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Abstract—Hydra (Cnidaria) is the first animal organism to have developed a neural network, which has
been proposed to control,inter alia, the “feeding response”, i.e. a mechanism through which the coelen-
terate opens and then closes its mouth in the presence of prey and/or glutathione. Here, we report that
Hydra contains: (i) selective cannabinoid binding sites; (ii) the endogenous cannabinoid receptor ligand,
anandamide (arachidonoylethanolamide); (iii) a fatty acid amide hydrolase-like activity catalysing
anandamide hydrolysis; and (iv) the putative biosynthetic precursor of anandamide,N-arachidonoylphos-
phatidylethanolamine. We suggest that this “endogenous cannabinoid system” is involved in the modula-
tion of the “feeding response”. Anandamide (1 nM–1mM) potently inhibited (up to 45%) the glutathione-
induced “feeding response” by acceleratingHydra vulgarismouth closure. The effect was maximal at
100 nM anandamide and was reversed by the selective antagonist of the CB1 subtype of mammalian
cannabinoid receptors, SR 141716A (50–100 nM). Specific cannabinoid binding sites were detected in
membranes fromHydra polyps by using [3H]SR 141716A (Kd� 1.87 nM,Bmax�26.7 fmol/mg protein),
and increasing anandamide concentrations were found to displace the binding of [3H]SR 141716A to these
membranes (Ki�505 nM).Hydra polyps were also found to contain amounts of anandamide (15.6 pmol/g)
andN-arachidonoylphosphatidylethanolamine (32.4 pmol/g), as well as the other “endocannabinoid” 2-
arachidonoylglycerol (11.2 nmol/g), comparable to those described previously for mammalian brain.
Finally, a fatty acid amide hydrolase activity (Vmax�3.4 nmol/min/mg protein), with subcellular distribu-
tion, pH dependency and sensitivity to inhibitors similar to those reported for the mammalian enzyme, but
with a lower affinity for anandamide (Km�400mM), was also detected inHydra polyps.

These data suggest that the endocannabinoid signalling system plays a physiological role inHydra that
is to control the feeding response.Hydra is the simplest living organism described so far to use this
recently discovered regulatory system.q 1999 IBRO. Published by Elsevier Science Ltd.

Key words: Hydra, cannabinoids, endocannabinoids, anandamide, 2-arachidonoylglycerol, GABA.

The neural network of the freshwater coelenterate
Hydra (Cnidaria, Hydrozoa) is considered one of
the most primitive nervous systems to have
evolved.34 Neurons are generally dispersed in the
epithelial layers and are either inter-connected into
a functional network or form uni- and bi-directional
synapses with non-nervous cells.49 This rather
simple system is homogeneously spread over the
coelenterate body, but is developed to a higher
degree of complexity near the head region, where
the fibres are condensed to form a circular ring. This
rudimentary cephalization is probably responsible
for the control of a behavioural response typical of
hydrozoans, the “feeding response”,25,37,48 during
which polyps stimulate with glutathione, released
from the prey, respond with tentacle writhing and

mouth opening, eventually followed by mouth
closure.28 Despite its simplicity, theHydra nervous
system shows neurophysiological and cellular
features as sophisticated as those of higher inverte-
brates in terms of electrogenesis, plasticity, devel-
opment and growth regulation.29 Neurotransmission
in Hydra was originally thought to be essentially
peptidergic, due to the presence of several neuropep-
tides in the coelenterate,23,24 but evidence has been
obtained for the participation also of amine and
amino acid neurotransmitters, such as dopamine
and GABA, particularly in the control of the feeding
response.37,48 In particular, it was shown recently
that GABA, by acting at selective binding sites iden-
tified in Hydra vulgaris membrane preparations,
prolongs the glutathione-induced feeding response,
an effect that is reduced by the GABAA receptor
antagonist SR 95531 and mimicked by the GABAA

receptor agonist muscimol.9,38,39 Further evidence
for the presence of GABAA-like receptors in
Hydra, and for their involvement in the feeding
response, came from the findings that: (i) neuro-
steroids and benzodiazepines potentiated both the
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binding of [3H]GABA to membrane preparations
and the effect of GABA on the glutathione-induced
feeding response;9 and (ii) the Cl2 channel blockers
t-butylbicyclophosphorothionate and picrotoxin
decreased the feeding response duration.9,40 Some
progress has also been made in the understanding
of the possible intracellular signalling events under-
lying the feeding response. For example, it was
found that inhibitors of the nitric oxide/cyclic-
GMP pathway prolong the response duration.8 We
recently suggested that activation of arachidonic
acid (AA) release fromH. vulgaris phospholipids
and, possibly, the subsequent formation of AA meta-
bolites with inhibitory action on the feeding
response, could be stimulated by glutathione.39 AA
and, to a lesser extent,a-linolenic acid, as well as
their metabolites obtained by the action of av10(R)-
lipoxygenase characterized previously by us inH.
vulgaris,18 inhibited glutathione-induced feeding
response in the 1–100mM range of concentrations,
the metabolites being at least 10-fold more potent
than the precursor fatty acids.39,40 We hypothesized
that these lipids were produced following activation
of glutathione chemoreceptors in order to terminate
the feeding response through a negative feedback
interaction with endogenous GABA action at the
level of GABA-gated Cl2 channels.39 Our data
also raised the possibility that other AA metabolites,
through different mechanisms, could intervene in
this process.40

