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Abstract Nonspecific binding of anandamide to plastic ex-
hibits many features that could be mistaken as biological
processes, thereby representing an important source of con-
flicting data on the uptake and release of this lipophilic sub-
stance. Herein, we propose an improved method to assay
anandamide transport, by using glass slides (i.e., coverslips)
as physical support to grow cells. Although the results ob-
tained using plastic do not differ significantly from those
obtained using glass, the new procedure has the advantage
of being faster, simpler, and more accurate. In fact, the lack
of aspecific adsorption of anandamide to the glass surface
yields a lower background and a higher precision and accu-
racy in determining transport kinetics, especially for the
export process. Remarkably, the kinetic parameters of anan-
damide uptake obtained with the old and the new proce-
dures may be similar or different depending on the cell
type, thus demonstrating the complexity of the interference
of plastic on the transport process.Hl In addition, the novel
procedure is particularly suitable for visualization and mea-
surement of anandamide transport in intact cells by using a
biotinylated derivative in confocal fluorescence micro-
scopy.—Oddji, S., F. Fezza, G. Catanzaro, C. De Simone, M.
Pucci, D. Piomelli, A. Fizazzi-Agro, and M. Maccarrone. Pit-
falls and solutions in assaying anandamide transport in cells.
J- Lipid Res. 51: 2435-2444.

Supplementary key words endocannabinoids  lipid efflux e glass
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The endogenous cannabinoid anandamide [MN-arachi-
donoylethanolamine (AEA)] carries out several biological
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functions, both in the central nervous system and in the
periphery, by binding to type-1 and type-2 cannabinoid re-
ceptors (1), and to transient receptor potential vanilloid 1
(TRPV1) ion channels (2, 3). Additional targets of AEA
also include 5-hydroxytryptamine receptors (4), GPR55 or
“CB3R” (5, 6), and the nuclear peroxisome proliferator-
activated receptors a (7, 8) and y (9-11).

AFEA is thought to act as an autocrine/paracrine media-
tor by activating these receptors either on the cell surface
(cannabinoid receptors) or within the cell (TRPVI and
peroxisome proliferator-activated receptors). Extracellu-
lar AEA signaling is terminated through a two-step process
consisting of transport inside the cell and subsequent hy-
drolysis by fatty acid amide hydrolase (FAAH) (12). The
process whereby AEA is transported across the plasma
membrane and within the cell is considered a hot topic,
because it is a potential target for treatment of several pa-
thologies associated with endocannabinoid system dys-
functions (13-21).

Despite considerable experimental efforts made to clar-
ify the mechanism of AEA transport, there is not yet gen-
eral consensus on the identity of the elements responsible
for this process [see (22) for a very recent review]. In gen-
eral, five nonmutually exclusive models have been pro-
posed: i) passive diffusion (23, 24); #) facilitated transport
(25-27); iii) intracellular trafficking and sequestration
(24, 27, 28); iv) endocytosis (29, 30); and v) FAAH-medi-
ated uptake (31-33). These mechanisms might also oper-
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ate simultaneously to different extents, depending on cell
type and assay conditions used.

It is widely accepted that conflicting literature data
on AEA transport are largely due to the methodological
intricacy of measuring such a lipophilic molecule (34). In
particular, the main problem might be a nonspecific ad-
sorption of AEA onto plastic plates, resulting in a very high
background noise (34). Furthermore, the adsorption of
AFA to cell-free plates can be even more pronounced than
that to cell-containing plates. Besides binding to the plas-
tic in a way that can be prevented by binding inhibitors,
AFEA can be subsequently released in a time- and tempera-
ture-dependent manner. These features could be mistaken
as biological processes, thereby representing an important
source of conflicting results in both uptake and release
studies (24, 35). Such concern has been addressed in a few
papers that propose the use of fatty acid-free BSA in the
uptake buffer to stabilize AEA solubility and to minimize
its retention by plastic wells (24, 32, 34, 35). However, the
use of BSA in the uptake assay has not been widely ac-
cepted, because BSA has been reported to interfere with,
or even abolish, AEA uptake by cells, possibly due to the
high-affinity of AEA binding to BSA (25, 36, 37).

In the present study, we sought to minimize the errors
associated with the nonspecific binding of AEA to plas-
ticware by developing a methodological alternative to
traditional protocols. To this aim, we carried out the ex-
periments on glass supports (coverslips) instead of plastic,
exploiting the limited tendency of hydrophobic molecules
to bind the hydrophilic surface of borosilicate glass (38).
Indeed, we found that AEA does not appreciably adsorb
onto the glass surface of the coverslips, thus minimizing
the background noise often associated with assays per-
formed on plastic supports. This new approach was suc-
cessfully applied also to the measurement of AEA export
from cells. Additionally, we demonstrated that a biotiny-
lated derivative of AEA (b-AEA) (28, 39) can be used to
visualize the in-and-out traffic of this endocannabinoid by
immunofluorescence techniques, providing a nonradioac-
tive, rapid, and easy-to-use alternative for the study of
anandamide metabolism.

