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Purpose. To evaluate the effects of topically applied anandamide
transport inhibitors, AM404 and olvanil, on the intraocular pressure
(IOP) of normotensive rabbits. To determine if the ocular hypoten-
sion induced by topical anandamide (AEA) can be potentiated by
co-administered AM404.
Methods. Test compounds, in either hydroxypropyl-b-cyclodextrin
(HP-b-CD) or propylene glycol, were administered unilaterally onto
rabbit eyes. To determine if AM404 affects the IOP-profile of AEA,
AM404 was administered ocularly 15 minutes before topical AEA.
Phenylmethylsulfonyl fluoride (PMSF) (24 mg/kg, s.c.) was given 30
min before AEA to prevent its catabolism. IOPs of the treated and
untreated eyes were measured. The cannabinoid agonist activities of
AM404 and olvanil were studied by using [35S]GTPgS autoradiogra-
phy.
Results. Topical AM404 (62.5 mg), in HP-b-CD vehicle, decreased
IOP significantly in treated eyes. AM404 (62.5 mg) induced a signifi-
cant IOP increase without subsequent decrease when given in pro-
pylene glycol vehicle. Olvanil (312.5 mg) caused a significant IOP
reduction without provoking an initial hypertensive phase. These
compounds did not significantly affect the IOP of untreated eyes.
Co-administered AM404 (125 mg in HP-b-CD) had no significant
effect on the IOP profile of AEA (62.5 mg).
Conclusions. Ocular administration of AM404 or olvanil decreased
IOP in rabbits, although AM404 can provoke an initial ocular hyper-
tension and did not potentiate the IOP responses induced by exog-
enous AEA.
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INTRODUCTION

Ocular (1) and systemic (2) administration of cannabi-
noids, including D9-tetrahydrocannabinol (D9-THC), lowers
intraocular pressure (IOP). Arachidonyl ethanolamide (an-
andamide, AEA) (3) and 2-arachidonyl glycerol (2-AG) (4)
are putative endogenous neuronal cannabinoid receptor
(CB1) ligands. They and their various chemical derivatives
mimic many of the pharmacological actions of cannabinoids,
including IOP effects (5–7) which can be blocked by the
highly specific CB1 receptor antagonist SR141716A (8). The
discovery of a CB1 receptor in the rat eye (9) and subse-
quently in the eyes of other animal species (10), including
humans (11), further supports a physiological role for endog-
enous cannabinoid signalling system in the eye.

AEA inactivates rapidly in vivo. The inactivation occurs
by carrier-mediated transport into cells (12) followed by en-
zymatic hydrolysis (13) via intracellular fatty acid amide hy-
drolase (FAAH). Accumulation of AEA fulfils the require-
ments for facilitated transport (14), that is, it is rapid (t1/24
2.6 min), saturable, temperature-dependent and possesses
strict substrate selectivity. Cellular uptake is reported to be
competitively and effectively inhibited by an aromatic anan-
damide analog, N-(4-hydroxyphenyl)-arachidonyl amide
(AM404) (15), and by a vanilloid receptor agonist, (N-
vanillyl)-9-oleamide (olvanil) (16).

It has been reported earlier that co-administered AM404
significantly enhances and prolongs AEA-induced analgesia
in mice (15). Calignano et al. (17) have shown an enhanced
vasodepressor response and prolonged duration of action to
AEA after co-administration with AM404 in anesthesized
guinea pigs. In both studies, AM404 had little or no effect
when administered without AEA.

The aim of the present study was to investigate the effect
of topically applied AM404 or olvanil on the IOP of normo-
tensive rabbits. We also evaluated the effects of AM404 on
the IOP profile induced by exogenous AEA.

