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Abstract

Fatty acid amides are a new class of signaling lipids that have been implicated in diverse physiological
and pathological conditions. Oleamide is a fatty acid amide that induces vasorelaxation. Here, we
investigated the mechanisms behind the vasorelaxation effect of oleamide in rat mesenteric resistance
arteries. Oleamide-induced concentration dependent (0.01 pM-10uM) vasorelaxation in mesenteric
resistance arteries. This relaxation was unaffected by the presence of the fatty acid amide hydrolase
(FAAH) inhibitors. The cannabinoid type 1 (CB;) receptor antagonist, AM251 and the non-CB;/
CB, cannabinoid receptor antagonist, O-1918, attenuated the oleamide vasodilatory response,
however the cannabinoid CB> receptor antagonist, AM630, did not affect the vascular response.
Moreover, inhibition of the transient receptor potential vanilloid (TRPV) 1 receptor with capsazepine
shifted the oleamide-induced vasorelaxation response to the right. In agreement with the vascular
functional data, the cannabinoid CB1 and TRPV1 receptor proteins were expressed in mesenteric
resistance arteries but cannabinoid CB> receptors and the FAAH enzyme were not. In endothelium-
denuded arteries, the oleamide-mediated vasorelaxation was attenuated and cannabinoid CB4 or non-
CB;/CB> cannabinoid receptor blockade did not further reduce the dilatory response whereas TRPV1
antagonism further decreased the response. These findings indicate that cannabinoid receptors on
the endothelium and endothelium-independent TRPV1 receptors contribute to the oleamide
vasodilatory response. Taken together, these results demonstrate that the oleamide-induced
vasorelaxation is mediated, in part, by cannabinoid CB; receptors, non-CB1/CB> cannabinoid
receptors, and TRPV1 receptors in rat mesenteric resistance arteries. These mechanisms are
overlapping in respect to oleamide-induced mesenteric resistance artery dilation.
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1. Introduction

An increasing body of evidence suggests that lipid mediators are involved in a variety of
pathophysiological functions and disease development that include participation in
intracellular signaling, inflammation and cardiovascular disease. In this regard, fatty acid
amides represent a promising class of signaling lipids that have been implicated in a diverse
number of physiological and pathological processes. Oleamide is primary fatty acid amide of
endogenous lipid mediators, first identified in the cerebrospinal fluid of sleep deprived cats
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(Cravatt et al., 1995). It has been shown to induce sleep, cause hypomotility and hypothermia,
inhibit gap junction-mediated cell-cell communication and increase food intake (Hiley and
Hoi, 2007). Leggett et al. (2004) found that oleamide is an endogenous agonist of rat and human
cannabinoid (CB) receptors. A previous report demonstrated that oleamide is involved in the
regulation of cardiovascular function by inducing vasodilation in rat mesenteric arteries (Hoi
and Hiley, 2006). Mesenteric arteries dilation in response to oleamide was demonstrated to be
partially dependent on an intact endothelium and activation of the non-CB1/CB5 cannabinoid
receptor (Hoi and Hiley 2006). These findings suggest that the vascular actions of oleamide
could contribute importantly to cardiovascular function.

Oleamide shares some structural similarity with other fatty acid amides such as anandamide
in the form of the amide linkage of fatty acid. Like anandamide, oleamide can be catabolized
by fatty acid amide hydrolase (FAAH) (McKinney and Cravatt, 2005). Fatty acid amides have
been demonstrated to dilate resistance arteries and there appears to be overlapping mechanisms
contributing to the vascular response (Randall et al., 1996; Pratt et al., 1998; Jarai et al.,
1999; Batkai et al., 2004; Wang et al., 2005; Watanabe et al., 2005; Hoi and Hiley, 2006). Thus,
the contribution of specific mechanisms and their possible overlap motivated us to investigate
oleamide-induced vasorelaxation in rat mesenteric resistance arteries. Specifically, we
determined the contribution of the endothelium, CB receptors, vanilloid receptor, nitric oxide
(NO), potassium (K*) channel and metabolism by FAAH to the mesenteric vascular response
evoked by oleamide.