Two different subtypes of G-protein-coupled
receptors for marijuana’s active principle, (2)-D9-
tetrahydrocannabinol, have been characterized in
mammalian tissues.30,33One of these, the CB1 recep-
tor, is the most abundant in the CNS and has been
implicated in the modulation of the release, action
and re-uptake of several neurotransmitters, includ-
ing dopamine, glutamate and GABA (see Refs 12,
19 and 35 for recent reviews). A selective antagonist
for this receptor, SR 141716A, was synthesized and
its pharmacological properties characterizedin vivo
and in vitro.41 In 1992, anandamide, the first endo-
genous ligand of “central” cannabinoid receptors,
was isolated from porcine brain. This compound
is the amide of AA with ethanolamine and,
since its discovery, several pharmacological
studies15,19,21,26,32have recognized its likely role as
a cannabimimetic neuromodulator. This suggestion
was also supported by the finding of molecular
mechanisms for the synthesis, release and inactiva-
tion of anandamide by intact neurons.17 It was
proposed that anandamide was: (i) synthesized
from a phospholipid precursor,N-arachidonoylphos-
phatidylethanolamine (NArPE), through the action
of a specific phospholipase D (PLD); and (ii) inacti-
vated via carrier-mediated facilitated diffusion into
cells followed by enzymatic hydrolysis.17 The
enzyme responsible for anandamide hydrolysis,
originally named “anandamide amidohydrolase”,
was characterized, purified, cloned, overexpressed

into host cells and found to also recognize other
fatty acid amides and esters,11,15 including the
other putative “endocannabinoid”, 2-arachidonoyl-
glycerol (2-AG), whose cannabimimetic properties
were recognized in 1995.31 The enzyme was there-
fore renamed “fatty acid amide hydrolase”
(FAAH).11

Since the discovery of cannabinoid receptors in
mammals, several studies have been aimed at asses-
sing whether these proteins could also be found in
organisms representing early phases of animal
evolution. Cannabinoid receptors with some homol-
ogy with CB1 receptors have been cloned from the
puffer fish50 and the leech.20,45Selective cannabinoid
binding sites have also been detected in cells from
simpler organisms, i.e. sea urchin sperm7 and
Mytilus immunocytes,44 and were suggested, respec-
tively, to mediate inhibition of oocyte fertilization
and monocyte function. Accordingly, anandamide
and NArPE were isolated from sea urcin eggs and
Mytilus together with FAAH-like activities,4,43 thus
suggesting that the “endocannabinoid signalling
system”, formed by cannabinoid receptors and
their endogenous agonists, may have been highly
conserved through evolution. In the present study,
we examined whether, and for what physiological
function, this recently discovered neuromodulatory
system is expressed in animals with a very primitive
nervous system, such as hydrozoans.

EXPERIMENTAL PROCEDURES

Materials

Anandamide and palmitoylethanolamide were synthe-
sized as described.22 Deuterated anandamide and 2-AG
were synthesized from [2H]8AA, as described previously.3,22

[3H]N-Palmitoylphosphatidylethanolamine, [14C]anandamide
and [14C]oleoylethanolamide (5 mCi/mmol) were synthe-
sized as described previously.22 SR 141716A was a gift
from Sanofi Recherche (Montpellier, France). [3H]SR
141716A (60 Ci/mmol) was purchased from Amersham
(U.K.). Phenylmethylsulphonyl fluoride andp-hydroxy-
mercuribenzoate were purchased from Sigma, and
methylarachidonoylfluorophosphonate and arachidonoyltri-
fluoromethyl ketone from Biomol. Arachidonoyldiazo-
methyl ketone and arachidonoylchloromethyl ketone were
synthesized as described elsewhere.14

Feeding response

The feeding reaction was studied as follows.Hydra
vulgaris polyps, starved for at least three days before the
test, were equilibrated at room temperature in 3.5-cm-
diameter Falcon dishes containing 1 ml of physiological
solution (1 mM CaCl2, 0.1 mM NaHCO3, buffered with
1 mM Tris–HCl, pH 7.35); the dishes were divided into
four chambers by glass partitions, in order to allow simul-
taneous testing and recording of individual mouth opening
(ti) and closing (tf) times for each animal. Drugs were added
immediately before the test. Lipophilic molecules were
dissolved in small amounts of dimethyl sulphoxide and
diluted to working concentrations in physiological solution,
so that the final dimethyl sulphoxide content in the test
solution did not exceed 1ml/ml. Equal amounts of dimethyl
sulphoxide were added to control solutions. Drugs were
prepared before use to avoid degradation of the molecules.
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The test was started by adding reduced glutathione at differ-
ent concentrations (1–10mM); six to eight animals were
tested per group and per glutathione concentration. Scoring
of mouth opening and closing was performed on a cold light
stereo microscope and times recorded. In every experiment,
a control series was effected; for each substance tested the
experiments were repeated at least three times. All the
experiments were carried out in a conditioned environment
at 228C. [Glutathione]/(tf 2 ti) ratios were then calculated
and plotted as a function of glutathione concentration.39

The duration of the response to different glutathione doses
in the absence or presence of different drugs was measured
and the kinetics of response analysed by linear regression.
When different regression curves were obtained, percent-
ages of increase (or decrease) versus respective control
samples were calculated for a given glutathione concentra-
tion (10mM). Statistical significance of differences was
evaluated by ANOVA followed by Scheffe´’s test. A P
value , 0.05 was considered statistically significant.

Binding assays

Membranes were prepared from homogenates ofH.
vulgarispolyps obtained following the procedure described
previously.9,37 The binding of increasing concentrations of
[3H]SR 141716A to aliquots (0.6 mg total proteins) of these
membranes and the displacement of a fixed concentration
(600 pM) of [3H]SR 141716A by increasing concentrations
of anandamide were measured in equilibrium assays, carried
out as described.1,13 Bound and unbound [3H]SR 141716A
were separated by means of the filtration method described
elsewhere.1,13 SR 141716A (10mM) was used to determine
non-specific binding, which in displacement assays was
between 25% and 30% of total binding. Receptor binding
results were analysed with GraphPad software (San Diego,
CA). Saturation curves were fitted with a rectangular hyper-
bola (r 2� 0.98). Scatchard curves for the binding of [3H]SR
141716A were used to calculateBmax andKd values for this
ligand by using non-linear regression, and one- and two-site
analyses were compared to determine better fit (r2�0.89 for
one-site binding). Displacement curves (calculated by
means of Pharm/PCS software) were used to calculate the
Ki value for anandamide by inserting the correspondingic50
value from the best fitting curve (r2� 0.97) into the Cheng–
Prusoff equation.

