
Abstract. We investigated the involvement of endocan-
nabinoids in the control of neuronal damage and memory 
retention loss in rodents treated with the β-amyloid pep-
tide (1–42) (BAP). Twelve days after stereotaxic injection 
of BAP into the rat cortex, and concomitant with the ap-
pearance in the hippocampus of markers of neuronal dam-
age, 2-arachidonoyl glycerol, but not anandamide, levels 
were enhanced in the hippocampus. VDM-11 (5 mg/kg, 
i.p.), an inhibitor of endocannabinoid cellular reuptake, 
significantly enhanced rat hippocampal and mouse brain 

endocannabinoid levels when administered sub-chroni-
cally starting either 3 or 7 days after BAP injection and 
until the 12–14 th day. VDM-11 concomitantly reversed 
hippocampal damage in rats, and loss of memory reten-
tion in the passive avoidance test in mice, but only when 
administered from the 3rd day after BAP injection. We 
suggest that early, as opposed to late, pharmacological en-
hancement of brain endocannabinoid levels might protect 
against β-amyloid neurotoxicity and its consequences.

Keywords. Anandamide, 2-arachidonoyl glycerol, cannabinoid, memory, receptor, neuroprotection, apoptosis.

Endocannabinoids are, by definition, endogenous ago-
nists of the G-protein-coupled receptors mediating the 
pharmacological actions of Cannabis and its major com-
ponent Δ9-tetrahydrocannabinol [1]. Of these endogenous 
compounds, the two best studied representatives are 
anandamide and 2-arachidonoyl glycerol (2-AG) [2–4]. 
Among several central properties of endocannabinoids 
[5], particular attention has been devoted recently to their 
possible neuroprotective actions in vitro [6], as well as 

in animal models of acute neuronal damage, such as ce-
rebral ischemia [7], acute brain injury [8], excitotoxicity 
[9–12] and epilepsy [13]. However, the neuroprotective 
effects of endocannabinoids, which can be due to inter-
ference with several cellular and molecular mechanisms, 
including apoptosis and inflammation [14, 15], are often 
not due to activation of the two known types of canna-
binoid receptor, the CB1 and CB2 receptors [16]. On the 
other hand, another molecular target for anandamide, the 
transient receptor potential of vanilloid type 1 (TRPV1) 
receptor [17], has also been recently implicated in neuro-
protection [11, 18]. 
Protection from chronic neuronal damage by endocan-
nabinoids has been hypothesized during neurodegen-
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erative disorders, again through cannabinoid and non-
cannabinoid receptor-mediated pathways, and via neu-
roadaptive, direct neuroprotective or anti-inflammatory 
actions [19, 20]. In particular, recent data, obtained in 
the postmortem human brain, have shown that the pat-
tern of cannabinoid receptor expression is altered dur-
ing Alzheimer’s disease (AD) [21], possibly to play a 
protective action, as suggested by studies carried out 
in vitro and in vivo with synthetic and endogenous can-
nabinoids and using β-amyloid neurotoxicity and its 
consequences as a model [22, 23]. However, possible 
alterations in the brain levels of cannabinoid receptor 
ligands during β-amyloid neurotoxicity have not been 
measured to date.
Endocannabinoids are also known to affect memory as 
well as neurochemical substrates of memory acquisi-
tion and consolidation such as long-term potentiation 
[5, 24, 25]. In particular, acute activation of cannabi-
noid receptors can cause deficits in memory retention 
in passive avoidance and maze tests carried out in ro-
dents [26–28], whereas the CB1 receptor antagonist 
SR141716A improves spatial memory consolidation 
in rats [29, 30], thus suggesting that endocannabinoids 
may tonically control mnemonic functions. Interest-
ingly, the effects of cannabinoids on memory undergo 
tolerance after chronic activation of CB1 receptors [31]. 
Finally, a recent study suggested that endocannabinoids 
acting at CB1 receptors may be in part responsible for 
the amnesic effects caused by β-amyloid peptide (BAP) 
fragments, since these effects could be attenuated by 
SR141716A [32].
In view of the neuroprotective and memory disruptive ac-
tions of endocannabinoids, it is important to measure the 
brain levels of these compounds in experimental models 
of β-amyloid neurotoxicity, in which rat or mouse brain 
is injected with BAP fragments [33, 34]. This model is 
characterized by progressive β-amyloid plaque deposi-
tion, extensive hippocampal neuronal damage, and sub-
sequent loss of retention of newly acquired memory, as 
also occur during AD in humans [35]. More importantly, 
using this model, a protective effect of exogenous can-
nabinoids was very recently reported [23]. Interestingly, 
not only endocannabinoids [22], but also the non-psy-
chotropic cannabinoid, cannabidiol, which was previ-
ously found to inhibit endocannabinoid inactivation, 
thus potentially leading to an enhancement of endocan-
nabinoid levels [36], was recently shown to reduce cell 
toxicity induced by BAP fragments [37, 38]. Therefore, 
we evaluated here the effects of the pharmacological el-
evation of endocannabinoid levels in vivo, obtained by 
using selective inhibitors of endocannabinoid inactiva-
tion, on biochemical markers of neuronal damage and 
on the performance in a passive avoidance test in BAP-
injected rodents.

Materials and methods

Animals. Adult male Wistar rats (300–350 g), aged from 
15 to 18 weeks, were obtained from Harlan-Nossan (It-
aly). Seven-week-old male Swiss mice (40–50 g) were 
obtained from Charles River (Milan, Italy). After arrival 
in the facilities, rats were housed three per box and mice 
eight per box and maintained at a constant temperature 
on a 12-h light-dark cycle (lights on between 08:00 and 
20:00) with food and water ad libitum. After at least 1 
week of habituation in the facilities, animals were ad-
mitted to the experimental procedures. All experiments 
were carried out according to the European Community 
Council Directive 86/609/EEC and efforts were made 
to minimize animal suffering and to reduce the number 
of animals used. Three to four rats were used for each 
data point and for each type of experiment (i.e. histologi-
cal analyses, DNA fragmentation analyses, Western blots, 
and measurement of endocannabinoid levels).

Drug administration to rats. β-Amyloid 1–42 fragment 
(BAP; Tocris, Bristol, UK) was prepared as stock solu-
tions in sterile 0.1 M phosphate-buffered saline (PBS; 
pH 7.4) and aliquoted (10 μl per vial), frozen on dry ice, 
and stored at –90 °C until use. The peptide was still per-
fectly soluble after defrosting the aliquots, and 3 μl of 
freshly prepared BAP solution (10 ng/μl) was used for 
each injection. Sterile 0.1 M phosphate-buffered saline 
was injected into control animals. The animals were 
anesthetized with sodium pentobarbital (60 mg/kg) and 
supplemented throughout the surgery as required. They 
were placed in a stereotaxic frame and BAP or vehicle 
was injected in the deep frontal cortex (3.2 mm AP, 2 mm 
DV relative to bregma; depth 3 mm) according to Kowall 
et al. [39], who, however, used a different BAP fragment. 
Injections were made over 1 min using a 10-μl Hamilton 
syringe fitted with a 30-gauge blunt-tipped needle, and 
the needle was left in place for an additional 2 min before 
it was slowly retracted.
In experiments with the endocannabinoid reuptake inhib-
itor VDM11 [synthesized in our laboratory as described 
in ref. 40], the compound was dissolved in DMSO/H2O 
(95:100 volume ratio, 5 mg/0.1 ml) and injected intraper-
itoneally (5 mg/kg) every other day, starting from the 3rd 
or the 7th day from the operation until the 12th day when 
rats were sacrificed.