2. Materials and Methods

2.1. Chemicals and reagents

2.2. Isolated

Oleamide (A.G. Scientific Inc, San Diego, CA), 3'-(aminocarbonyl) [1,1'-biphenyl]-3-yI)-
cyclohexylcarbamate (URB597), methyl arachidonyl fluorophosphonate (MAFP), 1-(2,4-
dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide
(AM 251), capsazepine and U46619 were purchased from Cayman Chemical, Ann Arbor, MlI.
6-lodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl] (4-methoxyphenyl) methanone
(AM 630), 1,3-Dimethoxy-5-methyl-2-[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-
cyclohexen-1-yl]benzene (0-1918) and abnormal cannabidiol (abn-cbd) were purchased from
Tocris Bioscience, Ellisville, MO. Cannabinoid CB; and CB receptor antibodies (Affinity
Bioreagents, Golden, CO) and TRPV1 antibody (Santa Cruz Biotechnology Inc. Santa Cruz,
CA) were used. FAAH antibody was a gift from Dr. Cecilia J. Hillard. All other chemicals and
reagents used were of the highest analytical grade obtained from Sigma Chemicals Co. (St.
Louis, MO).

mesenteric resistance vessel preparation

The Medical College of Wisconsin Animal Care and Use Committee approved all experimental
procedures. Male Sprague-Dawley rats (250-400g) were anesthetized with pentobarbital
sodium (50 mg/kg ip). Two mesenteric resistance arteries were obtained from each rat and a
different protocol was conducted on each artery. Therefore the n size represents the number of
mesenteric resistance arteries and the number of rats used for each protocol. Mesenteric artery
segments were obtained from rats and mounted between two cannulae in a pressure myograph
system (Danish Myo Technology model 111P). The interior and exterior of the vessel were
oxygenated in 95% 0,/5% CO, Krebs physiological salt solution (119.0 mM NaCl, 25.0 mM
NaHCO3, 4.6 mM KCI, 1.2 mM KH5PQy4, 1.2 MM MgSQy, 1.8 MM CaCls, 11.0 mM glucose)
at pH 7.4 and 37°C. Under no flow conditions, the pressure within the vessel was increased in
10 mm Hg increments from 20 to 65 mm Hg. The vessel was then equilibrated at 65 mm Hg
for 30 min and remained at that pressure for the duration of the experiment. Lumen diameter
measurements were acquired and logged using the MyoView 1.2P user interface (DMT,

Eur J Pharmacol. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sudhahar et al.

Page 3

Aarhus, Denmark). The control lumen diameter was calculated as the mean diameter during
the last 1 min of the 30 min equilibration. VVessels were constricted with the thromboxane
mimetic U46619, and the diameter of the constricted vessel was calculated as the mean during
the last 1 min of 15 min.

Oleamide was dissolved in ethanol and doses (0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and 10 puM) were
added to the bathing solution every 5 min, and the response for each dose was measured.
Sodium nitroprusside (100 pM) was given at the end of the experimental period to ensure the
vascular integrity. To ensure that the vehicle (1-10 pl) into which the drugs were dissolved
did not alter vessel reactivity, experiments were conducted using ethanol in the absence of
drug. Ethanol did not change vascular reactivity at any of the concentrations used in these
experiments (n=6).

To determine the contribution of FAAH enzyme, CB receptors, NO, K* channel and vanilloid
receptors to the mesenteric resistance artery dilation evoked by oleamide, URB597 (1 pM),
MAFP (10 uM), AM 251 (1 uM), AM 630 (1 uM), 0-1918 (30 uM), capsazepine (10 uM),
ruthenium red (1 pM), N-omega-Nitro-L-Arginine methyl ester hydrochloride (L-NAME; 300
uM) and tetraethyl ammonium (TEA, 1 mM) at a volume of 1-10 pul were added to 10 ml of
the organ bath. These inhibitors were added to the myograph vessel bath 20 or 30 min prior to
constriction of the vessel with U46619. These inhibitors did not alter baseline diameter with
the exception of L-NAME that significantly decreased baseline diameter from 29348 um to
239+11 pum. In other experiments, the contribution of the endothelium to oleamide-mediated
vasorelaxation was determined. Endothelium-denuded vessels were prepared by inserting a
human hair into the vessel in a dish of Krebs physiological salt solution. The successful
endothelium removal was confirmed by absence of the vasorelaxation effect in acetylcholine
(10 uM). If an acetylcholine-induced relaxation was not observed, the vessel was rinsed, and
allowed to equilibrate 30 min before constriction with U46619. Different doses of oleamide
were added to the vessel chamber as described earlier. At the end of the experimental protocol,
sodium nitroprusside (100 uM) was added to the chamber to demonstrate that the endothelium-
denuded vessel was capable of relaxation.

