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Background and purpose: The endocannabinoid-like molecule N-oleoylethanolamine (OEA) is found in the small intestine
and regulates food intake and promotes weight loss. The principal aim of the present study was to evaluate the vascular effects
of OEA.

Experimental approach: Perfused isolated mesenteric arterial beds were pre-contracted with methoxamine or high potassium
buffers and concentration-response curves to OEA were constructed. Combinations of inhibitors to block nitric oxide produc-
tion, sensory nerve activity, cyclooxygenase activity, potassium channels, chloride channels and gap junctions, and a cannab-
inoid CB, receptor antagonist, were used during these experiments. The effects of OEA on caffeine-induced contractions in
calcium-free buffer were also assessed. Isolated thoracic aortic rings were used as a comparison.

Key results: OEA caused concentration-dependent vasorelaxation in rat isolated mesenteric arterial beds and thoracic aortic
rings, with a greater maximal response in mesenteric vessels. This relaxation was sensitive to inhibition of sensory nerve activity
and endothelial removal in both preparations. The cyclooxygenase inhibitor indomethacin reversed the effects of capsaicin
pre-treatment in perfused mesenteric arterial beds and indomethacin alone enhanced vasorelaxation to OEA. The OEA-induced
vasorelaxation was inhibited by a CB; receptor antagonist only in aortic rings. In mesenteric arteries, OEA suppressed
caffeine-induced contractions in calcium-free buffer.

Conclusions and implications: The vasorelaxant effects of OEA are partly dependent on sensory nerve activity and a functional
endothelium in the vasculature. In addition, vasorelaxation to OEA is enhanced following cyclooxygenase inhibition. OEA may
also interfere with the release of intracellular calcium in arterial preparations.
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Introduction small intestine and adipose tissue, which acts to reduce food

intake via the cannabinoid-like receptor GPR119 and cause
N-Oleoylethanolamine (OEA) is an endocannabinoid-like  weight loss by increased fatty acid metabolism and oxidation
molecule (Alexander and Kendall, 2007) that is found in the  (Fu et al., 2003; Guzman et al., 2004; Lo Verme et al., 2005;
Overton et al., 2006). Its release in the gastrointestinal tract is
promoted by dietary lipids where it acts as a local messenger
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OEA is an N-acylethanolamide that is synthesized from an
N-acylphosphatidylethanolamine (NAPE), where the acyl
group is oleic acid, by a NAPE-specific phospholipase D in
phospholipid membranes (Hansen etal.,, 2000; Okamoto
etal., 2004). A second synthetic pathway for OEA has also
been determined, whereby NAPE is hydrolysed by phospho-
lipase A, to lyso-NAPE, and is then further metabolized by
lysophospholipase D to OEA (Lo Verme et al., 2005). Like the
more commonly studied N-acylethanolamide, anandamide,
OEA is synthesized on demand rather than being stored,
and can be metabolized into ethanolamine and oleic acid by
fatty acid amide hydrolase (FAAH) or N-acylethanolamine-
hydrolysing acid amidase (NAAA) (Ueda et al., 2001; Tsuboi
et al., 2005). Tissue levels of OEA are consistently higher than
those of anandamide in brain, jejunum and liver samples
(Richardson et al., 2007; Artmann et al., 2008). In rat mesen-
teric arteries, tissue levels of OEA are approximately 100 times
that of anandamide (Ho et al., 2008), and in rat plasma, the
concentration of OEA is approximately 10 nM (Giuffrida
et al., 2000).

Cardiovascular responses to endocannabinoids in anaes-
thetized animals are complex, but usually involve a long-
lasting hypotension. The prototypical endocannabinoid
anandamide is a vasorelaxant in vitro, yet its mechanism of
action is multi-factorial and depends on the species and
preparation used. Anandamide can cause vasorelaxation via
‘classical’ CB; cannabinoid receptors (nomenclature follows
Alexander et al., 2009), via a putative endothelial cannab-
inoid receptor, via sensory nerve activation, or the release of
nitric oxide, vasoactive prostanoids or endothelium-derived
hyperpolarizing factor (EDHF) (see Randall etal., 2004).
There is also evidence that anandamide interferes with intra-
cellular calcium release in vascular smooth muscle prepara-
tions (Zygmunt etal.,, 1997; White and Hiley, 1998). In
addition to acute vasorelaxation, some cannabinoids also
activate PPARy, leading to time-dependent vasorelaxation
(for a review see O’Sullivan, 2007). Structural similarities to
anandamide, its lipophilicity, and signalling via sensory
nerves, GPR119 and PPARy, but no activity at ‘classical’ CB
receptors have led to OEA being categorized as an
endocannabinoid-like molecule.

Most research into the effects of OEA has focussed
on its properties as a satiety factor. However, OEA is
also a vasorelaxant of first-, second- and third-order mesen-
teric arteries, and is reported to be slightly less potent
than anandamide (Movahed et al., 2005; Ho et al., 2008).
Mesenteric vasorelaxation occurs at least in part via
vanilloid (TRPV1) receptors on sensory nerves, an effect
which may be due to structural similarities of OEA and
anandamide with the TRPV1 agonist capsaicin (Movahed
etal., 2005; Ho etal., 2008). Furthermore, in third order
mesenteric arteries, vasorelaxation to OEA is partly
endothelium-dependent (Ho etal.,, 2008). There have also
been reports of interplay between OFEA and anandamide,
whereby 1 uM OEA potentiated vasorelaxation to ananda-
mide in small mesenteric arteries via a sensory nerve-
dependent, but endothelium-independent, mechanism (Ho
et al., 2008).

