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Anandamide transport is independent of fatty-acid
amide hydrolase activity and is blocked by the
hydrolysis-resistant inhibitor AM1172
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The endogenous cannabinoid anandamide is removed from the
synaptic space by a high-affinity transport system present in
neurons and astrocytes, which is inhibited by N-(4-hydroxyphenyl)-
arachidonamide (AM404). After internalization, anandamide is
hydrolyzed by fatty-acid amide hydrolase (FAAH), an intracellular
membrane-bound enzyme that also cleaves AM404. Based on
kinetic evidence, it has recently been suggested that anandamide
internalization may be mediated by passive diffusion driven
by FAAH activity. To test this possibility, in the present study,
we have investigated anandamide internalization in wild-type
and FAAH-deficient (FAAH~/~) mice. Cortical neurons from either
mouse strain internalized [3H]anandamide through a similar mech-
anism, i.e., via a rapid temperature-sensitive and saturable process,
which was blocked by AM404. Moreover, systemic administra-
tion of AM404 to either wild-type or FAAH=/~ mice enhanced
the hypothermic effects of exogenous anandamide, a response
that was prevented by the CB; cannabinoid antagonist rimon-
abant (SR141716A). The results indicate that anandamide internal-
ization in mouse brain neurons is independent of FAAH activity.
In further support of this conclusion, the compound N-(5Z, 8Z,
112, 14Z eicosatetraenyl)-4-hydroxybenzamide (AM1172) blocked
[3Hlanandamide internalization in rodent cortical neurons and
human astrocytoma cells without acting as a FAAH substrate or
inhibitor. AM1172 may serve as a prototype for novel anandamide
transport inhibitors with increased metabolic stability.

he endogenous cannabinoid anandamide is inactivated in the

brain through a two-step process consisting of internalization
into neurons and astrocytes followed by intracellular hydrolysis
(for review, see refs. 1 and 2). Anandamide internalization is
thought to require a carrier-mediated transport system for four
reasons: (i) plots of the initial rates of [*H]anandamide uptake
in rat brain neurons and astrocytes yield apparent Michaelis
constants (Ky) consistent with a saturable process (3, 4) and
comparable to the Ky values of brain amine or amino acid
transporters (5); (if) neurons and astrocytes in culture internalize
[*H]anandamide but not structurally related fatty-acid ethano-
lamides (3, 6, 7); (iii) [*H]anandamide uptake is inhibited by
certain arachidonic acid derivatives, such as N-(4-hydroxyphen-
yl)-arachidonamide (AM404) and N-(3-furylmethyl)-arachi-
donamide (3, 8); and (iv) chiral analogs of anandamide compete
with [*H]anandamide for transport in a stereoselective manner,
suggesting that the compounds may interact with a common
macromolecular target (7). Nevertheless, the molecular identity
of the putative transport system responsible for anandamide
internalization remains unknown.

In brain neurons, the intracellular hydrolysis of anandamide is
primarily catalyzed by fatty-acid amide hydrolase (FAAH) (9-
11). This enzyme is widely distributed in the rodent central
nervous system, where its presence in dendrites adjacent to axon
terminals containing CB; cannabinoid receptors implies a role in
the deactivation of neurally released anandamide (12, 13). Such
a role is further supported by genetic and pharmacological
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experiments showing that disruption of FAAH activity enhances
anandamide-mediated signaling in vivo (11, 14).

Recent kinetic studies in neuroblastoma and astrocytoma cells
have led to the proposal that anandamide may be internalized
through passive diffusion driven by FAAH activity rather than
carrier-mediated transport (15). In this context, the ability of
AM404 to prevent anandamide internalization was attributed to
an inhibitory interaction of the compound with FAAH (15).
Here, we have reexamined the role of FAAH in anandamide
transport by using three complementary approaches: (i) we have
asked whether genetic deletion of FAAH affects [*H]anandam-
ide internalization in mouse brain neurons; (if) we have con-
ducted a comparative investigation of the pharmacological prop-
erties of AM404 in wild-type and FAAH-deficient (FAAH /™)
mice; and (iif) we have developed a hydrolysis-resistant analog of
AM404 N-(5Z, 8Z, 11Z, 14Z eicosatetraenyl)-4-hydroxybenz-
amide (AM1172), which inhibits anandamide internalization
without interacting with FAAH.