2.3. Western blot analysis

Mesenteric resistance artery segments were obtained from male Sprague-Dawley rats. The
vessels were homogenized in cell lysis buffer (RIPA lysis buffer, Millipore Corp, MA) with
protease inhibitors cocktail (1:200; Sigma Chemicals Co, St. Louis, MO), and the homogenate
centrifuged at 10,000g for 10 min at 4°C to sediment any non-homogenized material. The
supernatant was removed, and the protein concentration was determined using a bicinchoninic
acid protein assay (Pierce Biotechnology, Inc., Rockford, IL). Protein was solubilized in
Laemmli sample buffer. The samples were separated by electrophoresis using a 10% stacking
Tris-glycine acrylamide gel and then western blotted to PVVDF membrane and blocked with
2% bovine serum albumin and 5% dry milk in phosphate-buffered saline containing 0.1%
Tween 20 (PBS-T). After blocking, the membranes were washed several times with PBS-T
and incubated with primary antibody. The primary antibodies used were rabbit anti-FAAH
(1:1000), rabbit anti-cannabinoid CB1 receptor (1:1000), rabbit anti-cannabinoid CB, receptor
(1:1000) and goat anti-TRPV1 receptor (1:1000). Membranes were washed with PBS-T and
incubated with the appropriate secondary antibody conjugated to horseradish peroxidase. Goat
anti-rabbit (1:5000) was used as a secondary antibody for FAAH, cannabinoid CB4 and CB»
receptors, and donkey anti-goat (1:5000) was used as a secondary antibody for TRPV1
receptors. The membranes were developed and detected proteins using an enhanced
chemiluminescence kit (GE Healthcare Limited, Buckinghamshire, UK) and followed by
exposure of the membranes to Amersham Hyperfilm ECL (GE Healthcare Limited,
Buckinghamshire, UK).
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2.4, Statistical analysis

All data were expressed as mean + S.E.M. (Standard Error Mean). The concentration response
curve of oleamide with all inhibitors were expressed as percentage of maximum constriction
and analyzed using non-linear regression of sigmoidal curves to calculate the ECsq (GraphPad
Prism, San Diego, CA). Statistical significance between two groups was evaluated with
Student’s t-test, and a one-way ANOVA was performed to evaluate significance between
multiple groups. A P value < 0.05 was considered to reflect a significant difference.

3. RESULTS

3.1. FAAH inhibition on the rat mesenteric resistance artery response to oleamide

To determine vascular actions of oleamide, increasing concentrations of oleamide were
administered to isolated pressurized mesenteric resistance arteries and vascular diameter was
measured. Oleamide (0.01 uM — 10 uM) elicited a concentration-dependent vasorelaxation in
mesenteric resistance arteries (Figure 1). The EC5q (M) value of oleamide for mesenteric
resistance vessels was 0.35 + 0.26 (n=8). The response of the mesenteric arteries to oleamide
in the presence of FAAH inhibitors was also determined. Oleamide-induced vasorelaxation
was not influenced by the presence of either URB597 (EC5 0.45 + 0.20) or MAFP (EC5g 0.48
+ 0.35). These results demonstrate that FAAH metabolites of oleamide are not involved in the
vasodilatory response. In addition, an oleamide metabolite, oleic acid, did not relax the vessel,
but did result in a negligible constriction of the mesenteric resistance vessel.

3.2. Effect of cannabinoid receptor antagonists on oleamide-induced vasorelaxation

The effectiveness of cannabinoid CB receptor antagonist, AM251 and cannabinoid CB,
receptor antagonist, AM630 on oleamide-induced relaxation was determined. In Figure 2, the
concentration response curve to oleamide was shifted rightwards in the presence of AM251
(control, EC5q = 0.48 + 0.19; AM251, EC5p = 0.84 + 0.71; P<0.05). However, pretreatment
with AM630 (ECsg = 0.54 £ 0.48) did not affect the relaxation induced by oleamide. Therefore
it appears that the cannabinoid CB receptor partially mediates the oleamide-induced
mesenteric resistance artery relaxation.