Given that the tissue levels of OEA are approximately 100
times that of anandamide in rat mesenteric arteries, it is
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important to understand the effect of this endocannabinoid-
like molecule on the vasculature (Ho etal., 2008). These
studies aimed to further investigate the mechanism of action
of OFA in the mesenteric arterial bed.

Methods

Animals

All animal care and experimental procedures were in accor-
dance with the UK Animal (Scientific Procedures) Act 1986.
Male, Wistar rats (200-350 g) (Charles River, Margate, UK)
were housed in the University of Nottingham Biomedical
Services Unit with access to food and water ad libitum. All rats
were stunned by a blow to the head and killed by cervical
dislocation prior to isolation of the arterial tissue.

Perfused mesenteric arterial beds

The abdominal cavity was opened by a midline incision, the
superior mesenteric artery was cleared of fat and connective
tissue and then cannulated in situ. The whole mesenteric
vascular bed was then detached from the gastrointestinal
tract, removed from the rat, and perfused with warmed (37°C)
and gassed (95% O,/5% CO,) modified Krebs’-Henseleit buffer
(composition mM: 118 NaCl, 4.7 KCI, 1.2 MgSO,, 1.2 KH,PO4,
25 NaHCO;, 10 D-glucose, 2 CaCl,) at a flow rate of
5 mL-min~ (McCulloch et al., 1997).

In some preparations, the endothelium was removed by
perfusion of distilled water for two cycles of 10 min (separated
by a gap of approximately 30 min to avoid tissue hypoxia or
washing out of the salts and nutrients). Removal of the endot-
helium was confirmed if 1 uM carbachol failed to reduce
methoxamine-induced tone by more than 20%.

Isolated thoracic aortic rings

Thoracic aortae were dissected free of fat and connective
tissue, then removed and cut into sections (approximately
4 mm in length) and mounted on metal clips attached by
thread to an isometric force displacement transducer (LETICA
210, Barcelona, Spain), then placed in 50 mL organ baths. In
one group of rings, the endothelium was removed by gentle
rubbing with a matchstick prior to mounting. All vessels were
then left to equilibrate at a resting tension of 9.8 mN for 1 h
in warmed, gassed modified Krebs’-Henseleit buffer (compo-
sition described earlier).

Isolated mesenteric arteries

The superior mesenteric artery was located and removed. Next,
the complete mesenteric vascular bed, connected to the intes-
tines, was dissected free from the abdominal cavity, and trans-
ferred into Krebs-Henseleit buffer with the composition
described above. Segments of first-order branches off the supe-
rior mesenteric artery (G1), 2 mm in length, were dissected
from the mesenteric arterial bed and cleared of connective and
adipose tissue. The superior mesenteric artery (GO) was also
finely dissected and segmented at this time. Vessels were then
mounted on tungsten wires (40 pym diameter) on a multi



channel wire myograph (Model 610M, Danish Myo Technol-
ogy, Denmark) (Mulvany and Halpern, 1977), and kept at 37°C
in Krebs-Henseleit buffer, gassed with 5% C0O,/95% O,, with a
resting tension of 9.8 mN (O’Sullivan et al., 2004). Tension was
measured and recorded on a PowerLab 8/30 recording system
(ADInstruments, Chalgrove, Oxfordshire, UK).

Experimental protocols

Preparations were allowed to equilibrate for 1 h, either in the
absence or presence of 10 uM capsaicin in order to deplete the
sensory nerves of their neurotransmitters (Zygmunt et al.,
1999; Harris et al., 2002). Pre-treatment with capsaicin is also
thought to cause rapid desensitization of TRPV1 receptors, and
may even cause a conformational change in TRPV1 receptor
structure, causing the ion channel pore to close (Szallasi and
Blumberg, 1999). Indomethacin (a cyclooxygenase inhibitor,
3 uM), flurbiprofen (a cyclooxygenase inhibitor, 10 uM),
L-NAME (a nitric oxide synthase inhibitor, 300 uM), carbenox-
olone (a gap junction inhibitor, 50 uM) and vapiprost (a
thromboxane A, (TP) receptor antagonist, 30 nM) were present
in the buffer throughout some experiments as indicated (Harris
etal., 2002).

In some preparations, the involvement of CB, receptors in
OEA-induced vasorelaxation was investigated by inclusion of
the CB, receptor antagonist AM251 (1 uM) in the buffer,
before being contracted with the a-adrenoceptor agonist
methoxamine. Although 1puM AM251 is a relatively high
concentration, it is still considered a concentration that
avoids non-specific actions (White et al., 2001). AM251 is of
similar potency to rimonabant at CB, receptors, with a K;
value of 7.49 nM in rat forebrain, and has greater selectivity
for CB; over CB, receptors (K; at CB, receptors = 2290 nM)
(Lan et al., 1999). Therefore, AM251 is routinely used at this
concentration. However, at this concentration, binding to
CB, receptors cannot be altogether excluded.

In some experiments, tone was raised by perfusion with
high-potassium-containing modified Krebs’-Henseleit buffer
(composition mM: 62.5 NaCl, 59.4 KCI, 1.2 MgSO,, 1.2
KH,POy4, 25 NaHCO3, 10 D-glucose, 2 CaCl,) (McCulloch et al.,
1997). This was used to depolarize the arterial tissue and
investigate the role of potassium channels and/or hyperpo-
larizing mechanisms.

After a stable tone was achieved using methoxamine or
high-potassium buffer, concentration-response curves to OEA
were constructed.