Purification and quantitation of endocannabinoids

Extraction, purification and quantitation of anandamide,
2-AG and NArPE was performed as described previously.2,3

Briefly, starved Hydra live polyps were extracted with
chloroform/methanol (2:1, v/v) containing [2H]8anandamide
and [2H]82-AG or [3H]N-palmitoylphosphatidylethanola-
mine as internal standards. In order to purify and character-
ize the anandamide, NArPEs and 2-AG contained therein,
the organic phase was brought to dryness and submitted to a
series of chromatographic steps, including SiO2 open bed
chromatography, thin layer chromatography (for column
fractions containing NArPE, on plates developed with
chloroform:methanol:NH4OH, 85:15:1) and normal phase
high-pressure liquid chromatography (HPLC; for column
fractions containing anandamide and 2-AG, eluted with
increasing concentrations of iso-propanol inn-hexane as
described previously).3 NArPE-containing fractions
(which also contain otherN-acylphosphatidylethanol-
amines) were digested with PLD fromS. chromofuscus,
which released anandamide and otherN-acylethanol-
amines,2,22 followed by thin layer chromatography and
normal phase HPLC.2 The amounts of NArPE were calcu-
lated from the amounts of anandamide produced from PLD
digestion and corrected by taking into account the recovery
of radioactivity in HPLC fractions corresponding to
[3H]palmitoylethanolamide (i.e. the product of the PLD

digestion of [3H]N-palmitoylphosphatidylethanolamine
used as internal standard). Quantitation of anandamide,
purified either from lipid extracts or incubates of PLD diges-
tion of NArPE fractions, and 2-AG was obtained by means
of gas chromatography–electron impact mass spectrometry
(GC–EIMS) of the corresponding trimethylsilyl ether deri-
vatives.2 HPLC fractions with the same retention time as
synthetic anandamide and 2-AG were derivatized with
20ml N-methyl-N-trimethylsylyltrifluoroacetamide1 1%
trimethylchlorosylan for 2 h at room temperature, and
analysed by GC–EIMS carried out in the selected ion moni-
toring mode, as described elsewhere.2,3 Ions were selected at
m/z�427, 419, 412 and 404 for anandamide (corresponding
to the molecular ions and the2 15 mass unit fragment ions
of [2H]8anandamide and non-deuterated anandamide,
respectively), and atm/z� 530, 522, 515 and 507 for 2-
AG (corresponding to the molecular ions and the215
mass unit fragment ions of [2H]82-AG and non-deuterated
2-AG, respectively). The sensitivity of the measurement
was of about 1 pmol. When allowed by the amounts of
metabolite, GC–EIMS was also run in the total ion current
mode, thus yielding whole electron impact mass spectra.
Amounts of anandamide and 2-AG were quantitated by
comparison with the corresponding and co-eluting deuter-
ated standards by calculating the ratios between the areas of
the peaks obtained at them/zof the215 mass unit fragment
ions.2 Anandamide from the PLD digestion of NArPE was
also quantitated by comparison with the corresponding
deuterated standard which, in this case, was added after
the digestion and prior to normal phase HPLC analysis.

Fatty acid amide hydrolase assay

This assay was performed as described previously.14

Briefly, polyps were homogenized in 50 mM Tris–HCl
(pH 7.4), containing 1 mM EDTA, using a Dounce homo-
genizer. The homogenate was centrifuged sequentially at
800× g (5 min), 10,000× g (15 min) and 100,000× g
(30 min). Pellets from the three centrifugations or the super-
natant from the last centrifugation (100–200mg total
proteins) were incubated in 50 mM Tris–HCl (pH 7.4) at
378C in the presence of [14C]anandamide or [14C]oleoyl-
ethanolamide (50,000 c.p.m., 8mM). The formation of
[14C]ethanolamine, quantitated as described previously,14

was taken as a measure of anandamide hydrolysis. Incuba-
tions were also carried out with different concentrations of
[14C]anandamide, forKm and Vmax determination, or in
different buffers at different pH values,14 or in the presence
of FAAH inhibitors. The statistical significance of the effect
of the latter was tested by ANOVA followed by Fisher’s test
(threshold for significance,P, 0.05).

RESULTS

Effect of anandamide on glutathione-induced
feeding response

Anandamide potently and dose-dependently
inhibited Hydra feeding response induced by a
range of glutathione concentrations (1–10mM;
data not shown). With 10mM glutathione, the effect
was already marked with 10 nM and maximal at
100 nM anandamide (Fig. 1), with a 43% reduction
of the response duration, obtained essentially by
acceleratingHydra mouth closure (i.e. by reducing
tf). The anandamide analogue palmitoylethanol-
amide, which is inactive at CB1 receptors,26,35 was
not active up to a 1mM concentration. The inhibi-
tory effect of 100 nM anandamide was comparable
to that obtained with a 1000-fold higher concentration
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of AA, whereas the effect of a 10 nM dose was
slightly higher than that observed previously with
a 100-fold higher concentration of the major oxida-
tion product of AA inH. vulgaris, i.e. 11(R)-hydro-
xyeicosatetraenoic acid (Fig. 1). Furthermore, the
effect of 100 nM anandamide was attenuated by
co-incubation of polyps with increasing concentra-
tions (50 and 100 nM) of the CB1 receptor antagonist
SR 141716A, which alone did not exhibit any signi-
ficant effect (Fig. 1).