3.3. Role of non-CB;/CB, cannabinoid receptor in the oleamide-induced vasorelaxation

Vascular preparations were preincubated for 30 min with O-1918, an antagonist of the novel
non-CB4/CB, cannabinoid receptor that does not bind to cannabinoid CB1 or CB, receptor at
a concentration of 30 uM (Offertaler et al., 2003). After preconstriction, the concentration
curve for oleamide was evaluated (Figure 3, left panel). Oleamide maximally relaxed the
mesenteric resistance artery by 63.2 £ 3.6% and this vasorelaxation was significantly attenuated
in the presence of the non-CB;/CB, cannabinoid receptor antagonist O-1918 (39.9 + 4.4%;
P<0.05) or 0-1918 and the cannabinoid CB receptor antagonist AM251 (39.9 + 2.4%;
P<0.05). There was no difference in the vascular response to oleamide in the mesenteric
resistance arteries treated with O-1918 or the combination of O-1918 and AM251.
Furthermore, the vasorelaxation effect of abnormal cannabidiol (abn-cbd) was decreased by
0-1918, confirming that O-1918 is an antagonist for non-CB/CB, cannabinoid receptor
(Figure 3, right panel). Hence, the non-CB4/CB, cannabinoid receptor contributes to oleamide-
induced vasorelaxation. The mesenteric resistance artery dilation to abn-cbd was also partially
attenuated by AM251 but to a lesser extent than O-1918. This finding suggests that AM251
besides being a selective CB receptor antagonist it is also a weak antagonist on the non-
CB,/CB> receptor.
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3.4. Effect of endothelial removal on oleamide and cannabinoid receptor vasorelaxation

The effectiveness of endothelium removal on oleamide-induced response was evaluated.
Removal of the endothelium resulted in a significant reduction in the vasorelaxant potency of
oleamide (Figure 4). In endothelium-denuded rings, the concentration-response curve to
oleamide was significantly shifted rightward (control, ECsq = 0.30 £ 0.16; endothelium
removal, ECgy = 1.28 + 0.90; P<0.05). It was also found that the additional presence of
cannabinoid CB; receptor antagonist AM251 did not cause any further inhibition of oleamide-
induced relaxation (ECsp = 1.89 £ 1.28). Similarly, the presence of non-CB;/CB, cannabinoid
receptor antagonist, O-1918 did not cause any further attenuation of oleamide-induced
relaxation (maximal relaxation=41.6 + 1.2% in endothelium denuded and 40.1 + 3.0% in
endothelium denuded and O-1918). These results indicate that the cannabinoid CB; and non-
CB;/CB> cannabinoid receptors mediated portion of the oleamide relaxation of the mesenteric
resistance arteries appears to be dependent on an intact endothelium.

3.5. Influence of vanilloid receptor antagonist on oleamide-induced vasorelaxation

The effect of vanilloid receptor antagonists on oleamide-induced vasorelaxation is shown in
Figure 5. Pretreatment with the TRPV1 antagonist, capsazepine resulted in a marked
attenuation of the vasorelaxant effect of oleamide (control, ECsg = 0.79 £ 0.31; capsazepine,
ECsp =1.56 + 1.52; P<0.05). In the presence of the cation channel and TRPV inhibitor,
ruthenium red, the concentration-response curve to oleamide was also significantly shifted
rightwards (ECsq=1.67 + 1.64; P<0.05, n=5, data not shown). The mesenteric resistance artery
dilation was assessed in the presence of capsazepine and the cannabinoid CB; receptor
antagonist, AM251 (n=5) or capsazepine, AM251 and the non-CB/CB, cannabinoid receptor
antagonist, O-1918 (n=4). The oleamide-induced vasorelaxation did not further decrease in the
presence of the combination of cannabinoid receptor antagonism and capsazepine when
compared to capazepine alone (data not shown). Taken together, these results indicate that the
vanilloid receptor partially contributes to oleamide-induced vasorelaxation.

Additional experiments determined if the TRPV1 portion of the oleamide-induced
vasorelaxation was dependent on an intact endothelium (Figure 5). As was previously
observed, endothelium denuded mesenteric resistance arteries have a blunted vasodilatory
response to oleamide (41.6+ 2.1%); however, the TRPV1 antagonist, capsazepine further
attenuated the vascular response to oleamide in endothelium denuded arteries (28.7 £ 2.9%,
P<0.05). These results suggest that a portion of the TRPV1 oleamide-induced vasorelaxation
is endothelial independent.

3.5. Effect of L-NAME and TEA on oleamide-induced vasorelaxation

Potassium channel and nitric oxide contributions to the oleamide mediated dilator responses
in mesenteric resistance arteries were determined. Figure 6 shows the effect of the NO inhibitor,
L-NAME and the non-selective K* channel inhibitor, TEA on the oleamide-induced
vasorelaxation. While oleamide maximally relaxed the mesenteric resistance arteries by 62.6
+ 6.3% this vasorelaxation was significantly decreased in the presence of L-NAME (37.8 £
5.2%, P<0.05) or in the presence of TEA (38.9 + 3.9%, P<0.05). Additionally, the combination
of L-NAME and TEA did not further decrease the vascular responses to oleamide (37.9 + 2.8%,
data not shown) than to L-NAME or TEA individually. These results indicate that NO and
K* channel are involved in the oleamide-induced mesenteric resistance artery dilation.