Preliminary experiments demonstrated that OEA relaxed the
tone induced by methoxamine but not high potassium, sug-
gesting that the relaxation may involve potassium channel
activation or the involvement of EDHF. EDHF-mediated
responses are non-nitric oxide and non-prostanoid in nature,
and are thought to spread from the endothelium to the smooth
muscle via myoendothelial gap junctions causing hyperpolar-
ization, and ultimately vasorelaxation, of the smooth muscle
(Busse et al., 2002). Therefore, the involvement of EDHF was
assessed by removal of the endothelium (as described earlier),
and by investigating the effects of the gap junction inhibitor
carbenoxolone (50 uM) in the presence of L-NAME and
indomethacin (Harris et al., 2002). EDHF-dependent responses
and the involvement of potassium channels were investigated
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by the inclusion of 10 mM tetraethylammonium (TEA) as a
non-selective potassium channel inhibitor (McCulloch et al.,
1997). The possible involvement of chloride channels in any
hyperpolarizing mechanism was investigated by the addition
of niflumic acid (10 uM) (Criddle et al., 1997).

Given the sensitivity of vasorelaxation by OEA to
methoxamine- but not high-potassium-induced tone, another
possibility is that OEA may interfere with the release of
intracellular calcium (White and Hiley, 1998). In order to
test this possibility, mesenteric arterial beds were perfused
with calcium-free buffer and then perfused with a 5 min pulse
of 50 mM caffeine, which induced a transient increase in
pressure (due to the release of intracellular calcium). Prepara-
tions were then perfused with calcium-containing buffer to
replenish the intracellular calcium stores, after which they
were then perfused with calcium-free buffer, and the response
to 50 mM caffeine was repeated in the presence of 10 uM OEA.
Preliminary experiments indicated that using this protocol,
the caffeine responses in the absence of inhibitors were con-
sistent and reproducible over time (data not shown). These
experiments were also conducted following capsaicin pre-
treatment to remove any sensory nerve involvement in the
response.

In light of the enhancement of responses to anandamide in
the presence of low concentrations of OEA (Ho et al., 2008),
we examined whether the presence of anandamide (1 uM) in
the perfusion fluid affected responses to OFEA in the mesen-
teric arterial bed. In view of the fact that anandamide has
vasorelaxant effects alone, this was controlled for by using
controls with a matched level of methoxamine-induced pre-
contraction.

Statistical analysis

Data are expressed as a mean percentage relaxation of
methoxamine- or potassium-induced tone, with error bars
representing standard error of the mean (s.e. mean), and n
being the number of individual preparations used per group.
Sigmoidal concentration-response curves with a wvariable
slope were fitted to these data using a four parameter logistic
equation in Prism (Version 5; GraphPad Software, La Jolla,
CA, USA). From these curves, pECs, (negative log of the con-
centration required to relax the induced tone by half) and Ry.x
(maximal values of percentage relaxation) values were calcu-
lated. When sigmoidal curves failed to reach a plateau, pECxy,
values (negative log of the concentration required to relax the
induced tone by X%) were calculated. Where it was not pos-
sible to fit a sigmoidal curve to a dataset (e.g. in Figure 2), a
cubic spline curve was fitted instead.

Groups were compared by unpaired Student’s t-test, or
one-way ANOVA followed by a post hoc test for multiple com-
parisons. In some situations, two-way ANOVAs were used. In
the case of the experiments with caffeine, increases in per-
fusion pressure were compared in the absence and presence
of OEA using Student’s paired t-test. P < 0.05 was taken as
significant.

Materials
All drugs were supplied by Sigma (Poole, Dorset, UK), with the
exception of OEA, which was synthesized in-house by Dr SPH
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Alexander. Stock solutions (10 mM) of OEA (in dimethylsul-
phoxide) and anandamide (in ethanol) were further diluted
with distilled water. Likewise, stock solutions of capsaicin,
indomethacin and flurbiprofen were made in ethanol, whilst
niflumic acid, methoxamine and vapiprost (GR 32191) were
dissolved in distilled water. Tetraethylammonium and caf-
feine were added directly to the Krebs-Henseleit buffer.

Results

The effects of AM251 on vasorelaxation to OEA in perfused
mesenteric arterial beds

In perfused mesenteric arterial beds, the basal tone (perfusion
pressure) was 37.7 * 4.6 mmHg (n = 6), which was raised to
118.7 = 8.9 mmHg (n = 6) using methoxamine (26.7 =
4.9 uM, n = 6). The role of CB, cannabinoid receptors in the
vasorelaxant response to OEA in perfused mesenteric arterial
beds was investigated using the CB; receptor antagonist
AM251. Vasorelaxation to OEA was unaffected by the pres-
ence of 1 uM AM251 (control pECsey, = 6.12 + 0.32, n = 6;
AM251 pECsoy = 6.26 = 0.22, n = 6) (Figure 1).

The effects of capsaicin pre-treatment on vasorelaxation to OEA
in perfused mesenteric arterial beds

In a different set of perfused mesenteric arterial beds, the basal
perfusion pressure was 32.0 = 1.2 mmHg (n = 7), which was
raised to 95.6 = 5.5 mmHg (n = 7) using methoxamine (21.9
+ 5.3 uM, n=7). In the controls, OEA caused a concentration-
dependent fall in methoxamine-induced tone (pECso = 7.10 =
0.26, Rmax = 97.8 = 8.7%, n = 7) (Figure 2). The maximal
vasorelaxation to OEA was significantly reduced following
pre-treatment with capsaicin (Rn.x = 66.5 = 11.0%, n=7; P <
0.05, one-way ANOVA plus Bonferroni post hoc test), and to a
similar degree following removal of the endothelium (Ry.x =
69.4 = 8.4%, n = 6). Combination of removal of the endot-
helium with capsaicin pre-treatment further attenuated these
responses (capsaicin plus endothelium removal Ry = 44.9 =
5.4%, n = 6; P < 0.05, two-way ANOVA Vs. capsaicin pre-
treatment alone), and the presence of the gap junction inhibi-
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Figure 1 The effects of the cannabinoid CB, receptor antagonist,

AM251, on vasorelaxation to OEA in perfused mesenteric arterial
beds. OEA was administered either in the absence or presence of
1 uM AM251. Data points are mean * s.e. mean with n representing
the number of animals used in each group.
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tor carbenoxolone following capsaicin pre-treatment had
similar effects (capsaicin plus carbenoxolone Ru.x = 48.0 =
12.3%, n = 6) (Figure 2).