MATERIALS AND METHODS

Materials

All chemicals were of the purest analytical grade and were
from Sigma Chemical Co. (St. Louis, MO). Arachidonoyl-
5,6,8,9,11,12,14,15-[’H]ethanolamine ([’H]AEA, 205 Ci/mmol)
was from Perkin-Elmer Life Sciences, Inc. (Boston, MA). Nonra-
dioactive AEA was obtained from Sigma Chemical Co. Cyclohexyl-
carbamic acid 3’-carbamoyl-biphenyl-3-yl ester (URB597) was
from Cayman Chemical (Ann Arbor, MI). OMDM-1 was pur-
chased from Alexis (San Diego, CA). b-AEA was synthesized and
characterized as described (39). Alexa Fluor 488-conjugated
streptavidin and Prolong antifade kit were purchased from Mo-
lecular Probes (Eugene, OR). Round borosilicate glass coverslips
(No.1; 12 mm diameter; cod. 0111520) were purchased from
Marienfeld GmbH and Co. (Lauda-Kénigshofen, Germany). Cul-
ture media, sera, and supplements were from Euroclone (Milan,
Italy).
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Cell culture

Human keratinocytes (HaCaT cells) and human neuroblas-
toma SH-SY5Y cells were cultured as already described (40).
Briefly, cells were grown in a mixture of DMEM and F12 media
(1:1, v/v) supplemented with 10% fetal bovine serum, 1% nones-
sential amino acids, and 100 units/ml penicillin at 37°C in a 5%
COy humidified atmosphere. For experiments carried out with
[BH]AEA, cells were plated onto 24-well plates (cod. 3526; Corn-
ing Incorporated, NY) containing or not coverslips, at an initial
density of 2.0 x 10” cells/well, and were incubated with supple-
mented medium for 18 h. For assays performed with b-AEA, 1 day
before the experiment, cells were plated at 50% confluence on
glass coverslips, placed into 24-well plates, and grown as described
above. To increase cell attachment to the glass surface, the cover-
slips were coated for 2 h at room temperature with human pla-
centa type IV collagen solution (0.1 mg/ml in 0.1 M acetic acid)
and then were rinsed with sterile water (tissue culture grade) be-
fore adding cells and medium. At the beginning of each assay,
the wells were washed once with 0.5 ml warm PBS. The effect of
OMDM-1 on the import/export of [SH]AEA or b-AEA was deter-
mined by adding this substance (50 uM) directly to the incuba-
tion medium 10 min before the experiments (28).

Methods to measure AEA transport

Assay of [ HJAEA uptake in HaCaT cells with or without cov-
erslips. The assay was based on the method described by Fowler
et al. (34), adapted as described below. For dose-dependent ac-
cumulation experiments, the culture wells, containing or not
round coverslips, were incubated both at 37°C and 4°C for 10
min with different concentrations of [3H]AEA (200-3,000 nM)
with the specific activity diluted to 50 mCi/mmol with unlabeled
AEA in serum-free medium (500 pl/well). For time-dependent
accumulation experiments, cells were incubated at either 37°C
or 4°C for different periods of time (0-30 min range) with 400
nM AEA in serum-free medium (500 pl/well). Incubations were
stopped by placing culture plates on ice and rapidly aspirating
the media. The wells were then washed three times with 1 ml of
ice-cold PBS containing 1% (w/v) BSA. To recover cell-associ-
ated AEA, NaOH extraction was used as described elsewhere (34,
27). In particular, cells grown on plastic were directly treated in
the wells with 500 wl NaOH (0.5 M) for 15 min at 75°C, whereas
cells grown on glass were first removed from the wells (using a
curled needle and a pair of flat tweezers to remove the cover-
slips), and then they were placed in a scintillation vial and were
treated with NaOH as described above. The radioactivity in these
extracts was measured by liquid scintillation counting. For ex-
periments carried out in the absence of cells, the wells, contain-
ing or not coverslips, were incubated either at 37°C or at 4°C in
supplemented medium for 18 h and then AEA “uptake” was mea-
sured as described for the experiment with cells. In a preliminary
set of experiments, we found that the small amounts of methanol
(final concentration < 0.5%) used as a vehicle for the prepara-
tion of AEA solutions did not significantly alter either cell viabil-
ity or AEA transport, in keeping with previous reports (28).

Export assay with PHJAEA. To inhibit FAAH activity, 100
nM URB597 in serum-free medium was added to wells, incubated
for 10 min at 37°C, then [SH]AEA was added (500 pl, 400 nM
with the specific activity diluted to 50 mCi/mmol with unlabeled
AEA in serum-free medium) and was further incubated for 15
min at 37°C. After this incubation step, the plates were washed
three times with warm PBS, and the coverslips were transferred
into new multi-wells with 500 pl PBS containing 0.15% BSA and
were incubated at either 37°C or 4°C. Next, the coverslips were
withdrawn at different time points (0-60 min range), were placed



into scintillation vials, and radioactivity was counted as described
above.