Histological analyses of rat brains. After killing, the 
brains were removed and rapidly frozen in liquid nitrogen 
and stored at –80 °C.
Coronal sections of the brains (20 μm thickness) were 
cut using a cryostat microtome (Model OTF/AS; Bright 
Instrument Huntingdon, UK) from the anterior to the 
posterior side. The sections were mounted on glass slides 
and stained with cresyl violet (Merck, Darmstadt, Ger-
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many), according to Chan et al. [41]. Visualization was 
made by light microscopy using a Leica DMRB micro-
scope. Images were acquired using the program Leica 
Qwin.

Western blots. Western blot analysis was performed on 
contralateral and ipsilateral hippocampi homogenates. 
Briefly, hippocampi were dissected from frozen brains, 
and the whole hippocampus was resuspended in 50 μl of 
ice-cold hypotonic lysis buffer (10 mM HEPES, 1.5 mM 
MgCl2, 10 mM KCl, 0.5 mM phenylmethylsulfonyl-
fluoride, 1.5 μg/ml soybean trypsin inhibitor, 7 μg/ml 
pepstatin A, 5 μg/ml leupeptin, 0.1 mM benzamidine, 
0.5 mM DTT) and incubated on ice for 15 min. The tis-
sues were lysed by rapid passage through a syringe needle 
five to six times, and the total protein extract was then 
obtained by centrifugation for 15 min at 13,000 g. Pro-
tein concentration was determined by the Bradford assay, 
and equivalent amounts (70 μg) of each sample were sub-
jected to SDS-PAGE electrophoresis. The proteins were 
transferred onto nitrocellulose membranes, according 
to the manufacturer’s instructions (Bio-Rad, Hercules, 
Calif.). The membranes were saturated by incubation at 
4 °C overnight with 10% non-fat dry milk in PBS and 
then incubated with: anti-calbindin (Sigma) (1:500 v/v), 
anti-caspase-3 (Sigma) (1:500 v/v), anti-S100β (1:250 
v/v) (Abcam, Cambridge, UK), anti-cycloxygenase-2 
(COX2) (1:1000 v/v) (Transduction Laboratories, Lex-
ington, UK), anti-inducible nitric oxide synthase (iNOS) 
(BD Bioscience, Milan, Italy) (1:2000 v:v.), anti-CB1 
(Affinity Bioreagents, Golden Colo.) (1:250 v/v), anti-
CB2 (Cayman, Ann Arbor, Mich.) (1:250 v/v), and anti-
β-actin (Sigma) (1:1000 v/v) antibodies. The membranes 
were washed three times with 1% Triton 100-X in PBS 
and then incubated with anti-mouse or anti-rabbit immu-
noglobulins coupled to peroxidase (1:1000 v/v) (Dako, 
Glostrup, Denmark). The immunocomplexes were vi-
sualised by the ECL chemiluminescence method (Am-
ersham, Little Chalfont, UK). The relative expression of 
protein bands was quantified by densitometric scanning 
of the X-ray films with a GS 700 Imaging Densitometer 
(Bio-Rad) and a computer programme (Molecular Ana-
lyst; IBM, Segrate, Italy).

DNA fragmentation. Tissue DNA was prepared accord-
ing to Iuvone et al. [37], with some modification. Briefly, 
hippocampi were dissected from frozen brains, and the 
DNA from the whole hippocampus was isolated using a 
DNA isolation kit (Roche, Basel, Switzerland) accord-
ing the manufacturer’s instructions. A 20-μl aliquot of 
each DNA sample was analyzed on a 1.5% agarose gel 
containing ethidium bromide (1 μg/ml) in TBE buffer 
(100 mM Tris, 90 mM boric acid, 1 mM EDTA) and run 
for 90 min. After electrophoresis, the DNA was visual-
ized under UV light and photographed.

Drug administration to mice. BAP was prepared as 
stock solutions in sterile 0.1 M PBs (pH 7.4) prior to 
freezing. Sterile 0.1 M PBs was injected into control ani-
mals. BAP (400 pmol) was administered intracerebroven-
tricularly (i.c.v.) using a microsyringe with a 28-gauge 
stainless steel needle 3.0 mm long (Hamilton, Bonaduz, 
Switzerland). In brief, the needle was inserted unilater-
ally 1 mm to the right of the midline point equidistant 
from each eye, at an equal distance between the eyes and 
the ears, and perpendicular to the plane of the skull [42]. 
I.c.v. injection was used because of its simplicity with 
respect to stereotaxis in mice, and also to ensure diffusion 
of BAP in the whole brain. BAP or vehicle for peptide 
solution (2 μl) was delivered gradually over 3 s. Mice ex-
hibited normal locomotor behavior within 1 min after in-
jection. The selective inhibitor of endocannabinoid cellu-
lar uptake, VDM-11 [5 mg/kg, intraperitoneal (i.p.)], and 
N-arachidonoyl-serotonin (AA-5-HT; 5 mg/kg, i.p.), a 
selective inhibitor of fatty acid amide hydrolase (FAAH), 
synthesized in our laboratory as described in Bisogno et 
al. [43], were diluted in DMSO/H2O (95:100 volume ra-
tio). These preparations were injected in a total volume of 
0.1 ml/100 g body weight. The same volume of DMSO/
H2O solution was used for control mice. The compounds 
were administered every other day, starting from the 3rd 
or the 7th day from the operation until the 14th day, when 
mice were sacrificed.

Passive-avoidance test. The apparatus for the step-
through passive-avoidance test was an automated shuttle-
box (Cat. 7551 Passive Avoidance Controller and Cat. 
7553 Passive Avoidance Mouse Cage; Basile, Comerio 
VA, Italy), divided into an illuminated compartment and 
a dark compartment of the same size by a wall with a 
guillotine door.

Adaptation, training trial, and retention test. In the 
experimental session, each mouse was trained to adapt to 
the step-through passive-avoidance apparatus [44]. The 
animal was put into the illuminated compartment, facing 
away from the dark compartment. After 10 s, the door 
between these two boxes was opened and the mouse was 
allowed to move into the dark compartment freely. The la-
tency to leave the illuminated compartment was recorded. 
Two hours after the adaptation trial, the mouse was again 
put into the illuminated compartment. The learning trial 
was similar to the adaptation trial except that the door 
was closed automatically as soon as the mouse stepped 
into the dark compartment and an inescapable foot-shock 
(0.2 mA, 2 s) was delivered through the grid floor. The 
retention of the passive-avoidance response was mea-
sured 1 and 7 days after the learning trial. Each animal 
was again put into the illuminated compartment and the 
latency to re-enter the dark compartment was recorded. 
No foot-shock was delivered during the retention test. 
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The maximum cut-off time for step-through latency was 
300 s [44].