The effects on high extracellular potassium on vasorelaxation

to OEA

In perfused mesenteric arterial beds contracted using high
potassium concentrations (basal pressure =24.9 = 1.2 mmHg,
induced tone = 80.2 = 4.0 mmHg, n = 8), OEA failed to evoke
a significant vasorelaxation (Figure 2).

The effects of L-NAME and indomethacin on responses to OEA
following pre-treatment with capsaicin

The inhibitory effects of capsaicin pre-treatment reported
above (see Figure 2) were absent in the presence of L-NAME
and indomethacin; in fact, vasorelaxation to OEA was
restored to control levels (pECso = 7.17 £ 0.31, Rpax = 88.1 =
9.4%, n =6 (PECsop = 6.99 * 0.31, n =5)) (Figure 3). Further-
more, OEA caused vasorelaxation in the presence of L-NAME
and indomethacin and following capsaicin pre-treatment,
even when contracted using a high concentration of potas-
sium, albeit with a significantly reduced potency (pECsoy =
4.95 = 0.09, n = 6). This vasorelaxation was still significantly

1004
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+ Capsaicin (n=7)
- Endothelium (n=6)

+ Capsaicin
- Endothelium (n=6)
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Percentage Relaxation (%)
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Figure 2 Vasorelaxation to OEA in perfused mesenteric arterial
beds. Responses are shown under control conditions, following pre-
treatment with 10 uM capsaicin to deplete sensory nerves, or follow-
ing removal of the endothelium. Combination of both capsaicin
pre-treatment and removal of endothelium, or 50 UM carbenox-
olone, was also investigated. The effects of pre-contraction with high
potassium buffer are also shown. Data points are means = s.e. mean,
with n representing the number of animals per treatment group.

® + 10uM Capsaicin
+ 300uM L-NAME
80 + 3uM Indomethacin (n=6)

60 O + 10uM Capsaicin

+ 300pM L-NAME

+ 3uM Indomethacin
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Figure 3 Vasorelaxation to OEA in perfused mesenteric arterial beds
in the presence of 10 uM capsaicin pre-treatment, 300 uM L-NAME
and 3 pM indomethacin, or those inhibitors and the presence of high
potassium or 50 pM carbenoxolone. Data points are mean * s.e.
mean, with n representing the number of animals per group.
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Figure 4 Vasorelaxation to OEA in perfused mesenteric arterial beds
in the presence of 10 mM TEA or 10 uM niflumic acid. Data points
are mean * s.e. mean, with nrepresenting the number of animals per

group.

(P < 0.001, unpaired t-test) different from that observed in
methoxamine-contracted preparations. In preparations pre-
contracted with methoxamine, following capsaicin pre-
treatment and in the presence of L-NAME and indomethacin,
the responses to OEA were unaffected by the additional pres-
ence of the gap junction/EDHF inhibitor carbenoxolone
(PECso = 7.43 £ 0.44, Rnax = 91.3 £ 12.4%, n = 8) (Figure 3).

The effects of tetraethylammonium on vasorelaxation to OEA

In order to determine whether EDHF or potassium channels
contributed towards vasorelaxation to OEA, some experi-
ments were conducted in the presence of 10 mM TEA. TEA
significantly enhanced (P < 0.0001, one-way ANOVA plus Bon-
ferroni post hoc test) vasorelaxation to OEA (control pECsy =
7.13 = 0.32, Rmnax=89.4 = 9.8%, n = 6; TEA pECso=10.5 = 0.2,
Rmax = 69.1 = 3.6%, n = 6) (Figure 4).

The effects of niflumic acid on vasorelaxation to OEA

In order to determine if chloride channel activation contrib-
uted towards OEA-induced vasorelaxation, some experiments
were carried out in the presence of 10 uM niflumic acid. The
presence of niflumic acid did not affect responses to OEA
(PECso = 7.4 = 0.31, Rnax = 79.9 = 8.9%, n = 6) (Figure 4).

The effects of cyclooxygenase inhibitors on vasorelaxation

to OEA

In light of the reversal of the inhibitory effects of capsaicin on
responses to OEA in the presence of L-NAME and indometha-
cin, we examined the effects of indomethacin alone on
responses to OFA in the absence of and after pre-treatment
with capsaicin (Figure 5). In these controls, OEA caused a
concentration-dependent vasorelaxation in arterial beds (Rmax
=97 = 11%; pECso=7.5 + 0.4, n = 6) and these responses were
similar to those in the presence of indomethacin after pre-
treatment with capsaicin (Rn. = 83 £ 13%, n = 5). However,
treatment with indomethacin alone significantly (P < 0.05)
shifted the concentration-response curve to the left (pECso
indomethacin = 9.5 = 0.2, n = 7; indomethacin and capsaicin
pECso = 7.9 £ 0.7, n = 5). Another cyclooxygenase inhibitor,
flurbiprofen (10 uM), had effects similar to those of
indomethacin (Ryax =95 * 11%; pECso=9.0 = 0.5, n = 6; data
not shown)
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Figure 5 The effects of indomethacin on responses to OEA in the
absence and presence of capsaicin pre-treatment in perfused mesen-
teric arterial beds. OEA was administered either alone, in the presence
of 3 uM indomethacin, or a combination of 10 uM capsaicin pre-
treatment and 3 uM indomethacin. Data for the vasorelaxation to
OEA in the presence of capsaicin alone is repeated here from Figure 2
for ease of comparison to this earlier dataset. Data points are mean =
s.e. mean with n representing the number of animals used in each

group.

