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Confocal microscopy and biochemical analysis reveal spatial
and functional separation between anandamide uptake and
hydrolysis in human keratinocytes
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Abstract. The signaling activity of anandamide (AEA)
is terminated by its uptake across the cellular membrane
and subsequent intracellular hydrolysis by the fatty acid
amide hydrolase (FAAH). To date, the existence of an
AEA membrane transporter (AMT) independent of
FAAH activity remains questionable, although it has been
recently corroborated by pharmacological and genetic
data. We performed confocal microscopy and biochemi-
cal analysis in human HaCaT keratinocytes, in order to
study the cellular distribution of AMT and FAAH. We
found that FAAH is intracellularly localized as a punctate
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staining partially overlapping with the endoplasmic retic-
ulum. Consistently, subcellular fractionation and recon-
stitution of vesicles from membranes of different com-
partments demonstrated that FAAH activity was local-
ized mainly in microsomal fractions, whereas AMT
activity was almost exclusively in plasma membranes.
These results provide the first morphological and bio-
chemical evidence to support the view that transport and
hydrolysis are two spatially and functionally distinct
processes in AEA degradation.
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Amides, esters, and ethers of long-chain polyunsaturated
fatty acids, collectively referred to as ‘endocannabi-
noids’, represent a growing family of lipid signaling me-
diators found in several tissues with diverse biological 
effects [1–4]. The main members of this group of 
molecules are anandamide (N-arachidonoylethanolami-
ne, AEA) and 2-arachidonoylglycerol (2-AG) [5, 6].
These two lipids act as endogenous cannabinoids by
binding to and functionally activating both type-1
(CB1R) and type-2 (CB2R) cannabinoid receptors pre-
sent in nervous and peripheral cells [7, 8], thus mimick-
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ing some effects of D9-tetrahydrocannabinol, the psy-
choactive principle of Cannabis sativa extracts [9].
The signaling action of AEA via CB1R and CB2R de-
pends on its extracellular concentration, and is terminated
by cellular uptake and intracellular degradation by fatty
acid amide hydrolase (FAAH) [10, 11]. The latter enzyme
has been crystallized [12] and the details of its catalytic
mechanism have been disclosed [13]. On the other hand,
there is still considerable debate on the mechanism of
AEA uptake and on the identity of a purported AEA
membrane transporter (AMT) [see ref. 14 for a recent re-
view]. In fact, two alternative models have been proposed
to explain AEA transport through cell membranes: the
first suggests a process of facilitated diffusion mediated
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by AMT; the second postulates that AEA uptake is a 
simple diffusion driven by AEA hydrolysis via FAAH
[14–17]. Although FAAH activity might variably con-
tribute to AEA uptake [18, 19], recent studies, performed
with specific inhibitors of AEA internalization and with
animals genetically devoid of FAAH, have strengthened
the evidence for a true plasma membrane-associated
AEA carrier independent of FAAH [18, 20, 21]. Nonethe-
less, direct evidence to support this view in cells with a
normal genetic background for FAAH is still missing.
Here, we sought to address the contribution of FAAH to
AEA uptake via AMT by separating for the first time
these processes in cultured human keratinocytes. To this
end, we performed the first confocal microscopy charac-
terization of FAAH in the human HaCaT cell line, where
we have recently described a fully functional ‘endo-
cannabinoid system’ [22]. As already proposed for other
cell types based on immunocytochemical evidence [23–
25], confocal microscopy showed that FAAH is localized
intracellularly as a vesicular-like staining, has no associ-
ation with the plasma membranes, and is partially co-lo-
calized with the endoplasmic reticulum. These morpho-
logical data were corroborated by measuring FAAH ac-
tivity in subcellular fractions, showing that AEA
hydrolase was primarily confined to the endomembrane
compartment. Moreover, by means of reconstituted vesi-
cles derived from purified membrane fractions, we were
able to demonstrate that AMT activity is retained by
plasma membrane vesicles devoid of FAAH, thereby in-
dicating that AEA hydrolase activity is not necessary for
AEA membrane transport. 
Taken together, our findings provide direct morphologi-
cal and biochemical evidence for a spatial and functional
separation of the two steps of AEA signaling inactivation. 

