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ABSTRACT

Direct activation of the endocannabinoid receptor G protein—coupled
receptor 18 (GPR18) in the rostral ventrolateral medulla (RVLM)
of conscious rats by abnormal cannabidiol (Abn CBD; trans-4-
[3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-5-pentyl-1,3-
benzenediol) elevates local nitric oxide (NO) and adiponectin (ADN)
levels and reduces oxidative stress and blood pressure (BP).
However, the molecular mechanisms for GPR18-mediated neuro-
chemical responses, including the nitric oxide synthase isoform that
generates NO, and their potential causal link to the BP reduction are
not known. We hypothesized that GPR18-mediated enhancement
of Akt, extracellular signal-regulated kinase 1/2 (ERK1/2), and
neuronal nitric oxide synthase (hnNOS) phosphorylation, triggered by
a reduction in cAMP, accounts for the NO/ADN-dependent
reductions in RVLM oxidative stress and BP. Intra-RVLM GPR18
activation (Abn CBD; 0.4 wg) enhanced RVLM Akt, ERK1/2, and

nNOS phosphorylation as well as ADN levels during the
hypotensive response. Prior GPR18 blockade with O-1918 (1,3-
dimethoxy-5-methyl-2-[(1R,6R)-3-methyl-6-(1-methylethenyl)-
2-cyclohexen-1-ylloenzene) produced the opposite effects and
abrogated Abn CBD-evoked neurochemical and BP responses.
Pharmacological inhibition of RVLM phosphoinositide 3-kinase
(PI3K)/Akt (wortmannin), ERK1/2 (PD98059 [2-(2-amino-3-
methoxyphenyl)-4H-1-benzopyran-4-one]), or NNOS (N“-propyl-L-
arginine), or activation of adenylyl cyclase (forskolin) virtually
abolished intra-RVLM Abn CBD-evoked hypotension and the
increases in Akt, ERK1/2, and nNOS phosphorylation and in ADN
levels in the RVLM. Our pharmacological and neurochemical
findings support a pivotal role for PISK, Akt, ERK1/2, nNOS, and
adenylyl cyclase, via modulation of NO, ADN, and cAMP levels, in
GPR18 regulation of the RVLM redox state and BP in conscious rats.

Introduction

Several novel cannabinoid receptors, including G protein—coupled
receptor 18 (GPR18), mediate diverse cardiovascular effects
(Offertaler et al., 2003; Kohno et al., 2006; McHugh et al.,
2010). Our recent findings (Penumarti and Abdel-Rahman,
2014) demonstrated GPR18 expression in rostral ventrolat-
eral (RVLM) neurons, which modulate the sympathetic
activity (Sved et al., 2003; Kishi et al., 2004; Guyenet, 2006),
and suggested a restraining influence for RVLM GPR18 on
blood pressure (BP). N-Arachidonoyl glycine (NAGly), a me-
tabolite of the endocannabinoid anandamide, serves as an
endogenous GPR18 agonist (McHugh et al., 2010). Further-
more, GPR18 activation by its synthetic agonist, abnormal
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cannabidiol (Abn CBD; ¢trans-4-[3-methyl-6-(1-methylethenyl)-2-
cyclohexen-1-yl]-5-pentyl-1,3-benzenediol), mediates cannabinoid
receptor 1 (CB;R)- and cannabinoid receptor 2—independent
responses, such as nitric oxide (NO)-dependent vasorelax-
ation (Offertdler et al., 2003; McHugh et al., 2010). However,
it must be remembered that indirect activation of CB;R by
NAGly, but not Abn CBD, influences the GPR18-mediated
responses in tissues that contain both receptors, particu-
larly in whole animal studies (Penumarti and Abdel-Rahman,
2014).

Reported signaling studies, mostly conducted in isolated
tissues, show that GPR18 activation enhances phosphoryla-
tion of extracellular signal-regulated kinase 1/2 (ERK1/2)
(Alexander, 2012) and Akt (McCollum et al., 2007). It is
imperative to note, however, that there are no studies that
have elucidated the roles of these kinases in central GPR18
signaling, particularly the nitric oxide synthase (NOS) iso-
form that mediates NO elevation in the RVLM and the