Following the observations in whole perfused mesenteric
arterial beds, the mechanism of enhanced vasorelaxation in
the presence of cyclooxygenase inhibition was explored
further. In individual vessels of the mesenteric arterial bed,
specifically the superior mesenteric artery (GO) and its first-
order branches (G1), vasorelaxation to OEA was investigated
in the absence and presence of a more specific cyclooxygenase
inhibitor, flurbiprofen (10 uM).

OEA caused a concentration-dependent vasorelaxation in
isolated mesenteric arteries (GO pECsgy, =6.79 = 1.09, n=35; G1
PECs0=7.67 = 0.65, Ryax = 113 £ 14%, n = 10) (Figure 6). This
vasorelaxation was not affected by flurbiprofen in GO arteries,
but it was significantly enhanced in the G1 arteries (G1 plus
flurbiprofen, pECso = 8.57 * 0.22; P < 0.05, comparison of
whole datasets by two-way ANOVA vs. control). Incubation of
G1 vessels with the thromboxane A, (TP) receptor antagonist
vapiprost (30 nM) also significantly augmented vasorelax-
ation to OEA (pECso = 9.25 = 0.23, n = 6) and this enhance-
ment resulted in responses that were not different from those
in the presence of flurbiprofen alone (two-way ANOVA)
(Figure 6).

The effects of OEA on caffeine-induced increases in perfusion
pressure in calcium-free buffer

In light of the finding that OEA relaxed methoxamine-induced
tone but not high-potassium-induced tone, another possibility
was that OEA interferes with the release of intracellular
calcium. This hypothesis was tested by examining the effects of
OEA on caffeine-induced transient increases in perfusion pres-
sure which are likely to be due to the release of intracellular
calcium. In calcium-free buffer, 50 mM caffeine led to a tran-
sient increase in perfusion pressure (1 = 7; Figure 7). However,
after the stores were replenished by perfusion with calcium-
containing buffer followed by calcium-free buffer, the presence
of 10 uM oleoylethanolamide significantly reduced the
caffeine-induced increase in perfusion pressure (P < 0.001;
Figure 7). OEA alone did not affect the basal perfusion pressure
(basal pressure before incubation = 26.4 + 1.5 mmHg, n=7;
pressure after incubation with OEA=27.9 + 1.4 mmHg, n=7).
This experiment was repeated following initial capsaicin pre-
treatment in order to determine if the inhibition of caffeine
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Figure 6 The effect of 10 uM flurbiprofen on responses to OEA in, A) the superior mesenteric artery (GO) and B) its first order branches (G1).
Responses in the presence of 30 nM vapiprost are also shown. Data points are mean * s.e. mean with n representing the number of animals

used in each group.
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Figure 7 The effects of OEA on caffeine-induced increases in perfu-

sion pressure of mesenteric arterial beds in calcium-free buffer. Data
are mean * s.e. mean, with n =7 animals per group.
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responses was independent of sensory nerve activity. OEA did
indeed inhibit caffeine-induced pressor responses following
capsaicin pre-treatment (control peak height = 11.3 =
1.8 mmHg, peak height following incubation with OEA =2.97
+ 0.51 mmHg, n=35, P <0.05).

The effects of anandamide on responses to OEA

Following incubation with anandamide, the rise in perfusion
pressure induced by methoxamine was much less and it was
thus necessary to create a low-tone control (see Table 1) to test
subsequent responses to OEA. In the presence of 1 uM anan-
damide, the relaxant responses to OEA were preserved com-
pared to those in the low-tone matched controls (Figure 8).

Vasorelaxant responses to OEA in rat isolated aorta

OEA caused a concentration-dependent vasorelaxation in rat
isolated thoracic aortic rings (pECso = 7.69 = 0.47, Ruax = 54.9
+ 8.7%, n = 8). The maximal vasorelaxation was significantly
(P < 0.05) reduced by pre-treatment with 10 uM capsaicin
(Rmax = 28.9 = 3.9%, n=9), or by 1 uM AM251 (Rmax = 31.6 *
3.9%, n =9) to a similar degree, but not further by a combi-
nation of the two treatments (Ry.x = 33.9 = 3.2%, n = 9)
(Figure 9).
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Removal of the endothelium, or the presence of the nitric
oxide synthase inhibitor, L-NAME, significantly reduced the
potency of OEA in aortic rings (pECsoy, control = 7.41 = 0.50,
n = 6; minus endothelium = 5.86 = 0.31, n = 10; L-NAME =
5.45 = 0.33, n = 4) (Figure 10).

The presence of indomethacin did not affect either the
potency of, or maximal vasorelaxation to, OEA in aortic rings
(control pECso = 7.23 = 1.53, Rmax = 81.8 = 29.7%, n = 5;
indomethacin pECso=7.86 * 0.46, Ryax = 81.5 = 10.0%, n = 6)
(Figure 11).

Contraction of aortic rings using buffer containing a high
potassium concentration significantly (P < 0.05) reduced the
potency of OEA (control pECsoy = 8.61 = 0.52, n = 4; high
potassium pECsgy = 6.73 = 0.47, n = 4) (Figure 12).