Materials and methods

Materials
Chemicals were of the purest analytical grade. N-(2-
methyl-4-hydroxy-phenyl)-arachidonamide (VDM11) was
from Tocris-Cookson (Bristol, UK), methyl-arachidonoyl
fluorophosphonate (MAFP) and cyclohexylcarbamic
acid 3¢-carbamoyl-biphenyl-3-yl ester (URB597) were
from Cayman Chemicals (Ann Arbor, Mich.). [3H]AEA
(223 Ci/mmol) was from NEN DuPont de Nemours
(Cologne, Germany). Fluorescein diacetate was from
Sigma (St. Louis, Mo.). Rabbit anti-caveolin-1 (CAV-1)
polyclonal antibodies were from Santa Cruz Biotech-
nologies (Santa Cruz, Calif.), and goat anti-rabbit alka-
line phosphatase conjugates were from Bio-Rad (Her-
cules, Calif.). (S)-1¢-(4-hydroxybenzyl)-oleoylethanol-
amide (OMDM-1) was a kind gift of Dr. S. Marinelli
(Experimental Neurology, IRCCS Fondazione Santa Lu-
cia, Rome, Italy), and N-piperidino-5-(4-chlorophenyl)-

1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole carboxam-
ide (SR141716) was a kind gift of Sanofi-Synthelabo
Recherche (Montpellier, France).

Cell culture and treatment
HaCaT cells, kindly provided by Prof. N. E. Fusenig
(German Cancer Research Center, Heidelberg, Ger-
many), were cultured in a mixture of D-MEM and F12
media (1:1, v/v) supplemented with 10% fetal calf serum,
0.05 mM CaCl2 and 100 units/ml streptomycin/penicillin
at 37°C in a 5% CO2 humidified atmosphere. Cell differ-
entiation was induced by treating cells with 12-O-tetra-
decanoylphorbol 13-acetate (TPA, 10 ng/ml) and CaCl2

(1.2 mM; referred to henceforth as Ca in the rest of the
paper) for 6 h, 24 h or 5 days. Control cells were collected
before confluence.

Confocal microscopy
For confocal microscopy, HaCaT cells were grown on
collagen-coated glass coverslips and either left untreated
or incubated with TPA/Ca for the indicated periods. Cells
were fixed with 4% paraformaldehyde for 10 min at room
temperature (RT), and then permeabilized with 0.1% Tri-
ton X-100 in phosphate-buffered saline (PBS) for 2 min
at 4°C. After a blocking step in 5% bovine serum albu-
min (BSA) in PBS for 30 min at RT, cells were incubated
for 1 h at RT with primary antibodies diluted as needed 
in blocking solution. In this study, we used the following
antibodies: anti-FAAH polyclonal antibodies (1:100;
Primm, Milan, Italy) [22]; mouse monoclonal anti-K1
(1:1000; Abcam, Cambridge, UK), mouse monoclonal
anti-calnexin (1:500) and mouse monoclonal anti-alpha
adaptin1 (1:100) antibodies from ABR (Golden, Colo.).
Mitochondria and lysosomes were stained using, respec-
tively, MitoTracker Red CMX Ros and LysoTracker Red
DND-99 according to the manufacturer’s instructions
(Molecular Probes, Eugene, Ore.). Secondary antibodies
(anti-mouse and anti-rabbit Alexa Fluor 488 or Alexa
Fluor 568 conjugated immunoglobulins from Molecular
Probes) were diluted 1:500 in blocking solution and incu-
bated with the samples for 30 min at RT. After washing,
the coverslips were mounted using a Prolong antifade kit
(Molecular Probes) and visualized by Eclipse TE200 con-
focal microscopy (Nikon Instruments, Tokyo, Japan).

Membrane fractionation
To obtain membrane preparations enriched in plasma
membranes and microsomes, HaCaT cells were fraction-
ated as described elsewhere [26]. Briefly, HaCaT cells,
grown on twenty 15-cm Corning dishes, were detached
from plates and washed three times with PBS prior to ly-
sis in 1 ml of LB buffer [250 mM sucrose, 20 mM Tricine
pH 7.8, 1 mM EDTA, 1 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride (AEBSF), 1 mM dithiothreitol (DTT)]
in a loose-fitting dounce homogenizer. The homogenate



was centrifuged at 1400 g for 10 min at 4°C. The postnu-
clear supernatant, representing the crude membrane
preparation, was layered on top of 23 ml of 30% Percoll
in LB buffer, and centrifuged at 84,000 g for 30 min in a
Beckman Ti 60 rotor (Fullerton, Calif.). After centrifuga-
tion, plasma membranes were collected as a white visible
band at ~ 6 cm from the bottom of the centrifuge tube. Al-
ternatively, postnuclear supernatant obtained as above
was fractionated through a sequence of differential cen-
trifugation steps to obtain a postmitochondrial (10,000 g
for 10 min) supernatant and a mitochondrial pellet. Mi-
crosomes were pelleted by centrifugation of the postmi-
tochondrial supernatant at 100,000 g for 2.5 h. 