MATERIALS AND METHODS

Chemicals

N-(4-hydroxyphenyl)-arachidonyl amide (AM404) was
purchased from Cayman Chemical (Ann Arbor, MI, USA) or
from Deva Biotech (Hatboro, PA, USA). Anandamide
(AEA) was purchased from Deva Biotech (Hatboro, PA,
USA) and (N-vanillyl)-9-oleamide (olvanil) from Tocris
Cookson Ltd. (Bristol, UK). 2-Hydroxypropyl-b-cyclodextrin
(HP-b-CD, Encapsin, mw 4 1297.4, degree of molar substi-
tution 4 0.4) was obtained from Janssen Biotech (Olen, Bel-
gium) and propylene glycol from Oriola OY (Espoo, Fin-
land). Phenylmethylsulfonyl fluoride (PMSF) was purchased
from Aldrich Chemie (Steinheim, Germany), isotonic 0.9%
sodium chloride solution from Orion Pharma (Espoo, Fin-
land) and glycerol formal from Sigma Chemical Company (St.
Louis, MO, USA).

For the [35S]GTPgS autoradiography, sources of chemi-
cals were as follows: 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX) from RBI (Natick, MA, USA); BSA (fatty acid free),
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GDP, GTPgS, dithiothreitol (DTT) and PMSF from Sigma
(St. Louis, MO, USA). [35S]GTPgS (initial specific activity
1250 Ci/mmol) was purchased from DuPont NEN. The stock
solution was diluted 1:50 in 10 mM Tris-HCl (pH 7.4) con-
taining 10 mM DTT, and apportioned into single-use aliquots
stored at −80°C. CP-55,940 {(−)-5-(1,1-dimethylheptyl)-2-[5-
hydroxy-2-(3-hydroxypropyl)cyclo-hexyl]-phenol}was a gift
from Pfizer Inc. (Groton, CT, USA) and R-1-methanand-
amide was synthesized by the method of Devane et al. (3). SR
141716A [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride], the selective CB1 receptor antagonist (18), was
provided by Sanofi Research (Montepellier, France). All
other chemicals were of the highest purity available.

Preparation of Eyedrops and PMSF Solution

AM404 or AEA were dissolved in ethanol for transfer.
The ethanol was then evaporated under a nitrogen steam.
AM404 was redissolved in an aqueous 25% HP-b-CD solu-
tion or in propylene glycol. AEA was redissolved in an aque-
ous 10% HP-b-CD solution. The pH of the aqueous eyedrop
solutions was adjusted to 7.4 with sodium hydroxide and the
solutions were made isotonic with sodium chloride. Final drug
concentrations of the AM404 and AEA solutions were 2.5
mg/ml. Olvanil was dissolved in propylene glycol to concen-
trations of 2.5 mg/ml and 12.5 mg/ml. Either a 25% HP-b-CD
solution or propylene glycol was used as a control vehicle in
the AM404 studies, or propylene glycol was the control ve-
hicle in the olvanil studies. Drug concentrations were ana-
lysed by high-pressure liquid chromatography (HPLC) as de-
scribed below. PMSF was dissolved in glycerol formal to a
concentration of 150 mg/ml.

Determination of Drug Concentrations

A gradient HPLC method was developed for the deter-
mination of drug concentrations in the eyedrop solutions. The
HPLC system consisted of a Merck Hitachi (Hitachi Ltd.,
Tokyo, Japan) L-7100 pump, Merck Hitachi L-7000 interface
module, Merck Hitachi diode array detector (200–400 nm, set
to 211 nm) and a Merck Hitachi L-7250 programmable au-
tosampler. A Purospher RP-18 endcapped reverse-phase col-
umn (125 mm × 4 mm, 5 mm) protected with a Purospher
RP-18 endcapped guard column (40 mm × 4 mm, 5 mm) was
used for separations. The chromatographic conditions were as
follows. The mobile phase consisted of acetonitrile and a 0.02
M phosphate buffer solution of pH 7.0, run at a flow rate of
1.2 ml/min. The proportion of acetonitrile in the mobile phase
was increased from 60% to 95% via a linear ramp of 15 min,
then maintained on a 5 min plateau, and subsequently re-
turned to initial conditions over the course of 8 min.