CB1-like cannabinoid binding sites inHydra
vulgaris

In agreement with the antagonist action exerted
by SR 141716A against anandamide inhibition of
the feeding response, we found that increasing
concentrations of [3H]SR 141716A bound to
membrane preparations fromH. vulgaris polyps
specifically and in a saturable fashion (Fig. 2A).
Scatchard analysis (Fig. 2B) revealedBmax and Kd
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Fig. 1. Effect of anandamide onHydra feeding response. Anandamide dose-dependently reduces the duration
(tf 2 ti) of the feeding response induced by 10mM glutathione measured as a percentage of the duration of the
response in animals treated with vehicle only (1500 s at 10mM glutathione; for a recent representation of the
duration of the feeding response at various glutathione concentrations, see Ref. 39). The effect of anandamide was
exerted by accelerating mouth closure (i.e. by reducingtf; not shown). The effects of arachidonic acid and 11(R)-
hydroxyeicosatetraenoic acid, as reported previously,39 and of palmitoylethanolamide are shown for a compar-
ison. The effect of administration of 100 nM anandamide plus SR 141716A (50 and 100 nM) or SR 141716A
alone (100 nM) is also shown. *P, 0.05, **P, 0.01 vs 100 nM anandamide alone, calculated by ANOVA

followed by Scheffe´’s test.



values, respectively, of 26.7̂12.6 fmol/mg protein
and 1.87̂ 0.87 nM (meanŝ S.D.,n�3). Ananda-
mide dose-dependently displaced the binding of
[ 3H]SR 141716A to these sites with aKi value of
505^ 69 nM (mean̂ S.D.,n� 3; Fig. 2C).

Anandamide and its biosynthetic precursor are
produced inHydra vulgaris

We have analysed, by gas chromatography–mass
spectrometry (GC–MS), run in the selected ion
monitoring mode, the purified lipids extracted
from H. vulgarispolyps and found that they contain
measurable levels of “endocannabinoids”. These
were detected as peaks in the gas chromatogram
co-eluting with either deuterated anandamide or 2-
AG, and possessing the same mass spectral peaks,
i.e. the ones atm/z�427 and 419 (molecular ions
for [ 2H]8anandamide and undeuterated ananda-
mide), 412 and 404 (loss of 15 mass units, corre-
sponding to a methyl group, from [2H]8anandamide
and undeuterated anandamide), 530 and 522 (mole-
cular ions for [2H]82-AG and undeuterated 2-AG)
and 515 and 507 (loss of 15 mass units, correspond-
ing to a methyl group, from [2H]82-AG and undeut-
erated 2-AG) (Fig. 3 and data not shown).2 Amounts
of anandamide and 2-AG were 15.6̂1.5 pmol/g
and 11.2̂ 1.9 nmol/g wet tissue weight, respec-
tively (meanŝ S.D., n�2), comparable to the
amounts described previously in mammalian
tissues.5,46 We also detected measurable amounts
of anandamide in fractions of NArPE, the proposed
biosynthetic precursor of anandamide in the
mammalian CNS, that had been digested with
PLD. Also, the amounts of NArPE were similar to
those measured in rat brain (32.4̂8.1 pmol/g,
mean̂ S.D., n� 2).5,46 Anandamide and 2-AG
were accompanied by several congeners (whose
exact quantities were not calculated), including
palmitoyl- and oleoylethanolamide, and the C16:0,
C18:0, C18:1, C20:3, C20:5, C22:5 and C22:6 analogues of
2-AG (data not shown). These were detected in

aliquots of normal phase HPLC fractions containing,
respectively, anandamide or 2-AG,2,3,22after deriva-
tization and analysis by GC–MS run in the total ion
current mode.

Fatty acid amide hydrolase activity inHydra
vulgaris

Subcellular fractions obtained fromH. vulgaris
homogenates were analysed for the presence of
[14C]anandamide-hydrolysing activity. As with
mammalian FAAH,15 the enzymatic formation of
[14C]ethanolamine was most abundant in the
“microsomal” (100,000× g pellet) fraction (Fig.
4A). The activity of the two pooled membrane frac-
tions was further characterized and found to exhibit
a pH dependency profile typical of mammalian
FAAH,15 with maximal activity between pH 9 and
10, and another apparent active-site pKa value at pH
6 (Fig. 4B). Although the enzyme seemed to be
rather abundant (apparentVmax� 3.4^0.9 nmol/
min/mg protein), its affinity for anandamide was
considerably lower than that described previously
for mammalian FAAH,15 with an apparent
Km�400^ 88mM (meanŝ S.D., n�3; Fig. 4C).
Accordingly, the typical FAAH inhibitors and AA
derivatives arachidonoyltrifluoromethyl ketone,
methylarachidonoylfluorophosphonate, arachi-
donoyldiazomethyl ketone and arachidonoylchloro-
methyl ketone, at concentrations shown previously
to cause 100% inhibition of mammalian FAAH,14,15

caused a sub-maximal, albeit statistically significant,
inhibition of H. vulgaris[ 14C]anandamide-hydrolys-
ing activity (Fig. 4D), while the anandamide conge-
ner [14C]oleoylethanolamide was also efficiently
hydrolysed byHydra membranes (data not shown).