Enzyme assays
Membrane fractions were characterized for the presence
of plasma membrane and rough endoplasmic reticulum
enzyme markers: alkaline phosphatase and NADPH cy-
tochrome c reductase, respectively. Alkaline phosphatase
was measured by the method of Engstrom [27], and
NADPH cytochrome c reductase was assayed according
to Williams and Kamin [28]. The activity of FAAH was
determined in homogenates of whole HaCaT cells, crude
membrane (CM), plasma membrane (PM) or microso-
mial membrane (MM) fractions (20 mg/test), by measur-
ing the release of [3H]arachidonic acid from 10 mM
[3H]AEA at pH 9.0, using reversed-phase-high-perfor-
mance liquid chromatography [22]. The effect of 100 nM
MAFP [29] or 10 nM URB597 [30], selective FAAH in-
hibitors, or of 5 mM OMDM-1, a selective AMT inhibitor
[31], or of 100 nM SR141716, a selective antagonist of
CB1 receptors [18], on the hydrolysis of 10 mM [3H]AEA
was determined by adding each substance directly to the
incubation medium. Protein concentration in all samples
was determined by the Bradford assay, following the
manufacturer’s instructions (BioRad, Hercules, Calif.).

Other biochemical assays
Esterase activity was determined by monitoring the hy-
drolysis of 100 nM fluorescein diacetate by HaCaT cell
homogenates and their subcellular fractions, as reported
elsewhere [32]. Fluorescence was monitored at an excita-
tion wavelength of 400 nm and an emission wavelength
of 530 nm, by means of a Perkin Elmer LS50B fluorom-
eter (PerkinElmer Life and Analytical Sciences, Boston,
Mass.). For cholesterol quantitation, membrane lipids
were extracted from HaCaT subcellular fractions as de-
scribed previously [33], and the content of cholesterol
was measured by its conversion to cholestenone through
cholesterol oxidase activity (kit from Boehringer Mann-
heim, Darmstadt, Germany), as previously reported [33,
34]. The level of CAV-1 in HaCaT subcellular fractions
was quantified by enzyme-linked immunosorbent assay
(ELISA), coating wells with homogenates (50 mg pro-
tein/well) as reported [22]. Anti-CAV-1 polyclonal anti-

bodies (diluted 1:200) were used as first antibody, and
goat anti-rabbit alkaline phosphatase conjugates (1:2000)
as second antibody [22]. Color development of the alka-
line phosphatase reaction was measured at 405 nm with
p-nitrophenyl phosphate as substrate. Controls were car-
ried out using non-immune rabbit serum, and included
wells coated with different amounts of BSA [22]. The
specificity of anti-CAV-1 antibodies was ascertained by
Western blot analysis, showing that in HaCaT cell ex-
tracts they recognized a single immunoreactive band of
the expected molecular size of CAV-1. These data (not
shown) extend a previous report [35].

Preparation of membrane vesicles
A monodisperse solution of membrane vesicles of con-
trolled average size was prepared without the addition of
organic solvents or detergents, using the syringe-based
plunger system Liposofast Extruder (Avestin, Ottawa,
Canada) [36]. Briefly CM, PM and MM fractions, iso-
lated from HaCaT cells (300 ¥ 106) as described above,
were first resuspended in PBS to give large, multilamel-
lar vesicles. Uniformly sized, unilamellar vesicles (ap-
proximately 100 nm in diameter) were obtained by re-
peatedly passing these samples through a polycarbonate
filter with 100-nm pores. The homogeneous vesicle sus-
pensions (CMV, PMV and MMV, respectively) were
stored at 4°C under nitrogen and were used for biochem-
ical assays within 2–3 days.

Analysis of anandamide uptake
The uptake of 400 nM [3H]AEA by the AEA membrane
transporter (AMT) of intact HaCaT cells (2 ¥ 106/test), 
or of CM, PM and MM vesicles, was performed as 
described previously [18], incubating the samples for 
10 min in the presence of 5% BSA. This amount of BSA
has been shown to minimize the non-cellular uptake of
AEA [18], and indeed it reduced the amount of [3H]AEA
bound to the wells without cells at 37°C to less than 10%
of that in the absence of BSA. In addition, to discriminate
non-carrier-mediated from carrier-mediated transport of
AEA through cell membranes, [3H]AEA uptake was also
measured at 4°C, and this uptake was subtracted from
that at 37°C [16]. The effect of 10 mM VDM11 [29] or 
5 mM OMDM-1 [31], selective AMT inhibitors, or of 
10 nM URB597, or of 100 nM SR141716, on the uptake
of 400 nM [3H]AEA was determined by adding each sub-
stance directly to the incubation medium.