Materials and Methods

Chemicals. Anandamide and other fatty acid ethanolamides were
synthesized in the laboratory (7). AM404 and capsazepine were
obtained from Tocris (Ellisville, MO) and rimonabant
(SR141716A) was from Research Triangle Institute (Research
Triangle Park, NC). All other chemicals were purchased from
Sigma.

Cell Cultures. We purchased CCF-STTG1 astrocytoma cells from
American Type Culture Collection. The cells were seeded at a
density of 2 X 10° per well in Corning 24-well dishes and grown
until confluent in RPMI medium 1640 (GIBCO/BRL) supple-
mented with FBS (10%) and penicillin/streptomycin (1%).
Cortical neurons were prepared as described (16, 17). Briefly,
cerebral cortices from 18-day-old embryos of Wistar rats, wild-
type (C57BL/6) mice, or FAAH ™/~ mice were dissected and the
neurons dissociated mechanically. The cells were plated in
24-well dishes (0.5 X 10° cells per ml; 0.5 ml per well) coated with
poly(L)-ornithine (10 wg/ml; M, 30,000-70,000) and poly(DL)-
lysine (100 pg/ml; M;, 30,000-70,000). The culture medium was
composed of B27-supplemented Neurobasal (GIBCO/BRL)
containing L-glutamine (0.5 mM), L-glutamic acid (24 uM),
streptomycin (5 pg/ml), and penicillin (10 units/ml). After 3
days, the medium was replaced with B27-supplemented Neuro-
basal (0.5 ml) containing L-glutamine (0.5 mM), streptomycin (5
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Anandamide transport in primary cultures of FAAH~/~ neurons. (a) [2BHJAnandamide hydrolysis in homogenates of brain neurons from wild-type mice

(open bars) and FAAH™/~ mice (filled bars) (mean = SEM, n = 6). (b) Accumulation of [3H]anandamide in wild-type and FAAH/~ neurons is temperature-
dependent (mean + SEM, n = 4). (c) Accumulation of [?H]lanandamide in wild-type (open bars) and FAAH /= (filled bars) neurons is inhibited by nonradioactive
anandamide (AEA, 100 uM) or AM404 (10 uM) (*, P < 0.05, **, P < 0.01, ***, P < 0.001; n = 3). Time course of [3H]anandamide accumulation in wild-type (+/+)
(d) and FAAH™/~ (—/—) (e) neurons in the absence or presence of AM404 (10 uM) (hatched bars) (**, P < 0.01, ***, P < 0.001 vs. control; ##, P < 0.01 vs. 0 time

point; n = 3).

pg/ml), and penicillin (10 units/ml). The cells were maintained
at 37°C in a humidified atmosphere of 95% air and 5% CO..

Transport Assays. We incubated the cells for 0-10 min at 37°C in
Tris-Krebs buffer (0.5 ml) containing [*H]anandamide (30 nM,
10 X 10* dpm per ml). The cultures were rinsed twice and then
scraped into 0.1 M NaOH (0.5 ml). Radioactivity was measured
by liquid scintillation counting. Drugs were added to the cultures
10 min before [*H]anandamide.

FAAH Assays. We measured FAAH activity at 37°C for 30 min in
0.5 ml of Tris buffer (50 mM, pH 7.5) containing fatty acid-free
BSA (0.05%), brain membrane protein (27,000X g, 50 pg of
protein), and anandamide[ethanolamine-3H] (10,000 dpm;
American Radiolabeled Chemicals, St. Louis). After stopping
the reactions with chloroform/methanol (1/1, 1 ml), we mea-
sured radioactivity in the aqueous layers by liquid scintillation
counting.

Metabolic Stability of AM404 and AM1172. We incubated membrane
fractions (27,000X g, 50 wg of protein) from the brains of
wild-type or FAAH ™/~ mice at 37°C for 30 min in Tris buffer (0.5
ml, 50 mM, pH 7.5) containing AM404 or AM1172 (0.1-1 nmol)
and fatty acid-free BSA (Sigma fraction V powder, 0.05%). After
stopping the reactions with chloroform/methanol (2 ml), we
collected the organic layers and measured AM404 or AM1172
by HPLC/MS, as described below. Extraction recovery was
~60% for both compounds.

HPLC/MS Analyses. We quantified anandamide and other fatty-

acid ethanolamides by isotope dilution (18) and AM404 and
AM1172 by using an external standard method (19). For AM404,
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we selectively monitored the ion m/z = 418, and for AM1172,
the ion m/z = 432.