DISCUSSION

The data presented here show that: (i) the endo-
genous cannabinoid receptor ligand anandamide
inhibits the glutathione-induced feeding response,
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Fig. 2. Hydracontains selective cannabinoid binding sites. (A, B) Saturation (A) and Scatchard (B) curves for the
specific binding of [3H]SR 141716A to membrane preparations fromH. vulgaris polyps. (C) Displacement by

anandamide of [3H]SR 141716A bound to membrane preparations fromH. vulgarispolyps.
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Fig. 3. Hydra contains anandamide and its putative precursor NArPE. Lipids fromH. vulgaris polyps were
purified and anandamide or 2-AG contained therein derivatized to form the tris-methylsilyl ethers. (A) Selected
ion monitoring (SIM) GC–MS chromatogram of anandamide (middle panel, selected ionm/z�404) in the
presence of deuterated anandamide (upper panel, selected ionm/z�412) as internal standard, and selected ion
monitoring fragmentogram of the peak at 18.57–18.58 min (lower panel). (B) Selected ion monitoring GC–MS
chromatogram of anandamide (middle panel, selected ionm/z�404), obtained from PLD digestion of purified
NArPE, in the presence of deuterated anandamide (upper panel, selected ionm/z�412) as internal standard, and
selected ion monitoring fragmentogram of the peak at 18.57–18.58 min (lower panel). (C) Selected ion monitor-
ing (SIM) GC–MS chromatogram of 2-AG (upper panel, molecular ion atm/z�522; middle panel,215 ion atm/
z�507) in the presence of deuterated 2-AG (not shown) as internal standard. The full mass spectra of the peak at
20 min from a separate analysis run in the total ion current mode is shown in the lower panel. Another peak
eluting after 20.36 min was also found to contain ions atm/z�522 and 507 (not shown), and corresponds to 1(3)-

arachidonoylglycerol.



the effect being blocked by a selective antagonist of
mammalian CB1 receptors; (ii) cannabinoid/ananda-
mide receptors are present inH. vulgaris; (iii) H.
vulgaris synthesizes anandamide and its putative
biosynthetic precursor NArPE; (iv) an abundant
anandamide-hydrolysing, FAAH-like activity,
potentially responsible for the termination of the
anandamide/cannabinoid receptor-mediated signal,
is expressed in the coelenterate.Hydra represents,
to the best of our knowledge, the simplest animal
organism ever found to respond to anandamide and
to possibly utilize the “endocannabinoid signalling
system” for the control of a physiological response.
Specific cannabinoid binding sites were detected by
the use of a high-affinity selective ligand of the CB1

mammalian cannabinoid receptor, SR 141716A,
which behaves as an antagonist of CB1-mediated
functional responses.41 In consideration of the selec-
tivity of SR 141716A for CB1 over CB2 receptors,41

theHydracannabinoid receptor could be regarded as
CB1-like, but, clearly, the full molecular character-
ization of this protein must be obtained to support
this suggestion. It is worthwhile noting that the only
two studies that have so far described the molecular
characterization of cannabinoid receptors from an
invertebrate species, the leech,20,45 although report-
ing somewhat different results, agreed in pointing
out a significant homology with the human CB1

receptor.
The Hydra cannabinoid receptor described here

for the first time is also an “anandamide receptor”,
since the endocannabinoid displaced the binding of
[ 3H]SR 141716A toHydra membranes with aKi

value not far from those reported for the displace-
ment of [3H]SR 141716A, or other radiolabelled

high-affinity cannabinoid receptor ligands, from
mammalian brain membranes (reviewed in Refs 26
and 35). Furthermore, our data suggest that this
receptor may be involved in the control of the
glutathione-induced feeding response, since exoge-
nous anandamide, at nanomolar concentrations,
potently inhibited this behavioural response in a
fashion that could be blocked by SR 141716A.
The endocannabinoid is the most potent modulator
of the Hydra feeding response described to date,
since all the other drugs previously reported to influ-
ence this response are active at micromolar concen-
trations.8,9,18,37–40The estimatedic50 of anandamide
(about 7 nM) for this effect is very similar to the
possible concentration of the endocannabinoid in
H. vulgaris polyps. This can be extrapolated from
the amounts of anandamide measured in this study,
i.e. 15.6 pmol/g wet tissue weight, which is likely to
yield a 10–20 nM concentrationin vivo, a value
which could be increased further in feeding polyps.
In fact, we showed previously39 that glutathione
stimulation of living H. vulgaris polyps leads to a
twofold increase of free AA levels. Activation of AA
release has been suggested to lead to anandamide
biosynthesis in murine macrophages,36 and a pos-
sible mechanism for this phenomenon is the
remodelling of membrane phospholipids with sub-
sequent increase in diarachidonoylphosphatidyl-
choline, which serves as a precursor for NArPE
and anandamide biosynthesis5,16,46 (also see Ref.
15 and references cited therein). It is possible that
a similar pathway may also occur in glutathione-
stimulatedHydra, leading to increased anandamide
formation. Indeed, part of the previously
reported39,40 inhibitory action on the feeding
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response exerted by high micromolar doses of AA
(which are also likely to induce phospholipid
remodelling and diarachidonoylphosphatidylcholine
formation) may be due to the production of ananda-
mide. Accordingly, both AA and anandamide inhibit
the feeding response by selectively accelerating
Hydra mouth closure39 (and data reported here).
However, given the lack of a stimulatory action on
glutathione-induced feeding reaction by 100 nM SR
141716A, it is unlikely that endogenous anandamide
alone controls this response. Other endogenous,

possibly AA-derived mediators, whose action is
not blocked by the CB1 antagonist, may play a lead-
ing rolein vivo. Also, anandamide congeners such as
palmitoylethanolamide and oleoylethanolamide,
found to accompany anandamide inHydra as well as
mammalian tissues and to exert weak cannabimimetic
actions without activating CB1 receptors,32 may co-
adjuvate anandamide in the control of the feeding
response. This latter hypothesis may explain why the
FAAH-like activity detected inHydra (see below)
exhibits low affinity/selectivity for anandamide.
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Fig. 4. Hydracontains an FAAH-like enzyme. Activity was calculated by measuring the formation of [14C]etha-
nolamine from [14C]anandamide. (A) Subcellular localization of the [14C]anandamide-hydrolysing activity inH.
vulgaris homogenates. (B) pH dependency of the [14C]anandamide-hydrolysing activity fromH. vulgaris
membranes (pooled 10,000× g and 100,000× g pellets) expressed as a percentage of the activity at pH 9.0
(maximal activity). (C) Lineweaver–Burk profile of the [14C]anandamide-hydrolysing activity fromH. vulgaris
membranes obtained when using different concentrations of [14C]anandamide (2.4, 6.2, 12, 24 and 48mM). (D)
Effect of inhibitors of mammalian FAAH on the [14C]anandamide-hydrolysing activity fromH. vulgaris
membranes. The effect is expressed as a percentage of the activity in the absence of inhibitors (and with vehicle).
ACMK, arachidonoylchloromethyl ketone; ADMK, arachidonoyldiazomethyl ketone; ATFMK, arachidonoyltri-
fluoromethyl ketone; MAFP, methylarachidonoylfluorophosphonate;p-HMB, p-hydroxymercuribenzoate;
PMSF, phenylmethylsulphonyl fluoride. *P, 0.05, **P, 0.01 vs control, calculated by ANOVA followed by