Statistical analysis
Data reported in this paper are the mean (± SD) of at least
three independent determinations, each in duplicate. Sta-
tistical analysis was performed by the non-parametric
Mann-Whitney U test, elaborating experimental data by
means of the InStat 3 program (GraphPAD Software for
Science, San Diego, Calif.).
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Results

FAAH is localized intracellularly, and is associated 
with the endoplasmic reticulum

To characterize the subcellular localization of FAAH in
HaCaT cells, we performed confocal microscopy analy-
sis using anti-FAAH polyclonal antibodies. The speci-
ficity of these polyclonals has already been demonstrated
by Western blot analysis, showing that they recognize a
single immunoreactive band of the expected molecular
size of FAAH in HaCaT cell homogenates [22]. The basal
level of FAAH expression in proliferating (growing) cells
was already significantly 6 h after TPA/Ca treatment, and
achieved a maximum on day 5 (fig. 1). To identify differ-
entiating keratinocytes, HaCaT cells were stained to-
gether with K1, a marker of the epidermal differentiation
program [37]. Figure 1 shows that FAAH immunoreac-
tivity increased in K1-positive cells, thus demonstrating
that FAAH expression was differentiation dependent. The
results, showing a time-dependent increase of FAAH pro-
tein, were superimposable on those recently reported for
FAAH activity in the same cells [22], further demonstrat-
ing that TPA/Ca-induced differentiation is paralleled by
increased FAAH expression. To rule out possible arti-
facts, antibody specificity was further ascertained by
competition assays [22], performed by preincubating (at
a 1:50 molar ratio) the anti-FAAH polyclonals with the
immunogenic peptide used to elicit them (Primm, Milan,
Italy). FAAH immunoreactivity was competed away by
excess peptide antigen (fig. 2C), corroborating the speci-
ficity of the anti-FAAH antibodies used in the im-
munolocalization studies. Based on this evidence, and on
the previous observation that AMT activity also increased
time-dependently in HaCaT cells treated with TPA/Ca
[22], we chose keratinocytes exposed to TPA/Ca for 24 h

Figure 1. Expression of FAAH in differentiating human keratinocytes. HaCaT cells were kept in proliferating (growing) and differentiat-
ing (TPA/Ca) conditions for 6 h, 24 h and 5 days. Endogenous FAAH (in green) was detected by confocal microscopy using specific anti-
FAAH antibody. The differentiation state of keratinocytes was assessed by co-staining HaCaT cells with anti-keratin1 (K1, in red) antibody.
The expression of FAAH increased time-dependently in differentiating cells, as confirmed by comparing the immunoreactivity of FAAH
in K1-positive and K1-negative cells. Images are representative of at least three independent experiments, and five fields were examined
for each treatment.

Figure 2. Cellular localization of FAAH in human keratinocytes.
HaCaT cells were treated with TPA/Ca for 24 h, then stained with
the indicated antibodies for confocal laser-scanning microscopy.
Images are representative of at least three independent experiments,
and five fields were examined for each treatment. (A) To assess po-
tential co-localization of FAAH with endoplasmic reticulum, Ha-
CaT cells were co-stained with anti-FAAH (in green) and anti-cal-
nexin (in red) antibodies. Superimposition of the two stainings
(merge) revealed a vesicular region of the endoplasmic reticulum
where FAAH and calnexin perfectly overlapped (yellow). Dot struc-
tures, where FAAH and calnexin co-localized, are indicated by the
white arrows in the inset at the bottom of the merge panel. The re-
maining part of the reticulum, with lamellar appearence, did not
display any co-localization of the two proteins. (B) Double-staining
with antibodies against FAAH and three other markers of subcellu-
lar compartments (adaptin, to stain clathrin-associated vesicles;
LysoTracker Red DND-99, to stain lysosomes; and MitoTracker
Red CMX Ros, to stain mitochondria) did not show any apprecia-
ble co-localization. (C) Specificity of the anti-FAAH antibody was
tested by competition assay. Cells were stained with anti-FAAH an-
tibody alone (FAAH), or after pre-incubation with an excess of pep-
tide antigen (FAAH + comp).