Pharmacological Assays in Vitro. We measured CB; receptor bind-
ing using rat cerebellar membranes (27,000 X g, 20 ug of protein)
and 10 nM [*H]Win-55212-2 (40-60 Ci/mmol, DuPont/NEN)
as a ligand. CB, receptor binding was determined by using the
same ligand and membranes from CB,-overexpressing Chinese
hamster ovary cells (Receptor Biology, Perkin—Elmer) (20). The
binding of [**S]GTP-v-S to rat cerebellar membranes was mea-
sured as described (20).

Body Temperature. We measured rectal temperature using a
thermocouple probe (Physitemp, Clifton, NJ). All drugs were
dissolved in a vehicle of saline/Tween 80/polyethylene glycol
(90/5/5) and administered by i.p. injection. AM404 was injected
20 min before anandamide; rimonabant and capsazepine were
injected 30 min before anandamide.

Statistical Analyses. Results are expressed as means = SEM.
Statistical significance was evaluated by using Student’s ¢ test or,
when appropriate, one-way ANOVA followed by Dunnett’s test.

Results

Anandamide Transport Is Preserved in FAAH~/~ Neurons. To test the
role of FAAH in anandamide internalization, we used primary
cultures of neurons prepared from the cortex of wild-type or
FAAH ™/~ mice (11). Despite an essentially complete lack of
[*H]anandamide hydrolysis (Fig. 1la), FAAH™/~ neurons were
indistinguishable from wild-type cells in their ability to accumu-
late exogenous [*H]anandamide. Irrespective of the genotype,
[*H]anandamide internalization was temperature-dependent
(Fig. 1b), was saturated by excess nonradioactive anandamide
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Fig. 2. Administration of AM404 enhances the effects of exogenous anan-

damide in both wild-type and FAAH~/~ mice. AM404 increases anandamide-
induced hypothermia in wild-type (+/+) mice (a) (m, vehicle; ®, anandamide,
5 mg/kg; A, AM404, 10 mg/kg; ¥, AM404 plus anandamide) and FAAH /-
(—/-) mice (b) (m vehicle; O anandamide, 2 mg/kg; A AM404, 7 mg/kg; ¥
AMA404 plus anandamide) (¥, P < 0.05, **, P < 0.01, *#**, P < 0.001 vs. vehicle;
#, P < 0.05, ##, P < 0.01 vs. anandamide alone; n = 9). (c) The CB1 antagonist
rimonabant (Rim, 0.3 mg/kg, i.p.) but not the vanilloid antagonist capsaz-
epine (Cap, 30 mg/kg, i.p), prevents the combined effect of AM404 (7 mg/kqg)
plus anandamide (AEA, 2 mg/kg) in FAAH~/~ mice (*, P < 0.05; mean = SEM).
(d) AM404 levels after a 30-min incubation with brain membranes of wild-type
(open bars) or FAAH/~ (filled bars) mice. **, P < 0.01; **%, P < 0.001; n = 5;
mean *= SEM.
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Fig.3. Endogenous levels of anandamide (AEA), oleoylethanolamide (OEA),
and palmitoylethanolamide (PEA) in the brains of wild-type mice 1 h after
administration of AM404 (10 mg/kg, i.p.). **, P < 0.01; n = 5.

(100 uM) (Fig. 1c), and reached 50% of its maximum within ~3
min of incubation with the radiotracer (Fig. 1 d and e). Moreover,
kinetic analyses revealed no significant difference in Michaelis
constant (Ky,) or maximum velocity (Vmax) between the two
genotypes (K in uM; wild-type, 1.1 = 0.1; FAAH/~, 1.3 £ 0.1;
Vmax in pmol per min per mg of protein; wild-type, 151 £ §;
FAAH/~, 157 = 15; P > 0.05; n = 3). Finally, in both wild-type
and FAAH '~ neurons, the temperature-dependent component
of [*H]anandamide accumulation was inhibited by AM404 (10
uM) (Fig. 1 c—e). The results suggest that anandamide hydrolysis
does not provide the driving force for anandamide internaliza-
tion in mouse brain neurons. They further indicate that AM404
prevents internalization by acting at a molecular site distinct
from FAAH.

