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BACKGROUND AND PURPOSE
Lysophosphatidylinositol (LPI), a lipid signalling molecule, activates GPR55 and elevates intracellular Ca2+. Here, we examine
the actions of LPI in the rat resistance mesenteric artery and Ca2+ responses in endothelial cells isolated from the artery.

EXPERIMENTAL APPROACH
Vascular responses were studied using wire myographs. Single-cell fluorescence imaging was performed using a MetaFluor
system. Hypotensive effects of LPI were assessed using a Biopac system.

KEY RESULTS
In isolated arteries, LPI-induced vasorelaxation was concentration- and endothelium-dependent and inhibited by CID
16020046, a GPR55 antagonist. The CB1 receptor antagonist AM 251 had no effect, whereas rimonabant and O-1918
significantly potentiated LPI responses. Vasorelaxation was reduced by charybdotoxin and iberiotoxin, alone or combined. LPI
decreased systemic arterial pressure. GPR55 is expressed in rat mesenteric artery. LPI caused biphasic elevations of endothelial
cell intracellular Ca2+. Pretreatment with thapsigargin or 2-aminoethoxydiphenyl borate abolished both phases. The PLC
inhibitor U73122 attenuated the initial phase and enhanced the second phase, whereas the Rho-associated kinase inhibitor
Y-27632 abolished the late phase but not the early phase .

CONCLUSIONS AND IMPLICATIONS
LPI is an endothelium-dependent vasodilator in the rat small mesenteric artery and a hypotensive agent. The vascular
response involves activation of Ca2+-sensitive K+ channels and is not mediated by CB1 receptors, but unexpectedly enhanced
by antagonists of the ‘endothelial anandamide’ receptor. In endothelial cells, LPI utilizes PLC-IP3 and perhaps ROCK-RhoA
pathways to elevate intracellular Ca2+. Overall, these findings support an endothelial site of action for LPI and suggest a
possible role for GPR55 in vasculature.
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Abbreviations
2-APB, 2-aminoethoxydiphenyl borate; BKCa, large conductance Ca2+-activated K+ channels; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HBS, HEPES-buffered saline; IKCa, intermediate conductance Ca2+-activated
K+ channels; KCa, Ca2+-activated K+ channels; LPI, lysophosphatidylinositol; MAECs, mesenteric arterial bed endothelial
cells; ODQ, 1H–[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; R10 μM, mean vessel relaxation of induced tone achieved at the
highest concentration of agonist used; ROCKs, Rho-associated kinases; SKCa, small conductance Ca2+-activated K+

channels

Introduction
There is increasing evidence that long-chain lipid signalling
molecules have vasoactive actions. Much activity has focused
on the actions of the endocannabinoid, anandamide (arachi-
donoyl ethanolamide), which relaxes blood vessels through
both endothelium-dependent and endothelium-independent
mechanisms (Wagner et al., 1999) and may also have cardio-
protective actions (see Hiley and Ford, 2004). More recently,
other derivatives of long-chain fatty acids have also been
shown to have vasodilator actions, and they show complex
pharmacology in terms of overlapping sensitivity to antago-
nists, which does not show consistency between the different
agents. For example, O-1918 was introduced as an antagonist
at the ‘endothelial anandamide receptor’ (Offertaler et al.,
2003) at which the cannabinoid antagonist rimonabant
was also an antagonist. This pattern of sensitivity is shared
with vasorelaxation to oleamide (Hoi and Hiley, 2006), but not
with oleoylethanolamide-induced relaxation of rat mesenteric
arteries which is sensitive to O-1918 but not rimonabant
(AlSuleimani and Hiley, 2013). This has led to the conclusion
that there are several receptors, apart from cannabinoid CB1

and CB2 receptors, involved in response to these fatty acid
derivatives (Hiley and Kaup, 2007; Bondarenko, 2014).

One receptor that has attracted particular attention is the
orphan G protein-coupled receptor GPR55. This, with its

distinct intracellular signalling cascades in endothelial cells,
has recently been hypothesized to form part of a novel sig-
nalling system with lysophosphatidylinositol (LPI), an
endogenous cell membrane-derived lipid, as its primary
ligand (Waldeck-Weiermair et al., 2008; Bondarenko et al.,
2010; 2011b). When LPI was investigated as a ligand for
GPR55, it initiated responses, which were either absent in
untransfected cells, diminished by small interfering RNA
(siRNA) knock-down of GPR55 or enhanced by GPR55 over-
expression (Oka et al., 2007; 2010; Waldeck-Weiermair et al.,
2008; Henstridge et al., 2009; 2010; Bondarenko et al., 2010;
Ford et al., 2010). For instance, in HEK293 cells expressing a
human GPR55 receptor, LPI induced Ca2+ mobilization
(Henstridge et al., 2009), caused phosphorylation of ERK (Oka
et al., 2007; 2009) and activated RhoA and the transcription
factor NFAT (Henstridge et al., 2009). Additionally, LPI initi-
ates Ca2+ mobilization in mice dorsal root ganglion neurons
(Lauckner et al., 2008) and human endothelial cells naturally
expressing GPR55 (Waldeck-Weiermair et al., 2008;
Bondarenko et al., 2010). In addition, knock-down of GPR55
in human endothelial cells partly inhibited the angiogenesis
and endothelial wound healing induced by N-arachidonoyl
serine (Zhang et al., 2010). In HUVEC, LPI induced both
GPR55-dependent and GPR55-independent signals
(Waldeck-Weiermair et al., 2008; Bondarenko et al., 2010) and
acted as an intracellular messenger modulating K+ channels
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(Bondarenko et al., 2011a), suggesting a vascular function for
this lipid.