to investigate further the spatial and functional relation-
ship between AMT and FAAH.
To define the intracellular localization of FAAH in hu-
man keratinocytes, we performed a series of co-staining
experiments with specific markers of subcellular com-
partments: calnexin was used to stain rough endoplasmic
reticulum; adaptin to stain clathrin-coated vesicles; Mito-
Tracker Red CMX Ros to stain mitochondria; and Lyso-
Tracker Red DND-99 to stain lysosomes. After 24 h of
TPA/Ca stimulation, cells were fixed and examined by
double staining immunofluorescence with the indicated
antibodies. Anti-FAAH antibody revealed several dotted
structures widely diffused in the cytoplasm, and some-
times particularly prominent in the perinuclear zone (fig.
2A, B). In agreement with other localization studies per-
formed by subcellular fractionation [38–40], we did not
observe any significant immunoreaction of FAAH inside
the nucleus or on the plasma membrane. Furthermore, we
observed that the distribution of these FAAH-positive
vesicles was independent of the differentiation state of
the cells (data not shown), suggesting that the intracellu-
lar localization of FAAH does not change during differ-
entiation. The vesicular-like staining of FAAH appeared
to overlap, even if partially, with that of calnexin (fig.
2A), but not with the other markers tested (fig. 2B). Fi-
nally, the immunofluorescence data demonstrated that a
significant pool of FAAH specifically associates with a
vesicular compartment of the endoplasmic reticulum, as
already decribed in other cell lines [24].

FAAH activity resides in the endoplasmic 
compartment 
The intracellular localization of FAAH was confirmed
biochemically by measuring AEA hydrolysis in separated
subcellular fractions. Briefly, HaCaT cells were lysed and
crude membrane (CM) preparations were fractionated by
equilibrium sedimentation in Percoll gradient, to obtain
two different subfractions: intracellular microsomal
membranes (MMs), and cell surface plasma membranes
(PMs). Since our goal was to separate PMs from MMs,
these two fractions were characterized by comparing the
distribution of specific enzyme markers: alkaline phos-
phatase for PMs, and NADPH cytochrome c reductase
for MMs. As summarized in table 1, the specific activity
of NADPH cytochrome c reductase in MM fractions was
approximately five-fold higher than that found in PM
fractions, while the specific activity of alkaline phos-
phatase in the MM fraction was approximately-ten-fold
lower than that in PM fractions. The activity of each en-
zyme marker in cell extracts was within the linearity
range of the corresponding assay. On the basis of these re-
sults, we could conclude that, while PM preparations
were primarly constituted of plasma membrane frag-
ments, MM fractions consisted predominantly of mem-
branes of intracellular origin.
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We then measured FAAH activity in homogenates of
whole HaCaT cells, and CM, PM, and MM fractions, in
the presence or not of the FAAH inhibitors MAFP [29]
and URB597 [30]. Consistent with the immunofluores-
cence data, FAAH activity associated with the microso-
mal compartment was about ten-fold higher than that of
PM fractions, and was minimized by MAFP or URB597
(fig. 3A). Conversely, neither the AMT inhibitor OMDM-
1 [31] nor the CB1 receptor antagonist SR141716 [18] af-
fected FAAH activity in HaCaT cells or their subcellular
fractions (fig. 3A). Interestingly, most (~ 80%) of FAAH
specific activity (i.e., the activity normalized to the pro-
tein content) was retained by CM preparations compared
with whole-cell extracts (fig. 3A). Additionally, the total
activity of FAAH in a typical subfractionation experiment
was ~ 4800, ~ 1680, ~ 20 and ~ 110 pmol/min in whole
HaCaT cells, CM, PM, or MM fractions, respectively,
demonstrating that total AEA hydrolysis was much
higher in MMs than in PMs. Taken together, these find-
ings demonstrate that FAAH is localized intracellularly,
and mostly in calnexin-coated vesicles. 

AEA accumulates in vesicles derived from plasma
membranes, but not in those derived from 
intracellular membranes
To investigate the transport of AEA through cell mem-
branes, we prepared intact unilamellar vesicles from pu-
rified membrane fractions, as described in ‘Materials
and methods’. Monodisperse solutions of unilamellar
vesicles of CM, PM, and MM fractions, called CMV,
PMV, and MMV, respectively, were used to assay AEA
uptake. We found that vesicles of MM, rich in FAAH ac-
tivity (fig. 3A), were virtually unable to take up AEA
(fig. 3B), whereas vesicles of PM, essentially devoid of
FAAH (fig. 3A), showed an AEA uptake about ten-fold
higher than that of MMVs (fig. 3B). Uptake of AEA was

Table 1. Characterization of HaCaT cell membrane subfractions.
HaCaT cells were subfractionated as described in ‘Materials and
methods’. Alkaline phosphatase activity and NADPH cytochrome c
reductase activity were expressed as percentage of the activity mea-
sured in the crude membrane fraction, set to 100. Values are given
as the mean ± SD of three independent experiments. Values in
parentheses represent percentage of plasma membranes, set to 100.

