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The endocannabinoid system may regulate glial cell functions and their responses to pathological stimuli, specifically,
Alzheimer’s disease. One experimental approach is the enhancement of endocannabinoid tone by blocking the activity of

degradative enzymes, such as fatty acid amide hydrolase (FAAH).
EXPERIMENTAL APPROACH

We examined the role of FAAH in the response of astrocytes to the pathologic form of B-amyloid (AB). Astrocytes from
wild-type mice (WT) and from mice lacking FAAH (FAAH-KO) were incubated with AB for 8, 24 and 48 h, and their
inflammatory responses were quantified by ELISA, western-blotting and real-time quantitative-PCR.

KEY RESULTS

FAAH-KO astrocytes were significantly more responsive to A than WT astrocytes, as shown by the higher production of
pro-inflammatory cytokines. Expression of COX-2, inducible NOS and TNF-a. was also increased in AB-exposed KO astrocytes
compared with that in WTs. These effects were accompanied by a differential pattern of activation of signalling cascades
involved in mediating inflammatory responses, such as ERK1/2, p38MAPK and NFx B. PPAR-o. and PPAR-y as well as transient
receptor potential vanilloid-1 (TRPV1), but not cannabinoid CB; or CB, receptors, mediate some of the differential changes
observed in AB-exposed FAAH-KO astrocytes. The pharmacological blockade of FAAH did not render astrocytes more
sensitive to AB. In contrast, exogenous addition of several acylethanolamides (anandamide, palmitoylethanolamide and

oleoylethanolamide) induced an antiinflammatory response.

CONCLUSIONS

The genetic deletion of FAAH in astrocytes exacerbated their inflammatory phenotype against AB in a process involving

PPAR-0, PPAR-y and TRPV1 receptors.
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Abbreviations

Beta amyloid and FAAH-KO astrocytes

AB, beta amyloid; AEA, anandamide; CPZ, capsazepine; FAAH, fatty acid amide hydrolase; FAAH-KO, fatty acid amide
hydrolase-knockout; GFAP, glial fibrillary acidic protein; OEA, oleoylethanolamide; PEA, palmitoylethanolamide; SR1,
SR141716A; SR2, SR144528; TG, troglitazone; TRPV1, transient receptor potential vanilloid-1; WY, WY-14643

Introduction

The endocannabinoid system comprises several elements
including two G-protein-coupled membrane receptors (CB;
and CB,; receptor nomenclature follows Alexander et al.,
2011), the endogenous ligands for these receptors (so called
‘endocannabinoids’) and proteins with enzymic activity
capable of regulating the synthesis and degradation of these
endogenous molecules (such as fatty acid amide hydrolase,
FAAH). FAAH is the primary catabolic enzyme for the
family of N-acylethanolamines, which includes the
endocannabinoid arachidonylethanolamide (anandamide,
AEA). However, FAAH also regulates the contents of other
N-acylethanolamines that do not activate cannabinoid recep-
tors, including palmitoylethanolamide (PEA) and oleoyletha-
nolamide (OEA) (see Pertwee, 2008). Non-cannabinoid
targets of the N-acylethanolamine family of lipids include the
transient receptor potential vanilloid-1 (TRPV1) receptor,
PPAR-o. and PPARy, and GPRS5S5 (see Pertwee et al., 2010).
It is thus clear that controlling the levels of the
N-acylethanolamines could affect many physiological func-
tions, including motor activity, immune function, body tem-
perature, metabolic activity or inflammation.

In the present study, our aim was to explore the hypoth-
esis that FAAH, through regulation of N-acylethanolamine
concentrations, altered astrocyte function in the context of
Alzheimer’s disease. Immunohistochemical data show that
FAAH is expressed in astrocytes (Romero et al., 2002) as well
as neurons (Tsou et al., 1998), and that astrocytes in culture
contain detectable amounts of several N-acylethanolamines,
including AEA, PEA and OEA (Walter et al., 2002; Stella,
2004). AEA has been shown to inhibit potassium and sodium
conductances and modulate astrocytic homeostasis as well
as excitatory amino acid transport in rat cortical astrocytes
(Shivachar, 2007; Vignali et al., 2009).

A role for FAAH in Alzheimer’s disease was first suggested
by data indicating that its expression and activity was
increased in areas of inflammation in Alzheimer’s disease
(Benito et al., 2003; Jung etal.,, 2011) and also in Down's
syndrome (Nufiez ef al., 2008). Increased FAAH expression
occurs in B-amyloid (AP)-activated astrocytes, but not in
microglia, located in the proximity of senile plaques. An
astrocyte-specific increase in FAAH expression is markedly
maintained in other neuroinflammatory conditions, such
as multiple sclerosis or viral encephalitis (see Benito et al.,
2007) which suggests that FAAH may play a major role
in the response of astrocytes to inflammation. Further-
more, recent studies have shown that the non-cannabinoid
N-acylethanolamine, PEA, decreased inflammation in rat
primary astrocytes exposed to AB (Scuderi et al., 2011).

The purpose of the present studies was to determine the
effect of the loss of FAAH activity on the response of astro-
cytes to the pathological form of the AB peptide. We mea-
sured a number of proinflammatory cytokines, analysed cell

signalling pathways and monitored mRNA levels of a number
of proinflammatory mediators using primary astrocytes from
mice in which the FAAH gene had been deleted (FAAH-KO)
and consequently have approximately 10 times higher levels
of AEA and other N-acylethanolamines than those in the WT
mice (Cravatt et al., 2001).

Methods
Mice

All animal care and experimental procedures were performed
in accordance with international and local guidelines (86/
609/EEC). Mice homozygous for disruption of the gene that
encodes FAAH (FAAH-KO) were backcrossed >6 generations to
the wild type (C57BL/6]) genetic background (Cravatt et al.,
2001). Mice were maintained in a temperature-controlled,
pathogen-free facility with a 12 h light/dark cycle and with
free access to food and water.

Preparation of ABi-sz

ABi_4, was purchased from American Peptide Company Inc.
(Sunnyvale, CA, USA), solubilised in sterile water (1 mg-mL™)
and incubated for 7 days at 37°C, to allow fibrilization. This
method has been described and validated previously (Burdick
etal., 1992; Lorenzo and Yankner, 1994; Coraci et al., 2002;
Bamberger et al., 2003).

