. Michaelis, M.L. Drugs targeting Alzheimer’s disease: Some
things old and some things new. J Pharmacol Exp Ther 2003,
304: 897-904.

3. Mattson, M.P. Pathways towards and away from Alheimer’s
disease. Nature 2004, 430: 631-9.

4. Benson, A. Alzheimer´s disease: A tangled issue. Drug Discov
Today 2005, 10: 749-51.

5. Selkoe, D.J. Alzheimer’s disease: Genes, proteins, and thera-
py. Physiol Rev 2001, 81: 741-66.

6. Scorer, C.A. Preclinical and clinical challenges in the develop-
ment of disease-modifying therapies for Alzheimer´s disease.
Drug Discov Today 2001, 6: 1207-19.

7. Breitner, J.C. et al. Delayed onset of Alzheimer’s disease with
nonsteroidal anti-inflammatory and histamine H2 blocking drugs.
Neurobiol Aging 1995, 16: 523-30.

8. McGeer, P.L. et al. Arthritis and anti-inflammatory agents as
possible protective factors for Alzheimer’s disease: A review of
17 epidemiologic studies. Neurology 1997, 47: 425-32.

9. Golde, T.E., Eckman, C.B. Cholesterol modulation as an
emerging strategy for the treatment of Alzheimer´s disease. Drug
Discov Today 2001, 6: 1049-55.

10. Wolozin, B. et al. Decreased prevalence of Alzheimer dis-
ease associated with 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors. Arch Neurol 2000 57: 1439-43.

11. Kukar, T. et al. Diverse compounds mimic Alzheimer disease-
causing mutations by augmenting Aβ42 production. Nat Med
2005, 5: 545-50

12. Bard, F. et al. Peripherally administered antibodies against
amyloid β-peptide enter the central nervous system and reduce
pathology in a mouse model of Alzheimer disease. Nat Med
2000, 6: 916-19.

13. Schenk, D. et al. Immunization with amyloid-β attenuates
Alzheimer disease-like pathology in the PDAPP mouse. Nature
1999, 400: 173-7.

14. Carro, E. et al. Serum insulin-like growth factor I regulates
brain amyloid-β levels. Nat Med 2002, 8: 1390-7.

Drugs Fut 2005, 30(8) 813



51. Masliah, E. et al. Comparison of neurodegenerative patholo-
gy in transgenic mice overexpressing V717F β-amyloid precur-
sor protein and Alzheimer´s disease. J Neurosci 1996, 16: 5795-
811.

52. Weldon, D.T. et al. Fibrillar β-amyloid induces microglial
phagocytosis, expression of inducible nitric oxide synthase, and
loss of a select population of neurons in the rat CNS in vivo. J
Neurosci 1998, 18: 2161-73.

53. Tan, J. et al. CD45 opposes β-amyloid peptide-induced
microglial activation via inhibition of p44/42 mitogen-activated
protein kinase. J Neurosci 2000, 20: 7587-94.

54. Xie, Z. et al. Peroxynitrite mediates neurotoxicity of amyloid
β-peptide1-42 and lipopolysaccharide-activated microglia. J
Neurosci 2002, 22: 3484-92.

55. Ramírez, B. et al. Prevention of Alzeimer´s disease patholo-
gy by cannabinoids: Neuroprotection mediated by blockade of
microglial activation. J Neurosci 2005, 25: 1904-13.

56. Benito, C. et al. Cannabinoid CB2 receptors and fatty acid
amide hydrolase are selectively overexpressed in neuritic
plaque-associated glia in Alzheimer’s disease brains. J Neurosci
2003, 23: 11136-41.

57. Aoyama, K. et al. Nitration of manganese superoxide dismu-
tase in cerebrospinal fluids is a marker for peroxynitrite-mediat-
ed oxidative stress in neurodegenerative diseases. Ann Neurol
2000, 47: 524-7.

58. Klein, W.K. Cannabinoid-based drugs as anti-inflammatory
therapeutics. Nat Rev Immunol 2005, 5: 400-11.

59. Varvel, S.A, Lichtman, A.H. Evaluation of CB1 receptor
knockout mice in the Morris water maze. J Pharmacol Exp Ther
2002, 301: 915-24.

60. Marsicano, G. et al. The endogenous cannabinoid system con-
trols extinction of aversive memories. Nature 2002, 418: 530-4.