Experimental procedures. After 1 week of habituation 
in the facilities, mice were injected i.c.v. with BAP (400 
pmol); control animals were treated with the vehicle used 
for the peptide preparation. For the acute treatment, mice 
(n = 10 per data point) were treated with VDM-11 or AA-
5-HT (both 5 mg/kg) 14 days after β-amyloid injection, 
30 min prior to the test. For the chronic treatment, three 
days after β-amyloid injection, VDM-11 or AA-5-HT 
(both 5 mg/kg) were administered to animals for 11 days, 
every other day, while other groups of animals began the 
treatment with these drugs 7 days after β-amyloid injec-
tion for 1 week. Respective control groups, treated with 
vehicle, were subjected to the same procedures. The dose 
of 5 mg/kg for the two drugs was selected based on pre-
vious experiments carried out both in mice and rats, and 
showing a potentiation of exogenous anandamide effects 
on nociception and locomotion but no effect of the two 
inhibitors per se on these two parameters [45]. At the end 
of the chronic treatment with VDM-11 or AA-5-HT, 14 
days after i.c.v. injection of BAP 1–42, mice were tested 
in the passive-avoidance task, as described above. Their 
memory retention was assessed 1 and 7 days after the 
learning trial. Three mice from each group were sacri-
ficed 15 min after the last administration of VDM-11 or 
AA-5-HT, and the brains were frozen and used for bio-
chemical analysis.

Data analysis. The results (time in seconds employed for 
re-entering the dark box in the first or second retention 
test) were expressed as medians. The data were analyzed 
using the Mann-Whitney U test for non-parametric data. 
A level of  p < 0.05 was considered as indicative of statis-
tical significance.

Endocannabinoid extraction and analyses. Rat brains 
were quickly removed and the cerebral areas (cortex, hip-
pocampus) were obtained within 5 min by regional dis-
section on ice according to Heffner et al. [46]. In mice, 
whole brains, and not hippocampi, were analyzed. Tissues 
were immediately frozen in liquid nitrogen to avoid the 
postmortem rise in the concentrations of long-chain N-
acylethanolamines that starts approximately 30 min after 
sacrifice, as reported by Schmid et al. [47], and stored 
at –80 °C until used. Tissues were dounce-homogenized 
with chloroform/methanol/Tris-HCl 50 mM, pH 7.4 
(1/1/1 by volume) containing 50 pmol of d8-anandamide 
and 100 pmol of d5–2-AG (Cayman Chemicals) as in-
ternal standards. The lipid-containing organic phase was 
dried down, weighed and pre-purified by open-bed chro-
matography on silica gel, and analyzed by liquid chroma-
tography-atmospheric pressure chemical ionisation-mass 
spectrometry (LC-APCI-MS) using a Shimadzu (Duis-

berg, Germany) HPLC apparatus (LC-10ADVP) coupled 
to a Shimadzu (LCMS-2010) quadrupole MS via a Shi-
madzu APCI interface. MS analyses were carried out in 
the selected-ion-monitoring (SIM) mode as described 
previously [48]. The temperature of the APCI source was 
400 °C; the HPLC column was a Phenomenex (5 μm, 150 
× 4.5 mm) reverse-phase column, eluted as described be-
fore [48]. Anandamide (retention time: 14.5 min) and 2-
AG (retention time: 17.0 min) quasi-molecular ions were 
quantified by isotope dilution with the above-mentioned 
deuterated standards and their amounts in picamoles nor-
malized per milligram of lipid extract.

RT-PCR and real-time PCR analyses. Rat brains were 
quickly removed and the hippocampus from both hemi-
spheres (hemisphere ipsilateral to the injection vs con-
tralateral BAP-injected hemisphere) obtained within a 
few minutes by regional dissection on ice according to 
Heffner et al. [46]. Tissues were immediately frozen in 
liquid nitrogen. Total RNAs from these tissues were ex-
tracted using the Trizol reagent according to the manufac-
turer’s recommendations (GibcoBRL). Following extrac-
tion, RNA was precipitated using ice-cold isopropanol, 
resuspended in diethyl pyrocarbonate- (Sigma) treated 
water and its integrity was verified following separation 
by electrophoresis into a 1% agarose gel containing ethid-
ium bromide. RNA was further treated with RNAse-free 
DNAse I (DNA-free kit, Ambion, Austin, Tex.) according 
to the manufacturer’s recommendations to digest contam-
inating genomic DNA and to subsequently remove the 
DNAse and divalent cations.
The expression of mRNAs for CB1, CB2, FAAH, mo-
noacylglycerol lipase (MAGL), diacylglycerol lipase α 
(DAGLα), N-acyl-phosphatidylethanolamine-selective phos-
pholipase D (NAPE-PLD) and GAPDH were examined 
by semiquantitative reverse transcription coupled to RT-
PCR. Total RNA was reverse-transcribed using random 
primers. DNA amplifications were carried out in PCR 
buffer (Invitrogen, Carlsbad, Calif.) containing 2 μl of 
cDNA, 500 μM dNTP, 2 mM MgCl2, 0.8 μM of each 
primer and 0.5 U Taq polymerase platinum (Invitrogen). 
The thermal reaction profile consisted of a denaturation 
step at 94 °C for 1 min, annealing at 52 °C (NAPE-PLD), 
55 °C (GAPDH, MAGL, and DAGLα), 57 °C (CB2) or 
60 °C (CB1 and FAAH) for 1 min and an extension step 
at 72 °C for 1 min. A final extension step of 10 min was 
carried out at 72 °C. The PCR cycles observed to be op-
timal and in the linear portion of the amplification curve 
were 24 for GAPDH, 27 for NAPE-PLD, 29 for FAAH, 
35 for MAGL, CB1 and CB2, and 28 for DAGLα (data not 
shown). The reaction was performed in a PE Gene Amp 
PCR System 9600 (Perkin Elmer, Boston, Mass.). After 
the reaction, the PCR products were electrophoresed on a 
2% agarose gel containing ethidium bromide for UV vi-
sualization.
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Specific rat oligonucleotides were synthesized on the 
basis of cloned rat cDNA sequences of CB1 (GenBank 
accession number NM_012784.3), CB2 (GenBank acces-
sion number NM_020543), FAAH (GenBank accession 
number NM_024132.1), NAPE-PLD (GenBank acces-
sion number AB112351), MAGL (GenBank accession 
number NM_138502.1), DAGLα (GenBank accession 
number NM_001005886.1), and GAPDH (Genbank ac-
cession number NM_017008.2). For CB1, the primers se-
quences were 5′- GAT GTC TTT GGG AAG ATG AAC 
AAG C -3′ (sense) and 5′- AGA CGT GTC TGT GGA 
CAC AGA CAT GG -3′ (antisense). The CB2 sense and an-
tisense primers were 5′- TA(C/T) CC(G/A) CCT (A/T)CC 
TAC AAA GCT C -3′ and 5′- C (A/T)GG CAC CTG CCT 
GTC CTG GTG -3′, respectively. For FAAH, the primers 
sequences were 5′- GTG GTG CT(G/A) ACC CCC ATG 
CTG G -3′ (sense) and 5′- TCC ACC TCC CGC ATG 
AAC CGC AGA CA -3′ (antisense). For NAPE-PLD, the 
primers sequences were 5′- TGG ACT GGT GGG AGG 
AG -3′ (sense) and 5′- GGT TCA TAA GCT CCG ATG 
GG -3′ (antisense). The MAGL sense and antisense prim-
ers were 5′- TCT TCC TCC TGG GCC ACT CCA -3′ and 
5′- GGA TTG GCA AGG ACC AGA GG -3′, respectively. 
For DAGLα, the primers sequences were 5′- GCT ATC 
TTC CTC TTC CTG CTA -3′ (sense) and 5′- GAG CAC 
GTA CTG CAT GGA GTC -3′ (antisense). The expected 
sizes of the amplicons were 309 bp for CB1, 291 bp for 
CB2, 300 bp for FAAH, 249 bp for NAPE-PLD, 111 bp for 
MGL, and 231 bp for DAGLα. In the presence of contam-
inant genomic DNA, the expected size of the amplicons 
would be 1351 bp for FAAH and 1062 bp for GAPDH 
(data not shown). No PCR product was detected when the 
reverse transcriptase step was omitted. 
Data from semi-quantitative RT-PCR on MAGL, DAGLα, 
FAAH, and NAPE-PLD, were confirmed using real-time 
PCR. Following extraction, RNA was treated as described 
above. After DNAse digestion, the accurate amount of 
RNA was evaluated with the RiboGreen-RNA quantitation 
kit according to the manufacturer’s instructions (BioRad). 
Two micrograms was reverse transcribed in a 25-μl reac-
tion mixture containing 75 mM KCl, 3 mM MgCl2, 10 mM 
dithiothreitol, 1 mM dNTPs, 50 mM Tris-HCl pH 8.3, 20 
units RNAse inhibitor (Boehringer-Roche, Monza, Italy), 
0.125 A260 units of hexanucleotide mixture (Boehringer-
Roche) for random priming and 200 units of MoMuLV re-
verse transcriptase (Superscript III; GIBCO, Carlsbad, Ca-
lif.). The reaction mixture was incubated in a thermocycler 
iCycler iQ (BioRad) at 55 °C for 5 min followed by 2 min 
at 4 °C before the enzyme addition, then at 20 min for 
10 min and at 50 °C for 90 min. The reaction was stopped 
by heating at 95 °C for 5 min. Control samples (no-RT) 
were prepared by omitting MoMuLV reverse transcriptase 
in the retrotranscription mixture. Real-time cDNA quanti-
tation was performed by a thermocycler iCycler iQ (Bio-
Rad) in a 25-μl reaction mixture (iQ SYBR Green Super-