Cell culture

Primary astrocytes were obtained from neonatal mice brains
(P1) and cultured as described (McCarthy and De Vellis, 1980;
Molina-Holgado et al., 2002), with slight modifications. Iso-
lated cells were cultured on poly-L-ornithine-treated 75-cm?
flasks with Dulbecco’s modified Eagle’s medium supple-
mented with L-glutamine (2.5 mM), penicillin (50 U-mL™),
streptomycin (50 U-mL™") and 10% fetal bovine serum (FBS)
(all from BioWhittaker, Walkersville, MD, USA) at 37°C in 5%
CO,. Medium was changed once per week and, after 14 days
in culture, cells were subjected to shaking (240 rpm for 4 h) to
separate astrocytes from oligodendrocytes and microglia.
Purity of the cells in culture was tested with a monoclonal
anti-glial fibrillary acidic protein (GFAP, Dako) antibody and
only cultures with more than 95% GFAP-positive cells were
employed for the experiments.

Exposure of primary astrocytes to ABi-sz

Astrocytes were trypsinized and seeded in p35 dishes at a
density of 10° cells-cm™, overnight. After washes with PBS,
medium without FBS was added to the astrocytes. A4
(5 uM) or vehicle (distilled water) was added to the medium
and incubated for different periods of time (8, 24 and 48 h).
This concentration was chosen based on previously pub-
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lished data (Koenigsknecht-Talboo and Landreth, 2005) and
on the estimated concentrations of AB; 4, in the Alzheimer’s
disease brain (Naslund et al., 2000).

In other experiments, following the experimental
procedure of the time course study, FAAH-KO primary
astrocytes were treated 30 min before the 8-h exposure to
ABi4; with selective cannabinoid and TRPV1 receptor
antagonists. SR141716A (SR1) and SR144528 (SR2), the
selective CB; and CB, receptor antagonists, respectively,
kindly provided by Sanofi Recherche (Montpellier, France)
were used at 100 nM. The final concentration of the selec-
tive TRPV1 receptor antagonist, capsazepine (Sigma, St
Louis, MO, USA) was 1 uM. Some experiments also included
the selective PPAR-o. and PPAR-y agonists, WY-14643 (WY;
Sigma) and troglitazone (Cayman Chemical, Ann Arbor, MI,
USA), respectively, at 10 pM. In some studies, wild-type
(WT) astrocytes were treated with the selective, very slowly
reversing FAAH inhibitor URB597 (Cayman Chemical) at a
dose of 1 uM for 16 h before the addition and subsequent
8-h incubation of the astrocytes with AP, peptide. Addi-
tional experiments with URB597 also included 30-min incu-
bation with SR1 or SR2 prior to exposure to AB. AEA, OEA
and PEA (from Sigma, 10 uM each, alone or in combina-
tion) were added 24 h before exposure to the pathological
peptide.

Analysis of cytokine secretion

After treatments, inflammation-related cytokines were quan-
tified by ELISA in the culture supernatants. Levels of chemok-
ines CCL2 and CCLS, and TNF-o. were measured using
specific ELISA Kits provided by R&D Systems (Minneapolis,
MN, USA) following the manufacturer’s instructions. Assay
sensitivities were 2 pg-mL™ (CCLS5, CCL2) and 5 pg-mL™
(TNF-ar). IL-1B and IL-6 were measured with ELISA kits pur-
chased from Raybiotech (Norcross, GA, USA); limits of
detection of these assays are less than 2 and 5 pg-mL™
respectively.

Measurement of cell death

LDH released to the medium was quantified as an index of
cell death, by means of the CytoTox 96 non-radioactive cyto-
toxicity assay (Promega, Madison, WI, USA), following the
instructions of the manufacturer.

Analysis of signalling cascades by
Western blotting
Astrocytes were seeded in p60 dishes at a density of
10° cells-cm™ (ERK1/2 and p38MAPK) or in p100 dishes at a
density of 5 x 10* cells-cm™ (NFkB) and were preincubated in
serum-free medium for 24 h before addition of AB;_s,. Shorter
periods of exposure were chosen, in concordance with previ-
ous literature on signalling cascades (Bamberger ef al., 2003;
Lim et al., 2007). After incubation with AB;_s, for 5, 10, 15, 30,
60, 120 and 180 min (ERK1/2 and p38MAPK) or for 1, 3 and
6 h (NFkB), cells were collected and processed for Western
blotting.

For kinase (ERK1/2 and p38MAPK) detection, cells were
washed with PBS and lysed with 100 pL of lysis buffer
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(100 mM Tris-HCI pH.7.5, 2 mM EGTA, 2 mM EDTA, 20 mM
NaF, 540 mM sucrose, 0.2 mM PMSF, 2% Triton X-100,
1 mM Na;VOy, 0.1% 2-mercaptoethanol and 10 ug-mL™ pro-
tease inhibitors). Lysates were incubated on ice for 3 min
before centrifuging at 10 000x g for 10 min at 4°C; protein
concentrations were determined using the Bio-Rad protein
assay (Bio-Rad, Hercules, CA, USA). For Western blotting,
50 ug of protein was subjected to SDS-PAGE on a 10% gel
under reducing conditions. Proteins were transferred onto a
Immobilon-P membrane (Millipore Corporation, Bedford,
MA, USA) using a Mini Trans-Blot Electrophoretic Transfer
Cell (Bio-Rad) for 1 h at 100 V. Membranes were blocked in
tris-buffered saline containing 0.1% Tween 20 (TBS-T) with
5% dry non-fat skimmed milk powder (Sigma) for 1h at
37°C before an overnight incubation with the primary anti-
body anti-phospho-ERK1/2 (Thr?*?/Tyr**) diluted 1:2500 in
blocking solution or anti-phospho-p38 (Thr'*/Tyr'®?) diluted
1:1000 in TBS-T with 5% BSA. Both of the antibodies were
obtained from Cell Signalling Technology (Beverly, MA,
USA). After extensive washing with TBS-T, membranes were
incubated with an anti-rabbit secondary antibody conju-
gated to horseradish peroxidase (HRP) (1:2500 in blocking
solution) for 2 h at room temperature Finally, blots were
rinsed and the peroxidase reaction was developed by
enhanced chemiluminescence with Amersham ECLTM
Western Blotting Analysis System (GE Healthcare, Bucking-
hamshire, UK). Afterward, the blots were stripped by incu-
bation in stripping buffer (62.5 mM Tris, pH 6.8, 2% SDS
and 100 mM 2-mercaptoethanol) for 30 min at 50°C. Then
the membranes were washed in TBS-T, blocked again with
TBS-T containing 5% dry non-fat skimmed milk powder and
incubated with primary antibodies for all forms of ERK1/2
(Cell Signalling Technology) and p38 (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA), both diluted 1:2500 in
blocking solution. Secondary antibody incubation, mem-
brane washing and detection was performed as described
previously.