It was initially suggested that GPR55 might be the pro-
posed ‘endothelial anandamide receptor’ (Offertaler et al.,
2003). However, there is now evidence against this, as mes-
enteric arteries of both wild-type and GPR55 knockout mice
show vasorelaxation in the presence of abnormal cannabidiol
and O-1602 (Johns et al., 2007). However, Johns et al. (2007)
found that GPR55 knockout mice had elevated baseline mean
arterial pressure. Furthermore, a recent oral communication
indicated that GPR55 knockout mice showed reduced vasore-
laxation to anandamide, providing a further evidence of a
possible role for GPR55 in vasculature (McNaughton and Ho,
2013). Stimulation of GPR55 by LPI results in activation of
the large conductance Ca2+-activated K+ channels (BKCa) and
subsequent membrane hyperpolarization in endothelial cells
(Bondarenko et al., 2010), a key pathway involved in vasore-
laxation, although Fukao et al. (1996) had previously shown
that LPI inhibited ACh-induced vascular hyperpolarization in
rat mesenteric artery. Another early study showed that LPI
enhanced the Ca2+ sensitivity of smooth muscle contractile
proteins in α-toxin permeabilized rat mesenteric arteries by a
PKC-based mechanism (Jensen, 1996).

The lack of clarity in the effects of LPI on the vasculature
was the stimulus for the present study of its actions and, in
particular, the role of GPR55 in the vasculature. The haemo-
dynamic effects of LPI in vivo, its vascular actions on isolated
arteries and on freshly isolated endothelial cells were studied.
The effect of LPI on BP in vivo was examined in rats (see the
Supporting Information), and vascular tone was assessed in
the third generation of the rat superior mesenteric artery.
Furthermore, the effects of LPI on intracellular Ca2+ signals
was investigated in endothelial cells isolated from the rat
mesenteric arterial bed. In addition, as a majority of recent
studies on GPR55 link this receptor to LPI actions, expression
of GPR55 in this arterial bed was investigated with the real-
time PCR and compared with the expression of the cannabi-
noid CB1 and CB2 receptors.

Methods

Animals
All animal care and experimental procedures for the
in vitro experiments were in accordance with the UK Animal
(Scientific Procedures) Act 1986. The in vivo procedures
reported in Supplementary Material were approved by the
Animal Ethical Committee of Sultan Qaboos University. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 151 rats were used to provide the tissue samples for the in
vitro experiments and seven rats for the in vivo experiments

Myograph studies
Male Wistar rats (250–400 g; Charles River UK Ltd, Kent, UK)
were killed with an overdose of sodium pentobarbital
(120 mg·kg−1, i.p.; Sagatal, Rhône Mérieux, Harlow, Essex,
UK). The mesentery was rapidly removed and placed in ice-
cold, gassed (95% O2/5% CO2), Krebs–Henseleit solution

(pH 7.4) of the following composition (mM): NaCl, 118;
KCl, 4.7; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25; CaCl2, 2.5;
D-glucose, 5.5. Unless otherwise stated, the solution also con-
tained indomethacin (10 μM). Small branches (328 ± 4 μm
diameter, 180 vessels) of the rat superior mesenteric artery
were mounted in a Mulvany–Halpern wire myograph main-
tained at 37°C in gassed (95% O2/5% CO2) Krebs–Henseleit
solution. The mean vessel diameter after normalization was
480 ± 6 μm (180 vessels) and the mean resting force of con-
traction generated following this process was 3.6 ± 0.1 mN
(150 vessels). Vessels were precontracted with 10 μM meth-
oxamine and the mean force of contraction generated was
12.9 ± 0.4 mN (127 vessels), and they were designated as
endothelium-intact when carbachol (10 μM) relaxed them
>90%.

After the endothelial integrity test, vessels were left to
re-equilibrate for 30–40 min and were then used to assess the
actions of the lysophospholipids. When the contractile effect
of these lipids was examined, they were added in a cumula-
tive manner to vessels under basal tone. The possible vasore-
laxant effects of these compounds were investigated by
cumulative addition to vessels precontracted with methox-
amine (10 μM). In some experiments, they were precon-
tracted with 60 mM KCl. The mean force of contraction
generated by 60 mM KCl was 12.14 ± 1.2 mN (n = 11). In
those experiments where intracellular signalling pathways
were explored, the arteries were precontracted with either
U46619 (3 μM) alone or in combination with methoxamine.

Any receptor antagonist, channel blocker or enzyme
inhibitor being examined was added to the bathing solution
30 min before, and was present during construction of the
concentration–response curve. Experiments were conducted
in a paired manner, with control and test experiments carried
out on arteries from the same animal, and each preparation
was only exposed to a single agonist.

Isolation and culture of rat mesenteric arterial
bed endothelial cells (MAECs)
Isolation of MAECs was performed by a modification of the
method of Santos et al. (2003). Male Wistar rats (250–400 g;
Charles River UK Ltd) were killed with an overdose of sodium
pentobarbital (120 mg·kg−1, i.p.; Sagatal, Rhône Mérieux). A
polyethylene (PE50) cannula was inserted into the superior
mesenteric artery at its origin from the abdominal aorta. The
entire mesentery and small intestine were then removed and
placed in a Petri dish containing PBS (Invitrogen Life Tech-
nology, Paisley, Scotland) at 37°C. The mesenteric vascular
bed was then carefully detached from the intestine and per-
fused through the mesenteric artery, first with PBS at
1 mL·min−1 for 15 min at 37°C, to ensure thorough removal
of all blood cells and then with 0.2% collagenase type A
(Roche, Mannheim, Germany) at 1 mL·min−1 at 37°C for
40 min. Perfusate was collected every 10 min and centrifuged
at 1200× g for 10 min. Pellets were resuspended in endothelial
cell basal medium-2 (Lonza, Cologne, Germany) supple-
mented with 10% FBS (Invitrogen Life Technology), penicil-
lin (100 U·mL−1; Sigma Chemical Company, Poole, Dorset,
UK), streptomycin (100 μg·mL−1; Sigma Chemical Company),
2 mM L-glutamine (Sigma Chemical Company), 80 μg·mL−1

heparin (Sigma Chemical Company), 5 μg·mL−1 ascorbic acid
(Sigma Chemical Company) and endothelial growth supple-
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ment (75 μg·mL−1; First Link, Birmingham, UK). Isolated cells
were directly seeded onto round glass coverslips (22 mm, No.
0; VWR International, Radnor, PA, USA) coated with 0.5%
bovine gelatine (Sigma Chemical Company) and incubated
in a humidified 5% CO2 atmosphere for 3–5 days before being
used for experiments.