61. O’shea, M.et al. Chronic cannabinoid exposure produces
lasting memory impairment and increased anxiety in adolescent
but not adult rats. J Psychopharmacol 2004, 18: 502-8.

62. Sánchez, C. et al. Inhibition of glioma growth in vivo by selec-
tive activation of the CB2 cannabinoid receptor. Cancer Res
2001, 61: 5784-9.

63. Mechoulam, R. et al. Endocannabinoids and neuroprotec-
tion. Sci STKE 2002 (129): RE5.

64. Netland, E.E. et al. Indomethacin reverses the microglial
response to amyloid-β protein. Neurobiol Aging 1998, 19: 201-4.

65. Yang, F. et al. Curcumin inhibits formation of amyloid β
oligomers and fibrils, binds plaques, and reduces amyloid in vivo.
J Biol Chem 2005, 280: 5892-901.

66. Zheng, H. et al. Modulation of Aβ peptides by estrogen in
mouse models. J Neurochem 2002, 80: 191-6.

34. van der Stelt, M. et al. Acute neuronal injury, excitotoxicity,
and the endocannabinoid system. Mol Neurobiol 2002, 26: 317-
46.

35. Skaper, S.D. et al. The ALIAmide palmitoylethanolamide and
cannabinoids, but not anadamide, are protective in a delayed
postglutamate paradigm of excitotoxic death in cerebellar gran-
ule neurons. Proc Natl Acad Sci USA 1996, 93: 3984-9.

36. Shen, M., Thayer, S.A. Cannabinoid receptor agonists pro-
tect cultured rat hippocampal neurons from excitotoxicity. Mol
Pharmacol 1998, 54: 459-62.

37. Hampson, A.J., Grimaldi, M. Cannabinoid receptor activation
and elevated cyclic AMP reduce glutamate neurotoxicity. Eur J
Neurosci 2001, 13: 1529-36.

38. Nagayama, T. et al. Cannabinoids and neuroprotection in
global and focal cerebral ischemia and in neuronal cultures. J
Neurosci 1999, 19: 2987-95.

39. Marsicano, G. et al. Neuroprotective properties of cannabi-
noids against oxidative stress: Role of the cannabinoid receptor
CB1. J Neurochem 2002, 80: 448-56.

40. Gómez del Pulgar, T. et al. Cannabinoids protect astrocytes
from ceramide-induced apoptosis through phosphatidylinositol 3-
kinase/protein kinase B. J Biol Chem 2002, 277: 36527-33.

41. Carracedo, A. et al. Ceramide sensitizes astrocytes to oxida-
tive stress: Protective role of cannabinoids. Biochem J 2004;
380: 435-40.

42. Molina-Holgado, E. et al. Cannabinoids promote oligoden-
drocyte progenitor survival: Involvement of cannabinoid recep-
tors and phosphatylinositol-3 kinase/Akt signalling. J Neurosci
2002, 22: 9742-53.

43. Martínez-Orgado, J. et al. Neuroprotection by the cannabi-
noid agonist WIN-55212 in an in vivo newborn rat model of acute
severe asphyxia. Mol Brain Res 2003, 114: 132-9.

44. van der Stelt, M. et al. Neuroprotection by ∆9-tetrahydro-
cannabinol, the main active compound of marijuana, against
ouabain-induced in vivo excitotoxicity. J Neurosci 2001, 21:
6475-9.

45. Veldhuis, W.B. et al. Neuroprotection by the endogenous
cannabinoid anandamide and arvanil against in vivo excitotoxic-
ity in the rat: Role of vallinoid receptors and lipoxygenases. J
Neurosci 2003, 23: 4127-33.

46. Panikashvili, D. et al. An endogenous cannabinoid (2-AG) is
neuroprotective after brain injury. Nature 2001, 413: 527-31.

47. Parmentier-Batteur, S. et al. Increased severity of stroke in
CB1 cannabinoid receptor knock-out mice. J Neurosci 2002, 22:
9771-5.

48. Marsicano, G. et al. CB1 cannabinoid receptors and on-
demand defense against excitotoxicity. Science 2003, 302: 84-8.

49. Dickson, D.W. et al. Alzheimer’s disease: A double-labeling
immunohistochemical study of senile plaques. Am J Pathol
1988, 132: 86-101.

50. Frautschy, S.A. et al. Microglial response to amyloid plaques
in APPsw transgenic mice. Am J Pathol 1998, 152: 307-17.

814 Neuroprotective effects of cannibinoids in Alzheimer’s disease