Uptake assay with b-AFA. For time-dependent accumula-
tion, cells were incubated at either 37°C or 4°C for different peri-
ods of time (0-60 min range) with 10 M b-AEA in serum-free
medium (0.25 ml/well). Because b-AEA is not hydrolyzed by
FAAH (28), the addition of URB597 in the culture medium was
omitted. For concentration-dependent accumulation experi-
ments, cells were incubated at either 37°C or 4°C with b-AEA in
the 0-20 M range. After incubation, the plates were placed on
ice and the wells were rinsed three times with ice-cold PBS. The
coverslips were then transferred into new multi-wells containing
0.3 ml of fixative solution [PBS containing 3% (w/v) paraformal-
dehyde and 4% (w/v) sucrose] for 20 min at room temperature.
Cells were extensively washed with PBS, and the excess of fixative
was removed by incubating cells for 5 min at room temperature
with PBS + 0.2 M glycine. After fixation, b-AEA was revealed by
incubating the coverslips with the streptavidin Alexa Fluor
488-conjugated, diluted 1:100 in PBS + 0.05% saponin for 30 min
at room temperature. After three washes with PBS + 0.001% sa-
ponin, coverslips were almost air-dried, mounted with 4 pl of
ProLong Gold antifade, and analyzed by a Leica TCS SP confocal
microscope equipped with a 40x oil objective (Leica Microsys-
tems, Wetzlar, Germany). Pictures were taken using the program
LAS AF (Leica Microsystems) and then were processed with
Adobe Photoshop CS2 (Mountain View, CA) for adjustments of
brightness and contrast. For image analysis, five fields from at
least three independent experiments were examined for each
treatment. Quantification of the mean fluorescence intensity in
selected regions was carried out using the Image] software
(http://rsb.info.nih.gov/ij/).

Export assay with b-AEA. A preloading step was carried out
by incubating cells with 10 wM b-AEA in serum-free medium for
10 min at 37°C. Because b-AFA is not hydrolyzed by FAAH (28),
the addition of URB597 in the culture medium was omitted. Af-
ter incubation, the plates were washed three times with warm
PBS. The coverslips were then transferred into new culture wells
containing 500 ul serum-free medium with 0.15% BSA and were
incubated at either 37°C or 4°C. The coverslips were withdrawn
at different time points (0-60 min range), washed once with
0.5 ml ice-cold PBS, transferred into new wells containing 0.3 ml
of fixative solution, and labeled with streptavidin-488 for fluores-
cence detection as described above.

Statistical analysis

Data reported in this paper are the means = SD or + SEM (as
indicated) of at least three independent experiments, each per-
formed in triplicate. Statistical analysis was performed by using un-
paired Student’s ttest, elaborating experimental data by means of
Prism 4 program (GraphPAD Software, San Diego, CA).

RESULTS

Interaction of AEA with plastic and glass supports

As an initial experiment aimed at evaluating the differ-
entadsorption of ["H]AEA on plastic or glass, plastic plates
as such were incubated for 10 min either at 37°C or at 4°C
with increasing concentrations of [SH]AEA in buffer in
the presence or absence of coverslips. As shown in Fig. 1,
strong nonspecific AEA adsorption on plastic was observed
that was both concentration- and temperature-dependent.

Moreover, the temperature-sensitive component of this
binding, obtained by subtracting the uptake at 37°C from
that at 4°C, was better fitted to a rectangular hyperbola
(dotted line in Fig. 1; R= 0.945) than to a straight line
(R’=0.842), yielding apparent K,, and V,,,, values of 0.84 +
0.25 pM and 0.34 + 0.01 pmol AEA/min/ch, respectively.
These data indicate that the binding of AEA to polystyrene
is indeed a high-capacity, low-affinity process that mimics a
protein-mediated binding (41). In marked contrast, nei-
ther a concentration- nor a temperature-dependent reten-
tion of tritium-labeled AEA was found on the coverslips,
demonstrating that AEA does not bind appreciably onto
glass surfaces (inset to Fig. 1). In particular, by recovering
the total amount of AEA adsorbed on the two types of sup-
port, we could estimate that plastic binds AEA ~80-fold
more avidly than glass. We also checked that precoating
the coverslips with collagen did not affect the binding of
AFA to these glass supports (see supplementary data). In-
cidentally, similar results were also obtained for 2-arachi-
donoylglycerol (2-AG), another major endocannabinoid.
In keeping with its lipophilic nature [logP =5.39 (16)], we
found that 2-AG binds to plastic to the same extent as AEA,
and indeed ~8% of total 2-AG was bound aspecifically to
plastic, while only ~0.1% was bound aspecifically to glass.
Therefore, glass should also be preferred for the study of
2-AG transport. However, in the present study, we further
characterized the coverslip-based procedure only for AEA
transport, because we planned to use it with b-AEA, which
is not yet available for 2-AG.