Single-cell Ca2+ imaging
Isolated MAECs on 22-mm-diameter coverslips coated with
0.5% gelatine were used for Ca2+ imaging 3–5 days following
seeding. Initially, they were washed twice at 20°C with HEPES-
buffered saline (HBS) of the following composition (mM):
NaCl, 135; KCl, 5.9; MgCl2, 1.2; HEPES, 11.6; glucose, 11.5;
CaCl2, 1.5 (this was omitted in Ca2+-free HBS), pH 7.3. The cells
were then loaded with fura-2-acetoxymethyl ester (fura-2 AM;
2 μM; Invitrogen Life Technology) in HBS + 2.5 mM probene-
cid (Sigma Chemical Company) at 20°C for 1 h, then washed
twice with HBS and incubated for a further 30 min period to
allow de-esterification of the indicator (Rosker et al., 2009).

Fluorescence ratios (excitation at 340 and 380 nm; emis-
sion at 510 nm) from single cells were recorded at 20°C using
an Olympus IX71 inverted fluorescence microscope
(Olympus, Tokyo, Japan) and a Luca EMCCD camera (Andor
Technology, Belfast, Northern Ireland) and collected at 5 s
intervals. At the end of each experiment, cells were exposed
to a quench solution composed of 1 mM MnCl2 and 1 μM
ionomycin in HBS to correct for autofluorescence. The com-
pounds under investigation were added 10–15 min before
and were then present throughout the period when LPI
effects were assessed.

Detection of mRNAs for GPR55, CB1 and CB2

receptors in the rat mesenteric artery
Male Wistar rats weighing 250–400 g were killed as above and
the entire mesentery was rapidly removed and placed in
Krebs solution. The mesenteric arterial bed, cleaned of blood
content and surrounding fatty tissue, was then quickly placed
in TRIZOL® reagent (Invitrogen Life Technology). Similarly,
parts of the testis were removed and placed in the reagent.
The tissues were then rapidly used for RNA isolation.

Total RNA was extracted using TRIZOL (Invitrogen Life
Technology), as recommended by the manufacturer with
slight modification. Briefly, tissues were cut into small pieces
with a scalpel blade on a Petri dish and then placed in dry ice.

They were then ground using a mortar and pestle and
homogenized in 1 mL of TRIZOL with a needle and syringe.
The homogenate was transferred to a fresh tube and incu-
bated for 5 min at room temperature to permit dissociation of
nucleoprotein complexes. RNA was separated from the other
components by chloroform and precipitated by isopropyl
alcohol (Sigma Chemical Company), as described in the
manufacturer’s protocol. The pellet was washed with 75%
ethanol, air dried and then resuspended in RNase-free water
(20–100 μL; 65°C for 10 min). The concentration of isolated
RNA was determined using a Nanovue spectrophotometer
(GE Healthcare Life Sciences, Amersham, UK) and the
obtained A260/280 ratios were 2–2.2.

About 1 μg of RNA from each sample was then treated
with RQ1 RNase-free DNase (Promega, Southampton, Hamp-
shire, UK) to remove genomic DNA contamination using the
manufacturer’s protocol. Treated RNA samples were immedi-
ately used for complementary DNA (cDNA) synthesis. First-
strand cDNA was synthesized using SuperScript II reverse
transcriptase (Invitrogen Life Technology). The primers
shown in Table 1 (Hoi, 2007) were used to amplify cDNA
corresponding to the messenger RNA (mRNA) transcripts for
rat GPR55, the rat CB1 and CB2 receptors, and rat GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; used as a refer-
ence gene) as expressed in the mesenteric artery and testis.
Real-time PCR was carried out using the SensiMixTM SYBR &
Fluorescein Kit (Bioline, London, UK). The mastermix con-
tains the SYBR Green I dye, dNTPs, stabilizers and enhancers.
The cDNA samples (20 μL) were diluted fourfold in RNase/
DNase-free water and the following reaction mix was pre-
pared before proceeding to the real-time PCR: 2× SensiMix
SYBR & Fluorescein (11 μL); forward and reverse primers (1 μL
of 500 nM solution of each); MgCl2 (0.6 μL of 3 mM); cDNA
or non-reverse-transcribed RNA (7 μL). Amplification was
allowed to proceed in a Rotor-Gene 3000™ (Corbett Research,
Sydney, NSW, Australia) using the following cycle conditions:
initial denaturation (10 min); followed by 45 cycles of 94°C
(30 s), 55°C (30 s), 72°C (30 s; fluorescence detection) and
2 min final extension at 72°C. Melt curve analysis was per-
formed from 72 to 95°C in 1°C steps, 45 s for the first step and
5 s for each step thereafter.

To ensure that specific products corresponding to the
genes under investigation were amplified, the samples (20 μL
each) were subjected to electrophoresis in a 2% agarose gel

Table 1
Primers used to amplify cDNA from rat mesenteric artery and testis

GPR55 Forward 5′-TTGTGGAGTGCCTCTACTTC-3′

Reverse 5′-CCGTAGAATGTGAATGCTCC-3′

CB1 receptor Forward 5′-ACAAGTCTCTCTCGTCGTTC-3′

Reverse 5′-TTGTGAAGGAGGCTGTAACC-3′

CB2 receptor Forward 5′-TCTTTGCCTGCAACTTCGTC-3′

Reverse 5′-ACTAGGACAACAAGTCCACC-3′

GAPDH Forward 5′-AGTCTACTGGCGTCTTCACC-3′

Reverse 5′-CCATCACGCCACAGCTTTCC-3′
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in Tris–acetate–EDTA buffer and visualized with ethidium
bromide. The expected sizes (as base pairs) of the amplified
fragments were as follows: GPR55, 341; CB1 cannabinoid
receptor, 357; CB2 cannabinoid receptor, 275; GAPDH, 307.
Control reactions with reverse transcriptase omitted from the
reverse transcription reaction were also included and shown
not to produce any specific amplification products, ruling out
any possible genomic DNA contamination.