For NFxB determination, nuclear and cytoplasmic
extracts were prepared using a nuclear and cytoplasmic
extraction reagent (NPER; Pierce, Thermo Fisher Scientific,
Freemont, CA, USA) following the manufacturer’s instruc-
tions. Protein contents were measured using the bicincho-
ninic acid method (BCA protein assay; Pierce). Nuclear
proteins (15 ug) or cytoplasmic fractions (20 ug) were
resolved on a 10% SDS-PAGE and then transferred to an
Immobilon-P membrane (Millipore). The membranes
were blocked with TBS-T containing 5% dry non-fat
skimmed milk powder. Incubation with the anti-NF-kB
antibody (p65) (1:500; Santa Cruz Biotechnology, Inc.)
in blocking solution was carried out overnight at 4°C. After
three washes with TBS-T, the incubation with an anti-rabbit
secondary antibody conjugated to HRP and the visualiza-
tion of the bands were carried out as described earlier.
Membranes were stripped and reblotted with a monoclonal
antibodies against B-actin (1:2500; Sigma) and histone 3
(1 pg-mL™'; Abcam, Cambridge, MA, USA) for the cytoplas-
mic and nuclear extracts respectively. These proteins were
used as an internal control for protein loading and
transfer as well as to verify purity of the subcellular frac-
tionation. Films were analysed using Quantity One Software
(Bio-Rad).



Table 1

Primers used in the present study

Genes Primer/probe
18S sense

antisense

Probe #55
iNOS sense

antisense

Probe TagMan
COX-2 sense
antisense
Probe TagMan
TNF-o. sense
antisense
Probe TagMan
TRPV1 sense
antisense
Probe TagMan

PPAR-c sense
antisense
Probe FRET

PPAR-y sense
antisense

Probe TagMan
CB; sense
antisense
No Probe
CB, sense
antisense
Probe FRET

Beta amyloid and FAAH-KO astrocytes

Sequences for primers and probes

AAATCAGTTATGGTTCCTTTGGTC
GCTCTAGAATTACCACAGTTATCCAA

Use universal ProbeLibrary, Roche Applied Science
GCTCCTCCCAGGACCACA
GCTGGAAGCCACTGACACTT
6FAM-CACCTACCGCACCCGAGATGG-BBQ
TGACCCACTTCAAGGGAGTCT
CTGTCAATCAAATATGATCTGGATGTC
6FAM-AACAACATCCCCTTCCTGCGAAGTT-BBQ
GCCTATGTCTCAGCCTCTTCTCATT
CCACTTGGTGGTTTGCTACGA
6FAM-CCATAGAACTGATGAGAGGGAGGCCATTT-BBQ
GATTTTCCACAGCCGTAGTGACA
GACATGTGGAATACAGGCTGTTGTA
FAM-AACTCACTGCCTGTGGAGTCCCCA-BBQ
ACTGAAAGCAGAAATTCTTACCTGTG
AAGCGTCTTCTCGGCCATA
GGGCCTTGACCTTGTTCATGTTGAA-FL
640-TTCTTCAGGTAGGCTTCGTGGATTCTCTTG P
CCAGATCTTCCTGAACTTGACCT
CCAGTGTCTCTGTGAGGACCG
FAM-ACAGACAGCTTTCTGGGTGGATTGAA-TMR
CATCATCATCCACACGTCAG
ATGCTGTTGTCTAGAGGCTG

SYBR Green

GCGGCTGACAAATGACAC
CGGGAGGACAGGATAATATAGAG
TTCTGTCTCCCGGCATCCCTCCA-FL
640-GGATGGGCTTTGGCTTCTTCTACTGGAGCT P

RT quantitative—PCR (qRT-PCR) for type 2
COX (COX-2), inducible NOS (INOS),
TNF-c, CB;, CB,, TRPV1, PPAR-x

and PPAR-y

Total RNA was isolated using Master PureTM Complete DNA
and RNA Purification Kit (Epicentre Biotechnologies,
Madison, WI, USA) according to the protocol of the supplier.
RNA was dissolved in RNase-free water and quantified by
absorption at 260 nm. Aliquots were subjected to 1% dena-
turing agarose gel electrophoresis and ethidium bromide
staining to verify the quantity and quality of RNA. Single-
stranded complementary DNA (cDNA) was synthesized from
1 ug of total RNA using the Transcriptor First Strand cDNA
Synthesis kit (AMV) (Roche Diagnostics, Mannheim,
Germany). PCR primers and TagMan probes were designed by
Tib Molbiol (Berlin, Germany) as shown in Table 1. For nor-
malization, 18S primers and probe number 55 from Universal

ProbeLibrary (Roche) were utilized. Gene expression was
quantified using LightCycler FastStart DNA Master HybProbe
and LightCycler Tagman Master (Roche) and Quantimix Easy
Probes kit (Biotools, Madrid, Spain) in a LightCycler ther-
mocycler (Roche). The concentration of primers and probes
were 0.5 and 0.2 uM respectively. PCR assays were performed
using 2 uL of the cDNA reaction. All assays were carried out
twice as independent PCR runs for each cDNA sample. Mean
values were used for further calculation. A negative (no tem-
plate) control was measured in each of the PCR runs. Stan-
dard curves were calculated for quantification purposes using
fivefold serial dilutions of cDNA from mouse brain. The tran-
script amounts were calculated using the second derivative
maximum mode of the LC-software version 4.0. The specific
transcript quantities were normalized to the transcript
amounts of the reference gene 18S. All further calculations
and statistical analyses were carried out with these values
referred to as relative expression ratios.
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The absence of FAAH in astrocytes modifies the secretion of inflammatory cytokines after exposure to ABy_s> and makes them more sensitive to
its deleterious effects, as revealed by a time course quantitative analysis of cell supernatants. Cytokines studied included CCL2 (A), IL-6 (B), IL-18
(C) and CCLS5 (D). Cell death was measured by LDH activity (E). Results shown are the mean * SEM of three independent experiments performed
in triplicate. Data were analysed by two-way ANOVA (*P < 0.05). CCL-2: genotype F (75.2/4), P=0.00001; time: F (30.4/3.1), P=0.0001. IL-6:
genotype F (85.1/4), P=0.00001; time: F (25.1/3.1), P=0.0001. IL-1B: genotype F (30.4/4), P=0.00001; time: F (8.25/3.2), P=0.008. CCL5:
genotype F (1.1/4), P=0.3; time: F (18.5/3.1), P=0.00011. LDH: genotype F (12.9/4.2), P=0.001; time: F (6.2/3.3), P =0.005.