Fisher’s test. Data are means^S.D. of at least three independent experiments.



We have also shown here thatHydra contains
mechanisms potentially responsible for anandamide
biosynthesis and inactivation, and therefore have
provided further biochemical grounds to the hypoth-
esis that the anandamide/cannabinoid signalling
system may play a physiological role in the coelen-
terate. NArPE was found inH. vulgarisextracts in a
molar ratio with anandamide very similar to that
described previously for tissues where the phospho-
lipid behaves as the direct precursor of the endocan-
nabinoid.4,5,15,46Moreover, we found an FAAH-like
activity which may be responsible for the inactiva-
tion of both anandamide and 2-AG (which was also
detected here inH. vulgaris lipid extracts), and
therefore may play a role in the control of the feed-
ing response. The kinetics as well as the pH depen-
dency profile and sensitivity to inhibitors of this
enzyme are very similar to those reported by us for
analogous enzymes from invertebrate tissues.4,43

However, we observed a low affinity and selectivity
for anandamide and a reduced sensitivity to AA
derivatives which potently inhibit mammalian
FAAH,15 suggesting that the invertebrate enzyme
binding sites may have different structures from
the equivalent mammalian protein, which has been
cloned only recently.11 Further studies will be
needed to fully characterize FAAH enzymes from
invertebrate organisms likeHydra.

An investigation of the possible mechanism(s) of
action through which the activation of cannabinoid
receptors causes inhibition of the feeding response
was not among the aims of the present study.
However, on the basis of the data existing in the
literature on the molecular events that are triggered
by cannabinoid receptors,15,26,35 it is possible to
make some speculations on this subject. At the intra-
cellular level, CB1 receptors are coupled,inter alia,
with inhibition of both Ca21 influx and cyclic-AMP
formation,15,26,35and with activation of nitric oxide
release.44,45 These cannabinoid receptor-mediated
effects might, in principle, all be responsible for
anandamide shortening of the feeding response
duration, since this behaviour has been shown to
correlate with increases of intracellular Ca21 or
cyclic-AMP levels,27 and to be inhibited by nitric
oxide.8 At the cellular level, the dopaminergic48

and GABAergic9,37 systems have been shown to be
involved in the induction and/or prolongation of the

feeding response. In view of the ever increasing
number of publications documenting an inhibitory
action by presynaptic cannabinoid receptors on the
release of GABA6,47 and dopamine in the mamma-
lian CNS,19 it is possible to hypothesize that ananda-
mide inhibition of the feeding response is due to
interaction with one or both of these two neurotrans-
mitters. In particular, due to the fact that anandamide
(or AA39) and GABA37 act specifically, with oppos-
ing effects, on the timing of mouth closure rather
than opening, it seems reasonable to suggest that
endocannabinoid control of the feeding response is
exerted at the level of GABA neurotransmission.
However, it should be mentioned that the effects of
cannabinoids on GABAergic transmission are still a
matter of controversy, since these compounds have
also been shown to potentiate the activity of GABA
by inhibiting its re-uptake from nerve terminals.10,42

Clearly, appropriate studies, requiring the co-ordi-
nated effort of neurophysiologists and pharmacolo-
gists, will have to be designed to specifically address
the possible interactions between anandamide and
GABA in Hydra.

CONCLUSION

We have shown that signalling molecules (endo-
genous agonists and receptors) of the cannabinoid
regulatory system exist in one of the most primitive
animal organisms to have evolved a rudimentary
nervous network, and may be involved in the control
of a typical behaviour. This finding strongly
supports the concept that the anandamide/cannabi-
noid receptor system has been preserved throughout
animal evolution,4,7,20,43–45even though its physio-
logical task may have evolved from the control of
a very fundamental behaviour, i.e. feeding, inHydra
to more complex and finer regulatory roles in the
central and peripheral nervous systems of higher
vertebrates.19

Acknowledgements—We wish to thank Dr P. Pierobon,
Istituto di Cibernetica, CNR, for performing the feeding
response assays, Dr M. Hassel, University of Heidelberg,
Germany, for critical discussions, and Dr N. Sepe and Ms
R. Minei, G. Marino and F. Castelluccio for technical
assistance. This work was partly supported by a research
grant from the Human Frontier Science Program
Organization (RG26/95 to V.D.M.).

REFERENCES

1. Abood M. E., Ditto K. E., Noel M. A., Showalter V. M. and Tao Q. (1997) Isolation and expression of a mouse CB1

cannabinoid receptor gene—comparison of binding properties with those of native CB1 receptors in mouse brain and
N18TG2 neuroblastoma cells.Biochem. Pharmac.53, 207–214.

2. Berrendero F., Sepe N., Ramos A., Di Marzo V. and Fernandez-Ruiz J. J. (1999) Analysis of cannabinoid receptor binding and
mRNA expression and endogenous cannabinoid contents in the developing brain during late gestation and early postnatal
period in rats.Synapse, in press.