ABBREVIATIONS: Abn CBD, abnormal cannabidiol (trans-4-[3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-5-pentyl-1,3-benzenediol); AC,
adenylyl cyclase; ADN, adiponectin; BP, blood pressure; CB4R, cannabinoid receptor 1; DMSO, dimethylsulfoxide; ERK1/2, extracellular signal-
regulated kinase 1/2; eNOS, endothelial nitric oxide synthase; GPR18, G protein-coupled receptor 18; HR, heart rate; L-NIO, N°-(1-iminoethyl)
-L-omithine; MAP, mean arterial pressure; NAGly, N-arachidonoyl glycine; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NOS, nitric oxide
synthase; NPLA, N“-propyl-L-arginine hydrochloride; O-1918, 1,3-dimethoxy-5-methyl-2-[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]
benzene; PD98059, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; RVLM,
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TABLE 1

Values of MAP and HR at the end of pretreatment (30 minutes) and
immediately before treatment with the indicated intervention or its
vehicle

Values are the mean = S.E.M.

Pretreatment/Treatment Rats per Group MAP HR

n mm Hg beats/min
DMSO/vehicle 3 121 =3 359 + 10
Saline/vehicle 3 116 = 5 372 + 8
DMSO/Abn CBD 3 111 = 8 363 = 7
Saline/Abn CBD 3 113 £ 7 330 = 18
PD98059/vehicle 6 115 = 3 324 + 11
PD98059/Abn CBD 6 120 = 1 367 *+ 12
Wortmannin/vehicle 6 118 = 5 328 + 14
Wortmannin/Abn CBD 6 117 = 6 349 + 16
NPLA/vehicle 6 123 £ 5 342 + 9
NPLA/Abn CBD 6 114 =5 361 + 11
L-NIO/vehicle 6 122 £ 9 335 = 10
L-NIO/Abn CBD 6 119 = 2 357 + 13
Forskolin/vehicle 6 112 £ 7 345 = 17
Forskolin/Abn CBD 6 109 = 8 376 = 15

potential causal role for these molecular events in the GPR18-
mediated hypotension. This is important because the role of
the phosphoinositide 3-kinase (PI3K)-Akt-ERK1/2 pathway in
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modulating the redox state in the RVLM and subsequently BP
is controversial. Enhanced ERK1/2 phosphorylation and ele-
vated NO levels in the RVLM mediate a pressor (Ibrahim and
Abdel-Rahman, 2012a,b; Chan and Chan, 2014) or hypotensive
(Zhang and Abdel-Rahman, 2005; Nassar and Abdel-Rahman,
2008; Chan and Chan, 2014) response. Furthermore, enhanced
brainstem ERK1/2 phosphorylation by activation of angiotensin
II receptor 1 leads to reactive oxygen species (ROS) gener-
ation and BP elevation (Kishi et al., 2004; Chan et al., 2007;
Hirooka, 2008). Therefore, we considered the possibility that
NO-dependent elevation of a downstream antioxidant or pro-
oxidant molecule in the RVLM might determine the final
redox state, and the ultimate BP response. In this regard, we
reported preliminary “correlative” evidence that adiponectin
(ADN), which reduces oxidative stress (Song et al., 2013), is
a potential downstream mediator of the hypotension caused
by RVLM GPR18 activation (Penumarti and Abdel-Rahman,
2014).

Here, we tested the hypothesis that GPR18 activation of the
RVLM PI3K-Akt-ERK1/2-neuronal nitric oxide synthase
(nNOS) network, triggered by reduction in cAMP, causes
NO-dependent elevation in RVLM ADN levels, which ulti-
mately reduces RVLM oxidative stress and BP. To test this
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Fig. 1. (A and B) Time course changes in MAP (A) and
HR (B) after intra-RVLM Abn CBD (0.4 ug) or an equal
volume of vehicle in conscious rats pretreated (30 min-
utes earlier) with the PI3K/Akt inhibitor wortmannin
(100 nmol) or equal volume of its vehicle (DMSO; diluted
1:16 in ACSF). (C and D) AUC values generated from the
time course data show that inhibition of Akt phosphory-
lation (wortmannin) abrogates the GPR18 (Abn CBD)-
mediated hypotensive response. The responses from the
two groups that received the same pretreatment (DMSO or
wortmannin) were combined for clarity. The left two bars
in the AUC graph show pretreatment. Six rats per group
were used except for the DMSO plus vehicle or Abn CBD
groups (n = 3 each). *P < 0.05 versus control (vehicle);
P < 0.05 versus Abn CBD. AbC, Abn CBD; ACSF, artificial
cerebrospinal fluid; AUC, area under the curve; AHR,
change in HR; AMAP, change in MAP; DM, DMSO; Veh,
vehicle (methyl acetate); Wort, wortmannin.
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hypothesis and establish a causal role for these molecular
events in GPR18-mediated hypotension, we investigated the
effects of pharmacological interventions that inhibit these
molecular events or elevate the cAMP level in the RVLM in
the absence or presence of local GPR18 activation in conscious
unrestrained rats. Molecular studies conducted in RVLM
tissues, collected from control and treatment groups at the
conclusion of the cardiovascular studies, complemented the
pharmacological findings and facilitated data interpretation.