mix; BioRad) containing 10–50 ng of cDNA (calculated 
on the basis of the input RNA) and 300 nM primers. The 
amplification profile consisted of an initial denaturation 
of 2 min at 94 °C and 40 cycles of 30 s at 94 °C, annealing 
for 30 s at TaOpt (optimum annealing temperature – see 
below) and elongation for 45 s at 68 °C. Fluorescence data 
were collected at this step. A final extension of 7 min was 
carried out at 72 °C, followed by melt-curve data analysis. 
Optimized primers for SYBR Green analysis (and rela-
tive TaOpt), were designed by Beacon Designer software, 
version 4.0 (Biosoft International; Palo Alto, Calif.) and 
synthesized by MWG-Biotech AG (Ebersberg, Germany). 
Assays were performed in triplicate (SD of threshold cycle 
mean < 0.5) and a standard curve from consecutive five-
fold dilutions (150–0.24 ng) of a cDNA pool representative 
of all samples was included for each determination. Rela-
tive expression analysis corrected for PCR efficiency and 
normalized with respect to the reference gene (β-actin) was 
performed by REST software for group-wise comparison 
and statistical analysis.

Results

Neuronal damage caused by BAP injection into rat 
brain
To confirm the hippocampal damage previously observed 
in several studies of β-amyloid-induced toxicity [see refs. 
35, 39, 49 and 50 for some examples], after BAP injec-
tion, we performed histological analyses. In agreement 
with these previous studies, 12 days after the injection of 
BAP into the ipsilateral cortex, neuronal damage was ob-
served in the CA1, CA2, and CA3 regions of consecutive 
slices from the ipsilateral versus contralateral hippocam-
pus or versus the ipsilateral hippocampus of vehicle-in-
jected brains (Fig. 1a). The sites of major neuronal loss 
were localized into foci rather than spread over the whole 
hippocampal region, as one would expect given the short 
time from BAP injection, and in agreement with the bio-
chemical data (see Fig. 2). As estimated by counting the 
missing dots from each slice, about 42 ± 4 missing neu-
rons were observed in three consecutive hippocampal 
slices (mean ± SE, n = 3 slices from three distinct brains). 
In fact, significantly increased, albeit limited, DNA frag-
mentation was also found in the ipsilateral versus contra-
lateral hippocampus or versus the ipsilateral hippocampus 
of vehicle-injected brains (Fig. 2a and data not shown), 
whereas Western immunoblots showed a small but sig-
nificant increase of capsase-3, S100β and iNOS (Fig. 2b, 
c). By contrast, COX-2, a very early marker of neuronal 
toxicity, was more strongly increased, and calbindin was 
strongly decreased, suggesting that neuronal loss might 
have been more advanced than suggested by the histologi-
cal analyses. However, the biochemical analyses were car-
ried out with much more hippocampal tissue than histolog-
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ical analyses. No increased histochemical or biochemical 
damage was found in the cortical region where the BAP 
was injected with respect to the vehicle-injected ipsilat-
eral cortex (not shown). The finding of neuronal damage 
and enhanced markers of gliosis (see below) in a brain 
region far from the injection site confirms that the BAP 
was perfectly soluble and efficacious and, although we did 
not assess directly the diffusion of the fragment, suggests 
that the peptide was capable of diffusing into brain tissue 
from the moment of injection. In a pilot study, injection of 
scrambled BAP was shown to cause no histological neu-
ronal damage (Fig. 1c) and no release of caspase-3 from 
pro-caspase (data not shown). For this reason, in subse-
quent experiments, we compared the effects observed in 
the ipsilateral hippocampi with those observed in the con-
tralateral hippocampi or, in select cases, with hippocampi 
from vehicle-injected rats, and not with hippocampi from 
scrambled-peptide-injected animals. Including control 
groups with the scrambled peptide (which requires sepa-
rate stereotaxic injections) would have meant using many 
more rats and was deemed to be unethical.