Subcellular fraction Alkaline phosphatase NADPH-cyto-
(%) chrome c

reductase (%)

Crude membranes 100 ± 10a 100 ± 11b

Plasma membranes 415 ± 20 48 ± 5
(100%) (100%)

Microsomal 54 ± 7 260 ± 10
membranes (13%)* (542%)*

* p < 0.01 versus plasma membranes.
a 100% = 37 ± 4 mU per milligram protein.
b 100% = 0.27 ± 0.03 mU per milligram protein.



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Research Article 391

always completely blocked by 10 mM VDM11 [29] or 
5 mM OMDM-1 [31], selective AMT inhibitors. In addi-
tion, 10 nM URB597 caused a ~ 30% reduction of AMT
activity in whole HaCaT cells, CMVs and MMVs, with-
out affecting AEA uptake by PMVs (fig. 3B). A similar
effect was observed upon incubation with 100 nM
SR141716, which reduced by ~ 20% AMT in HaCaT
cells, CMVs and PMVs, but not in MMVs (fig. 3B). In-
terestingly, most (~ 75%) AMT specific activity was re-
tained by CMV preparations, compared with intact Ha-
CaT cells (fig. 3B). Additionally, the total activity of
AMT in a typical subfractionation experiment was
~ 2250, ~ 750, ~ 100, and ~ 5 pmol/min in whole HaCaT
cells, CMVs, PMVs or MMVs, respectively, demonstrat-
ing that total AEA transport was much higher in PMs
than in MMs. Taken together, these data favor the hy-
pothesis that AEA enters the cells via an AMT-mediated
mechanism rather than through a simple diffusion driven
by FAAH, and that CB1 receptors can partially con-
tribute to this process [18].

Further analysis of factors that may influence 
AEA transport
Specific anti-AMT antibodies are not yet available to vi-
sualize by confocal microscopy the putative AEA trans-
porter. However, recently, a fluorescent substrate for
AMT has been developed, SKM 4-45-1, which might
prove useful for confocal studies [32]. With the perspec-
tive of using this compound, which is not yet commer-
cially available, we assayed esterase activity in extracts of
HaCaT cells and their subcellular fractions. In fact, SKM
4-45-1 must be hydrolyzed by esterase activity to become
fluorescent [32]. We found that whole HaCaT cells had
esterase activity of 220 ± 20 fluorescence units/min per
milligram protein, whereas in crude membrane prepara-
tions this activity was much lower (~ 15%), and in plasma
membrane or microsomal membrane fractions, it was not
detectable at all. These findings are consistent with a cy-
tosolic localization of esterase activity [32], and demon-
strate that SKM-4-45-1 cannot be used to visualize AEA
transport in vesicles reconstituted from membrane frac-

Figure 3. AEA degradation in subcellular fractions of human keratinocytes. HaCaT cell fractions were prepared and assayed as described
in ‘Materials and methods’. Values are given as mean ± SD of three independent experiments. In both panels, *p < 0.01 versus corre-
sponding control; **p < 0.05 versus corresponding control; #p < 0.01 versus CM (or CMV); §p < 0.01 versus PM (or PMV). (A) AEA hy-
drolysis by FAAH activity was assayed in homogenates of whole HaCaT cells, and in their crude membranes (CM), plasma membranes
(PM), or microsomal membranes (MM). The FAAH inhibitors MAFP and URB597, the AMT inhibitor OMDM-1 and the CB1 receptor
antagonist SR141716 were added to each sample at the indicated concentrations. (B) AEA uptake through AMT activity was assayed in in-
tact HaCaT cells, and in vesicles derived from their crude membranes (CMV), plasma membranes (PMV), or microsomal membranes
(MMV). The AMT inhibitors VDM11 and OMDM-1, URB597 and SR141716 were added to each sample at the indicated concentrations. 