3.7. Measurement of FAAH, cannabinoid CB4, CB, and TRPVL1 protein expression

To determine whether or not the FAAH enzyme, cannabinoid CB1, CB, receptors and TRPV1
receptor are expressed in mesenteric resistance vessel, the protein expression was measured
by western blotting (Figure 7). FAAH enzyme, cannabinoid CB4, CB, receptors and TRPV1
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receptor were detected in brain samples; however, the FAAH enzyme and cannabinoid CB,
receptors demonstrated much lower levels of expression. Cannabinoid CB1 and TRPV1
receptors were expressed in rat mesenteric resistance arteries. In contrast, protein expression
of the FAAH enzyme and cannabinoid CB, receptor was not detected in mesenteric resistance
arteries.

4. Discussion

Fatty acid amides represent a novel class of signaling lipids that have been suggested to have
cardiovascular actions. Many of these actions could be potentially protective to the
cardiovascular system. Oleamide is a primary fatty acid amide that has possible protective
vascular actions that are not well understood. Thus the aim of the present study was to determine
mechanisms involved in oleamide-induced relaxation of rat mesenteric resistance arteries. Our
experimental studies demonstrate that oleamide-induced relaxation of rat mesenteric resistance
arteries involves cannabinoid CB4 and non-CB1/CB5 cannabinoid receptor activation as well
as vanilloid receptor activation.

The initial experiments demonstrate that oleamide causes concentration-dependent relaxation
in mesenteric resistance arteries. FAAH is a membrane-associated enzyme that converts
oleamide (Cravatt et al., 1996; Deutsch et al., 1997) into oleic acid and ammonia and FAAH
metabolism has been implicated in altering the vascular responses to fatty acid amides. An
earlier study demonstrated that anandamide-induced vasorelaxation is dependent on its FAAH
metabolite, arachidonic acid and subsequent metabolism to vasoactive eicosanoids (Pratt et al.,
1998). In the present investigation, we evaluated whether or not the oleamide-induced
vasorelaxation is similarly dependent on metabolism by FAAH. The FAAH inhibitors,
URB597 or MAFP, did not significantly alter oleamide mediated mesenteric resistance artery
dilation. However, the maximal vasodilatory response to oleamide was decreased in the
presence of URB597. We do not know the reason for this difference between URB597 and
MAFP on the vascular response to oleamide but speculate that it does not relate to FAAH since
we failed to detect FAAH enzyme protein expression in isolated mesenteric resistance arteries.
Previous studies have demonstrated the presence of FAAH in bovine coronary arteries, kidney
endothelial cells and human umbilical vein endothelial cells (Pratt et al., 1998; Deutsch et al.,
1997; Maccarrone et al., 2001). On the other hand, there is no direct evidence for the FAAH
enzyme in myocardial cells or vascular smooth muscle cells (Hiley and Hoi, 2007). In addition,
the fact that the oleamide metabolite, oleic acid did not relax the mesenteric resistance artery
further supports the notion that oleamide does not depend on FAAH metabolism to evoke a
vascular response.

Previous studies have also provided evidence that anandamide induces arachidonic acid release
and eicosanoid production through activation of a cannabinoid receptor and a MAP kinase
signaling pathway (Hirasawa et al., 1995; Wartmann et al., 1995). Wartmann et al. (1995)
reported that anandamide has been shown to activate cytoplasmic PLA, and eicosanoid
production via activation of MAP kinase signaling pathway in human fetal lung fibroblast cells.
In the present study, we utilized MAFP that in addition to inhibiting the FAAH enzyme also
acts as an irreversible inhibitor of cytoplasmic PLA; (Lio et al., 1996). Activation or
metabolism by PLA, does not appear to participate in the vascular response since oleamide-
induced vasorelaxation was not altered by MAFP. Our studies are in agreement with a previous
report that the cyclooxygenase inhibitor, indomethacin did not significantly effect the oleamide
relaxation of rat mesenteric arteries (Hoi and Hiley, 2006). Taken together, the results of our
experimental studies support the notion that oleamide vasorelaxation is not dependent on
metabolism to vaosactive prostanoid-like metabolites.
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Oleamide belongs to the same family of chemical messengers as the endocannabinoid,
anandamide; oleamide could thus be expected to act through cannabinoid receptors. We
evaluated the contribution of the two main cannabinoid receptors to the oleamide-mediated
vasorelaxation. Our results demonstrated that cannabinoid CB receptor but not CB, receptor
inhibition attenuated the oleamide-mediated relaxation of the mesenteric resistance arteries.
Previous studies by Leggett et al. (2004) found that oleamide is a full cannabinoid CB; receptor
agonist, competitively inhibiting the agonist and antagonist binding to the cannabinoid CB
receptor, and also inducing the binding of [3*S]GTPyS to brain membranes. Evidence has also
suggested that the oleamide induced hypnotic action is mediated by cannabinoid CB1 receptors
(Mendelson and Basile, 1999). In addition to the vascular functional data, we demonstrated
the presence of cannabinoid CB; receptor protein expression in the mesenteric resistance
arteries. The expression of cannabinoid CB, receptor was not found in rat mesenteric resistance
vessels and this finding agrees with several studies demonstrating that the cannabinoid CB»,
receptor is predominantly expressed in cells of immune system (Matsuda et al., 1990; Galiegue
etal., 1995; Schatz et al., 1997). Overall these data suggest that the cannabinoid CB; receptor
is expressed in the rat mesenteric resistance arteries and contributes to the vasodilatory action
of oleamide.