AFA uptake in HaCaT cells: plastic versus glass substrate

Next, the nonspecific binding of AEA to plastic and glass
supports was compared with the specific uptake of AEA by
cells cultured on plastic wells or coverslips. For these assays,
we used HaCaT cells, a human keratinocyte cell line with a
well-defined AEA transport (28, 40, 42). HaCaT cells ad-
here strongly to both plastic and glass supports, thus mini-
mizing problems of cell detachment during processing and
washing. The results are shown in Fig. 2A. Using the plastic
substrate, we found that both at 37°C and 4°C the level of
binding of AEA to plates with cells was ~5-fold greater than
that associated to plates alone, whereas the temperature-
dependent component of cellular uptake was only ~3-fold
higher. On the contrary, when the assay was carried out
with glass coverslips, the radioactivity recovered was due ex-
clusively to AEA taken up by cells, because the uptake by
the naked coverslips was negligible (i.e., from ~30- to ~60-
fold lower than in the presence of cells). Importantly, these
results showed that subtracting the uptake at 4°C from that
at 37°C was not sufficient to eliminate the nonspecific sig-
nal, because a significant difference (P<0.01) was observed
between the 37°C — 4°C value of the conventional method
and that of the new procedure (0.90 + 0.08 vs. 0.56 + 0.01
pmol/min/ cm2, respectively). Therefore, a conventional
AEA uptake experiment should be carried out with cells in
plastic wells at 37°C and 4°C, as well as in cell-free plastic
wells. In fact, the total AEA uptake obtained by subtracting
the 37°C — 4°C value of plastic without cells from the same
value of plastic with cells was identical to the 37°C — 4°C

Novel approaches for assaying AEA transport 2437
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Fig. 1. Interaction of AEA with plastic and glass supports. Plastic culture wells without cells were incubated for 10 min with increasing
concentrations of [3H]AEA, alone [plastic, at 37°C (closed circle), or at 4°C (open circle) ], or in the presence of coverslips [glass, at 37°C
(closed square) or at 4°C (open square) |. The accumulation was stopped by buffer removal, and the amount of tritium adsorbed nonspe-
cifically to the different supports was measured after washing. To compare AEA adsorption on coverslips and plastic wells, the total amount
of AEA was normalized to the total wet surface of the two types of support and was expressed as pmol/min/ cm®. The temperature-sensitive
component of the nonspecific uptake associated to the plastic wells was obtained by subtracting the uptake at 37°C from that at 4°C, and is
shown as dotted line. The inset (on the right) shows an enlargement of the graph relative to ["H]AFA retained by the coverslips. Values are
means + SEM of at least three independent experiments performed in triplicate. The points were generated using GraphPad Prism, and

the curves were fitted using the one site binding hyperbola.

value obtained by using glass with cells. Taken together,
these results demonstrated that, in order to calculate the
specific uptake of AEA, with the conventional procedure it
is necessary to perform additional controls (i.e., uptake ex-
periments in cell-free plastic wellsat 37°Cand 4°C), whereas
with the novel procedure these controls are not necessary.

Under the same conditions, when the experiments were
carried out in the presence of various amounts of albumin
in the assay buffer, we observed ~80% (at 1% BSA) or
~100% (at 5% BSA) inhibition of AEA internalization
(supplementary Fig. I). Therefore, all subsequent uptake
assays were performed without BSA.

To validate the new procedure, a comparison with the
conventional method was made by measuring AEA uptake
in HaCaT cells grown on coverslips or plastic wells (Fig.
2B; Table 1). Kinetic analysis of the data revealed a signifi-
cant difference in the K, constant, which was ~40%
smaller when measured with the new procedure [K,, (LM):
plastic, 0.47 + 0.15, coefficient of variation (CV) = 31%;
glass, 0.27 + 0.05, CV = 19%; P< 0.01, n = 9]. Instead, no
significant difference was observed in V,,, values (in pmol/
min/mg of protein): plastic, 125 + 15, CV = 12%; glass,
130 + 1, CV = 0.8%. It is noteworthy that the experimental
data obtained with the new method were more regularly
distributed along a rectangular hyperbola (R2 = 0.999)
compared with those obtained with the conventional pro-
cedure (R2 =0.910), as suggested also by the smaller CV of
the estimated parameters. Moreover, the measurements
made with the new protocol showed a relative error not
exceeding 3% compared with ~10% of the conventional
method, thereby indicating that the former procedure was
more precise.