Modulation of the endocannabinoid system in rat 
brains injected with BAP. To check whether the histolog-
ical damage was accompanied by changes in the endocan-
nabinoid system we analyzed the hippocampal levels of 
the two major endocannabinoids, anandamide and 2-AG. 
An approximately twofold enhancement of 2-AG levels in 

the hippocampus dissected from the hemisphere ipsilateral 
to the injection versus the contralateral hippocampus, was 
observed only after 12 days from the treatment (Fig. 3a). 
Anandamide levels in the ipsilateral hippocampus were 
never higher, and indeed were even lower 20 days after 
the injection, than those in the contralateral hippocampus 
(Fig. 3b). However, both 2-AG and anandamide levels also 
increased in the contralateral hippocampus after 12 days 
compared with the levels after 5 days. The levels in the 
ipsilateral cerebral cortex of 2-AG or anandamide were 
never significantly higher than those in the contralateral 
cortex (not shown). Identical results were obtained when 
comparisons were made versus ipsilateral areas from ve-
hicle-injected brains (not shown). When the whole ipsi-
lateral brain was analyzed, we could not see any change 
in endocannabinoid levels 12 days after injection of BAP 
(data not shown). The mRNAs encoding the biosynthetic 
and metabolic enzymes of anandamide and 2-AG were 
also analyzed by semi-quantitative and real-time RT-PCR. 
DAGLα and MAGL were found to be significantly ele-
vated 12 days following BAP injections (Fig. 4). By con-
trast, the levels of the mRNA encoding NAPE-PLD and 
FAAH were not significantly modified (Fig. 4a). Similar 
results were obtained when comparisons were made ver-
sus ipsilateral hippocampi from vehicle-injected brains 
(not shown). Exact quantification by real-time PCR re-
vealed a 1.2 ± 0.05-fold elevation of MAGL expression 
(p > 0.05) and a 1.6 ± 0.2-fold elevation of DAGLα ex-
pression (p < 0.05) (n = 3, means ± SE) (Fig. 4b).

Neuroprotection by enhancement of anandamide lev-
els in BAP-injected rats. Enhancement of endocannabi-
noid levels in various models of brain damage [8, 12, 13, 
51] has been shown to exert protection, and therefore we 
treated the BAP-injected rats, either 3 or 7 days after injec-
tion, with the endocannabinoid reuptake inhibitor VDM-
11 (5 mg/kg, i.p.). Remarkably, with both administration 
protocols, the compound caused a statistically significant 
enhancement of day 12 anandamide levels, but not 2-AG 
levels, in the hippocampus (Fig. 5a, b) and in the whole 
ipsilateral brain, but in this case only a 24 ± 2% elevation 
was observed (n = 3, data not shown). However, only when 
VDM-11 was administered starting from day 3, was this 
increase in anandamide levels accompanied by a dramatic 
reversal of neuronal damage in the ipsilateral hippocam-
pus as assessed by histological analysis (Fig. 1b), DNA 
fragmentation analysis (Fig. 6a) and Western immunoblot-
ting of capsase-3 (decreased), calbindin (increased), iNOS 
(decreased), S100β (decreased), and COX-2 (decreased) 
(Fig. 6b, c). Identical results were obtained when com-
parisons were made versus ipsilateral hippocampi from 
vehicle-injected rat brains (not shown).

The effect of modulation of the endocannabinoid sys-
tem on memory tasks in mice. No changes in the whole-

Figure 1. Histological analyses of hippocampal slices from rat brains 
12 days after injection of vehicle (a, upper panel), BAP 1–42 (a, 
lower panels), or BAP plus VDM-11 (b), administered (5 mg/kg, i.p.) 
sub-chronically starting 3 days after BAP injection. Data are repre-
sentative of experiments carried out in three different rats per group. 
Consecutive slices show neuronal loss in different (CA1, CA2, CA3) 
hippocampal regions of the same brain. Arrows indicate the sites of 
major neuronal loss, which were localized rather than widespread, as 
expected given the brief time from BAP injection and in agreement 
with the biochemical data (see Fig. 2). (c) Histological analyses of rat 
hippocampus obtained 12 days after injection of a scrambled form of 
BAP 1–42 (a.a. sequence, H-Lys-Val-Lys-Gly-Leu-Ile-Asp-Gly-Asp-
His-Ile-Gly-Asp-Leu-Val-Tyr-Glu-Phe-Met-Asp-Ser-Asn-Ser-Ala-
Ile-Phe-Arg-Glu-Gly-Val-Gly-Ala-Gly-His-Val-His-Val-Ala-Gln-
Val-Glu-Phe-OH). Two distinct sections from the same rat are shown 
and are representative of sections from four rats.
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Figure 2. Hippocampal damage at day 12 after stereotaxic injection of BAP 1–42 into the rat cortex. (a) Fragmentation of the DNA 
extracted from the ispsilateral hippocampus (Ipsi) as compared with the contralateral one (Contra). Representative of three separate 
experiments in corresponding distinct animals. (b, c) Change in the expression of several markers of neuronal loss and/or glial cell 
activation, and of cannabinoid CB1 and CB2 receptors, as determined by Western blot (b) carried out with the respective antibodies 
on the proteins extracted from the ispsilateral (Ipsi) and contralateral (Contra) hippocampus. Data were compared by densitometry 
scanning (c) of the corresponding gel bands after normalization to β-actin, and are means ± SE of three experiments in corresponding 
distinct animals. *p < 0.05, ***p < 0.005 vs Contra by ANOVA followed by Bonferroni’s post hoc test. From top to bottom, blots and 
scans of calbindin, pro-caspase-3/caspase-3, COX-2, S100β, CB1, CB2, and iNOS are shown.
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brain levels of either 2-AG or anandamide could be de-
tected in mice 14 days following i.c.v. administration of 
BAP versus vehicle (Fig. 7a). However, i.p. administra-
tion of VDM-11 (5 mg/kg) either 3 or 7 days after BAP or 

vehicle injection caused a dramatic enhancement of both 
anandamide and 2-AG levels in whole brain (Fig. 7a, b). 
I.p. administration of AA-5-HT (5 mg/kg) either 3 or 
7 days after BAP or vehicle injection caused a signifi-
cant enhancement of 2-AG levels in mouse whole brain 
(Fig. 8a, b), although this effect was much smaller than 
that observed with VDM-11. Anandamide levels were 
increased only when AA-5-HT was administered 7 days 
after BAP or vehicle injection (Fig. 8a, b).
VDM-11 (5 mg/kg, i.p.) administered 3 days after i.c.v. 
injection of BAP in mice produced a significant amelio-
ration in task retention times observed after both the first 
and second passive-avoidance test. No effect was seen 
in control, healthy mice injected with vehicle instead of 
BAP (Fig. 9a), thus indicating that the changes induced 
by VDM-11 in AD mice were due to the disease and not 
to other possible behavioral actions of the uptake inhibi-
tor. By contrast, when VDM-11 was administered 7 days 
after i.c.v. injection of BAP or vehicle, it caused a sig-
nificant reduction of memory retention in diseased mice 
after the first test and no effect after the second test. The 

Figure 3. Changes in 2-AG (a) and anandamide (b) levels, determined 
by isotope-dilution LC-MS, in the ipsilateral hippocampus (ipsi) as 
compared with the contralateral one (contra), 5, 12 and 20 days after 
the stereotaxic injection of BAP 1– 42 into the rat cortex. Data are 
means ± SE of four experiments in corresponding distinct animals, 
and were compared using ANOVA followed by Bonferroni’s post hoc 
test. *p < 0.05 vs 5 days; #p < 0.05 between ‘contra’ and ‘ipsi’.