Data analysis
In myograph studies, relaxation responses are expressed as
the percentage relaxation of the tone induced by either
10 μM methoxamine, 3 μM U46619 or 60 mM KCl. Data are
shown as mean ± SEM, and n represents the number of rats.
The mean relaxation achieved at the highest concentration
used (R10 μM) is provided.

In single-cell Ca2+ imaging experiments, data are
expressed as Δratio (F340/F380), which indicates the difference
in the 340–380 nM fluorescence ratios between basal and
peak Ca2+. n represents the number of cells from at least two
independent isolations.

In experiments where expression of mRNAs was investi-
gated, the authenticity of each product was assessed by
melting curve analysis. Results were analysed using the ‘com-
parative quantitation’ feature of the Rotor-Gene software
(Version 6; Corbett Research), which compares the relative
expression of samples to control (here the housekeeping gene
GAPDH). For each sample, the cycle number at which the
second derivative of the amplification curve reaches 20% of
its maximum level, and indicates the end of the noise and the
transition into the exponential phase, is calculated and used
as cycle threshold (CT). The expression relative to that of a
gene selected as the calibrator (i.e. GAPDH) is then calculated
as follows:

Relative expression

Calibrator Sample Amplification= −( )C CT T

The ‘amplification’ is the average increase in fluorescence for
four cycles after CT and is determined from the empirical
slope of the amplification curves (Lim et al., 2008). Each
reaction was performed in duplicate with samples obtained
from three rats.

Concentration–response curves were analysed using two-
way ANOVA of the whole dataset. In experiments where the
effect of single concentrations of LPI was assessed, statistical
comparisons between individual groups were carried out
using one-way ANOVA followed by the Dunnett’s or Bonferro-
ni’s multiple comparison tests, and where only two groups
were compared, unpaired two-tailed Student’s t-test was
used. P values of <0.05 were set as criterion of statistical
significance.

Materials
Methoxamine, carbachol, L-NAME, 4-aminopyridine, L-α-
lysophosphatidyl-inositol (all from Sigma Chemical
Company), apamin, charybdotoxin, iberiotoxin and Y-27632
(all from Tocris Cookson, Bristol, UK) were dissolved in dis-
tilled water. U46619 (Tocris) was dissolved in PBS. O-1918,
AM 251, TRAM 34, JWH 015, 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ) and 2-aminoethoxydiphenyl

borate (2-APB; all from Tocris) were dissolved in 100%
ethanol as was rimonabant (SR141716A; a generous gift from
Sanofi-Synthélabo, Montpellier, France) and glibenclamide
(Hoechst UK Ltd, Hounslow, Middlesex, UK). AM 630, CID
16020046, U73122 (all from Tocris) and thapsigargin (Sigma
Chemical Company) were dissolved in 100% dimethyl sul-
foxide. Indomethacin (Sigma Chemical Company) was dis-
solved in 5% (w/v) NaHCO3 solution. All compounds were
further diluted with distilled water and used within a
maximum of 2 days of preparation.

Results

Myograph studies
Effects of LPI on vascular tone. LPI produced concentration-
and endothelium-dependent vasorelaxation (Figure 1A).
Figure 1B illustrates original traces of the vasorelaxation to
LPI in rat small mesenteric arteries in the presence and
absence of functional endothelium.

Effects of indomethacin and ODQ on vasorelaxation induced by
LPI. In endothelium-intact vessels precontracted with
methoxamine (see Figure 2A), omission of indomethacin
(10 μM) from the bathing solution had no significant effect
on vasorelaxation to LPI. Similarly, the selective inhibitor of
NO-sensitive guanylyl cyclase, ODQ, at 10 μM did not inhibit
the relaxation to LPI (Figure 2B).

Effects of K+ channel blockers on LPI-induced vasorelaxation. In
endothelium-intact vessels, precontraction with 60 mM KCl,
instead of methoxamine, abolished the vasorelaxation to LPI
over the concentration range used (n = 4; Figure 3A).

Therefore, we investigated the possible involvement of K+

channels in response to LPI. As shown in Figure 3B, pretreat-
ment with apamin [a blocker of small conductance Ca2+-
sensitive K+ channels (SKCa); 50 nM] had no significant effect
on LPI-induced vasorelaxation. On the contrary, charyb-
dotoxin [a blocker of intermediate (IKCa) and large (BKCa)
conductance Ca2+-sensitive K+ channels; 50 nM], given alone
or in combination with apamin, produced a marked reduc-
tion of the response. Figure 3B also indicates that TRAM 34 (a
selective blocker of IKCa; 2 μM) attenuated the response,
leaving only a very small residual relaxation. In addition,
iberiotoxin (a blocker of BKCa; 50 nM) significantly inhibited
the relaxation to LPI, whereas blockade of ATP-dependent
K+ channels (KATP) by glibenclamide (10 μM) or voltage-
dependent K+ channels (Kv) by 4-aminopyridine (1 mM) had
no significant effect on the response (Figure 3C).

Effect of receptor antagonists on vasorelaxation to LPI. The CB1

receptor antagonist AM 251, used at 10 μM, had no notice-
able effect on relaxation to LPI (Figure 4A). Furthermore,
antagonists reported to act against anandamide at the
‘endothelial anandamide receptor’, rimonabant (3 μM) and
O-1918 (10 μM), caused a significant enhancement in vasore-
laxation to LPI (Figure 4B). In contrast, the newly introduced
antagonist of GPR55, CID 16020046, significantly reduced
the relaxation to 10 μM LPI (Figure 4C).