Intraocular Pressure (IOP) Measurements

Experimental animals used in this study were normoten-
sive Dutch Belted rabbits of either gender (2.3–4.0 kg, n 4
5–6). The rabbits were housed singly in cages under standard
laboratory conditions: 12 h dark / 12 h light cycle, 20.0 ± 0.5°C
and 55–75% relative humidity. Rabbits were given water and
food ad libitum except during the tests. This research adhered
to the “Principles of Laboratory Animal Care.”

To perform each test, the rabbits were placed in plastic

restraining boxes located in quiet room. A drop (25 ml or 50
ml) of test solution was instilled unilaterally into each of their
left eyes, on the upper corneoscleral limbus. During the in-
stillation, the upper eyelid was pulled slightly away from the
globe. IOP was measured using a BioRad (Cambridge, MA)
Digilab Modular One Pneumatonometer. Before each mea-
surement, one or two drops of topical anesthetic (0.06% oxy-
buprocaine) were applied to the cornea before tonometry to
eliminate discomfort. The upper and lower eyelids were then
gently retracted, and the applanation sensor was brought into
contact with the center of cornea. For every determination, at
least two readings were taken from each treated (ipsilateral)
and untreated (contralateral) eye and the mean of these read-
ings was used. IOP was measured at 2, 1, and 0 h before, and
at 0.5, 1, 2, 3, 4 and 5 h after, eyedrop administration. IOP at
the time of eyedrop administration (0 h) was used as the
baseline value. Baseline IOPs ranged between 14.4–32.6 mm
Hg. The studies were set up using a masked and randomized
crossover design. At least 72 h of wash-out time was allowed
for each rabbit between dosings.

When the effects of AM404 and olvanil on IOP were
studied, olvanil (62.5 mg or 312.5 mg, 25 ml) and AM404 (62.5
mg, 25 ml) topical eyedrop solutions were ophthalmically ad-
ministered. However, for the study of how AM404 (125 mg, 50
ml, 15 min prior to AEA) affects the IOP profile induced by
AEA (62.5 mg in HP-b-CD vehicle, 25 ml), PMSF (approxi-
mately 24 mg/kg) was given as a subcutaneous injection 30
min prior to the topical AEA ophthalmic dose in order to
inhibit AEA hydrolysis. PMSF was not given ocularly be-
cause its low aqueous solubility hindered eyedrop formula-
tion. Control treatments for the above-mentioned experi-
ments were as follows. PMSF (24 mg/kg, s.c.) was adminis-
tered 30 min prior to topical application of the ocular HP-b-
CD vehicle. An ophthalmic 0.9% NaCl solution (50 ml) was
administered 15 min prior to the HP-b-CD vehicle in substi-
tution for the AM404 treatment.

[35S]GTPgS Autoradiography

[35S]GTPgS autoradiography was conducted using opti-
mized assay conditions wherein the prominent signal due to
tonic adenosine A1 receptor activity has been eliminated
(19,20). Twenty-mm-thick brain sections (two coronal and two
sagittal sections per slide, each from an individual animal)
from 4-week-old male Wistar rats were used. The assay con-
sisted of a pre-incubation for 20 min at 20°C in buffer A (50
mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 5 mM
MgCl2), followed by GDP loading for 1 h at 20°C in buffer A
additionally containing 2 mM GDP and 1 mM DPCPX. For
[35S]GTPgS binding, sections were incubated for 90 min at
20°C in buffer A with added 0.3–0.5 nM [35S]GTPgS, 2 mM
GDP, 1 mM DPCPX, 1 mM DTT and cannabinoid ligands in
concentrations indicated by Fig. 5 dissolved in 0.1 or 2% (w/v)
fatty acid-free BSA. Non-specific binding was determined in
the presence of 10 mM [35S]GTPgS. The brain sections were
washed twice at 0°C for 5 min each time in a washing buffer
(50 mM Tris-HCl, 5 mM MgCl2, pH 7.4), rinsed in ice-cold
deionized water for 30 sec, air dried and apposed to Hyper-
film™-bmax (Amersham) for 5 days together with autoradio-
graphic [14C] microscale standards (Amersham). Films were
developed in Kodak D-19 developer for 4 min at 4°C.
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Data Analysis

The results are presented as a change in the IOP (mm
Hg) mean, ± S.E. (standard error) of the mean. Significance
in the differences of the means between the two treatments
was tested by using a 2-tailed paired Student’s t-test evaluated
at the 95% confidence level. The statistical differences be-
tween multiple groups were tested by using a one-factor
analysis of variance (ANOVA) for repeated measures. The
significance in the differences of the means was evaluated by
using the Fisher’s Protected Least Significant Difference
(PLSD) method at the 95% confidence level.