3. Bisogno T., Sepe N., Melck D., Maurelli S., De Petrocellis L. and Di Marzo V. (1997) Biosynthesis, release and degradation of
the novel endogenous cannabimimetic metabolite 2-arachidonyl-glycerol in mouse neuroblastoma cells.Biochem. J.322,
671–677.

4. Bisogno T., Ventriglia M., Milone A., Mosca M., Cimino G. and Di Marzo V. (1997) Occurrence and metabolism of

The endocannabinoid signalling system inHydra 385



anandamide and related acyl-ethanolamides in ovaries of the sea urchinParacentrotus lividus. Biochim. biophys. Acta1345,
338–348.

5. Cadas H., di Tomaso E. and Piomelli D. (1997) Occurrence and biosynthesis of endogenous cannabinoid precursor,N-
arachidonoyl phosphatidylethanolamine, in rat brain.J. Neurosci.17, 1226–1242.

6. Chan P. K., Chan S. C. and Yung W. H. (1998) Presynaptic inhibition of GABAergic inputs to rat substantia nigra pars
reticulata neurones by a cannabinoid agonist.NeuroReport9, 671–675.

7. Chang M. C., Berkery D., Schuel R., Laychock S. G., Zimmerman A. M., Zimmerman S. and Schuel H. (1993) Evidence for a
cannabinoid receptor in sea urchin sperm and its role in blockade of the acrosome reaction.Molec. Reprod. Dev.36,507–516.

8. Colasanti M., Lauro G. M. and Venturini G. (1995) NO in hydra feeding response.Nature374,505.
9. Concas A., Pierobon P., Mostallino M. C., Porcu P., Marino G., Minei R. and Biggio G. (1998) Modulation ofg-aminobutyric

acid (GABA) receptors and the feeding response by neurosteroids inHydra vulgaris. Neuroscience85, 979–988.
10. Coull M. A., Johnston A. T., Pertwee R. G. and Davies S. N. (1997) Action of delta-9-tetrahydrocannabinol on GABA(A)

receptor-mediated responses in a grease-gap recording preparation of the rat hippocampal slice.Neuropharmacology36,
1387–1392.

11. Cravatt B. F., Giang D. K., Mayfield S. P., Boger D. L., Lerner R. A. and Gilula N. B. (1996) Chemical characterization of a
family of brain-lipids that induce sleep.Nature384,83–87.

12. Deadwyler S. A., Hampson R. E. and Childers S. R. (1995) Functional significance of cannabinoid receptors in the brain. In
Cannabinoid Receptors(ed. Pertwee R.), pp. 205–231. Academic, London.

13. De Petrocellis L., Melck D., Palmisano A., Bisogno T., Laezza C., Bifulco M. and Di Marzo V. (1998) The endogenous
cannabinoid anandamide inhibits human breast cancer cell proliferation.Proc. natn. Acad. Sci. U.S.A.95, 8375–8380.

14. De Petrocellis L., Melck D., Ueda N., Maurelli S., Kurahashi Y., Yamamoto S., Marino G. and Di Marzo V. (1997) Novel
inhibitors of brain, neuronal and basophilic anandamide amidohydrolase.Biochem. biophys. Res. Commun.231,82–88.

15. Di Marzo V. (1998) ‘Endocannabinoids’ and other fatty acid derivatives with cannabimimetic properties: biochemistry and
possible physiopathological relevance.Biochim. biophys. Acta1392,153–175.

16. Di Marzo V., De Petrocellis L., Sugiura T. and Waku K. (1996) Potential biosynthetic connections between the two canna-
bimimetic eicosanoids, anandamide and 2-arachidonyl-glycerol, in mouse neuroblastoma cells.Biochem. biophys. Res.
Commun.227,281–288.

17. Di Marzo V., Fontana A., Cadas H., Schinelli S., Cimino G., Schwartz J. C. and Piomelli D. (1994) Formation and inactivation
of endogenous cannabinoid anandamide in central neurons.Nature372,686–691.

18. Di Marzo V., Gianfrani C., De Petrocellis L., Milone A. and Cimino G. (1994) Polyunsaturated-fatty-acid oxidation inHydra:
regioselectivity, substrate-dependent enantioselectivity and possible biological role.Biochem. J.300,501–507.

19. Di Marzo V., Melck D., Bisogno T. and De Petrocellis L. (1998) Endocannabinoids: endogenous cannabinoid receptor ligands
with neuromodulatory actions.Trends Neurosci.21, 521–528.

20. Elphick M. R. (1998) An invertebrate G-protein coupled receptor is a chimeric cannabinoid/melanocortin receptor.Brain Res.
780,170–173.

21. Felder C. C. and Glass M. (1998) Cannabinoid receptors and their endogenous ligands.A. Rev. Pharmac. Toxic.38,179–200.
22. Fontana A., Di Marzo V., Cadas H. and Piomelli D. (1995) Analysis of anandamide, an endogenous cannabinoid substance,

and of other naturalN-acylethanolamines.Prostaglandins Leukotrienes Essent. Fatty Acids53, 301–308.
23. Grimmelikhuijzen C. J. P., Carstensen K., Darmer D., Moosler A., Nothacker H. P., Reinscheid R. K., Schmutzler C., Vollert

H., McFarlane I. D. and Rinehart K. L. (1992) Coelenterate neuropeptides: structure, action and biosynthesis.Am. Zool.32,1–
12.

24. Grimmelikhuijzen C. J. P., Graff D., Koizumi O., Westfall J. A. and McFarlane I. D. (1989) Neurons and their peptide
transmitters in Coelenterates. InEvolution of the First Nervous Systems(ed. Anderson P. A. V.), pp. 95–109. Plenum,
New York.

25. Grosvenor W., Bellis S. L., Kass-Simon G. and Rhoads D. E. (1992) Chemoreception inHydra: specific binding of glutathione
to a membrane fraction.Biochim. biophys. Acta1117,120–125.