AM404 Inhibits Anandamide Deactivation in FAAH—/~ Mice. In wild-
type mice, AM404 (10 mg/kg, i.p.) did not change body tem-
perature when administered alone but increased the hypother-
mic effects of exogenous anandamide (5 mg/kg, i.p.) (Fig. 2a).
To determine whether this enhancement was due to inhibition of
FAAH activity (15), we tested the effects of AM404 in
FAAH™/~ mice. The drug produced a modest decrease in body
temperature when injected alone and dramatically intensified
and prolonged the hypothermic response to a low dose of
anandamide (2 mg/kg, i.p.) (Fig. 2b). This effect was blocked by
the CB, antagonist rimonabant (0.3 mg/kg, i.p.) but not by the
vanilloid (VR1/TRPV1) antagonist capsazepine (30 mg/kg,
i.p.) (Fig. 2¢). A higher dose of anandamide (5 mg/kg, i.p.)
produced profound hypothermia, which was not intensified by
AM404 (peak response at 30 min; anandamide, —1.4 = 0.1°C;
anandamide plus AM404, —1.3 = 0.2°C; P > 0.05; n = 5),
suggesting that exogenous anandamide may saturate the trans-
port system in FAAH '~ mutants at lower doses than it does in
wild-type mice. Noteworthy, AM404 had a longer duration of
action in FAAH /= than in wild-type mice (Fig. 2 a and b), which
implies that the compound may serve as a substrate rather than
an inhibitor of FAAH activity. That brain membranes from
wild-type mice rapidly degraded AM404, whereas those of
FAAH™/~ mice did not (Fig. 2d), confirm this conclusion.
Together, our in vitro and in vivo results indicate that AM404
magnifies the actions of anandamide by targeting the deactivat-
ing transport of this endocannabinoid substance into neurons
and glia. A corollary of this hypothesis is that systemic admin-
istration of AM404 should raise endogenous anandamide levels
without affecting the levels of oleoylethanolamide (OEA) and
palmitoylethanolamide (PEA), two fatty-acid ethanolamides
that are metabolized by FAAH (11, 14) but are not substrates for
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transport (3, 6, 7). Consistent with this prediction, administra-
tion of AM404 (10 mg/kg, i.p.) to wild-type mice selectively
increased brain anandamide content while having no effect on
OEA or PEA levels (Fig. 3).

AM1172, an Anandamide Transport Inhibitor That Does Not Interact
with FAAH. To further examine the role of FAAH in anandamide
transport, we designed a series of previously undescribed anan-
damide analogs that retain the key pharmacophoric features
necessary for transport inhibition (7), but in which the orienta-
tion of the carboxamide moiety is inverted to achieve metabolic
stability. The compound AM1172, the synthesis of which will be
described elsewhere, provides an example of this design (Fig. 4
a and b).

Unlike AM404 (21), AM1172 did not serve as a substrate for
brain FAAH activity (Fig. 4c) and did not compete with
[*H]anandamide for FAAH-mediated hydrolysis at any of the
concentrations tested (Fig. 4d). Nevertheless, the compound
inhibited [*H]anandamide transport in human CCF-STTG1
astrocytoma cells and rat cortical neurons in culture with I1Csg
values of 2.5 * 0.9 and 2.1 = 0.4 uM, respectively (Fig. 5 a and
b). Furthermore, AM1172 prevented [*H]anandamide internal-
ization in neurons prepared from either wild-type or FAAH ™/~
mice (Fig. 5 ¢ and d).

AM404 does not productively interact with G protein-coupled
CB; or CB; receptors (3, 22) but activates VR1/TRPV1 receptor
channels in vitro (23). Target selectivity assays revealed that
AM1172 has significant, albeit moderate, affinities for both CB;
(ICsp =271 £51 nM, n = 5) and CB; (ICsp = 189 = 69 nM, n =
5) and stimulates [>*S]GTP-v-S binding to rat cerebellar mem-
branes as a partial agonist with an ECso value of 86 = 11 nM (n =
2). However, the compound does not stimulate vanilloid recep-
tor activity in Xenopus oocytes injected with receptor mRNA.
These results define AM1172 as a metabolically stable inhibitor
of anandamide transport with partial agonist activity at CB;
receptors.

Discussion

Although anandamide can diffuse passively through lipid mem-
branes, this process appears to be accelerated in the brain by an
energy independent but highly selective transport system (3, 4,
6, 7, 24). Experiments in human astrocytoma cells indicate that
this putative carrier preferentially recognizes compounds with a
polar nonionizable head group of defined stereochemical con-
figuration. The experiments further suggest that transport ac-
tivity is optimal with substrates containing a minimum of four cis
nonconjugated double bonds (7). Both anandamide and
2-arachidonoylglycerol, another endocannabinoid ligand (25,
26), meet these requirements and serve as substrates for trans-
port, whereas closely related lipids such as arachidonic acid and
oleoylethanolamide do not (3, 7). Similar selectivity profiles have
been documented in rat cortical astrocytes in culture (3) and in
freshly dissected adult rat brain slices (22).