Statistical analysis

Results are expressed as mean = SEM of three experiments
performed in triplicate. Statistical analysis were made using
Student’s f-test for comparisons between two groups, ANOVA
with Newman-Keuls test for multiple comparisons of results
from a single group (FAAH-KO or WT) and repeated measures
two-way ANOVA for multiple comparisons between both
groups or when including time course. A P value < 0.05 was
considered as statistically significant. Statistical analysis was
performed using the 11.0.0 version of SPSS software (SPSS
Inc., Chicago, IL, USA).

Results

FAAH-KO astrocytes produce increased
amounts of proinflammatory cytokines than
WTs when exposed to ABi_42

In a first set of experiments, we explored the effects of expo-
sure to AP, for different periods of time on the profile of
cytokine secretion by astrocytes. The basal concentrations of
all four cytokines were similar in supernatants from FAAH-KO
and WT astrocytes (Figure 1). Exposure to AP, increased
CCL2 concentrations in both WT and FAAH-KO astrocytes,
but ABis-triggered CCL2 production was significantly
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higher in FAAH-KO than in WTs at all time points measured
(Figure 1A). Similarly, AB,.4, exposure induced an increase in
IL-6 concentration that was significantly greater in FAAH-KO
than in WTs at all time points (Figure 1B). Interestingly, IL-6
levels were significantly lower in WT astrocytes at 8 h after
the treatment (Figure 1B). In addition, exposure to AP, did
not induce an increase in IL-18 concentration in WT but, in
contrast, AP, exposure for 8 and 24 h increased IL-1f con-
centrations in FAAH-KO (Figure 1C). CCLS concentrations
increased 24 and 48 h after ABi_4, exposure both in WTs and
FAAH-KO, with the increase being significantly greater in
FAAH-KO (Figure 1D). TNF-a levels were undetectable under
basal conditions in all groups (data not shown).

FAAH-KO astrocytes are more sensitive to the
deleterious effects of ABi-sz

In addition to the effects on the cytokine profile, we analysed
whether AB,_4, was also able to induce cell death. As expected,
the presence of the pathogenic peptide induced astrocyte
death, as measured by LDH activity in the cell media 24 and
48 h after exposure. Interestingly, LDH activity was elevated
more in samples from FAAH-KO astrocytes than from WTs,
suggesting that the absence of FAAH makes astrocytes more
sensitive to the damaging effects of A4, and, subsequently,
more prone to death (Figure 1E).
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Figure 2

mRNA expression of iNOS, COX-2 and TNF-o. is significantly higher
in primary FAAH-KO astrocytes than in WT after 8 h of exposure to
AB1_42. Graphs show the induction of iNOS (A), COX-2 (B) and TNF-a.
(C) mRNA levels expressed as fold of control, (not exposed to AB;_4»),
in astrocytes treated with ABi_s> (5 UM). Results shown are the
mean * SEM of three independent experiments performed by trip-
licate. Data were analysed by two-way ANOVA (*P<0.05 and
***P < 0.001 vs. WT). COX-2: genotype F (7.6/4.6), P=0.015; time:
F (4.7/3.8), P=0.041. iNOS: genotype F (19.5/4.7), P=0.0008;
time: F (22.1/3.8), P=0.0001. TNF-o: genotype F (9.9/4.6),
P=0.007; time: F (25.1/3.8), P=0.00003.

APi_ss-triggered increases in mRNA expression
of key inflammatory mediators are higher in
FAAH-KO than WT astrocytes

We measured mRNA expression of two key enzymes known
to participate in inflammatory processes of the CNS: iNOS
and COX-2 (Figure 2). iNOS mRNA expression was increased
following an 8-h exposure to AB;_s,, increasing approximately
eightfold over basal levels in WT astrocytes and more than
80-fold in FAAH-KO astrocytes (Figure 2A). This induction
was lower at 24 and 48 h in both groups, but was more
pronounced in FAAH-KO than in WTs.

Beta amyloid and FAAH-KO astrocytes

With respect to COX-2 (Figure 2B), exposure to AP
induced a three-fold increase in mRNA expression over basal
in WT astrocytes. Astrocytes from FAAH-KO mice treated
with A4, exhibited a significantly greater increase (10-fold)
in COX-2 mRNA expression than similarly treated WT after
8 h of exposure. There were no significant differences in
expression between the genotypes after 24 and 48 h of
treatment.

The response of TNF-o. mRNA expression to Af;_4, treat-
ment was also determined. Results of the time course expo-
sure to APi_s, showed a similar cytokine pattern of expression
to the enzymes studied above. TNF-o. mRNA was significantly
increased in both types of astrocytes and was significantly
greater in FAAH-KO cells than in WT after the 8-h incubation
with the peptide (Figure 2C). At 24 and 48 h, the differences
between the two groups were not significant.

Exogenous AEA, PEA and OEA have
anti-inflammatory effects on ABi_s—induced
inflammation

We next tested if the exogenous addition of several
N-acylethanolamines (concentrations of which are putatively
affected by FAAH deletion) triggers the same effect observed
in FAAH-KO astrocytes. Therefore WT astrocytes were incu-
bated with AEA, PEA or OEA (alone or combined) and their
effects on the inflammation induced by AB,.4,, were quanti-
fied. We found that all of the three N-acylethanolamines
partially prevented the increase in TNF-o, COX-2 and iNOS
induced by the pathological peptide (Figure 3). No additive
effect was found when the three N-acylethanolamines were
added together to the cell cultures.