Materials and Methods

Male Sprague-Dawley rats (Charles River Laboratories, Raleigh,
NC), aged 11 to 12 weeks, were used in this study. After vascular
catheterization and intra-RVLM cannulation, the rats were housed
individually in separate cages in a room with a controlled environ-
ment. The temperature was maintained at 23°C * 1°C, with 50% =+
10% humidity and a 12-hour light/dark cycle. Food (Prolab Rodent
Chow; Granville Milling, Creedmoor, NC) and water were provided ad
libitum. All surgical and experimental procedures are detailed in
the Supplemental Materials and Methods and were conducted in

accordance with and approved by the East Carolina University
Institutional Animal Care and Use Committee and in accordance with
the Guide for the Care and Use of Laboratory Animals (Institute for
Laboratory Animal Research, 2011). These surgeries were performed
as reported in our previous studies (Zhang and Abdel-Rahman, 2002;
Penumarti and Abdel-Rahman, 2014). On the day of the experiment,
the arterial catheter was flushed with heparin in saline (200 U/ml),
connected to a Gould-Statham (Oxnard, CA) pressure transducer, and
the BP of unrestrained rats was measured as mentioned in our
previous studies (Nassar et al., 2011; Ibrahim and Abdel-Rahman,
2012a). Expanded Materials and Methods are available in the Supple-
mental Materials and Methods.

Experimental Groups and Protocol

Experiment 1: Effect of Intra-RVLM Inhibition of ERK1/2,
PI3K/Akt, or NOS or Adenylyl Cyclase Activation on Abn
CBD-Mediated Hypotensive Response. The objective of conduct-
ing these and the complementary ex vivo molecular studies (see
below) was to establish a causal role for the enhanced phosphorylation
of RVLM Akt, ERK1/2, and nNOS in GPR18-mediated hypotension.
Therefore, we investigated the BP and heart rate (HR) responses elicited
by intra-RVLM Abn CBD in the absence or presence of pharmacologic
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inhibitors of PISK/Akt (wortmannin; 100 nmol) (Seyedabadi et al.,
2001), ERK1/2 (PD98059 [2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-
4-onel; 50 umol) (Alessi et al., 1995; Seyedabadi et al., 2001),
endothelial nitric oxide synthase (eNOS) (L-NIO [N®-(1-iminoethyl)-L-
ornithine]; 100 pmol) (El-Mas et al., 2009), or nNOS (NPLA [N*-
propyl-L-arginine hydrochloride]; 250 pmol) (El-Mas et al., 2009)
based on reported studies. Dimethylsulfoxide (DMSO) was used as
the vehicle for all kinase inhibitors, whereas saline was the vehicle for
NOS inhibitors. DMSO was diluted in artificial cerebrospinal fluid
(1:16) and this DMSO/artificial cerebrospinal fluid mixture had no effect
on BP, which is consistent with our previous findings (Nassar et al.,
2011). The rats in each group (n = 6 unless otherwise specified)
received one of the following treatment combinations (80 nl): 1) DMSO
plus vehicle or Abn CBD (n = 3 each), 2) saline plus vehicle or Abn
CBD (n = 3 each), 3) wortmannin plus vehicle or Abn CBD, 4)
PD98059 plus vehicle or Abn CBD, 5) L-NIO plus vehicle or Abn CBD,
or 6) NPLA plus vehicle or Abn CBD. A pretreatment (DMSO, saline,
wortmannin, PD98059, L-NIO, or NPLA) was microinjected into the
RVLM 30 minutes before Abn CBD (0.4 ug) or vehicle; this dose was
based on our recent findings (Penumarti and Abdel-Rahman, 2014).
At the end of BP measurement (30 minutes after intra-RVLM Abn
CBD or vehicle injection), the brains were collected after euthanasia
and stored at —80°C for neurochemical measurements.
Experiment 2: Effect of Intra-RVLM Activation of Adenylyl
Cyclase on Abn CBD-Mediated Hypotensive Response. The
objective of this experiment was to test the hypothesis that adenylyl
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cyclase (AC) inhibition (reduced cAMP level) in the RVLM contributes
to GPR18-mediated neurochemical responses and hypotension be-
cause GPR18 is a Gi-coupled receptor (Kohno et al., 2006) and because
activation of Gi-coupled receptors, such as the ass-adrenergic receptor,
which inhibits AC/cAMP in the brainstem, lowers BP (Tsuda et al.,
2003). Since measurement of the cAMP level in the RVLM was not
feasible in the scarce amount of RVLM tissue, we adopted an
alternative approach that involves pharmacological activation of
intra-RVLM AC by forskolin (50 umol) microinjection (McHugh et al.,
2010) in four groups of conscious male rats as follows: 1) DMSO plus
vehicle or Abn CBD (n = 3 each), and 2) forskolin plus vehicle or Abn
CBD (n = 6 each). Forskolin or its vehicle (DMSO) was microinjected
30 minutes before Abn CBD (0.4 ug) or its vehicle (methyl acetate). At
the end of cardiovascular measurements (30 minutes after Abn CBD
or vehicle injection), the rats were euthanized and brains were collected
and stored at —80°C for biochemical measurements.