2438 Journal of Lipid Research Volume 51, 2010

The two procedures were also compared in terms of the
time dependence of [SH]AEA accumulation. To this end,
HaCaT cells were incubated with 400 nM AEA at various
time points. Importantly, we measured AEA uptake by
holding the coverslips with a pair of tweezers in the im-
port/export buffer and then transferring them in the
washing buffer to stop the reaction. By using this approach,
we managed to analyze time points as early as 3 s, 15's, and
30 s. Kinetic analysis of these data revealed a significant
difference in the t; ,, values of the process that was ~2-fold
smaller when measured with the new procedure [t;,
(min): plastic, 5.1 + 2.7, CV = 52%; glass, 2.5 + 0.7, CV =
28%; P< 0.05, n = 9] (Fig. 2C; Table 1).

Finally, as a further control of the validity of the new
procedure, we treated cells grown on coverslips with
OMDM-1, a widely used inhibitor of AEA transport (37).
As expected, when cells cultured on glass coverslips were
preincubated with OMDM-1, both dose-dependent and
time-dependent uptake of AEA was significantly reduced
(Fig. 2B, C).

Export assay of [3H]AEA in HaCaT cells grown
on coverslips

The release of adsorbed AEA from the plastic wells
could represent a major source of errors in release experi-
ments, because it mimics a genuine biological process
(35). Thus, we have explored the suitability of the new
procedure to characterize the efflux of AEA from pre-
loaded cells. Coverslips in the presence or absence of cells
were incubated in 24-well plates for 10 min with 400 nM
[SH]AEA in the presence of 100 nM URB597, a FAAH in-
hibitor that minimizes AEA catabolism (17). After washing
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ferent conditions. B: Concentration dependence of ["HJAEA up-
take by HaCaT cells. These cells were grown onto plastic wells
(closed circle) or coverslips (closed square) and were incubated
with varying concentrations of AEA for 15 min at 37°C. C:Time-
dependent uptake of [3H]AEA in HaCaT cells. Cells were grown
onto plastic wells (closed circle) or coverslips (closed square) and
were incubated with 400 nM AEA at 37°C for the indicated periods
of time, then they were washed and radioactivity was evaluated as

the wells to remove the unbound [SH]AEA, the coverslips
were transferred into new plastic wells to avoid possible
contamination due to the release of AEA by the plastic.
Buffer containing 0.15% BSA was then added, and the re-
sidual radioactivity of the cells or the coverslips was fol-
lowed over time. As expected, in the absence of cells,
neither time- nor temperature-dependent release of tri-
tium was found at temperatures of 37°C and 4°C (data not
shown); yet, in the presence of cells, a t; ;o value of 2.4 + 0.8
min could be calculated by fitting the temperature-depen-
dent component of the AEA efflux with a first-order equa-
tion (Fig. 3).

Fluorescence-based method for the study of AEA
import/export

Although both methods are able to quantify AEA im-
port and export, they do not allow to “see” the movement
of this lipid. In previous studies (28, 39), we reported the
synthesis and characterization of a biotinylated analog of
AEA, b-AEA, that is transported like AEA, making possible
the visualization of this process. To test whether b-AEA
may also represent an alternative tool for measuring the
in-and-out transport of AEA by intact cells, we analyzed
kinetics of b-AEA transport using fluorescence detection
of cells grown onto coverslips. Preliminarily, we tested
whether b-AEA was binding to glass surface alone, and
found that it did not, much like AEA (data not shown).
Kinetic analyses of the fluorescence values showed that the
uptake of b-AEA was a saturable process with an apparent
K, of 5.8 + 1.3 uM (Fig. 4A). The time dependence of
b-AEA accumulation was also investigated by incubating
HaCaT cells with 10 uM b-AEA at various time points. Ki-
netic analysis of the fluorescence values revealed that the
uptake of b-AEA was time dependent, with a t; 4 of 5.4 +
1.0 min (Fig. 4B). Much like AEA transport, both concen-
tration- and time-dependent uptake of b-AEA was strongly
reduced by OMDM-1 (Fig. 4A, B).

Afterwards, to characterize the suitability of b-AEA as an
immunofluorescence-detectable probe in export assays,
we investigated the efflux of this substance from the cells.
As described above for the AEA export assay, coverslips in
the presence or absence of cells were preloaded with 10
uM b-AFA in 24-well plates for 30 min at 37°C. Then the
coverslips were transferred to new 24-well plates and incu-
bated for the indicated times before being fixed and ana-
lyzed by fluorescence microscopy. When the assay was
performed in the absence of BSA, a slow efflux of AEA was
observed with a t;  of 22 + 5 min. In contrast, the presence
0f 0.15% BSA in the incubation medium determined a net

described in “Materials and Methods.” Inhibitory effects of 50 pM
OMDM-1 (x) on both concentration- and time-dependent [3H]
AFEA uptake were evaluated in cells grown onto coverslips. Nonspe-
cific adsorption of AEA to cell membranes or cell supports was esti-
mated by running the identical experiments at 4°C and was
subtracted from each data point. The lines drawn are the best fit of
the data to the one site binding hyperbola. Values are means + SEM
of at least three independent experiments, each performed in
triplicate.
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TABLE 1. Comparison of the kinetic parameters of AEA transport obtained by the two procedures in
human HaCaT cells and SH-SY5Y cells
Import Export
K, (kM) Viax [pmol/ (min-mg) ] ty/5 (min) t/2 (min)
Cell Line Plastic Glass Plastic Glass Plastic Glass Plastic Glass
HaCaT 0.47+0.15  0.27 £ 0.05%* 125 £ 15 130+ 1 51+27 25+0.7* 2.4+0.8
SH-SY5Y  0.49+0.23 0.46+0.12 41.5+£5.2  16.2 £ 1.9%%* 1.1+£0.2