RESULTS

Treated Eye

Chemical structures of the experimental compounds are
presented in Fig. 1. Topical ocular administration of AM404
(62.5 mg, 25 ml) in a HP-b-CD vehicle markedly reduced IOP
compared to the vehicle treatment (Fig. 2A). The IOP reduc-
tion was observable at 1 h and the statistically significant
maximal IOP hypotension (−3.4 ± 1.1 mm Hg) was obtained
at 4 h post-dosing. When the same quantity of AM404 was
applied in a propylene glycol vehicle, no significant decrease
in IOP was observed (Fig. 2B). Indeed, the dose induced a
statistically significant initial increase of IOP (+3.6 ± 1.4 mm
Hg).

Fig. 3A shows that AEA tended to decrease IOP in the
presence of PMSF, although AEA did not have a significant
effect on IOP when compared to control vehicle. AM404 (125
mg, 50 ml, 15 min prior to AEA) pretreatment did not poten-
tiate or prolong the ocular effects of topical AEA (62.5 mg, 25
ml). A subcutaneous injection of PMSF (24 mg/kg, 30 min
prior to AEA), the non-selective serine protease inhibitor
that also inhibits fatty acid amide hydrolase (13), was given to
prevent enzymatic inactivation of AEA.

Ocular administration of olvanil at a dose of 62.5 mg did
not significantly decrease IOP (a maximal IOP reduction −1.6
± 0.6 mm Hg occurred at 2 h) compared to the propylene
glycol vehicle treatment (Fig. 4A). However, olvanil induced
a statistically significant IOP reduction (−3.2 ± 1.1 mm Hg
at 3 h) at a dose of 312.5 mg, when compared to the control
(Fig. 4A).

Untreated Eye

Unilateral ocular administration of AM404 (62.5 mg) in
the aqueous HP-b-CD vehicle, or in propylene glycol, did not
cause statistically significant effects on IOP in the contralat-
eral untreated eye, compared to the control vehicle (data not
shown). Neither dose of olvanil (62.5 mg or 312.5 mg) signifi-
cantly affected IOP in the untreated eye (Fig. 4B). As with
the treated eyes, AM404 (125 mg) did not affect IOP re-
sponses of AEA (62.5 mg) in the untreated eyes (Fig. 3B).

Fig. 1. Chemical structures of anandamide (AEA) and the transport uptake inhibitors,
AM404 and olvanil.

Fig. 2. IOP-changes (mean ± S.E., n 4 6) in treated eyes of normo-
tensive rabbits after unilateral ocular administration (25 ml) of
AM404 (62.5 mg) in an aqueous 25% HP-b-CD vehicle (Fig. 2A) and
in propylene glycol vehicle (Fig. 2B). Asterisks (*) indicate data sig-
nificantly different from control values (25% HP-b-CD, propylene
glycol) at the 95% confidence level (2-tailed paired Student’s t-test).
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Autoradiography Study

To assess if AM404 or olvanil exhibit cannabinoid ago-
nist properties, CB1 receptor-dependent G protein activity
was monitored using [35S]GTPgS autoradiography of rat
brain sections. As evident from Fig. 5, neither compound at
concentrations up to 10−4 M exhibited agonist activity at the
CB1 receptor under these conditions, whereas the non-
classical cannabinoid CP-55,940 (10−5 M), which binds with
high affinity to the CB1 and CB2 receptors (21), generated a
robust response in the various CB1 receptor-enriched re-
gions. The stable AEA analog, R-1-methanandamide served
as an additional control and, at a 10−4 M concentration, gen-
erated a weak signal, in the CP-55,940-responsive brain re-
gions, consistent with a partial agonist action (22) at the CB1
receptor. Similar results were obtained using either 0.1% or
2% BSA as a carrier for the compounds, and regardless of
whether PMSF (10−4 M) was included or not (data not
shown). All responses to CP-55,940 and R-1-methanand-
amide were eliminated (data not shown) in the presence of
the CB1-selective antagonist SR141716A (10−6 M).