Pharmacological inhibitors have provided important insight
into the properties of anandamide transport. Compounds such as
AMA404 (3) and N-(3-furylmethyl)-arachidonamide (8) have not
only aided in the functional characterization of anandamide
internalization in vitro but have also helped reveal possible
functions of the endocannabinoid system in the modulation of
neurotransmitter activity and synaptic plasticity (22, 27). More-
over, the pharmacological properties of these inhibitors suggest
that anandamide transport might offer a drug target in disease
states, such as motor dyskinesias (28, 29) and opiate withdrawal
(30), in which endocannabinoid signaling is thought to play a
protective role.

The impact of these theories is limited, however, by the fact
that the putative transport system responsible for anandamide
internalization remains unknown. Indeed, the existence of such
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and the FAAH inhibitors URB597 (CJ) and AM374 (m). Results are from one
experiment, performed in triplicate, representative of three.

a system has been recently questioned, based on the observation
that [*H]anandamide uptake in astrocytoma and neuroblastoma
cells is saturable at longer (>5 min) but not at shorter (<40 sec)
incubation times (15). This result was interpreted to indicate that
FAAH may be responsible for the apparent saturation of uptake
observed with longer incubations. Although the presence of a
high concentration of serum albumin in these assays (0.4%) may
well account for these negative results (1, 6, 31), in the present
study, we have further tested the role of FAAH in anandamide
internalization by asking two complementary questions: whether
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(+/4) (c) or FAAH '~ (d) (—/—) mice in the absence or presence of AM1172 (10
M) (hatched bars). **, P < 0.01; ***, P < 0.001 vs. control; n = 4.

deletion of FAAH activity affects anandamide transport in brain
neurons, and whether AM404 enhances the Pharmacological
effects of exogenous anandamide in FAAH™/~ mutants, as it
does in wild-type mice (3, 32).
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We found that FAAH ™/~ neurons internalize anandamide as
efficiently as do wild-type cells and that AM404 inhibits this
process. The results indicate that FAAH does not provide the
driving force for anandamide internalization and rule out this
enzyme as a primary target for AM404. In vivo experiments
further support these conclusions. Indeed, that AM404 poten-
tiates the actions of exogenous anandamide more effectively in
FAAH /'~ mutants than in wild-type mice implies that AM404
acts not as a FAAH inhibitor, as has been proposed (15), but as
a FAAH substrate. Evidence for this possibility has been pro-
vided (21) and is confirmed here by demonstrating that brain
membranes from wild-type mice degrade AM404, whereas those
from FAAH '~ mutants do not. If FAAH does not provide the
driving force for anandamide internalization, which is known to
be an energy-independent process (3, 4), what does? Although
we cannot yet answer this question, one possibility is that
anandamide associates intracellularly with binding components
(e.g., a lipid-binding protein) en route to hydrolysis (1). If such
a component were selective for anandamide and 2-arachido-
noylglycerol, it might directly participate in the internalization
process or serve as a target for AM404 and other transport
inhibitors. This scenario is comparable to fatty acid transport
into cells, which also requires the cooperation of membrane
transporters and cytosolic fatty-acid-binding proteins (33).

FA AH-mediated hydrolysis limits both the efficacy and du-
ration of action of AM404. To overcome this limitation, several
AM404 analogs have been synthesized that are poor FAAH
substrates in vitro (8, 34). In the present study, we have used a
reverse-amide design to generate a previously undescribed trans-
port inhibitor, AM1172, which is resistant to degradation and
does not interfere with FAAH-mediated anandamide hydrolysis.
That AM1172 effectively inhibits anandamide internalization in
brain neurons and astrocytoma cells underscores the notion that
membrane transport and intracellular hydrolysis are two discrete
steps in anandamide deactivation.

Conclusion

Our results confirm the hypothesis that brain cells internalize
anandamide through a selective transport mechanism, which is
inhibited by AM404 (3, 4, 6). The reverse amide, AM1172, may
serve as a scaffold for the development of metabolically stable
inhibitors of anandamide internalization.
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