The absence of FAAH modifies the time
course and degree of activation of ERK1/2,
P38MAPK and NFxB b}/ A[))1,42

In order to determine the signalling cascades involved in
the differential effect of AB,4, in astrocytes, we analysed the
time course of the phosphorylation of several kinases
known to participate in cell survival and inflammatory pro-
cesses following AP, exposure in WT and FAAH-KO astro-
cytes. ERK1/2 were phosphorylated at shorter incubation
periods and to a greater extent in astrocytes from FAAH-KO,
compared with WT astrocytes (Figure 4A). Significant
amounts of ERK1/2 phosphorylation were detected 5 min
after AB;_4, addition to the cells in FAAH-KO astrocytes with
increases of 608% and 350% (ERK 1 and 2, respectively). In
astrocytes from WT mice, significant increase in phospho-
rylation occurred 10 min after AP;4 incubation and the
increases were smaller 298% and 176%, ERK1 and 2 respec-
tively. Conversely, no significant difference in p38MAPK
phosphorylation induced by AP, was seen between
FAAH-KO and WTs astrocytes at shorter times (i.e.
0-15 min) after AB;_4, addition (Figure 4B). Interestingly, the
amount of phosphorylated p38 steadily decreased in WTs at
longer incubation times, whilst FAAH-KO exhibited a sig-
nificant second peak in phosphorylation of p38MAPK at 2 h
after ABi4, addition (Figure 4B). These patterns of responses
are in agreement with previously published in vitro data
(Lim et al., 2007).
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Figure 3

Exogenously added N-acylethanolamines partially reverse AB-
induced inflammation in WT astrocytes by reducing the increase in
the expression levels of iNOS (A), COX-2 (B) and TNF-a (C). Astro-
cytes were incubated with AEA, PEA or OEA (10 uM each), alone or
in combination, for 24 h and then exposed to AB (AB) for 8 h. iNOS,
COX-2 and TNF-o. mRNAs were quantified by qRT-PCR. Results
shown are the mean + SEM of three independent experiments per-
formed in triplicate. Data were analysed by one-way ANOVA
(***P < 0.001 vs. control; *P < 0.05, #P < 0.01 and *#P < 0.001 vs.
AB). COX-2: F (31.2/2), P=0.00001. iNOS: F (54.7/2.1),
P=0.00001. TNF-o: F (19.9/2.1), P=0.00001.

NFxB is a critical mediator in a wide variety of
inflammation-related processes, as it regulates the expression
of several key genes. In order to exhibit such cellular actions,
it must first translocate into the nucleus; thus, the ratio of
nuclear and cytoplasmic NF«xB is considered an index of its
activation. To observe such changes, longer periods of obser-
vation are required. The ratio of nuclear/cytoplasmic NFkB
was significantly higher in FAAH-KO than in WT astrocytes
after 3- and 6-h exposure to A4 (Figure 4C).

Changes observed in FAAH-KO astrocytes
when exposed to APBi_4> are not mediated by
cannabinoid receptors

To explore whether the proinflammatory effects triggered by
the pathological peptide in FAAH-KO astrocytes were medi-
ated by CB; or CB; receptors, cells were co-treated with A4,
and CB, and the CB; receptor selective antagonists, rimona-
bant (SR1) and SR144528 (SR2) respectively. Astrocytes in
culture expressed both CB, and CB, receptors and no differ-
ences were found in their expression levels between WT and
FAAH-KO astrocytes (not shown). The incubation time in this
experiment was 8 h since the most significant differences
between FAAH-KO and WT astrocytes in the AB_-induced
expression of the cytokines and enzymes studied were most
consistently observed at this time (Figure 1 and 2). Results
from these experiments are shown in Figures 5 and 6. We
found that blockade of the cannabinoid receptors could not
prevent the enhancement of AB;_4,-induced increases in IL-1
production or in the increased expression of iNOS, COX-2
and TNF-o. mRNA in FAAH-KO astrocytes.

FAAH-KO astrocytes express lower levels of
PPAR-o and PPAR-y mRNAs and increased
levels of TRPV1 mRNA

Some N-acylethanolamines degraded by FAAH are agonists of
PPARs (seePertwee et al., 2010) and PPARs are potential anti-
inflammatory targets in Alzheimer’s disease (Jiang efal.,
2008). We determined whether deletion of FAAH influences
the expression of these nuclear receptors in astrocytes. Our
results show that PPAR-o. and PPAR-y mRNA levels were sig-
nificantly decreased in FAAH-KO astrocytes as compared with
WTs under basal conditions (Figure 7A and B). mRNA levels
of TRPV1 receptors were also quantified because AEA is
capable of activating TRPV1 receptors (Starowicz et al., 2007).
In addition, AEA levels, as well as affinity and potency
at TRPV1 receptors, can be enhanced by other
N-acylethanolamines such as PEA through an ‘entourage’
effect (De Petrocellis et al., 2001; Starowicz et al., 2007). We
found that the basal expression of TRPV1 receptors in

Figure 4

»
»

Representative Western blots and quantification of the signalling cascades involved in the differential activation of FAAH-KO astrocytes against
ABi_s2. (A) AP1_s2-induced phosphorylation of ERK1 and 2 is earlier (5 min) and significantly more robust (maximum of 600%) in FAAH-KO than
in WT astrocytes. (B) The phosphorylation levels of p38 protein are similar between FAAH-KO and WT astrocytes at shorter times, but are
significantly higher in FAAH-KO at 120 min after exposure to the pathological peptide. (C) The ABs_s,-induced translocation of NF«B is earlier (1 h)
and significantly stronger (maximum of 100% increase at 3 h) in FAAH-KO than in WT astrocytes. Densitometric analysis results shown are the
mean * SEM of three independent experiments performed in triplicate. Data were analysed by two-way ANOVA (*P < 0.05 for differences from WT
and for interaction). ERK1/2: genotype F (14.9/2.2), P=0.00001; time: F (17.7/4.1), P=0.0001. p38: genotype F (14.1/2.1), P=0.00001; time:
F (2.8/3.9), P=0.09; interaction: F (3.1/2.7), P=0.001. NFkB: genotype F (5.11/4.2), P=0.03; time: F (.41/3), P=0.7.
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Figure 5

Incubation with the CB, receptor antagonist, SR141716A (100 nM), did not prevent the increased mRNA levels of COX-2 (A), iNOS (B) and TNF-o
(©) in FAAH-KO astrocytes stimulated by ABi_s> (AB). IL-1B production was also not modified by the antagonist (D). The results shown are the
mean * SEM of three independent experiments performed in triplicate. Data were analysed by one-way ANOVA (**P < 0.005 and ***P < 0.0001
vs. control). COX-2: F (3.16/2.9), P=0.03. iNOS: F (5.83/2.9), P=0.002. TNF-o:: F (8.15/2.7), P=0.0001. IL1-B: F (14.3/4), P=0.001.