DISCUSSION

Beltramo et al. (15) and Calignano et al. (17) have shown
that AM404 may potentiate the pharmacological effects of

AEA. In contrast, our results indicate that AM404 had a
pharmacological effect when administered in the absence of
AEA. Further, it did not potentiate or prolong the ocular
hypotensive effects of AEA. Consequently, data generated by
co-administration of AM404 and AEA may probably be the
sum of the combined IOP effects of both compounds. The
effect of AM404 pretreatment on the IOP profile induced by
AEA was studied only at the AM404 dose of 125 mg due to
the fact that the latter compound itself affected IOP (Fig. 3B).

In the present study, subcutaneous pretreatment with
PMSF was used because AEA (62.5 mg) evokes a bi-phasic
effect (i.e., initial ocular hypertension followed by a signifi-
cant IOP reduction) in the absence of this FAAH inhibitor
(5), probably due to AEA hydrolysis. The resulting arachi-
donic acid exhibits the same IOP profile, which is eliminated
in the presence of an indomethacin pretreatment (6), suggest-
ing prostanoid involvement. As PMSF prevents AEA hydro-
lysis, only the hypotensive phase is observed (Fig. 2A). Ra-
khshan et al. (23) recently reported that FAAH inhibitors
may decrease AEA transport in RBL-2H3 cells and Mac-
carone et al. (24) have hypothesized that PMSF may affect the
active site of the transporter protein (i.e., PMSF may have
similar effects as AEA uptake inhibitors). Consequently, it is
reasonable to assume that the synergetic effects of AM404
upon the action of AEA would be enhanced by the absence
of PMSF.

It was observed that ophthalmic AM404 and olvanil de-
crease IOP in the treated eyes of normotensive rabbits. This

Fig. 3. IOP changes (mean ± S.E., n 4 6) in treated (A) and un-
treated (B) eyes of normotensive rabbits after unilateral ocular ad-
ministration of AEA (62.5 mg, 25 ml) with (s) and without (D) pre-
treatment with AM404 (125 mg, 50 ml, 15 min prior to AEA) in 25%
HP-b-CD vehicle. PMSF (24 mg/kg, s.c.) was given 30 min prior to
the AEA. Control treatment: Unilateral ocular application of a 0.9%
NaCl solution (50 ml) 15 minutes prior to a 10% HP-b-CD ophthal-
mic vehicle and subcutaneous PMSF administration (24 mg/kg) 30
min prior to the vehicle (d).

Fig. 4. IOP-changes (mean ± S.E.) in treated (A) and untreated (B)
eyes of normotensive rabbits after unilateral ocular administration
(25 ml) of 62.5 mg olvanil (D) (n 4 6), 312.5 mg olvanil (s) (n 4 5)
or propylene glycol vehicle (d) (n 4 5). Asterisks (*) indicate data
significantly different from values for vehicle at the 95% confidence
level (ANOVA, Fisher’s PLSD test).
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may be due to prevention of carrier-mediated cellular uptake
and subsequent intracellular metabolism of an endogenous
AEA acting as a ligand for IOP reduction (5,25). When car-
rier-mediated cellular uptake of AEA is inhibited, its endog-
enous levels would be increased in the extracellular space,
where the binding sites of CB1 receptors are located (26).
Initial results suggest that topical AEA reduces IOP via the
CB1 receptor when AEA hydrolysis is prevented by PMSF
(unpublished data). In addition, previous study by Pate et al.
(8) has indicated this mechanism for other cannabinoids, in-
cluding an FAAH-resistant AEA analog.