Discussion and conclusions

In the present study, we have confirmed previous findings
that OEA causes vasorelaxation partly via activation of
sensory nerves and partly via an endothelium-dependent
mechanism (Movahed et al., 2005; Ho et al., 2008). In addi-
tion, we have also identified a proportion of the responses
that is insensitive to capsaicin pre-treatment, and appears to
be due to interference with release of intracellular calcium.
Furthermore, we have found that the responses to OEA are
enhanced in the presence of cyclooxygenase inhibition,
which suggests a possible modulatory role for prostanoids.
In the current study, OEA was more potent [whole mesen-
teric arterial bed pECsy —7.1; isolated aortic rings pECso —7.7)
than previously reported in isolated mesenteric resistance
arteries (pECso —6.4 (Movahed et al., 2005); pECso —5.7 (Ho
etal., 2008)]. These responses, in terms of potency and
maximal responses, were comparable to those of anandamide
in the mesenteric arterial bed (Harris et al., 2002) and rat aorta
(O’Sullivan et al., 2005). The potency of OEA in these isolated
vessels is much higher than reported at recombinant recep-
tors, with the possible exception of PPARo. receptors. At
human recombinant CB; and CB, cannabinoid receptors the
potency (pECs, values) of OEA is < 4.5 (Ryberg et al., 2007); at
GPRSS is 6.4 (Ryberg et al., 2007); at human recombinant
GPR119 is 5.5 (Overton etal., 2006); at rat recombinant
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Data for methoxamine-contracted perfused mesenteric arterial beds and vasorelaxation to OEA in the presence of anandamide

Basal tone (mmHg) Raised tone (mmHg) Methoxamine (uM) OEA potency pECso OFA efficacy Rmex (%)
Low tone control 27.1 =22 522 +25 8.29 = 1.39 7.10 £0.19 88.7 = 5.9
1 uM anandamide 30.3 £3.8 63.3 = 4.2 100 = 0 6.94 = 0.83 107 = 23
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Figure 8 Vasorelaxant responses to OEA in the presence of ananda-
mide in perfused mesenteric arterial beds. Responses to OEA are
shown in the presence of 1 uM anandamide and compared with a
low-tone matched control. Data points are mean * s.e. mean with n
representing the number of animals used in each group.
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Figure 9 Vasorelaxation to OEA in isolated thoracic aortic rings.
Vasorelaxant responses to OEA were obtained in the absence or
presence of 1 uM AM251, or a combination of 1 uM AM251 and
10 uM capsaicin pre-treatment. Data points are mean = s.e. mean,
with n representing the number of rings per group.

TRPV1 receptors is 4.8 (Almasi et al., 2008); and in HelLa cells
expressing recombinant PPARq, B or y receptors is 6.9, 6.0 and
<5, respectively (Fu et al., 2003).

In agreement with studies by Ho et al. (2008) in isolated
third-order mesenteric arteries, OEA caused vasorelaxation of
whole perfused mesenteric arterial beds and thoracic aortae,
which were sensitive to capsaicin pre-treatment. In the
present study, capsaicin pre-treatment reduced the maximal
vasorelaxation to OEA, but in the studies by Ho et al. (2008),
this treatment reduced the relaxation, and Movahed et al.
(2005) even reported abolition of the response to OFEA, using
this treatment protocol, in first- and second-order mesenteric
arteries contracted with phenylephrine. Furthermore,
Movahed et al. (2005) reported that the TRPV1 antagonist
capsazepine inhibited OEA-induced vasorelaxation of rat
mesenteric arteries in a concentration-dependent manner,
and reported the near abolition of the OEA response in TRPV1
knockout mice. In vagal sensory nerves, OEA can also activate
TRPV1 receptors but this is dependent on protein kinase C
activity (Ahern, 2003) and so the effects of OEA may be
modulated by other mediators. In our study, we have identi-
fied a capsaicin-insensitive component, which suggests a
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Figure 10 Involvement of the thoracic aortic endothelium in
vasorelaxation to OEA. Thoracic aortic rings were relaxed with OEA
alone, or in the presence of 10 uM capsaicin pre-treatment, 300 uM
L-NAME, or endothelial denudation. Data points are mean * s.e.
mean, with n representing the number of rings per group. The data
shown in this graph have been compared using one-way ANOVA of
the pECsey values, as the curves did not reach a plateau and thus
calculation of the Rnax values was not possible. These data have been
analysed with the inclusion of pECsq, values from Figure 9, as the
same control curve was used in both Figures.
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Figure 11 The effects of indomethacin on responses to OEA in
isolated thoracic aortic rings. Data points are mean * s.e. mean, with
n representing the number of rings per group.

sensory nerve-independent mechanism of action, as previ-
ously reported for anandamide (Harris et al., 2002).

The responses to OEA in the whole mesenteric arterial bed
were abolished in the presence of high extracellular potas-
sium, and suggest that a significant proportion of the
capsaicin-insensitive relaxation could potentially involve
potassium channel activation, which may or may not involve
the EDHF. Removal of the endothelium produced similar
reductions in the maximal vasorelaxation to OEA as those
observed in capsaicin pre-treated preparations. Therefore, it is
possible that the location of the potassium channels involved
in this response could be on the vascular smooth muscle as
removal of the endothelium only attenuated maximal relax-
ations, instead of abolishing the response in whole mesenteric
beds, as in those preparations contracted using high potas-
sium. Furthermore, a major role for EDHF can be ruled out as
removal of the endothelium or treatment with the gap junc-
tion inhibitor (therefore, inhibitor of the diffusion of EDHF),
carbenoxolone, only had a small effect on capsaicin-
independent responses to OEA. This is comparable to the
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Figure 12 The effects of potassium-induced contraction on
responses to OEA in isolated thoracic aortic rings. Data points are
mean =* s.e. mean, with n representing the number of rings per

group.

modest effects reported by Ho et al. (2008) and would suggest
that EDHF plays a minor role in the capsaicin-insensitive
relaxation.