Data are means + SD values, n = 9 for each value. * Indicates P< 0.05 versus plastic control; ** indicates P< 0.01
versus plastic control; *** indicates P < 0.001 versus plastic control.

efflux of b-AEA that was greater at 37°C than at 4°C
(Fig. 4C). The temperature-dependent component of the
b-AFA efflux, calculated as the 37°C — 4°C difference, fol-
lowed first-order kinetics with a t, o value of 5.6 = 1.5 min
(Fig. 4G, filled squares). Finally, we found that the addi-
tion of 50 WM OMDM-1 caused a small yet not significant
reduction in the efflux of b-AEA from the cells (Fig. 4C).

Experiments with SH-SY5Y cells

To further extend the analysis, a comparison of the ki-
netic parameters of AEA transport obtained by the old and
the new procedure was carried out using a different cell
line, namely human neuroblastoma SH-SY5Y cells (Table
1). At variance with the data obtained with HaCaT cells,
the two procedures yielded different V,,,, values but simi-
lar K, values for AEA uptake (Table 1), suggesting a differ-
ent interference of plastic in SH-SY5Y cells. Concerning
the export process, neuroblastoma cells were found to re-
lease AEA with a t; 4 value of 1.1 + 0.2 min, i.e., ~2-fold
faster than HaCaT cells. Finally, the kinetic parameters of
b-AEA transport in SH-SY5Y cells were in the same order of
magnitude as the values found in HaCaT cells (Table 2).

terpretation, as it has been extensively reviewed elsewhere
(43, 44). Thus, development of new techniques that could
overcome these shortcomings and allow a more reliable
analysis of AEA transport are needed.

Here, we describe an improvement of traditional pro-
tocols aimed at minimizing the spurious phenomena af-
fecting the accuracy of AEA transport assays. Our method
simply replaces plastic wells with coverslips in uptake ex-
periments, thus exploiting the low adherence of AEA to
the borosilicate surface. Indeed, we found that the “spe-
cific uptake” of AEA measured with the standard proce-
dure (i.e., with cells grown onto plastic), normally
obtained by subtracting the uptake at 37°C from that at
4°C, was significantly higher than the corresponding
value measured with the new procedure, indicating that
the “standard” controls currently used to correct for the
nonspecific AEA uptake are not completely reliable. In
fact, we found that, in order to obtain a more accurate
estimate of AEA uptake with the conventional protocol,
itis necessary to perform additional controls (i.e., uptake
experiments in cell-free plastic wells at 37°C and 4°C).
Incidentally, the same advantages of the new protocol
seem to hold true also for the transport assay of 2-AG,

DISCUSSION
1.00} e-37°C 1.00
An accurate estimate of uptake and release of AEA by o : ©4C ©
. .. . ep 0 R & Temperature-dependent efflux 5
Clllltured cells is a prerequisite for identifying the mecha- 3 0.75 perature-dependent 0.75 g
nism of AEA transport. Unfortunately, these measure- £ i 3 = | c
ments are spoiled by the tendency of AEA to adsorb & % '''''' o x 7 g
. < 0.501 0.50 <
reversibly not only to the plasma membranes, but also to s ! - I ! c
the plastic of the culture wells, resulting in a high back- g -4 I + %
ground noise (24). The poor signal-to-noise ratio associ- L 0251 /L 7T ¥ * 0.25 £
ated with AEA uptake assays may generate artifacts that
i i i i - 0.00 0.00
com.phcate the interpretation of the data, masking the ef- 0 10 20 30 40 50 60
fective nature of the transport process (34, 43, 44). Run- Time, min