It has been reported that the AEA transporter partici-
pates in the cellular uptake of 2-arachidonyl glycerol (2-AG)
(27). 2-AG is an endogenous cannabinoid receptor agonist
(4), which has been reported to decrease IOP in normoten-
sive rabbits (7) with potency comparable to AEA. Thus,
AM404 and olvanil may increase 2-AG levels as well as AEA
levels in the eye and reduce IOP via this mechanism. Indeed,
2-AG has been found in rat retina (9), and brain concentra-
tions (28) are approximately 700-fold higher than those of
AEA.

Fig. 3 suggests the possibility that prostaglandin synthesis
may play a role in mediating the IOP effects of AM404. Al-
though an IOP reduction was observable after administration

of 62.5 mg of AM404 in the HP-b-CD vehicle, an initial in-
crease of IOP was observed with the same dose applied via a
propylene glycol vehicle. Substantial complexation of a drug
with cyclodextrins may diminish ocular absorption of the drug
(29), because only the free drug, not the drug-CD complex,
can penetrate across the cornea (30), Consequently, it can be
assumed that a larger fraction of the administered AM404
was absorbed into the eye from the propylene vehicle. Thus,
the present result suggests that high ocular doses of AM404
induced an initial increase of IOP in treated eyes. We have
demonstrated earlier that the initial increase of IOP in treated
eyes after AEA administration is dose-dependent; the higher
the dose, the higher the initial increase of IOP (5). We have
shown that an initial increase of IOP after AEA administra-
tion is most likely due to enzymatic hydrolysis of AEA and
subsequent formation of ocular arachidonic acid (6), a pros-
tanoid metabolic precursor. The present results strongly sug-
gest that AM404 is also degraded to arachidonic acid in the
eye, although AM404 is reported to be a poor FAAH sub-
strate (31). Piomelli et al. (27) have observed that AM404
may serve as a substrate for the AEA transporter. Thus, in-
activation of AM404 may occur by carrier-mediated transport
into cells, followed by enzymatic hydrolysis by FAAH. How-
ever, the IOP lowering effects of olvanil are not mediated via
a prostanoid mechanism, as olvanil is not an arachidonic acid
derivative.

The affinities of AM404 (Ki 4 1.8 mM) and olvanil (Ki 4
1.6 − 7.1 mM) for the CB1 receptor (32,33) are on same order
of magnitude as their respective affinities (AM404 Ki 4 2.1
mM, olvanil Ki 4 14.1 mM) for the transport protein (16).
Consequently, it could be argued that the IOP decreasing
effects of AM404 and olvanil are due to their agonist activity
at the CB1 receptor. However, our results do not support this,
as neither compound at concentrations up to 10−4 M exhibited
agonist properties at the CB1 receptors. Thus, we conclude
that the IOP effects of AM404 or olvanil were likely not
mediated through direct agonism at the CB1 receptors. Bel-
tramo et al. (15) have also reported that AM404 does not act
in this fashion.

It has been reported recently that AM404 and AEA ac-
tivate vanilloid receptors (VR1) (34,35). Consequently, it can
be argued that the IOP effects of olvanil, AM404 and AEA
might be mediated via these receptors. However, it is not
currently known whether VR1 receptors are present in the
eye or whether they are involved in regulating of IOP.

In conclusion, the present study shows that topical doses
of AM404 or olvanil decrease IOP in normotensive rabbits.
These results suggest that AEA transport inhibitors may be
useful as anti-hypertensive agents in the treatment of glau-
coma.
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Högestätt. The anandamide transport inhibitor AM404 activates
vanilloid receptors, Eur. J. Pharmacol. 396:39–42 (2000).

35. D. Smart and J. C. Jerman. Anandamide: an endogenous activa-
tor of the vanilloid receptor. Trends Pharmacol. Sci. 21:134
(2000).

36. M. Herkenham, A. B. Lynn, M. R. Johnson, L. S. Melvin, B. R.
de Costa, and K. C. Rice. Characterization and localization of
cannabinoid receptors in rat brain: A quantitative in vitro auto-
radiographic study. J. Neurosci. 11:563–583 (1991).

IOP Effects of AM404 and Olvanil in Rabbits 499