Other experimental studies have provided evidence that oleamide and anandamide
vasorelaxation is mediated in part by the non-CB1/CB5 cannabinoid receptor (Jarai et al.,
1999; Mukhopadhyay et al., 2002; Hoi and Hiley, 2006). Abnormal cannabidiol (abn-chd), a
structural analog of naturally occurring cannabidiol, is a selective agonist (Adams et al.,
1977) and 0-1918, a selective antagonist (Offertaler et al., 2003) of the non-CB1/CB>
cannabinoid receptor. Abn-cbd has been shown to induce mesenteric vasorelaxation in CB/
CB,, receptor double knockout mice (Jarai et al., 1999), which suggest that novel cannabinoid
receptors other than the cannabinoid CB; and CB, receptors are present in mesenteric arteries.
The present findings indicate that abn-cbn induced vasorelaxation is greatly attenuated by the
presence of O-1918 and that O-1918 inhibits the mesenteric vasorelaxant effect of oleamide.

A previous report demonstrated that the cannabinoid CB; receptor antagonist SR141716A,
rimonabant, but not AM251 attenuated the mesenteric resistance artery dilation to oleamide
(Hoi and Hiley, 2006). This same study provided initial evidence that rimonabant could have
attenuated oleamide-mediated vasorelaxation by acting on the non-CB1/CB, cannabinoid
receptor (Hoi and Hiley, 2006). In contrast, our study demonstrated that the cannabinoid
CB; receptor antagonist AM251 attenuated the mesenteric resistance artery dilation to
oleamide. Although AM251 has been touted as a highly selective CB; receptor antagonist
(Hoiand Hiley, 2006; Kruetz et al., 2009), experimental studies have demonstrated that AM251
is a weak antagonist to the abn-cbd mesenteric vasodilation (Ho and Hiley, 2003) and fully
antagonizes the vasodilation to the non-CB1/CB, receptor agonist VSN16 (Hoi et al., 2007).
In the present study the vasodilation to abn-cbd was somewhat attenuated by AM251 further
supporting the concept that AM251 is a weak antagonist on the yet to be identified non-CB;/
CB;, receptor. Moreover, AM251 in combination with non-CB1/CB5 cannabinoid receptor
antagonist O-1918 did not further attenuate the vasodilatory response to oleamide. These
observations and those of previous reports support the notion that oleamide-induced
vasorelaxation is partially mediated through non-CB1/CB, cannabinoid receptors along with
cannabinoid CB1 receptor or that oleamide is acting through a single cannabinoid receptor that
is inhibited by AM251 and O-1918 at the doses used in the current experimental setting.
Another possibility is that a significant interaction between the CB1 and non-CB;/CB,
receptors are required for the oleamide-induced mesenteric resistance artery dilation.

A recent report has provided evidence that oleamide vasorelaxation is partially endothelium-
dependent (Hoi and Hiley, 2006). Our findings in the present study also demonstrate that the
endothelium contributes to oleamide-mediated vasodilation. Interestingly, a portion of the
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oleamide vasodilation remained after endothelial removal. This suggests that oleamide-
induced vasorelaxation is partially mediated by means other than the endothelium such as
vascular smooth muscle cells and sensory nerves. Interestingly, both endothelium-dependent
(Pratt et al., 1998; Chaytor et al., 1999) and endothelium-independent (Zygmunt et al., 1999)
actions of the fatty acid amide, anandamide, have been reported in various vascular tissues.
Next, we examined whether or not the cannabinoid receptor contribution was endothelium-
dependent. The data demonstrate that the cannabinoid CB; receptor antagonist, AM251, or the
non-CB1/CB, cannabinoid receptor antagonist, O-1918, did not further attenuate the vascular
response to oleamide in endothelium-denuded rat mesenteric resistance arteries. This finding
that the endothelium-dependent vasodilation in response to oleamide is mediated by
cannabinoid receptor activation is in agreement with previous reports that have demonstrated
endothelial localization of the cannabinoid CB; receptor in the rat (Batkai et al., 2004; Lepicier
et al., 2007). Likewise, previous studies in the rat mesenteric arteries and human pulmonary
arteries demonstrated endothelial localization of the non-CB1/CB, cannabinoid receptor (Jarai
etal., 1999; Kozlowka et al., 2007). Taken together, these findings demonstrate that the
oleamide-induced vasorelaxation is mediated by endothelial cannabinoid receptors.