Effects of 2-APB, U73122 and Y-27632 on relaxation to
LPI. The downstream signalling cascade by which LPI initi-
ates its effect was investigated by using selective blockers of
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PLC (U73122) and RhoA-ROCK (Rho-associated kinase)
(Y-27632) as well as an antagonist of IP3 receptors
[2-aminoethoxydiphenyl borate (2-APB)]. Figure 5 shows that
vasorelaxation induced by LPI was largely reduced by U73122

(10 μM) and Y-27632 at 50 μM, and abolished by 100 μM
2-APB. In each case, care was taken to ensure that relaxation
in the presence of an inhibitor was measured from a level of
precontraction that was the same as that obtained in the test
for endothelial integrity; if necessary, the concentration of

Figure 1
LPI-induced vasorelaxation of the rat small mesenteric artery precon-
tracted with 10 μM methoxamine (Meth) in the presence and
absence of the endothelium. (A) Relaxation was determined in the
presence (n = 10) and absence (n = 6) of endothelium. Values are
shown as means ± SEM. (B, C) Original traces demonstrating LPI-
induced relaxation of rat small mesenteric arteries precontracted
with methoxamine. (A) shows a vessel with an intact endothelium
and (B) represents an endothelium-denuded vessel. Vertical lines
denote addition of drugs at the concentrations indicated.

Figure 2
Concentration-dependent relaxation to LPI of methoxamine-induced
tone in rat mesenteric resistance arteries. Responses were determined
in the presence of functional endothelium. (A) Vessels were relaxed
by LPI alone (n = 4), or in the presence of 10 μM indomethacin (n =
6). (B) Vessels were relaxed by LPI in the absence (n = 10) or presence
(n = 4) of ODQ. Data are presented as means + SEM.
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the precontracting agent was increased to reach this level, or
a combination of methoxamine and U46619 was used as
stated in the Methods section. Generated force of contraction
before and after exposure to inhibitors is given in the Sup-
porting Information.

Actions on endothelial cells isolated from the rat mesenteric arte-
rial bed. The current study shows that LPI initiates vasore-
laxation of rat small mesenteric arteries solely by
endothelium-dependent mechanisms, probably involving
elevation of intracellular Ca2+. We therefore attempted to
further clarify this by conducting Ca2+ imaging studies in
endothelial cells isolated from the same vessel. The charac-
terization of the cells is described in the Supporting Informa-
tion and AlSuleimani (2011). They had a very slow
population doubling rate and they substantially changed
their morphology by 6 days after isolation. Furthermore,
trypsinization also stopped the cells dividing and changed
their morphological characteristics. Therefore, isolated cells
were grown in cultures for 3–5 days for use in experiments.

Single-cell calcium imaging. In Ca2+-free HBS, LPI (10 μM)
evoked biphasic mobilization of cytosolic Ca2+ (Figure 6A).
The initial phase was rapid (20 s after agonist stimulation)
and transient (lasting for 100 s), whereas the late phase was
characterized by a slow (observed 250 s after the first phase)
and sustained Ca2+ elevation. Figure 6B shows images of the
endothelial cells while being observed for Ca2+ signalling.

Effect of thapsigargin, U73122, 2-APB and Y-27632 on LPI-
evoked Ca2+ signals. In Ca2+-free HBS, as noted earlier, the
lysolipid initiated biphasic Ca2+ signals. Therefore, the effects
of thapsigargin (inhibitor of sarcoplasmic reticulum Ca2+-
ATPases), U73122 (PLC inhibitor), 2-APB (the IP3 receptor
antagonist) and Y-27632 (RhoA-ROCK inhibitor) were
assessed in both phases. Figure 7A shows that the initial
phase of Ca2+ release was abolished by pretreating the cells
with thapsigargin (1 μM), U73122 (10 μM) and 2-APB
(100 μM). The figure also indicates that 50 μM Y-27632 sig-
nificantly reduced the response. The late phase, on the con-
trary, was completely inhibited by thapsigargin, 2-APB and
the ROCK inhibitor (Figure 7B). Interestingly, U73122 did not
inhibit the late phase, instead, it shortened the time to peak
(Figure 7C).

Expression profile of GPR55, CB1 and CB2 receptors. The expres-
sion of GPR55 as well as CB1 and CB2 receptors was

Figure 3
Role of K+ channels in LPI-induced vasorelaxation. (A) Relaxation by
LPI of either methoxamine- or KCl-induced tone in rat isolated small
mesenteric arteries with an intact endothelium. Tone was induced by
either 10 μM methoxamine (n = 7) or 60 mM KCl (n = 6). (B)
Relaxation was produced by LPI either alone (n = 7) or in the
presence of either apamin (n = 4), charybdotoxin (n = 4), apamin
plus charybdotoxin (n = 4), iberiotoxin (n = 4) or TRAM 34 (n = 5).
(C) Relaxation was elicited by LPI alone (n = 6), or in the presence of
4-aminopyridine (n = 6) or glibenclamide (n = 4). **P < 0.01, signifi-
cantly different from control; one-way ANOVA with Bonferroni’s post
hoc test. Data are presented as means ± SEM.
◀
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investigated in the rat mesenteric artery using quantitative
PCR. For comparison, the expression of these receptors was
also assessed in extracts of rat testis. Melting curve analysis
revealed single specific peaks beyond 80°C. Figure 8 shows
that mRNA transcripts for all the receptors were detected in
both tissues. In the artery, mRNA levels for GPR55 were
similar to those for CB1 receptors, and there was about sixfold
more expression of CB2 receptors as compared to other recep-
tors. In addition, there was abundant expression of all the
receptors in rat testis. Compared with the mesenteric artery,
there was approximately a 1000 times more expression of
GPR55 and CB1 receptors and nearly a 100-fold greater
expression of CB2 receptors.