26. Hillard C. J. and Campbell W. B. (1997) Biochemistry and pharmacology of arachidonylethanolamide, a putative endogenous
cannabinoid.J. Lipid Res.38, 2383–2398.

27. Lenhoff H. M. (1981) Biology and physical chemistry of feeding response ofHydra. In Biochemistry of Taste and Olfaction
(eds Cagan R. H. and Kare M. R.), pp. 457–497. Academic, San Diego.

28. Loomis W. F. (1955) Glutathione control of the specific feeding reaction ofHydra. Ann. N. Y. Acad. Sci.62, 209–228.
29. Mackie G. O. (1990) The elementary nervous system revisited.Am. Zool.30, 907–920.
30. Matsuda L. A., Lolait S. J., Brownstein M. J., Young A. C. and Bonner T. I. (1990) Structure of a cannabinoid receptor and

functional expression of the cloned cDNA.Nature346,561–564.
31. Mechoulam R., Ben-Shabat S., Hanus L., Ligumsky M., Kaminski N. E., Schatz A. R., Gopher A., Almog S., Martin B. R.,

Compton D. R., Pertwee R. G., Griffin G., Bayewitch M., Barg J. and Vogel Z. (1995) Identification of an endogenous 2-
monoglyceride, present in canine gut, that binds to cannabinoid receptors.Biochem. Pharmac.50, 83–90.

32. Mechoulam R., Fride E. and Di Marzo V. (1998) Endocannabinoids.Eur. J. Pharmac.359,1–18.
33. Munro S., Thomas K. L. and Abu-Shaar M. (1993) Molecular characterization of a peripheral receptor for cannabinoids.

Nature365,61–65.
34. Parker G. H. (1919)The Elementary Nervous System. Lippincott, Philadelphia.
35. Pertwee R. G. (1997) Pharmacology of cannabinoid CB1 and CB2 receptors.Pharmac. Ther.74, 129–180.
36. Pestonjamasp V. K. and Burnstein S. H. (1998) Anandamide synthesis is induced by arachidonate mobilizing agonists in cells

of the immune system.Biochim. biophys. Acta1394,249–260.
37. Pierobon P., Concas A., Santoro G., Marino G., Minei R., Pannaccione A., Mostallino M. C. and Biggio G. (1995) Biochemical

and functional identification of GABA receptors inHydra vulgaris. Life Sci.56, 1485–1497.
38. Pierobon P., De Petrocellis L. and Minei R. (1997) Effects of Antho-RFamide on the action of GABA inHydra vulgarisPallas

1766. InProceedings of the 6th International Conference on Coelenterate Biology, pp. 385–391.
39. Pierobon P., De Petrocellis L., Minei R. and Di Marzo V. (1997) Arachidonic acid as an endogenous signal for the glutathione-

induced feeding response inHydra. Cell. molec. Life Sci. (formerly Experientia)53, 61–68.
40. Pierobon P., De Petrocellis L., Minei R. and Di Marzo V. (1997) Arachidonic acid and eicosanoids inHydra: possible

endogenous signals involved in chemioreception and modulation of the feeding behaviour.Adv. exp. Med. Biol.433,363–366.
41. Rinaldi-Carmona M., Barth F., He´aulme M., Alonso R., Shire D., Congy C., Soubrie P., Breliere J. C. and Le Fur G. (1995)

L. De Petrocelliset al.386



Biochemical and pharmacological characterisation of SR141716A, the first potent and selective brain cannabinoid receptor
antagonist.Life Sci.56, 1941–1947.

42. Romero J., de Miguel R., Ramos J. A. and Fernandez-Ruiz J. J. (1997) The activation of cannabinoid receptors in striatonigral
GABAergic neurons inhibited GABA uptake.Life Sci.62, 351–363.

43. Sepe N., De Petrocellis L., Montanaro F., Cimino G. and Di Marzo V. (1998) Bioactive long chainN-acylethanolamines in five
species of edible bivalve molluscs. Possible implications for mollusc physiology and sea food industry.Biochim. biophys. Acta
1389,101–111.

44. Stefano G. B., Liu Y. and Goligorsky M. S. (1996) Cannabinoid receptors are coupled to nitric oxide release in invertebrate
immunocytes, microglia, and human monocytes.J. biol. Chem.271,19238–19242.

45. Stefano G. B., Salzet B. and Salzet M. (1997) Identification and characterization of the leech CNS cannabinoid receptor:
coupling to nitric oxide release.Brain Res.753,219–224.

46. Sugiura T., Kondo S., Sukagawa A., Tonegawa T., Nakane S., Yamashita A., Ishima Y. and Waku K. (1996) Transacylase-
mediated and phosphodiesterase-mediated synthesis ofN-arachidonoylethanolamine, an endogenous cannabinoid-receptor
ligand, in rat brain microsomes. Comparison with the synthesis from free arachidonic acid and ethanolamine.Eur. J. Biochem.
240,53–62.

47. Szabo B., Dorner L., Pfreundtner C., Norenberg W. and Starke K. (1998) Inhibition of GABAergic inhibitory postsynaptic
currents by cannabinoids in rat corpus striatum.Neuroscience85, 395–403.

48. Venturini G. and Carolei A. (1992) Dopaminergic receptors inHydra. Pharmacological and biochemical observations.Comp.
Biochem. Physiol.102C,39–43.

49. Westfall J. A. (1987) Ultrastructure of invertebrate synapses. InNervous Systems in Invertebrates(ed. Ali M. A.), pp. 3–28.
Plenum, New York.

50. Yamaguchi F., Macrae A. D. and Brenner S. (1996) Molecular cloning of two cannabinoid type 1-like receptor genes from the
puffer fishFugu rubripes. Genomics35, 603–605.

(Accepted15 December1998)

The endocannabinoid signalling system inHydra 387