Another cell signaling mechanism known to be involved in fatty acid amide vascular responses
are vanilloid receptors (Zygmunt et al., 1999; Harris et al., 2002). TRPV1 is a ligand-gated ion
channel that is activated by multiple stimuli such as capsaicin, proton and heat (Tominaga et
al., 1998). In the present study, the competitive antagonist for TRPV1, capsazepine, attenuated
responses to oleamide in rat mesenteric resistance arteries. This is consistent with previous
reports that TRPV1 receptors contribute to vascular responses evoked by fatty acid amides
(Harris et al., 2002). Zygmunt et al. (1999) found that anandamide-induced responses were
blocked by TRPV1 receptor and calcitonin gene related peptide (CGRP) antagonists and
suggested that when activated by anandamide, TRPV1 receptors induce the release of CGRP
and subsequent vasorelaxation. Experimental evidence demonstrates that the CGRP-mediated
dilation in rabbit mesenteric arteries, cat cerebral arteries, and guinea pig pulmonary arteries
is endothelium independent (Kakuyama et al., 1998; Mejia et al., 1988; Maggi et al., 1990). In
agreement with vascular smooth muscle localization of TRPV1 receptors we found that
capsazepine further attenuated oleamide-induced dilation in endothelium denuded mesenteric
resistance arteries. We also found that the TRPV1 receptor protein is expressed in rat
mesenteric resistance arteries and this result agrees with those of Wang et al. (2005). Overall,
the present results indicate that TRPV1 receptors participate in an endothelial independent
manner in oleamide-mediated dilation of mesenteric resistance arteries.

Next, we investigated whether or not an interaction between cannabinoid CB, and TRPV1
receptors existed in the mesenteric resistance arteries since the cannabinoid CB; and TRPV1
receptor antagonists partially attenuated the oleamide-mediated vasorelaxation. The
combination of AM251 or AM251 and O-1918 and capsazepine did not further attenuate the
vasodilatory response to oleamide. This is in agreement with a previous report that the
sequential combination of cannabinoid CB; and TRPV1 receptor inhibition did not produce
additive or incremental hemodynamic effects compared with each drug alone in cirrhotic rats
(Moezietal., 2006). These findings would suggest that cannabinoid and TRPV1 receptors have
overlapping functions in regards to vascular responses to oleamide.

Previous investigations have found NO involvement in cannabinoid receptor-mediated
vasodilation of rat mesenteric arteries, rat aortic rings and bovine ophthalmic arteries (Hoi et
al., 2007; Herradon et al., 2001; Romano and Lograno, 2006). Oleamide has also been shown
to induce the Ca2* activated K* channel in mesenteric arteries (Hoi and Hiley, 2006). In the
present study we evaluated the contribution of NO and K* channels to oleamide-induced
vasorelaxation. Mesenteric resistance artery relaxation in response to oleamide was attenuated
by inhibition of NO synthesis as well as K* channels. A previous report demonstrated that
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cannabinoid agonists induce the phosphorylation of endothelial nitric oxide synthase (eNOS)
through activation of Akt resulting in the NO synthesis (Mukhopadhyay et al., 2002). In
addition, anandamide-induced relaxation of rat mesenteric arteries has been shown to be
sensitive to K* channel blockers and high extracellular K* levels (Randall et al., 1997).
Additionally, endothelial generated NO has been shown to directly activate the Ca2*- activated
K* channels on vascular smooth muscle cells (Bolotina et al., 1994). Since the combination of
L-NAME and TEA did not have additive effects on the mesenteric artery response to oleamide
these findings along with those of previous studies support the notion that NO activation of
K* channels participates in oleamide-mediated vasodilation.