Discussion

The present study demonstrates some of the vascular actions
of LPI, which is considered to be an endogenous agonist at
GPR55. GPR55, with GPR18 and GPR119, shares sensitivity
with endogenous agonists, and some synthetic or natural
exogenous ligands, which are active at cannabinoid receptors
(Alexander et al., 2013, p. 1519). Our investigation has shown
that LPI relaxes resistance arteries and causes concentration-
dependent relaxation of the rat small mesenteric artery that is
mediated by an endothelial site of action. The mechanism
involved elevation of intracellular Ca2+ through the PLC-IP3

and RhoA-ROCK pathways and subsequent activation of IKCa.
In addition, the response showed some sensitivity to block-
ade of BKCa. LPI also decreased mean arterial pressure in

Figure 4
Relaxation by LPI of methoxamine-induced tone in rat small mesen-
teric arteries. All responses were determined in the presence of
functional endothelium. (A) Vasorelaxation was elicited by LPI either
alone (n = 10), or in the presence of AM 251 (n = 5). (B) Vasorelaxa-
tion was elicited by LPI alone (n = 10), or in the presence of either
O-1918 (n = 4) or rimonabant (n = 8). (C) Vessels were relaxed by LPI
alone (n = 4), or in the presence of 2.5 μM of the GPR55 antagonist
CID 16020046 (n = 4). Data are presented as means + SEM. In (A)
and (B), *P < 0.05, significantly different from control; two-way ANOVA

with Bonferroni’s post hoc test. In (C), ***P < 0.001, significantly
different from control; two-tailed Student’s t-test.

Figure 5
Involvement of the PLC-IP3 and RhoA-ROCK pathways in LPI-induced
vasorelaxation of rat mesenteric resistance arteries. Vessels were pre-
contracted with U46619 (3 μM) alone or in combination with meth-
oxamine (10 μM). Relaxation was elicited by LPI alone (n = 6), or in
the presence of U73122 (n = 8), 2-APB (n = 7) or Y-27632 (n = 5).
*P < 0.05, significantly different from control; one-way ANOVA with
Dunnett’s multiple comparison test. Data are shown as means +
SEM.
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anaesthetized rats. Moreover, this study has provided evi-
dence for the expression of GPR55 as well as CB1 and CB2

receptors in the rat mesenteric artery.
Preliminary data (not shown here) showed that LPI (0.01–

30 μM) had no contractile effects in rat small mesenteric
arteries at resting tension. However, when the vessels were
precontracted with methoxamine, LPI caused concentration-
dependent relaxation, which was entirely endothelium-
dependent. It is noteworthy that the concentrations of LPI
used (1–10 μM) are far below the critical micellar concentra-
tion (∼75 μM; Falasca et al., 1995), ruling out physicochemi-
cal actions through a detergent-like effect. It might also be
noted that the concentrations of LPI used in this study are
generally higher than those used to stimulate GPR55 in

recombinant systems. However, here we are investigating a
receptor expressed at native levels, which are likely to be
much less than those in cells induced to express the receptor,
and increased receptor expression will increase the sensitivity
of the system to agonists like LPI.

The vasorelaxation was not mediated by COX metabo-
lites, as the presence or absence of indomethacin had
no significant effect on the response. In addition, responses
to LPI were unlikely to result from the formation of
active metabolites as, when LPI was added to normal fibro-
blasts, it was metabolically stable and most of it was recov-
ered unchanged after 20 h of incubation, with no significant
conversion to metabolites (Falasca et al., 1998). It is also
unlikely that the NO-cGMP pathway contributes to this

Figure 6
Ca2+ signals evoked by 10 μM LPI in endothelial cells isolated from the rat mesenteric arterial bed. Responses were obtained in Ca2+-free HBS.
(A) A representative recording from a single cell showing the characteristic biphasic Ca2+ mobilization. (B) Images of the endothelial cells at 40×
while being recorded for Ca2+ signalling using the MetaFluor system. Blue indicates basal calcium levels, whereas green and red demonstrate the
increase in cytosolic Ca2+. Zero seconds represents the point where LPI was added.
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vasorelaxation because the potent and selective inhibitor of
NO-sensitive guanylyl cyclase, ODQ (10 μM; Garthwaite
et al., 1995), did not inhibit the response. Thus, relaxation to
LPI is mediated by mechanisms other than prostanoids and
cGMP.

The next step in this study was to examine if the relaxa-
tion was elicited by K+ fluxes, such as underlie endothelium-
dependent hyperpolarization. Precontraction of the vessel
with high K+ solution abolished relaxation to LPI. As
elevated extracellular K+ inhibits the electrochemical gradi-
ent for K+ efflux, this means that the LPI response is medi-
ated by K+ channels, such as KCa channels. Apamin, which
blocks SKCa, given alone, had no effect on the relaxation to
LPI, whereas the response was sensitive to blockade by cha-
rybdotoxin (a blocker of IKCa and BKCa at the concentration
used) given alone, or in combination with apamin. In addi-
tion, the highly selective blocker of IKCa, TRAM 34 (used at
100 times its Kd value; Wulff et al., 2000), abolished the
relaxation. This collectively indicates that IKCa channels are
the main target for LPI-induced vasorelaxation of rat small
resistance mesenteric arteries. Our finding that there was a
relaxation of ∼20%, resistant to charybdotoxin, whereas it
was completely blocked by TRAM 34, may indicate that the
concentration of charybdotoxin used was not sufficient to
block all IKCa.

The physiological importance of IKCa in the vasculature is
highlighted by the greater mean arterial BP recorded in IKCa

knockout mice (Brahler et al., 2009). Furthermore, inhibition
of IKCa alone abolished endothelial hyperpolarization in
human mesenteric (Kohler et al., 2000) and rat cerebral arter-
ies (Marrelli et al., 2003). Immunohistochemical approaches
show IKCa channels to localize exclusively at the endothelial
projections, which pass through the internal elastic lamina to
come into contact with smooth muscle cells (Sandow et al.,
2006; Dora et al., 2008; Ledoux et al., 2008). At these projec-
tions, ACh elicits an IP3-dependent rise in Ca2+ (see below)
known as ‘Ca2+-pulses’, which are suggested to trigger activa-
tion of IKCa, and thus a hyperpolarization, which can spread
to the underlying smooth muscle through myoendothelial
gap junctions (Ledoux et al., 2008).

In addition to the major contribution of IKCa to the vas-
orelaxation evoked by LPI, the response was also sensitive
to blockade of BKCa by iberiotoxin, although the magnitude
of inhibition was less than that observed for charybdotoxin
(44% for charybdotoxin and 25% for iberiotoxin). In
support of this, Bondarenko et al. (2010) demonstrated
that LPI caused GPR55-dependent elevation of intracellular
Ca2+ in the human endothelial cell line EA.hy296 that was
associated with activation of BKCa. They later reported
that the lysolipid has a direct action to modulate the
open probability of BKCa in endothelial cells (Bondarenko
et al., 2011a). Thus, it is very likely that LPI, in addition to
its initiation of receptor-mediated activation of IKCa, and
probably BKCa, has a direct action on the BKCa in our
preparations.