Figure 4. Changes in the levels of mRNA encoding for endocannabi-
noid enzymes, as determined by semi-quantitative RT-PCR (a) and 
real-time PCR (b), in the ipsilateral hippocampus (ipsi) as compared 
with the contralateral one (contra), 12 days after the stereotaxic injec-
tion of BAP 1–42 into the rat cortex. (a) Data represent densitometry 
scans of the amplicon bands obtained after semi-quantitative RT-PCR, 
subtracted of background and normalized to the housekeeping gene 
amplicon (GAPDH), and are means ± SE of three experiments in cor-
responding distinct animals, and were compared by using ANOVA fol-
lowed by Bonferroni’s post hoc test. (b) Data represent fold-expression 
as compared with expression in ‘contra’ (see Materials and methods 
for details on the real-time PCR technique). *p < 0.05 vs ‘contra’.

Figure 5. Changes in 2-AG and anandamide levels, determined 
by isotope-dilution LC-MS, in the rat hippocampus 12 days after 
injection of BAP 1–42 (by stereotaxis) alone or with VDM-11 ad-
ministered (5 mg/kg, i.p.) sub-chronically starting 3 days after BAP 
injection (a), or BAP 1–42 (by stereotaxis) alone or with VDM-11 
administered (5 mg/kg, i.p.) sub-chronically starting 7 days after 
BAP injection (b). Data are means ± SE of four experiments in dis-
tinct animals, and were compared by using ANOVA followed by 
Bonferroni’s post hoc test. *p < 0.05 vs vehicle.
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task retention of control, healthy mice was decreased af-
ter both the first and second test (Fig. 9b).
AA-5-HT (5 mg/kg, i.p.) administered 3 days after i.c.v. 
injection of BAP or vehicle in mice did not produce any 
significant change in task retention times, either after the 

first or the second passive-avoidance test (Fig. 10a). By 
contrast, when AA-5-HT was administered 7 days after 
i.c.v. injection of BAP or vehicle, it caused a significant 
reduction of memory retention in diseased mice after the 
first test and no effect after the second test. The task re-

Figure 6. Hippocampal damage at day 12 after stereotaxic injection of BAP 1–42 into the ispilateral rat cortex, in the presence of VDM-11 
administered (5 mg/kg, i.p.) sub-chronically starting 3 or 7 days after BAP injection. (a) Fragmentation of the DNA extracted from the ispsi-
lateral hippocampus (Ipsi) as compared with the contralateral one (Contra). This experiment was carried out only with tissues from animals 
treated with VDM-11 starting from 3 days, and is representative of three separate experiments with distinct animals. Data in the hippocampus 
from vehicle-treated BAP-injected animals are the same as in Figure 1. MW, molecular-weight ladder. (b) VDM-11, administered starting on 
day 3, restores normal (i.e. contralateral) levels of biochemical markers of neuronal loss and/or glial cell activation, as well as cannabinoid CB1 
and CB2 receptors, in the rat hippocampus, as determined by Western blot carried out with the respective antibodies on the proteins extracted 
from the ispsilateral (Ipsi) and contralateral (Contra) hippocampus. (c) Data were compared by densitometry scanning of the corresponding gel 
bands after normalization to β-actin, and are means ± SE of three experiments in distinct animals (see also Fig. 1). ***p < 0.005 vs contra by 
ANOVA followed by Bonferroni’s post hoc test. From top to bottom, blots and scans of calbindin, pro-caspase-3/caspase-3, COX-2, CB1, CB2, 
iNOS and S100β are shown. Compare also with the data obtained with ipsilateral hippocampi from animals treated only with BAP (Fig. 1).
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tention of control, healthy mice were decreased after both 
the first and second test (Fig. 10b).

Discussion

The rationale behind this study was based on previous 
observations that endocannabinoids, by acting through 
several possible molecular mechanisms (i.e., via canna-
binoid CB1 or CB2 receptors, TRPV1 channels or non-
cannabinoid non-vanilloid receptor-mediated pathways), 
exert a protective function against both acute and chronic 
neuronal damage in a variety of pathological conditions, 
including β-amyloid-induced neuronal toxicity in vitro 
and in vivo [22, 23]. Therefore, these compounds, irre-
spective of their molecular mode of action, are ideal can-
didates to play a protective role against the hippocampal 
damage caused by β-amyloid accumulation. For this neu-

roprotective function to be exerted, endocannabinoid lev-
els need to be increased, and so we analyzed the levels of 
anandamide and 2-AG in the rat cortex and hippocampus 
5, 12 and 20 days after BAP 1–42 injection. Several au-
thors have used other fragments, e.g. β-amyloid 1–40 [22, 
34, 39, 49] or β-amyloid 25–35 [23, 35], which appear to 
be more efficacious at inducing neurotoxicity, whereas 
others have found that β-amyloid 1–42 in the aggregated 
form produces stronger effects [50]. We used the soluble 
form of β-amyloid 1–42 because its neurotoxic effects 
both in vitro and in vivo have been well characterized in 
our [32, 37, 38, 42] and other [52, 53] laboratories. We 
show that already 12 days after injection of this BAP frag-
ment there is neuronal loss in the CA1, CA2, and CA3 
regions of the hippocampus (Fig. 1), accompanied by the 
appearance of typical markers of apoptosis and gliosis, 
i.e., capsase-3, iNOS, S100β and COX2, and by loss of 
the neuronal marker calbindin (Fig. 2). These neurotoxic 

Figure 7. Changes in 2-AG and anandamide levels, determined 
by isotope-dilution LC-MS, in whole mouse brain 14 days af-
ter treatment with vehicle (i.c.v), BAP 1–42, (i.c.v.), BAP plus 
VDM-11 administered (5 mg/kg, i.p.) sub-chronically starting 3 
days after BAP injection, and BAP plus VDM-11 administered 
(5 mg/kg, i.p.) sub-chronically starting 7 days after BAP injec-
tion (a), or vehicle (i.c.v), VDM-11 administered (5 mg/kg, i.p.) 
sub-chronically from 3 days after vehicle injection, and VDM-11 
(5 mg/kg, i.p.) administered sub-chronically from 7 days after 
vehicle injection (b). Data are means ± SE of n = 4 experiments 
in distinct animals, and were compared using ANOVA followed 
by Bonferroni’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.005 
vs vehicle.