In conclusion, the results of the present study demonstrate that oleamide dose-dependently
induces vasorelaxation in mesenteric resistance arteries and that this dilation is partially
mediated by endothelial cannabinoid receptors and endothelial independent TRPV1 receptors.
These mechanisms appear to overlap in respect to oleamide-induced mesenteric resistance
artery dilation. We also provide evidence for a contribution of NO and K* channels to the
oleamide-induced mesenteric resistance artery dilation. Future studies will be required to
determine the exact nature of the interactions between these mechanisms with respect to
vascular responses evoked by the fatty acid amide, oleamide.
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Figure 1.

Effect of URB597 or MAFP on oleamide mediated dilation of mesenteric resistance arteries.
Mesenteric resistance arteries were pressurized and pretreated with vehicle (n=8), URB597
(1uM, n=6) or MAFP (10uM, n=4). The effect of oleic acid (n=5) was also evaluated on intact
mesenteric resistance arteries. Starting vessel diameter measured 281 + 7 ym (n=23) and
measured 126 + 9 um after treatment with U46619. VValues are expressed as mean+S.E.M.
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Figure 2.

Effect of the cannabinoid CB1 receptor antagonist AM251 or the CB, receptor antagonist
AM360 on oleamide mediated dilation of mesenteric resistance arteries. Mesenteric resistance
arteries were pressurized and pretreated with vehicle (n=4), AM251 (1uM, n=5) or AM630
(1uM, n=6). Starting vessel diameter measured 267 + 11 pm (n=15) and measured 113 + 7
um after treatment with U46619. Values are expressed as mean+S.E.M.
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Figure 3.

Effect of the non-CB4/CB5 cannabinoid receptor antagonist O-1918 on oleamide and abnormal
cannabidiol (abn-cbd) mediated dilation of mesenteric resistance arteries. Left panel:
Mesenteric resistance arteries were pressurized and pretreated with vehicle (n=8), the non-
CB;/CB> cannabinoid receptor antagonist 0-1918 (30uM, n=4) or the cannabinoid CBq
receptor antagonist AM251 (1uM) and the non-CB1/CB, cannabinoid receptor antagonist
0-1918 (n=5). Starting vessel diameter measured 283 £+ 15 um (n=17) and measured 122 + 11
um after treatment with U46619. Right panel: Mesenteric resistance arteries were pressurized
and pretreated with vehicle (n=6), the non-CB/CB, cannabinoid receptor antagonist O-1918
(30uM, n=4), or the cannabinoid CB, receptor antagonist AM251 (1uM, n=4). Starting vessel
diameter measured 268 £ 12 um (n=14) and measured 121 + 11 um after treatment with
U46619. Values are expressed as meantS.E.M.
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Figure 4.

Effect of endothelial removal on oleamide and cannabinoid receptor mediated dilation of
mesenteric resistance arteries. Mesenteric resistance arteries were pressurized and the response
to oleamide determined in endothelial intact (h=7) and endothelium denuded arteries pretreated
with vehicle (n=8), the cannabinoid CB; receptor antagonist AM251 (1uM, n=6) or the non-
CB;/CB> cannabinoid receptor antagonist, O-1918 (30 uM, n=4). Starting vessel diameter
measured 273 £ 7 um (n=25) and measured 133 + 10 um after treatment with U46619. Values
are expressed as mean+S.E.M.
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Figure 5.

Effect of the TRPV1 receptor antagonist capsazepine on oleamide mediated dilation of
mesenteric resistance arteries. Mesenteric resistance arteries were pressurized and pretreated
with vehicle (n=7), capsazepine (10uM, n=5). The effect of endothelial removal on oleamide
TRPV1 receptor mediated dilation of mesenteric resistance arteries was assessed in
endothelium denuded arteries pretreated with vehicle (n=4) or capsazepine (n=4). Starting
vessel diameter measured 289 + 8 um (n=20) and measured 147 = 7 um after treatment with
U46619. Values are expressed as mean+S.E.M.
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Figure 6.

Effect of the NO inhibitor, L-NAME and potassium channel inhibitor, TEA on oleamide
mediated dilation of mesenteric resistance arteries. Mesenteric resistance arteries were
pressurized and pretreated with vehicle (n=4), the NO inhibitor, L-NAME (300uM, n=4) or
the K* channel inhibitor, TEA (1mM, n=4). Starting vessel diameter measured 272 = 9 um
(n=12) and measured 142 + 6 um after treatment with U46619. Values are expressed as mean
+S.E.M.
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Figure 7.

FAAH enzyme, cannabinoid CB; receptors, CB, receptors and TRPV1 receptors protein
expression was determined in rat mesenteric resistance arteries. The vessels and brains were
homogenized and 10 or 20 pg of protein loaded onto a gel and resolved by electrophoresis.
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