The CB1 cannabinoid receptor antagonist, AM 251, had
no significant effect on the relaxation to LPI, showing that
the response was not mediated by this receptor. However, it
should be noted that AM 251 has been reported to be an
agonist at GPR55 (Brown and Wise, 2001; Lauckner et al.,
2008) but we have not observed relaxation to this drug in any

Figure 7
Ca2+ signals evoked by LPI in endothelial cells isolated from the rat
mesenteric arterial bed. Responses were recorded in Ca2+-free HBS. (A)
The initial rapid phase (control, n = 27) which was abolished by
thapsigargin (n = 15), 2-APB (n = 14) and U73122 (n = 39). The
response was also significantly reduced by Y-27632 (n = 43). The late
slow phase (control, n = 42) as shown in (B) was attenuated by
thapsigargin (n = 31), 2-APB (n = 14) and Y-27632 (n = 49), whereas
U73122 (n = 48) did not reduce the peak response. (C) The time to
peak of the late phase was significantly shortened by U73122 (control,
n = 28; U73122, n = 39). Drugs were pre-incubated for 10–15 min
before the addition of LPI and were present throughout the period of
the experiment. n indicates the number of cells obtained from two to
three independent isolations. Data are presented as means + SEM. In
A and B, ***P < 0.001, significantly different from control; one-way
ANOVA with Bonferroni’s post hoc test. In C, ***P < 0.001, significantly
different from control; unpaired two-tailed t-test.
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Figure 8
Expression of mRNA transcripts for GPR55, CB1 and CB2 receptors in the rat mesenteric artery. (A) Representative real-time PCR measurement of
the mRNA levels in the rat mesenteric artery for a housekeeping gene (GAPDH), and for GPR55, the CB1 and the CB2 receptors. Each curve is an
average of duplicate readings from the same isolation. The dashed lines represent samples where reverse transcriptase was omitted (negative
control). (B) Real-time PCR products of specific gene fragments from two separate samples of mRNA isolated from mesenteric artery (M) and testis
(T). The expected sizes of amplicons were 341 bp for rat GPR55, 357 bp for the rat CB1 receptor, 275 bp for the rat CB2 receptor and 307 bp for
rat GAPDH. Also shown are negative control samples where RNA was not reverse-transcribed to cDNA. (C) Quantified mRNA expression levels in
both rat mesenteric artery and testis. Values are presented as mean expression, relative to the housekeeping gene, + SEM.
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of our studies on the rat mesenteric artery (data not shown).
One reason for this apparent discrepancy may lie in the
observation that the studies in which AM 251 has been
reported to be an agonist were carried out with human recep-
tors in expression systems (see Brown and Hiley, 2009). This
contrasts with the current study of the actions of LPI at native
rat receptors. That the receptor mediating relaxation in our
preparations is GPR55 is supported by our observation that
the newly discovered antagonist at GPR55, CID 16020046,
inhibited the response.

It also has to be considered that two antagonists of the
‘endothelial anandamide receptor’, O-1918 and rimonabant,
enhanced the vasorelaxation to LPI rather than either block-
ing it or having no effect. These agents were used here at
concentrations that antagonized vasorelaxation to abnormal
cannabidiol and anandamide in rat small mesenteric arteries,
under conditions in which other CB1 and CB2 receptor
antagonists had no effect on the relaxation to these two
cannabinoids (White and Hiley, 1998; Begg et al., 2003;
Offertaler et al., 2003). This also may indicate a dimerization,
or other interaction, between the lysolipid site and the
‘endothelial anandamide receptor’. In this respect, Balenga
et al. (2011) reported strong modulation of CB2 receptor-
mediated responses in human blood neutrophils through
pathways involving the small GTPases, Rac2 and Cdc42. It
should be noted here that LPI has no direct activity at the two
cannabinoid receptors, CB1 and CB2 (Yin et al., 2009).

The data in this study show that vasorelaxation to LPI was
entirely endothelium-dependent and mainly involved activa-
tion of IKCa. In endothelial cells, activation of IKCa requires
elevation of intracellular Ca2+ evoked by IP3 (Ledoux et al.,
2008) and we therefore investigated the involvement of this
pathway in the vasorelaxation to LPI. In fact, pretreatment
with the PLC inhibitor, U73122 (Bleasdale et al., 1989; 1990;
Shi et al., 2008), significantly reduced the relaxation to the
lipid, suggesting an intermediary role for the PLC-IP3

pathway. Indeed, the IP3 receptor antagonist, 2-APB, at a
concentration sufficient to block methoxamine-induced
vasoconstriction, abolished the response. Thus, LPI activated
a receptor that was linked to PLC-IP3 to cause a rise in cyto-
solic Ca2+ with subsequent activation of IKCa. LPI-initiated
Ca2+ signals mediated by GPR55 have been reported in several
studies. Interestingly, inhibition of ROCKs, the immediate
downstream targets of RhoA, by Y-27632, also reduced the
vasorelaxation. However, the level of inhibition was less than
that observed with the IP3 receptor antagonist, but the same
as that when the PLC inhibitor was used, suggesting, perhaps,
that more than one pathway is involved in the response. To
test this, an attempt was made to use a combination of
U73122 and Y-27632 in order to block both pathways; but it
was not possible to constrict the vessels with U46619 or
methoxamine, alone or in combination, under these condi-
tions (data not shown). Nevertheless, it is clear that both the
PLC and the RhoA-ROCK pathways are involved in the
process of raising endothelial Ca2+. Previous studies have
shown that Rho family GTPases can regulate and activate PLC
(Seifert et al., 2004; Hains et al., 2006; Henstridge et al., 2009).
In addition, RhoA-dependent pathways have been reported
to be linked through Gα12/13 (Hart et al., 1998; Suzuki et al.,
2003; Dutt et al., 2004), Gαq (Booden et al., 2002) and Gαi/o

(Stahle et al., 2003). Moreover, in GPR55-expressing cells,

LPI evokes RhoA-dependent Ca2+ signals (Henstridge et al.,
2009).