Somewhat interestingly, vasorelaxation to OEA was not
affected by inhibition of nitric oxide synthase and cyclooxy-
genase. Indeed, this treatment reversed the inhibitory effects
of capsaicin pre-treatment. This prompted us to carry out
further experiments that demonstrated that the cyclooxyge-
nase inhibitor, indomethacin, was responsible for this reversal
of inhibition. Indeed, we found that indomethacin alone
potentiated responses to OEA.

The ability of indomethacin to increase the potency of OEA
in naive tissues and to reverse, or prevent, the inhibitory
effects of capsaicin pre-treatment is a novel observation. We
also demonstrated that the structurally different cyclooxyge-
nase inhibitor, flurbiprofen, had comparable effects. This
would suggest that it is a property of cyclooxygenase inhibi-
tors in general, as opposed to a unique property of
indomethacin, which has resulted in the increased potency of
OEA. Furthermore, various cyclooxygenase inhibitors have
been shown to augment vasorelaxation to other endocannab-
inoids (anandamide and 2-arachidonoylglycerol) in mesen-
teric arterial segments (Ho and Randall, 2007). Anandamide
and 2-arachidonoylglycerol can be metabolized to arachi-
donic acid, which may be metabolized via endothelial
cyclooxygenase to prostanoids, or they themselves may be
metabolized to vasoactive prostamides via cyclooxygenases
(Fowler, 2007a). By contrast, vasorelaxation of human pulmo-
nary arteries via virodhamine is reduced by cyclooxygenase
inhibitors and is thought to occur via the release of vasodila-
tor prostanoids derived from arachidonic acid (Kozlowska
et al., 2008). Such differences could, of course, reflect differ-
ences in the balance between the production of vasoconstric-
tor and vasodilator prostanoids.

Our study does not provide evidence for the mechanism of
the enhancement of vasorelaxation to OEA by cyclooxyge-
nase inhibitors in whole mesenteric arterial beds. Possible
explanations include that OEA, or products of its hydrolysis,
are metabolized by cyclooxygenase, thus blocking cyclooxy-
genase would increase the concentration of vasoactive OEA.
However, it is unlikely that these are substrates for cyclooxy-
genase, due to the mono-unsaturated nature of OEA and oleic
acid. There is evidence, however, that unsaturated fatty acids,
which are not substrates for cyclooxygenase, may modulate
cyclooxygenase activity in an allosteric manner (Yuan et al.,
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2009). A second suggestion is that OEA activates a cyclooxy-
genase pathway causing release of vasoconstrictor pros-
tanoids, which, if inhibited, would enhance the vasorelaxant
response. Thirdly, there is evidence that NSAIDs, including
ibuprofen and flurbiprofen, interfere with other enzymes
capable of transforming OEA, including a dual inhibition of
cyclooxygenase and FAAH, and it is blockade of the latter
enzyme that is increasing the concentration of available OEA.
However, the concentrations employed here are below those
effective at inhibiting FAAH (Fowler, 2007b). Combined with
evidence from Ho et al. (2008), neither the tissue concentra-
tion nor the vasoactivity of OEA is affected by blockade of
FAAH, in contrast to observations with anandamide.
However, we cannot rule out the possibility that indometha-
cin could be acting on one of the other metabolic enzymes,
such as NAAA (Ueda et al., 2001; Tsuboi et al., 2005).

The modulation of vasorelaxation to endocannabinoids
and related compounds, including OEA, by prostanoids, is
not unique, as we have previously shown that inclusion of
cyclooxygenase inhibitors uncovers or enhances vasorelax-
ation to the sex steroids testosterone (Tep-Areenan etal.,
2003b) and 17-oestradiol (Tep-Areenan etal.,, 2003a).
Whether there is a common mechanism that underlies this
effect is unclear. However, there are implications for pharma-
cological studies that routinely include endocannabinoids
and cyclooxygenase inhibitors in their protocols, and poten-
tial cardiovascular effects of cyclooxygenase inhibitors when
used therapeutically. Therefore, further investigations into
the mechanism of the augmented vasorelaxation to OEA in
the presence of the cyclooxygenase inhibitor flurbiprofen
were conducted in isolated arteries taken from the mesenteric
arterial bed. There appears to be some heterogeneity of these
enhanced responses, which were only observed in first-order
branches (G1) of the superior mesenteric artery, and not the
superior mesenteric artery itself (GO). Furthermore, we have
shown that a similar augmentation of responses to OEA was
also observed in the presence of the thromboxane A, receptor
antagonist vapiprost. This would suggest that there is a release
of vasoconstrictor prostanoids (most likely thromboxane A,)
which modulates the dilator response of OEA. Therefore on
inhibition of cyclooxygenase, or in the presence of a throm-
boxane receptor antagonist, the wunderlying vasodilator
response is enhanced.

The presence of the capsaicin-insensitive relaxation
prompted us to investigate further the mechanisms of relax-
ation. As mentioned above, we were able to exclude a major
role for EDHF. The inability of OEA to relax tone induced by
high potassium could suggest that the mechanisms involve
potassium channel activation, independent of EDHE To
explore this possibility we used the non-selective potassium
channel inhibitor TEA, which significantly enhanced
responses to OEA. This observation did not mimic the results
obtained using high potassium-induced tone, and thus
excludes a role for potassium channels. However, the results
may be a reflection of a non-specific action of TEA due to the
high concentration used, such as causing the release of ace-
tylcholine (Drukarch et al., 1989).