ning identical experiments in parallel where cells are
incubated at 4°C (25), or in the presence of an excess of
unlabeled AEA (25) or of the AEA uptake inhibitor AM404
(45), are among the tricks used so far to determine the
extent of nonspecific signals. Another system for the evalu-
ation of nonspecific binding of AEA to cell membranes
and culture dishes is the use of plates without cells or with
cells incubated for only 3 s at 37°C (31-33). A further
method is based on the use of BSA as AEA-binding agent,
which keeps AEA in solution and prevents its adsorption
to the plastic surface (24, 32). However, these methods are
all subjected to various degrees of uncertainty and misin-
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Fig. 3. Time- and temperature-dependent release of [PH]AEA
from HaCaT cells grown on coverslips. HaCaT cells were preloaded
with 400 nM [3H]AEA for 10 min at 37°C. Fresh buffer was added
and the cells were incubated at either 4°C (open circle) or 37°C
(closed circle) for the indicated time periods. Release was mea-
sured by extracting [SH]AEA retained onto coverslips with NaOH.
The temperature-dependent efflux (closed square) was calculated
by subtracting the fraction of [SH]AEA remaining within the cells
at37°Cfrom the fraction remaining at 4°C. The line drawn through
the filled squares is the best fit of the data to the one phase expo-
nential association using least squares, nonlinear regression analy-
sis (GraphPad Prism). Values are means + SEM of at least three
independent experiments performed in triplicate.
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Fig. 4. Kinetics of accumulation and release of b-AEA in HaCaT cells grown onto coverslips. A: Concentration-dependent accumulation
of b-AEA. HaCaT cells were incubated with the indicated concentrations of b-AEA for 10 min at 37°C, then cells were washed and subjected
to microscopy detection. B: Time-dependent accumulation of b-AEA. HaCaT cells were incubated with 10 puM b-AEA at 37°C for the indi-
cated time periods, then cells were washed and subjected to immunodetection. C: Time-dependent release of b-AEA. HaCaT cells were
preloaded with 10 pM b-AEA at 37°C for 30 min, then were placed in fresh incubation medium (containing 0.15% BSA) at 37°C (closed
square) or at 4°C (open square). At the indicated time points, cells were washed, fixed, and analyzed by immunofluorescence. The temper-
ature-dependent release (closed circle) was calculated by subtracting the fraction of ["HJAEA remaining within the cells at 37°C from the
fraction remaining at 4°C. Inhibitory effects of 50 uM OMDM-1 (x) on both import and export of b-AEA were also evaluated. Plotted data
represent the mean + SEM fluorescence intensity measured in five fields of three independent experiments. Representative images coming
from b-AEA immunostainings are shown on the right side of each graphs. Scale bars, 50 um. Fluorescence intensity was quantified by the
Image] software. The points were generated using GraphPad Prism, and the curves were fitted using the one site binding hyperbola for
accumulation data and the one phase exponential association for release data.
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TABLE 2. Kinetic parameters of b-AEA transport in human
HaCaT cells and SH-SY5Y cells

Import Export
Cell Line K, (LM) ty/9 (min) t; /9 (min)
HaCaT 58+ 1.3 54+0.7 56+1.5
SH-SYbY 10+ 2 3.1+0.1 4.6 +0.6

Data are means = SD values, n = 9 for each value.

which sticks to plastic as much as does AEA; thus, glass
may be preferred over plastic to study the uptake of this
endocannabinoid.

On the other hand, comparison of the kinetic parame-
ters of AEA transport obtained by the old and the new pro-
cedure in two different cell lines (HaCaT and SH-SY5Y)
demonstrated that plastic may have a significant influence
on either K,, (HaCaT) or V,,,. (SH-SY5Y) values (Table 1)
and possibly on both parameters in yet other cell types.
The most likely explanation for these findings is that AEA
binding to polystyrene is a high-capacity, low-affinity pro-
cess that mimics a protein-mediated binding with typical
K, and V,,,, values. Therefore, plastic binding may contrib-
ute to different extents to the overall uptake, based on the
ratio between the surface covered by cells and the surface
that remains cell-free. In other words, it is likely that the
degree of “uptake” contributed by the plastic depends on
the cell density, because only the surface of the well di-
rectly in contact with the substrate solution (i.e., not cov-
ered by the cells), may adsorb AEA (24, 41). In this context,
it is noteworthy that the two cell types used in this study
have very different phenotypes, and thus, even at a 100%
confluence, they occupy a different fraction of the avail-
able surface: keratinocytes cover almost completely the
area of the plastic well, whereas neuroblastoma cells oc-
cupy only part of it. More generally, other variables such
as incubation time, temperature, batch of culture wells,
and number of cell passage may contribute to the extent
of AEA adsorption to plastic, which has been reported to
vary from ~5% (46) to as much as ~50% (47) of the total
amount taken up. Thus, an important advantage of
substituting plastic with glass is the possibility to mini-
mize these sources of variability in the in/out transport
assays.