To further clarify this at the cellular level, endothelial cells
isolated from rat mesenteric arteries were subjected to single-
cell Ca2+ imaging. In these cells, LPI induced a biphasic eleva-
tion of intracellular Ca2+. The initial transient rise was
abolished by inhibition of the PLC-IP3 pathway and signifi-
cantly reduced by inhibition of ROCKs. The late sustained
phase was attenuated by the IP3 receptor antagonist and the
ROCK inhibitor. Interestingly, this late phase was not affected
by the PLC inhibitor; instead, the time to peak was signifi-
cantly shortened. Since the compound U73122, which inhib-
its PLCβ and PLCγ isoforms (Heemskerk et al., 1997; Lockhart
and McNicol, 1999), did not inhibit the later phase of the
Ca2+ response, this may suggest the involvement of another
isoform of PLC. In fact, there are six major families of PLC
enzymes (PLCβ, PLCγ, PLCδ, PLCε, PLCζ and PLCη), which
consist of at least 13 PLC isoforms, that have been found to
be regulated by heterotrimeric G proteins coupled to GPCRs
(Katan, 2005). Specifically, PLCβ isozymes, which regulate
inositol lipid signalling, are activated by Gαq (Waldo et al.,
2010). More importantly, PLCε is the only known isoform
that is directly activated by Rho, the downstream target of
Gα12/13 (Wing et al., 2003; Katan, 2005). As the late phase was
also abolished by Y-27632, the inhibitor of the kinase
p160ROCK that is the direct downstream target of RhoA
(Ishizaki et al., 1997; Tominaga et al., 1998), this may suggest
that PLCε (which is regulated by RhoA) is the possible target
in this phase. Further studies by using specific inhibitors of
this PLC isoform are required to confirm this. Moreover,
whether or not p160ROCK has direct regulatory activity on
PLC, or indirectly through RhoA, is open to investigation. A
similar pattern of responses was also observed in human
brain microvascular endothelial cells (results not shown).
Thus, it is very likely that elevation of cytosolic Ca2+ in
endothelial cells is responsible for the observed vasorelaxa-
tion induced by LPI.

Collectively, these findings provide evidence for a novel
endothelial site through which LPI induced vasorelaxation. It
is interesting to consider if this site is the G protein-coupled
receptor, GPR55. mRNA transcripts for GPR55 are present in
these resistance arteries. Moreover, the presence of the recep-
tor in the mesenteric vasculature has recently been confirmed
using fluorescent ligand binding (Daly et al., 2010). In addi-
tion, expression of GPR55 has been reported in cultured
human endothelial cells (Waldeck-Weiermair et al., 2008).
The physiological role of GPR55 in the vasculature has been
reported only in a few studies. In an unpublished talk to the
Oxford Meeting of the British Pharmacological Society in
December 2006, P.J. Greasley from AstraZeneca reported that
GPR55 knockout mice were hypertensive. In addition, results
from a later study also indicated that, in GPR55-deficient
mice, basal mean arterial pressure was higher than that of
wild-type group (Johns et al., 2007).

With reference to LPI, in nearly all the currently pub-
lished studies on GPR55, the lipid always activates the recep-
tor. Oka et al. (2007) suggested that LPI is the endogenous
ligand for GPR55, as it induced rapid phosphorylation of
ERK, elicited Ca2+ transients and stimulated GTPγS binding
in GPR55-expressing cells. Lauckner et al. (2008) similarly
reported that it elicited Ca2+ transients upon binding to
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GPR55 in large dorsal root ganglion neurons. In human
endothelial cells, LPI activates GPR55 and elicits Ca2+ tran-
sients (Waldeck-Weiermair et al., 2008). Thus, these studies
support the contention that LPI is the ligand for GPR55.

Conclusions

Overall, all these findings lead to the conclusion that LPI may
target GPR55 in the rat small mesenteric artery and the con-
sequent vasodilatation may be the basis of the decrease in
mean arterial BP observed on systemic administration of the
lipid. The relaxation is endothelium-dependent and the sig-
nalling cascade involves both PLC and RhoA and activation
of IKCa channels. Such a complex process might explain why
the relaxant response is slow to develop, certainly when com-
pared to that for ACh.
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Figure S1 (A) LPI (1 mg·kg−1) was given i.v. to rats anaesthe-
tized with pentobarbital (60 mg·kg−1). The effect of the
vehicle (saline; 0.2 mL) is also shown and it was tested in
same rat as LPI. (B) Maximum decrease in mean arterial pres-
sure observed after LPI administration. Values are shown as
means and vertical lines represent the SEM (n = 7). **Signifi-
cantly different from the control value (P < 0.01).
Figure S2 Characteristics of isolated endothelial cells from
rat mesenteric artery. (A) Confocal images (top panel 63×) of:
(1) Arterial endothelial cells, from the rat mesenteric bed,
positively staining for von Willebrand factor (vWF) and a
negative control field where only secondary antibody was
used (2). (3) Primary human umbilical vein endothelial cells
immunostained for vWF, used as a positive control. Bottom
panel (40×): (4) Rat mesenteric artery smooth muscle cells
immunostained for α-actin, whereas the endothelial cells iso-
lated from the same vessel did not stain (5). Corresponding
bright-field images are also shown. (B) Representative record-
ing of carbachol-evoked cytosolic Ca2+ signals in endothelial
cells isolated from rat mesenteric arteries. The trace also
shows that treatment with atropine for 5 min abolished the
response to carbachol. Responses were recorded in Ca2+-free
HBS. Fluorescence readings (F340 and F380) were calibrated
to [Ca2+]i.
Table S1 Methoxamine ± U46619-induced tone in the
absence and presence of 2-APB, U73122 or Y-27632.
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