senger RNA level are not available [14]. In addition, the
kinetic features of AEA uptake do not rule out other
mechanisms of transmembrane transport, being compati-
ble, for example, with a simple diffusion driven by
FAAH-catalyzed hydrolysis of AEA [23]. In this regard,
whether and to what extent FAAH activity may control
the uptake of AEA is still unclear. Interestingly, recent ex-
perimental efforts, using novel and more selective in-
hibitors of AEA uptake and/or FAAH knockout mice,
have suggested that AEA transport is mediated by a com-
bination of FAAH-dependent and FAAH-independent
processes [18, 20, 21]. In addition, a recent paper, which
appeared during the preparation of this manuscript, has
provided evidence that in RBL-2H3 cells, AEA uptake
occurs via a caveolae/lipid raft-related endocytic process,
which is likely to occur through a protein-mediated
mechanism [41].
In the present study, we sought to address the issue of the
contribution of FAAH to AEA uptake by a direct ap-
proach, i.e., the physical separation of these two activities
in cultured human keratinocytes. To this end, we exam-
ined by confocal microscopy the expression and cellular
localization of FAAH in HaCaT cells, a non-tumorigenic
line of immortalized keratinocytes, in which we have re-
cently documented a fully functional ‘endocannabinoid
system’ [22]. Then, we measured FAAH and AMT activ-
ity in different subcellular compartments, whereas the
lack of specific anti-AMT antibodies mean that the con-
focal microscopy study could not be extended to the pu-
tative AEA transporter. We had previously observed that
FAAH and AMT activity increase time-dependently upon
TPA/Ca-induced differentiation of HaCaT cells [22].
These activity data were confirmed here by confocal mi-
croscopy of FAAH (fig. 1), pointing toward a potential
role for this enzyme in skin physiology [3, 22]. Thus, we
chose TPA/Ca-treated cells, expressing high AMT and
FAAH activity [22], as a suitable model to attempt the
spatial and functional separation of AEA hydrolysis and
transport. FAAH immunoreactivity appeared to be local-
ized intracellularly as a vesicular-like staining. This punc-
tuate pattern, which increased but did not relocalize dur-
ing cell differentiation, overlapped partially with that of
calnexin, an endoplasmic reticulum marker. Unfortu-
nately, we could not further define the subcellular distri-
bution of FAAH, because a significant pool of this en-
zyme resides inside vesicular-like structures that could
not be identified with the available tools. Previous im-
munocytochemical studies suggested that FAAH may be
concentrated in other regions of the endomembane com-
partment, including mitochondria and the Golgi appara-
tus [24, 25]. Consistent with these reports and with the
morphological data shown here, we found that FAAH en-
zymatic activity was associated with membranes of the
endoplasmic reticulum, and excluded from the plasma
membranes. Of note is that, whatever the fine distribution
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tions devoid of cytosolic esterases. Along the same line,
SKM 4-45-1 was recently used to co-localize AEA trans-
port in caveolin-rich membranes of RBL-2H3 cells, lead-
ing to the suggestion that ‘AEA uptake may occur via a
caveolae/lipid raft-related endocytic process’ [41]. Since
lipid rafts are specialized plasma membrane microdo-
mains that are enriched in cholesterol [41], and HaCaT
cells express the caveolar marker protein CAV-1 [35], we
checked our subcellular fractions for membrane choles-
terol content and CAV-1 expression. We found that cho-
lesterol and CAV-1 were present in the CM fractions and
in higher amounts (about four-fold and two-fold, respec-
tively) in PM fractions; instead, both compounds were
present in very low or not detectable amounts in micro-
somal membranes (table 2). These findings are consistent
with a much lower content of cholesterol in microsomal
membranes compared with plasma membranes [42],
where also CAV-1 is also localized [35, 41]. Incidentally,
cholesterol levels found here in CM fractions of HaCaT
cells were in keeping with those recently reported in
synaptosomes from rat brain [34].

Discussion

The interruption of AEA signaling is thought to occur via
a two-step process consisting of cellular uptake and intra-
cellular hydrolysis by FAAH. A still unresolved, though
critical, issue in endocannabinoid research is the mecha-
nism by which AEA is transported inside the cells. Since
the intracellular accumulation of AEA is known to be
temperature dependent, saturable, substrate specific, and
subjected to specific inhibition by arachidonic acid de-
rivatives, a selective AEA membrane transport (AMT)
has been postulated [15, 16]. However, the molecular
identity of AMT remains unknown, and at present, mole-
cular probes to test its expression at the protein or mes-

Table 2. Cholesterol content and CAV-1 expression in subcellular
fractions of HaCaT cells.