Figure 8. Changes in 2-AG and anandamide levels, determined by 
isotope-dilution LC-MS, in whole mouse brain 14 days after treat-
ment with vehicle (i.c.v), BAP 1–42 (i.c.v.), BAP plus AA-5-HT 
administered (5 mg/kg, i.p.) sub-chronically starting 3 days after 
BAP injection, and BAP plus AA-5-HT administered (5 mg/kg, 
i.p.) sub-chronically starting 7 days after BAP injection (a), or ve-
hicle (i.c.v), AA-5-HT administered (5 mg/kg, i.p.) sub-chronically 
from 3 days after vehicle injection, and AA-5-HT (5 mg/kg, i.p.) 
administered sub-chronically from 7 days after vehicle injection 
(b). Data are means ± SE of n = 4 experiments in distinct animals, 
and were compared using ANOVA followed by Bonferroni’s post 
hoc test. *p < 0.05 vs vehicle.
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effects were not related to the injection procedure used, as 
they were not observed in vehicle-injected rats and were 
not observed in the injection area (i.e., the cortex).
The first new finding of the present study was that BAP 
also causes a selective approximately twofold enhance-
ment of 2-AG levels in the rat hippocampus dissected 
from the hemisphere ipsilateral to the injection versus 
the contralateral hippocampus or versus the ipsilateral 
hippocampus of vehicle-treated brains, again only after 
12 days from the treatment (Fig. 3). Anandamide levels 
in the ipsilateral hippocampus were not higher than those 
in the contralateral hippocampus. It is worth noting that 
both 2-AG and anandamide levels also increased in the 
contralateral hippocampus after 12 days as compared 
with the initial levels, suggesting that some non-spe-
cific event, possibly due to stress [54], was affecting, in 
part, the measurement of endocannabinoid levels in both 
hemispheres. On the other hand, as with markers of neu-
ronal loss, the levels in the ipsilateral cerebral cortex of 2-
AG and anandamide were never significantly higher than 
those in the contralateral cortex (data not shown). These 
data suggest that: (i) the changes in 2-AG levels observed 
in the ipsilateral hippocampus at the 12-day time point 
were specifically due to BAP-induced damage and not to 
an artifact arising from the stereotaxic injection, which 
was carried out in the cortex, nor to other environmental 
factors, and (ii) BAP-induced 2-AG elevation in the rat 
brain is an early and time-limited event. The enhance-
ment of 2-AG levels was probably due to its enhanced 
synthesis, since we observed that the hippocampal levels 
of the mRNA encoding the 2-AG-biosynthesizing en-
zyme DAGLα [55] were also elevated following BAP in-
jections (Fig. 4). By contrast, the levels of the mRNA en-
coding the anandamide-biosynthesizing and -degrading 
enzymes, NAPE-PLD and FAAH, respectively, were not 
changed, in agreement with the finding of no significant 
changes in anandamide levels following BAP injection. 
Our finding of elevated DAGLα expression following 
BAP injection is in agreement with the previous report of 
elevated DAGL enzymatic activity in the hippocampus 
of patients with AD [56], which suggests that a tissue-
selective up-regulation of 2-AG levels also occurs during 
this disorder in humans. In view of previous findings in 
postmortem brain from AD patients [21, 23], we also ana-
lyzed the levels of CB1 and CB2 in the hippocampus of 
BAP-treated rats. Western blot (Fig. 2b, c) confirmed the 
increase in expression of the CB2 receptor protein, but not 
of CB1, as previously reported in AD brains [21].
If endocannabinoids are elevated at a certain time after 
BAP-induced hippocampal damage to exert a neuropro-
tective function, the pharmacological elevation of their 
levels should produce beneficial effects on this damage 
[12, 51], irrespective of the receptor type and mechanism 
involved in endocannabinoid neuroprotective effects. In 
fact, if endocannabinoids use more than one mechanism 

Figure 10. Time of memory retention in the passive avoidance test 
carried out in mice at day 15 (I retention) and day 22 (II retention) 
after the injection (i.c.v.) of BAP 1–42, i.e., 1 and 7 days after the 
learning trial. Different groups of animals were treated with vehicle 
(i.c.v.), BAP (i.c.v.), AA-5-HT (5 mg/kg, i.p.) or BAP + AA-5-HT. 
AA-5-HT was administered sub-chronically starting 3 days (a) or 7 
days (b) after BAP injection. The results (time in seconds employed 
for re-entering the dark box in the first or second retention test) are 
expressed as medians of n = 10 animals. The data, were analyzed 
using the Mann-Whitney U test for non-parametric data. *p < 0.05, 
**p < 0.01 vs veh-veh. For each median, the semi-inter-quartile 
range (IQR/2) is shown.

Figure 9. Time of memory retention in the passive-avoidance test car-
ried out in mice at day 15 (I retention) and day 22 (II retention) after 
the injection (i.c.v.) of BAP 1–42, i.e., 1 and 7 days after the learning 
trial. Different groups of animals were treated with vehicle (i.c.v.), 
BAP (i.c.v.), VDM-11 (5 mg/kg, i.p.) or BAP+VDM-11. VDM-11 
was administered sub-chronically starting 3 days (a) or 7 days (b) after 
BAP injection. The results (time in seconds taken for re-entering the 
dark box in the first or second retention test) are expressed as medians 
of n = 10 animals. The data were analyzed using the Mann-Whitney 
U test for non-parametric data. *p < 0.05; **p < 0.01 vs veh-veh. For 
each median, the semi-inter-quartile range (IQR/2) is shown.
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of action to protect neurons from damage, inhibitors of 
endocannabinoid inactivation should be even more effi-
cacious than ‘direct’ agonists of each receptor type poten-
tially involved in this action. Therefore, the next step in 
our investigation was to assess the effect of either early or 
late pharmacological elevation of brain endocannabinoid 
levels on neuronal damage in the rat hippocampus. The 
selective inhibitor of anandamide cellular uptake, VDM-
11, was administered i.p. to BAP-treated rats every other 
day, starting 3 or 7 days from BAP injection, at a dose 
previously shown to enhance some of the typical phar-
macological effects of anandamide in normal rats without 
influencing locomotor behaviour and nociception per se 
[45]. With both administration schedules, VDM-11 sig-
nificantly elevated anandamide, but not 2-AG, levels in 
the ipsilateral hippocampus (Fig. 4). The lack of effect on 
2-AG levels might be due to the fact that the concentra-
tion of this endocannabinoid in the hippocampus, unlike 
that of anandamide, was already maximally enhanced fol-
lowing BAP treatment. Nevertheless, the enhancement of 
total endocannabinoid levels caused by VDM-11 may 
have been enough to explain its inhibition of the neuronal 
damage induced in the hippocampus by BAP administra-
tion, as we found that the hippocampal concentration of 
anandamide was enhanced from ∼180 to ∼290 nM, and 
there is evidence that such an increase of anandamide 
concentration can inhibit BAP-induced neurotoxicity in 
neurons in vitro with ∼50% more efficacy [22]. Accord-
ingly, VDM-11 administered 3 days after BAP treatment 
entirely reversed the histological damage and the bio-
chemical markers of neuronal loss and gliosis induced by 
the peptide, as well as the increase in CB2 receptor protein 
(Fig. 6). By contrast, when the inhibitor was administered 
7 days after BAP treatment, i.e. only 5 days from the day 
of sacrifice, no significant amelioration of the histologi-
cal and biochemical changes induced by BAP was ob-
served even in the presence of enhanced anandamide lev-
els, suggesting that endocannabinoid elevation must be 
induced early to achieve neuroprotection.
The next aim of our study was to investigate whether 
VDM-11 causes amelioration of overt signs of β-amy-
loid-induced neurotoxicity, such as loss of memory reten-
tion. The answer to this question was not at all obvious 
because endocannabinoids not only have neuroprotec-
tive actions but, mostly by acting via CB1 receptors, they 
can also impact negatively on memory consolidation in 
several experimental paradigms in healthy rodents [28]. 
Indeed, a previous study showed that acute blockade of 
endocannabinoid actions at CB1 receptors produces al-
leviation of the amnesia caused in mice by the same BAP 
fragment used in the present study [32]. In this previ-
ous study, a passive-avoidance test was used to monitor 
memory retention. This is a test that is carried out in mice 
much more often than rats when the effect of β-amyloid-
induced neurotoxicity needs to be assessed. In mice, the 