¢ 400- *x o 7o0-
a2 I 8 e wekek
n ] 4 -
n w
= 3001 =
£% : £ T 500 :
dE : 8 E 400 =
S 2004 : 33 o
5 2 5 3007 =
z B ] =
o & 100, : 5 & 200 =
x : us i J
8 2 : L B mm
u_ l'l 1) 11 u_ s 1 T H]
c A8 SR2 ¢ AB SRz AB+SR2
2000 60
[ =
o e e o
¥ 1507 : —~ 50 ok
5‘_ g 10001 2 %
£ sool o
%o 2007 £ 301
g s freR 5 -
. [ - b i
=& ooy - : 5 i
o et umm 10- v
Z : maa : issaail
oA I g._ﬁ ';B

AB+SR2 [ SR2  AB+SR2

0
»
@
n
[

Figure 6

Blockade of the CB; cannabinoid receptor with its selective antagonist, SR144528 (100 nM), did not alter the pattern of expression of the enzymes
(COX-2, Figure A; iNOS, Figure B) and the cytokines (TNF-a, Figure C; IL-1p, Figure D) studied in FAAH-KO astrocytes exposed during 8 h to APy,
(AB; 5 uM). The results shown are the mean * SEM of three independent experiments performed in triplicate. Data were analysed by one-way
ANOVA (**P < 0.005 and ***P < 0.0001 vs. control). COX-2: F (9.5/3), P=0.0003. iNOS: F (6.2/2.9), P=0.002. TNF-o: F (4.9/3), P=0.008. IL1-B:

F (41.8/3.6), P=0.00001.
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Figure 7

Genetic deletion of FAAH modifies the expression of PPARs and
TRPV1 receptors in primary astrocytes. The basal levels measured by
qRT-PCR of PPAR-a. alpha (A) and PPAR-y (B) were significantly
decreased in FAAH-KO cells meanwhile TRPV1 receptor expression
(C) was significantly higher than in WT astrocytes. The results shown
are the mean = SEM of three independent experiments performed
in triplicate. Data were analysed by Student’s t-test (*P<0.05;
***P < 0.001).

FAAH-KO astrocytes was significantly higher than in WT
(Figure 7C). Neither PPARs nor TRPV1 receptor mRNA expres-
sion were modified by the addition of the f-amyloid peptide
(data not shown). Thus, the deletion of FAAH enzyme modi-
fies the expression of these receptors in a differential way.

PPAR-o and PPAR-y and TRPV1 mediate the
exacerbated proinflammatory changes
observed in FAAH-KO astrocytes when
exposed to APz

To evaluate the possibility that changes in PPAR and/or
TRPV1 receptor expression or activity mediate the exacerba-
tion of proinflammatory changes induced by A4, exposure
in FAAH-KO astrocytes, we performed a set of pharmacologi-
cal treatments. PPAR-o. and PPAR-y were activated using selec-
tive agonists, WY-14643 and troglitazone, respectively,

Beta amyloid and FAAH-KO astrocytes

during exposure to AB;_4, (Figure 8). An 8-h exposure to AB;4,
in the presence of the PPAR ligands resulted in a significant
decrease in the expression of the inflammatory mediators
studied (Figure 8). On the other hand, the blockade of TRPV1
receptors with the selective antagonist capsazepine, pre-
vented the increase in mRNA levels of the enzymes iNOS and
COX-2 and the cytokine TNF-o; (Figure 9A-C). However, the
presence of the antagonist had no effect on the levels of IL-1
protein released into the medium of FAAH-KO astrocytes
(Figure 9D). These results suggest that PPARs and TRPV1
receptors may be involved in the proinflammatory changes
observed when FAAH-KO astrocytes are exposed to the patho-
logic peptide AR 4.

The pharmacological blockade of FAAH does
not lead astrocytes to a pro-inflammatory
phenotype

Pharmacological blockade of FAAH in WT astrocytes with
1 uM URBS597 for 16 h did not mimic the response of
FAAH-KO astrocytes against A4, (Figure 10). These data
suggest that the observed changes could reflect a compensa-
tory change in astrocytes in response to genetic deletion of
FAAH rather than a lack of FAAH activity in the presence of
AB. In addition, we tested whether co-incubation with
URBS597 and SR1 or SR2 modified the astrocytic response. We
found (Figure 10) that URB597 did not introduce any signifi-
cant change in the presence of any of both antagonists, thus
suggesting that: (i) the pharmacological blockade of FAAH
does not fully mimic the situation in FAAH-KO; and (ii) that
CB, and CB; receptors do not play a major role in the reported
observations.

Discussion

Our data reveal a potentially harmful effect on cellular func-
tion due to the lack of FAAH activity after genetic deletion.
Although recent reports support a protective role derived of
the enhancement of endocannabinoid tone (Hwang et al.,
2010), we found that cortical mouse astrocytes lacking FAAH
exhibit a pro-inflammatory phenotype when exposed to the
pathogenic form of AB. The absence of FAAH potentiated the
effects of ABi4» to increase: (i) the concentration of secreted
cytokines and cell death; (ii) the rate of activation (in terms of
time course of phosphorylation and nuclear translocation) of
specific signalling cascades; and (iii) the expression levels
of mediators of inflammation in astrocytes. Pharmacological
blockade of FAAH activity for several hours in vitro did not
mimic these effects, suggesting that the observed effects could
be due to compensatory changes that result from the poten-
tially prolonged enhancement of N-acylethanolamines
known to occur in FAAH-KO mice (Long et al., 2011). The
latter response may be due to more profound alterations
linked to FAAH gene deletion. However, the exogenous
administration of AEA, PEA and OEA to WT astrocytes did not
mimic the observed effects of the exposure to AP
on FAAH-KO cells. Indeed, pre-incubation with these
N-acylethanolamines could partially prevent the increases in
the expression levels of several markers of inflammation
induced by the peptide. In our opinion, this suggests that

British Journal of Pharmacology (2012) 166 1474-1489 1483



C Benito et al.