Subcellular fraction Cholesterol content CAV-1 expression
(%) (%)

Crude membranes 100 ± 11a 100 ± 9b

Plasma membranes 390 ± 50* 180 ± 20*

Microsomal 18 ± 4* N.D.
membranes

HaCaT cells were subfractionated as described in ‘Materials and
methods’. Membrane cholesterol content and CAV-1 expression
were reported as percentage of the values of crude membranes, set
to 100. Values are given as the mean ± SD of three independent ex-
periments. N.D., not detectable; *p < 0.01 versus crude membranes.
a 100% = 97 ± 12 nmol per milligram protein.
b 100% = 0.220 ± 0.020 absorbance units at 405 nm per milligram

protein.



of FAAH within the cell, on the basis of the reported data
we can conclude that in human keratinocytes, FAAH is
spatially excluded from the plasma membranes, i.e., from
the site where AEA uptake takes place. 
Next, to evaluate whether the spatial separation between
AEA hydrolysis and AEA transport may also reflect a
functional independence of the two processes, we recon-
stituted unilamellar vesicles from different membrane
fractions, and assayed their AEA uptake activity. As ex-
pected, we found that AEA transport was associated with
the plasma membrane vesicles, while it was essentially
absent in microsome-derived vesicles. Thus, the distribu-
tion of AEA uptake was clearly distinct from that of AEA
hydrolysis, mediated by FAAH almost exclusively in mi-
crosomal vesicles (compare fig. 3A, B). Overall, these re-
sults seem to rule out AEA uptake as the result of a sim-
ple diffusion driven by FAAH-mediated AEA hydrolysis.
Instead, they seem to give further support to the presence
of an AEA-specific transporter (AMT) on the plasma
membrane of HaCaT cells. Keeping in mind that the ki-
netic properties of AMT and FAAH in these keratinocytes
resemble those of many other cell types [1, 22, 43], one
could suggest that the independence of AMT from FAAH
shown here could have a broader validity. HaCaT cells
express CB1 receptors on their surface [22], and these re-
ceptors have been recently reported to contribute to AEA
uptake [18]. In keeping with previous data [18], AMT ac-
tivity was partly inhibited (by ~ 20%) by the CB1 recep-
tor antagonist SR141716 in intact HaCaT cells and in
those vesicles containing plasma membranes, but not in
microsomal vesicles (fig. 3B). Additionally, the FAAH
inhibitor URB597 reduced AMT activity to a similar ex-
tent (by ~ 30%)  in intact HaCaT cells and in vesicles re-
constituted from crude membranes or microsomal mem-
branes. However, it was ineffective on AMT in plasma
membrane vesicles (fig. 3B), which are almost devoid of
FAAH activity (fig. 3A). Taken together, these data con-
firm that FAAH and CB1 receptors can contribute to (but
are not necessary for) AEA transport in HaCaT cells, as
they do in neuronal cells [18]. A further point of interest
is the association of AEA transport with caveolae/lipid
rafts [41]. Here, we demonstrated that AMT activity is
present in HaCaT cells and in those vesicles that contain
cholesterol and CAV-1 (compare fig. 3B and table 2). In
fact, vesicles reconstituted from PM fractions have an ap-
proximately three-fold increased AMT activity compared
to CMVs, and they also contain higher amounts of cho-
lesterol (about four-fold) and CAV-1 (about two-fold).
Therefore, the activity of AMT and the content of choles-
terol/CAV-1 seem to correlate linearly. Overall, these data
seem to favor the ‘endocytic hypothesis’proposed by Mc-
Farland et al. [41], and suggest that AEA uptake may ben-
efit from a lipid environment enriched in cholesterol and
CAV-1. Incidentally, a direct interaction of cholesterol
with AEA, already reported for other N-acyl-hanolami-

nes [44], might further contribute to enhance the trans-
port process.
In conclusion, by means of confocal microscopy, subcel-
lular fractionation, and biochemical analysis, we were
able to ‘uncouple’ for the first time transport and hydrol-
ysis of AEA in cells with a normal genetic background
for FAAH, showing that they are two spatially and func-
tionally independent events of the AEA inactivation
pathway. These data may help to address the future de-
velopment of therapeutic drugs for the treatment of an
ever-increasing number of pathological conditions, as re-
cently reviewed by Di Marzo et al. [45]. Incidentally,
these findings open the question of how AEA is trans-
ported within the cell cytosol, implying the existence of
an ‘AEA intracellular transporter’ (AIT), which should
bring this lipid molecule to its final destination. In fact,
as a caveat, such a soluble intracellular carrier might
contribute significantly to AEA transport in whole cells,
although it would be lost in the subfractionation experi-
ments. However, the identity of both AMT and AIT await
further analysis.
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