hippocampal damage and the subsequent amnesia sec-
ondary to defective hippocampal cholinergic signaling 
are induced by BAP within 2 weeks of i.c.v. injection [42 
and references cited therein], exactly as shown above for 
rats. For these reasons, we decided to study here the effect 
of VDM11 in the same experimental paradigm in mice. 
In BAP-treated mice, VDM-11, again administered i.p. 
every other day, and starting 3 days from BAP injection, 
caused a striking enhancement of brain endocannabinoid 
levels. Although, unlike in the rat, 2-AG levels were also 
elevated, once again the effect was more marked with 
anandamide (sixfold enhancement) (Fig. 7). We found 
that VDM-11 also produced a significant amelioration in 
task retention times of BAP-treated mice, measured af-
ter both the first and second passive-avoidance test when 
administered starting 3 days from BAP injection (Fig. 9). 
However, although VDM-11 still very potently enhanced 
endocannabinoid levels when administered only after 7 
days from BAP treatment, this was not sufficient to re-
verse the amnesic effect of BAP, and caused, instead, a 
further decrease in retention times as assessed after the 
first passive-avoidance test. Notably, VDM-11 also pro-
duced a strong enhancement of both anandamide and 2-
AG brain levels in healthy mice, irrespective of the timing 
of its administration (Fig. 7), and in these mice this effect 
was accompanied by a worsening of memory retention 
only in those animals that had been treated starting 7 days 
from vehicle injection. The selective FAAH inhibitor AA-
5-HT [43] also elevated endocannabinoid levels when 
administered starting either 3 or 7 days after administra-
tion (Fig. 8), but was much less effective than VDM-11 
(compare Figs. 7 and 8). However, AA-5-HT, irrespective 
of the time of administration, and unlike VDM-11, never 
ameliorated amnesia in BAP-treated mice, although, like 
VDM-11, it did inhibit the performance of normal and 
BAP-injected mice in the passive-avoidance tests when 
administered 7 days after vehicle or BAP administration 
(Fig. 10).
These findings in mice suggest that: (i) in order to ame-
liorate BAP-induced memory retention loss, the pharma-
cological elevation of endocannabinoid levels must not 
only be strong, as in the case of VDM-11 and not AA-
5-HT, but it must also occur early in the disorder, and 
(ii) pharmacological elevation of endocannabinoid levels 
may inhibit memory consolidation in healthy as well as 
BAP-injected mice if it is effected only for a few days, 
possibly due to the previously described development of 
tolerance to the memory-disrupting effects of prolonged 
activation of CB1 receptors [31]. These two hypotheses 
are supported by the observation that acute administration 
of either VDM-11 or AA-5-HT immediately before the 
first passive-avoidance test did not affect in either way the 
performance in this test of both BAP-injected and healthy 
mice (data not shown). Furthermore, the worsening effect 
on memory retention in healthy animals, observed with 
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both VDM-11 and AA-5-HT when administered starting 
7 days after vehicle, significantly decreased when pass-
ing from the first to the second retention test (i.e. from 1 
to 8 days after the last administration of the compounds) 
(Figs. 9, 10), thus indicating that this effect, also when 
observed in BAP-treated mice, is due to a direct action on 
mnemonic processes rather than to a negative and long-
lasting effect on neuronal damage. On the other hand, 
the beneficial action on memory retention, observed 
with VDM-11 when administered 3 days after BAP, was 
also less efficacious when assessed after the second test 
(Fig. 9), probably because of both the progress of β-amy-
loid-induced neurotoxicity (deduced from the decrease 
of retention in BAP+vehicle-treated mice at the second 
retention test) and loss of efficacy of the compound.
Other possible explanations for the observed bi-phasic 
effects of VDM-11 on memory retention should also be 
taken into consideration. For example, we observed that 
the elevation of mouse brain anandamide levels was sig-
nificantly higher when this inhibitor was administered 
starting 7 days after BAP injection, whereas the opposite 
seems to occur with 2-AG levels, which are higher when 
VDM-11 is administered 3 days after BAP (Fig. 7a). 
As this phenomenon was observed also with AA-5-HT 
(Fig. 8a), one could also hypothesize that the elevation 
of anandamide, rather than 2-AG, levels was responsible 
for the memory-impairing actions of inhibitors of endo-
cannabinoid inactivation. This possibility is supported 
by the fact that, unlike 2-AG, anandamide also activates 
the vanilloid TRPV1 receptor [17], which is expressed in 
the hippocampus, where it appears to enhance GABAer-
gic neurotransmission [57]. However, it should be noted 
that in the rat hippocampus, neuroprotection from BAP-
induced neuronal damage corresponded to elevation of 
anandamide levels (Figs. 5 and 6).
Several studies have been performed previously in hippo-
campal neurons in vitro to identify the molecular mecha-
nisms through which endocannabinoids and cannabinoids 
exert their neuroprotective effects. For example, stimulation 
of CB1 receptors was shown to reduce NMDA-receptor-in-
duced excitotoxicity by reducing [Ca2+]i spiking and cell 
death [58]. More recent results suggest that cannabinoids 
prevent cell death by initiating a time- and dose-dependent 
inhibition of adenylyl cyclase that is capable of reducing 
[Ca2+]i via a cAMP/PKA-dependent process during the 
neurotoxic event [59]. These inhibitory effects on [Ca2+]i 
might underlie the neuroprotective effects of endocannabi-
noids observed here, since BAP 1–42 was recently found to 
increase dendritic Ca2+ influx and loss of Ca2+ homeostasis 
in hippocampal neurons, two events that initiate neuronal 
degenerative processes in the hippocampus [60].
In conclusion, we have provided evidence that both early 
and strong pharmacological elevation of brain endocan-
nabinoid concentrations can provide protection against 
BAP-induced neuronal damage or memory loss in ro-

dents. By contrast, when it is exerted at a later phase of 
β-amyloid-induced neurotoxicity (or when it is not strong 
enough, as with AA-5-HT), boosting of brain endocan-
nabinoid levels has no affect on neuronal damage and 
worsens memory loss in BAP-treated rats and mice, re-
spectively. This resembles in some ways what has pre-
viously been described in animal models of Parkinson’s 
disease, where both the enhancement of endocannabinoid 
signaling [61] or its counteraction [61–64] can reduce the 
consequences of this disorder. We did not investigate here 
the mechanisms through which endocannabinoids exert 
neuroprotection, because this was not the aim of our 
study and we would have had to test antagonists and in-
hibitors of all the possible receptors and proteins through 
which endocannabinoids, and anandamide in particular, 
have been reported to produce their effects to date (i.e., 
CB1, CB2 and TRPV1 receptors, ion channels, etc.) [see 
ref. 65 for a recent review on this issue] with subsequent 
use of an unethical number of laboratory animals and 
no guarantee of a successful outcome. Yet, our findings 
suggest that either agents that block [32] or prolong (this 
study) the action of endocannabinoids might be used in 
the future as novel therapeutic drugs against β-amyloid-
induced neurotoxicity.
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