A C ek

-
n

TNF-cc mRNA expression
(& of control)
8

COX-2 mRNA expression
% of control)

c 300+ sk 1501
s
g T %
£ E 200- # E 1001
2 -
é g = g

5 — ey
EX 100 — b= 50+
@ — =
2 —

—

wy AB TG AB+TG WY AB+WY

AB TG AB+TG WY AB

+

Figure 8

Treatment with the selective PPPAR-oc and PPAR-y agonists, WY-14643 (WY) and troglitazone (TG; both 10 uM), respectively, prevented the
enhanced expression of the inflammatory mediators COX-2 (A), iNOS (B), TNF-a (C) and production of IL-1B (D), triggered by the exposure to
ABi-42 (AB) in FAAH-KO astrocytes. Results shown are the mean = SEM of three independent experiments performed in triplicate. Data were
analysed by one-way ANOVA (**P < 0.05 and ***P < 0.001 vs. control; P < 0.05, #P<0.01 and *#P < 0.001 vs. ABi42). COX-2: F (6.2/2.3),
P=0.00009. iNOS: F (8/2.4), P=0.00002. TNF-o:: F (7.1/2.5), P=0.0001. IL-1B: F (14.8/3.1), P=0.00009.
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Figure 9

The selective TRPV1 antagonist, capsazepine (CPZ; 1 uM), significantly decreased mRNA expression of COX-2 (A), iNOS (B) and TNF-a (C) in
FAAH-KO astrocytes treated with the pathological peptide (AB) but the quantity of IL-1p protein (D) measured by ELISA did not change. The results
shown are the mean + SEM of three independent experiments performed in triplicate. Data were analysed by one-way ANOVA (***P < 0.0001 vs.
control; *P<0.05 and ##P < 0.0005 vs. ABi_s2). COX-2: F (5.1/2.7), P=0.003. iNOS: F (9.9/2.9), P=0.0001. TNF-o: F (4.2/2.8), P=0.01.
IL1-B: F (100/4), P=0.000001.
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Figure 10

Pharmacological blockade of FAAH with URB597 (URB) does not
mimic the effects derived of FAAH gene deletion. Increases in expres-
sion levels of INOS (A), COX-2 (B) and TNF-o. (C) were not modified
by pre-incubation with URB597 alone or in combination with SR1 or
SR2. The results shown are the mean = SEM of three independent
experiments performed in triplicate. Data were analysed by one-way
ANOVA (***P < 0.001 vs. control). COX-2: F (39.9/2.2), P=0.00001.
iNOS: F (11.7/2.2), P=0.00001. TNF-o: F (22.3/2.2), P=0.00001.

critical phenotypic differences due to the lack of FAAH occur
in KO astrocytes in agreement with previously published data
obtained in vivo (Siegmund et al., 2006; Mukhopadhyay et al.,
2011).

Our data also indicated that the pro-inflammatory effects
of FAAH-KO did not involve increased CB; or CB, receptor
activation. Recent data reported by van der Stelt et al. (2006)
and Jung et al. (2011) showed that AEA levels are decreased as

Beta amyloid and FAAH-KO astrocytes

a consequence of A administration or enhanced Af expres-
sion in human samples as well as in rat brains and also in
murine Neuro-2a cells, which could account for the lack of
cannabinoid receptor mediation in our model. Interestingly,
reduced activation of PPARo and PPARy and increased activa-
tion of TRPV1 receptors, appeared to participate in these
effects. In particular, FAAH-KO astrocytes exhibited signifi-
cant decreases in the mRNA for both PPAR-o. and PPAR-y and
direct activation of PPARs by potent and selective agonists
reduced the Ap-triggered pro-inflammatory effects in
FAAH-KO astrocytes without affecting their expression levels
(data not shown). On the other hand, TRPV1 receptor expres-
sion was significantly increased at the level of mRNA tran-
scription and capsazepine treatment of astrocytes from
FAAH-KO mice reduced the effects of AP to increase
COX-2, iNOS and TNF-ao mRNA expression.

There is substantial evidence for a neuroprotective role of
the endocannabinoid system in acute and chronic neurode-
generative conditions (see Fernandez-Ruiz etal., 2005),
including Alzheimer’s disease (Ramirez et al., 2005; Noonan
et al., 2010). In particular, blockade of FAAH is considered as
a promising therapeutic approach for the treatment of neu-
rodegeneration (Hwang et al., 2010) and both pharmacologi-
cal and genetic inactivation of this enzyme have been shown
to provide in vivo neuroprotection in experimental models
(Karanian et al., 2005). We previously suggested that FAAH
inhibition could theoretically be a promising strategy to
decrease AB-triggered inflammatory processes (Benito et al.,
2003). In fact, Van der Stelt et al. (2006) showed that the
early, but not the late, enhancement of the endocannabinoid
tone with the AEA uptake inhibitor VDM11 improved the
pathological state in an animal model of Alzheimer’s disease.
Our present results however, depict a different situation, as
the genetic deletion of FAAH exacerbated AB-linked inflam-
matory responses in astrocytes. Thus, it seems that the effects
of a potential long-term increase in N-acylethanolamine
concentration differs from the effects of the increase in
N-acylethanolamine concentration that occurs in res-
ponse to pharmacological blockade (Patel et al., 2005) or, as
we have shown here, by the addition of exogenous
N-acylethanolamines. It must be emphasized, however, that
the present data correspond to an in vitro model of acute
exposure to AP, and thus the overall picture may differ
from that in living animals subjected to chronic, increasingly
higher, levels of AB. Ongoing experiments will clarify the
putative pro-inflammatiory effect of FAAH deletion in vivo in
animal models of Alzheimer’s disease.

Inflammation plays a vital role in both acute and chronic
neurodegeneration (Strohmeyer and Rogers, 2001; Wyss-
Coray etal.,, 2001; Allan and Rothwell, 2003; Wyss-Coray,
2006). Cytokine production and release in response to
inflammatory stimuli, including AP, induces direct damage
and enhances the deleterious effects of oxidative stress and
excitotoxicity. In Alzheimer’s disease, astrocytes are known to
participate in the inflammatory processes linked to the
pathological deposition of Af (Wyss-Coray, 2006). Although
some studies suggest that astrocytes play a role in Af process-
ing, it also seems clear that astrocytes are a source of proin-
flammatory molecules in Alzheimer’s disease (Tuppo and
Arias, 2005). It must be noted that not all cytokines studied in
the present work followed identical patterns of expression
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after AP treatment. For instance, WT astrocytes showed a
significant decrease in IL-6 expression at 8 h after the treat-
ment, followed by increases at 24 and 48 h. As recently
reported (Semple et al., 2011), the interaction among differ-
ent cytokines may lead to complex changes in the production
and expression of others, including IL-6. These authors have
found some discrepancies in the expression levels of IL-6 in
mouse astrocytes exposed to LPS for 8 h, dependent on the
levels of CCL2 and IL-1B, and they hypothesize that CCL2
may act during early immunoactivation in an inhibitory
manner, both in vivo and in vitro. We can thus speculate that,
in our experimental model, early increases in CCL2 (together
with the non-significant change in IL-18 levels in wild-type
astrocytes) may be responsible for the decrease in IL-6 expres-
sion observed at 8 h after treatment. This action would not be
observed in FAAH-KO astrocytes probably due to the robust
increase in IL-1P levels, capable of overcoming the CCL2-
induced decrease of IL-6 expression.