We then examined the effects of chloride channel inhibition
with niflumicacid (10 uM), showing no effect on OEA-induced
relaxation of methoxamine-induced tone, which excludes a



role for chloride channels in this response. Interestingly, niflu-
mic acid at the concentration used is also a cyclooxygenase
inhibitor (Johnson et al., 1995). Niflumic acid is 100 times
more selective for COX-2 than COX-1; thus, at the concentra-
tion used in these experiments, it is likely that COX-2 activity
is fully inhibited, whilst COX-1 activity is only partially inhib-
ited (Johnson et al., 1995). Therefore, the lack of inhibition of
responses to OEA in the presence of niflumic acid, compared to
the enhanced vasorelaxation to OEA seen in the presence of
indomethacin, may suggest that the enhanced OEA responses
are due to a COX-1-mediated mechanism.

The lack of effect of chloride channel inhibitors and EDHF
inhibition led us to consider whether OEA altered the release
of calcium from intracellular stores to cause vasorelaxation.
High extracellular potassium causes vasoconstriction via
depolarization and the entry of extracellular calcium, while
methoxamine involves both calcium influx and release of
intracellular calcium. Furthermore, we have also shown that,
in isolated aortae taken from spontaneously hypertensive
rats, OEA relaxes methoxamine-induced tone but not tone
established via the thromboxane mimetic, U46619 (Wheal
etal.,, 2009), which can act via thromboxane receptors
(Coleman et al., 1981), but may also act via allowing calcium
influx via L-type calcium channels and increasing the calcium
sensitivity of smooth muscle contractile proteins (Yamagishi
etal.,, 1992), or by inhibiting the activation of calcium-
activated potassium channels (Kc,) to cause a prolonged depo-
larization and ultimately a constriction of the vessels (Scornik
and Toro, 1992). Zygmunt et al. (1997) and White and Hiley
(1998) have both previously shown that anandamide inter-
feres with the release or activity of intracellular calcium in
vascular smooth muscle. We repeated the protocol used by
White and Hiley (1998) and found that OEA substantially
reduced caffeine-induced increases in perfusion pressure in
the absence of extracellular calcium, an effect which was
independent of sensory nerve activity. This would suggest
that OEA causes vasorelaxation via interfering with the
release of intracellular calcium. In this regard, Gamberucci
et al. (1997) reported that unsaturated fatty acids, including
oleic acid (a product of OEA metabolism), inhibited store-
dependent capacitative calcium influx in a range of haema-
tological and tumour cell lines. These effects, which could
include increased calcium extrusion, occurred in the micro-
molar range and appeared to be independent of G-protein
coupling or metabolism (Gamberucci et al., 1997). It is pos-
sible that that OEA also acts in this way, or acts as a donor of
oleic acid, although in mesenteric vessels oleic acid does not
cause vasorelaxation at 10 uM or below (Sudhahar etal.,
2009). It is also of note that Gamberucci et al. (1997) found
that these responses to unsaturated fatty acids were reversed
by the presence of albumin. Such an effect of albumin could
potentially explain why some of the vascular effects of
endocannabinoids are not seen in vivo (see Randall et al.,
2004). Unsaturated fatty acids have also been shown to
deplete intracellular calcium from the endoplasmic reticulum
in the Jurkat leukaemic cell line (Chow and Jondal, 1990). The
metabolically stable analogue of anandamide, methananda-
mide, has also been shown to deplete calcium stores in astro-
cytes (Venance etal., 1997). However, this effect was not
mimicked by arachidonic acid and was Pertussis toxin sensi-
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tive. In conclusion, our results are consistent with OEA, or
oleic acid as a metabolite, causing vasorelaxation via interfer-
ing with intracellular calcium, possibly via depletion of stores
or increased extrusion of intracellular calcium. These findings
are comparable to those reported for anandamide by
Zygmunt et al. (1997) and White and Hiley (1998) and so we
have identified an important mechanism of vasorelaxation
for OEA.

Ho et al. (2008) reported that OEA enhanced the activity of
anandamide in isolated mesenteric arterial segments. We
therefore examined the effects of anandamide on responses to
OEA. Vasorelaxation to OEA was not affected by 1 uM anan-
damide which would seem to rule out a significant interaction.

In thoracic aortae, the mechanism of action of OEA also
appears to be partly endothelium-dependent, as demon-
strated in the present study, and by Ho et al. (2008) in isolated
small mesenteric arteries by a reduction in the potency of
OEA following mechanical removal of the endothelium.
However, this mechanism of action was not evident in per-
fused mesenteric arterial beds, as removal of the endothelium
did not significantly inhibit OEA-induced vasorelaxation in
addition to capsaicin pre-treatment, thus highlighting differ-
ential mechanisms of OEA action in the vasculature.

A further difference between mesenteric beds and aortae is
the involvement of CB, receptors. It is widely accepted that
OEA does not act via ‘classical’ cannabinoid receptors such as
CB; or CB; (Lambert et al., 1999; Alexander and Kendall, 2007).
However, whilst this was evident in mesenteric beds, the
presence of 1 uM AM251 reduced the maximal vasorelaxation
to OEA in aortic rings, indicative of a role for CB, receptors. The
magnitude of inhibition by AM251 was similar to that of
capsaicin pre-treatment, and was not additive when the two
treatments were combined, thus suggesting a linked signalling
pathway. This may be possible as CB, receptors and TRPV1
have been reported to be co-localized on cultured sensory
dorsal root ganglion neurones (Ahluwalia et al., 2000).

In conclusion, we have shown that the potent vasorelaxant
effects of OEA are partly dependent on sensory nerve activity
and the endothelium in the vasculature, and that it also
interferes with the intracellular release of calcium, which may
lead to vasorelaxation. We have also shown that cyclooxyge-
nase inhibitors increase the potency of OEA as a vasorelaxant
and this may suggest that cyclooxygenase activity may modu-
late the vascular activity of OEA.
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