Another major finding of this investigation is that the
use of coverslips as cell support eliminates the problem of
the release of adsorbed AEA from plastic wells, a major
source of error in release experiments (35). Indeed, in the
absence of cells, we did not observe any release of [3H]
AFEA from the coverslips, whereas preloaded cells grown
on glass displayed a well-defined time- and temperature-
dependent efflux of tritium, with a temperature-depen-
dent component following a first-order kinetics (t; o =2.4 =
0.8 min and 1.1 £ 0.2 min for HaCaT and SH-SY5Y, respec-
tively). Incidentally, these values are very similar to those
previously observed for other cells, like cerebellar granule
cells (t; 9 =1.9 # 1.0 min) (25), HUVEC endothelial cells
(t;/9=5.0+ 1.0 min) (48), and C6 glioma cells (t;,, = 3.4 +
1.0 min) (35), overall suggesting that the efflux of AEA
from the cells is indeed a rapid and efficient process.
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Finally, we took advantage of the glass support to de-
velop a fluorescence-based method for studying import
and export of AEA by confocal microscopy, using a bio-
tinylated analog of AEA (b-AEA). This substance provides
a nonradioactive tool for visualizing the movement of this
lipid in intact cells (28, 39). The time-dependent accumu-
lation assay showed that the uptake of b-AEA in both cell
types occurred within minutes (Table 2). Interestingly, the
temperature-dependent component of b-AEA efflux from
the same cells, calculated by subtracting the values at 37°C
from those at 4°C, followed a first order kinetics with t; o
values very close to the values of the import process (Table
2). On this basis, it can be suggested that a common trans-
port mechanism underlies the bi-directional flux of AEA
across the plasma membrane (25, 27, 37, 48). However,
the fact that OMDM-1 reduced the import but not the ex-
port of b-AEA in HaCaT cells seems to favor the hypothesis
that these two processes are not identical.

Other critical methodological concerns about AEA up-
take assays are still open, including: i) the optimal delivery
of AEA to the cells, which can occur with or without albu-
min in the buffer; #) the determination of the activity of
AFEA in aqueous solutions; and ) the choice of the incu-
bation times, which could highlight different events
involved in the intracellular transport of AEA (i.e.,
transmembrane transport, intracellular accumulation,
and subsequent metabolism). In the present study, albu-
min was not included in the buffer, because we observed a
marked reduction of uptake both for AEA and b-AEA; in-
stead, it was added in the export buffer, because no appre-
ciable efflux of AEA or b-AEA could be measured in its
absence. These results are comparable to those reported
in previous studies (25, 35, 36), although they are in con-
flict with others (24, 32), overall calling for a standardiza-
tion of the current protocols. With respect to the timing of
the import/export assays, we used late time points (15 min
for the uptake, and 5-60 min for the export), common to
most transport protocols currently employed. Yet, it should
be stressed that the assay with the coverslips is suitable to
assess AEA import/export also at early time points (even 3
s). In fact, washing and recovering the cells after incuba-
tion can be faster than with the classical procedure, due to
the possibility of holding the coverslips with a pair of twee-
zers in the import/export buffer and then of transferring
them in the washing buffer to stop the reaction.

From a practical point of view, there are several reasons
to favor the use of coverlips for assaying the transport of
AFA and, potentially, of 2-AG and other endocannabi-
noids. First, by reducing the number of controls, the costs
of each assay can be reduced by ~50% compared with the
classical method. Also, the low cost of the coverslips (only
$90 for 700 pieces), compared with that of plasticware for
cell culture, contributes to save money. Second, growing
cells on the coverslips allows to save time during the har-
vesting step. In fact, by rapidly moving the coverslips di-
rectly into the scintillation vials, it is possible to avoid the
boring and time-consuming step of scraping cells off the
plastic well. Third, if this procedure is applied by holding
the coverslips with a pair of tweezers in the import/export



buffer (a procedure very useful to achieve really short in-
cubation times), it is possible to save even more money by
reducing the amount of radioactivity used for each assay.

During the preparation of this manuscript, a novel pro-
cedure for investigating the uptake of AEA in intact cells
was reported (51). In this study, Ligresti et al. used TRPV1
channel as a biosensor to detect AEA and developed nano-
particles to deliver AEA into the cytosol, by-passing any
interaction with membrane proteins. Using this approach,
they found that several agents previously reported to in-
hibit AEA uptake lose their efficacy when AEA is prevented
from interacting with membrane proteins, thus providing
novel and more direct evidence for the existence of an
AFEA transporter (51). Interestingly, because they kept
cells in quartz cuvettes or Petri dishes for fluorescence and
digital holographic quantitative phase microscopy, respec-
tively, it is tempting to suggest that glass coverslips or
chambers could represent a better support also for these
novel procedures.

In summary, this study describes a fast, relatively cheap,
and reliable glass-based assay for measuring in vitro AEA
uptake and release. This approach is aimed at avoiding
some of the artifacts generated by the nonspecific binding
of AEA to plastic and the complicated kinetics of AEA/
BSA interaction. Considering the fact that AEA does not
bind appreciably to borosilicate glass, the use of coverslips
seems particularly indicated to perform export experi-
ments. More importantly, the new procedure can be also
extended to the subcellular level (49, 50) by taking advan-
tage of b-AEA as a nonradioactive probe to look at anand-
amide trafficking within intact cells by light, fluorescence,
and electron microscopy techniques. Bl

The authors gratefully acknowledge Dr. F. Florenzano (Santa
Lucia Foundation, Rome, Italy) for helpful discussions.
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