AEA has been reported to exhibit both cytotoxic and
pro-apoptotic properties (Maccarrone and Finazzi-Agro, 2003)
as well as neuroprotective effects (see Correa et al., 2009). It is
possible that the effects of increased concentrations of AEA
differ depending upon the glial cell type. Thus, Maccarrone
and Finazzi-Agr6 (2003) and De Lago et al. (2006) found that
AEA (whether administered directly or by increasing its levels
through uptake blockade) induced cell toxicity in C6 glioma
cells. In particular, De Lago et al. (2006) suggested a poten-
tially harmful effect of chronically increased AEA concentra-
tions. In contrast, several reports indicate that AEA may have
anti-inflammatory properties in astrocytes (Molina-Holgado
et al., 1997; 1998; Ortega-Gutiérrez et al., 2005) and microglia
(Correa et al., 2010) as well as being protective for neurons
exposed to amyloid (Noonan et al., 2010).

Our results confirm and expand recent observations made
by Scuderi et al. (2011) showing that PEA (one of the sub-
strates of FAAH) decreases inflammation in rat primary astro-
cytes exposed to AB. We have found that pharmacological
manipulation of cortical astrocytes with PEA (as well as with
AEA and OEA) produces significantly different results, which
suggest that the balance of N-acylethanolamines, affected by
FAAH deletion, together with other phenotypic changes
induced by the prolonged absence of the enzyme, might
account for these differences. In support of this idea, we
found that the blockade of FAAH with URB597 did not mimic
the changes observed in KO astrocytes, suggesting that a long
lasting, chronic potentiation of the N-acylethanolamine tone
may be required in order to modify the astrocytic phenotype.

The anti-inflammatory effects derived from PPAR activa-
tion have been well described over the past few years (Luna-
Medina etal., 2005; Drew etal., 2006). PPAR activation
decreased neuronal iNOS expression and cell death (Heneka
etal., 2000), and reduced Af-induced proinflammatory
responses in microglial cells (Combs et al., 2001). Recently,
Xu etal. (2006) have shown that PPAR activation inhibi-
ted LPS-induced production of several proinflammatory mol-
ecules (including IL-1b, IL-6, CCL2, NO and TNF-o) by
primary mouse astrocytes. It is important to note that LPS
and AP are known to activate common proinflammatory
pathways, such as the CD14 receptor (Liu et al., 2005).

Our results also confirm a relationship between the
N-acylethanolamines and PPARs, as could be expected from
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previous reports showing that some N-acylethanolamines act
as PPAR ligands (see O’Sullivan, 2007). In particular, we
observed a significant decrease in the mRNA expression levels
of both PPAR-o. and PPAR-y in FAAH-KO astrocytes. As activa-
tion of these nuclear receptors has been shown to inhibit
inflammatory responses in mouse astrocytes (Xu et al., 2006;
Xu and Drew, 2007; Wang et al., 2010) we hypothesized that
this decrease could limit their anti-inflammatory activity,
which in turn could contribute to the profound inflammatory
phenotype of the astrocytes from FAAH-KO mice. In agree-
ment with this reasoning, the presence of potent and specific
agonists of both PPAR receptors decreased AB-induced over-
expression of COX-2, iNOS and TNF-o, as well as in the
overproduction of IL-1B, in FAAH-KO astrocytes.

As several N-acylethanolamines including AEA, PEA and
OEA have been reported to act as PPAR agonists, the genetic
deletion of FAAH may lead to a continuous activation of
these receptors by these endocannabinoids or by structurally
related metabolites (Kozak et al., 2002). However, our results
contradict previous reports obtained with the 3T3-L1 cell line
and in primary adipocytes suggesting that AEFA induces the
transcriptional activation of PPARy (Bouaboula et al., 2005;
Karaliota et al., 2009). Finally, N-acylethanolamines could
also activate alternative receptors that could in turn affect
PPAR transcription and which long-term activation could
result in a loss of PPAR activity.

TRPV1 receptors also participated in the FAAH-dependent
astrocytic response. Previous reports indicate that murine
astrocytes express TRPV1 receptors in vivo and in vitro (Doly
et al., 2004; To6th et al., 2005; Amantini et al., 2007) and that
AEA may have cytotoxic effects by activating this membrane
channel (Maccarrone and Finazzi-Agr6, 2003; Maccarrone
et al., 2010). To our knowledge, this is the first report indicat-
ing that potentially elevated levels of NAEs can modify
TRPV1 receptor expression. The molecular mechanisms for
this regulation have not been the object of the present study
and deserve further analysis. FAAH-KO mice produce signifi-
cantly lower amounts of the endovanilloid N-arachidonoyl
dopamine, as its synthesis depends on FAAH activity (Hu
et al., 2009). We can thus speculate that the absence of the
enzyme may lead to a decreased N-arachidonoyl dopamine,
signalling, which in turn might lead to an up-regulation of
the expression levels of TRPV1 receptors.

In summary, we have found a proinflammatory effect of
FAAH deletion in astrocytes, which adds complexity to our
understanding of the role that the endocannabinoid system
may play in neuroprotection (see Esposito et al., 2007; Fowler
et al., 2010). Considering the well-known anti-inflammatory
effects of some of the substrates of FAAH, these data suggest
that an excessively prolonged enhancement of the endocan-
nabinoid tone may have harmful consequences by, for
instance, down-regulating other anti-inflammatory cellular
mechanisms, such as those mediated by PPARs, or by exac-
erbating the cytotoxic effects derived from TRPV1 receptor
activation.
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