Experiment 3: Effect of Akt-ERK1/2-nNOS Inhibition or
Increased cAMP on GPR18-Mediated Molecular Events in the
RVLM. Ex vivo biochemical studies were conducted in RVLM tissues
collected from treatment and control animals utilized in the above-
described integrative (in vivo) cardiovascular studies. We measured
RVLM phosphorylated pERK1/2, pAKT, p-nNOS, ADN, and ROS
levels in rats treated with intra-RVLM Abn CBD or vehicle in the
absence or presence of inhibitors of ERK1/2 (PD98059), PI3K/Akt
(wortmannin), or nNOS (NPLA), or activation of AC (forskolin) using
dot blot analysis and measured the ROS level by the dichloro-dihydro-

Fig. 3. (A and B) Changes in MAP (A) and HR (B)
after intra-RVLM microinjections of Abn CBD
(0.4 pg) or equal volume of vehicle in conscious male
Sprague-Dawley rats pretreated (30 minutes earlier)
with L-NIO (selective eNOS inhibitor; 100 pmol).
Pretreatment with L-NIO did not affect the GPR18
(Abn CBD)-mediated hypotensive response, which
rules out eNOS involvement in GPR18 signaling.
(C and D) AUC data generated from the time course
values over the pretreatment (0—30 minutes) and
treatment (30-60 minute) periods. The left two bars
in the AUC graph show pretreatment. All pretreat-
ment data from groups of rats that received the same
drug were combined for clarity. Six rats per group
* were used except for the saline plus vehicle or Abn
* CBD groups (n = 3 each). *P < 0.05 versus control

(vehicle); AbC, Abn CBD; AUC, area under the curve;
AHR, change in HR; AMAP, change in MAP; Sal,
saline; Veh, vehicle (methyl acetate).
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fluorescein diacetate assay as detailed in the Supplemental Materials
and Methods.

Two additional groups of rats were used. In the first group (n = 5),
we determined whether measurement of RVLM ADN and ROS levels
in brains collected 15 minutes after intra-RVLM Abn CBD (0.4 ng),
during the maximal hypotensive response, would uncover greater
RVLM ADN elevation and lower ROS levels than those observed in
rats euthanized 30 minutes after Abn CBD when the hypotensive
response was dissipating. Immunohistochemical measurement of the
ADN-immunoreactive neurons was conducted as detailed in the
Supplemental Materials and Methods. In the second group (n = 4), we
determined whether microinjection of a relatively low dose (0.5 pmol)
of ADN into the RVLM reduces BP and RVLM ROS. In both groups,
the neurochemical responses observed in the treated RVLM were
compared with the control levels obtained from the contralateral
RVLM under the same experimental conditions.

Drugs

Abn CBD and 0-1918 (1,3-dimethoxy-5-methyl-2-[(1R,6 R)-3-methyl-
6-(1-methylethenyl)-2-cyclohexen-1-yl]lbenzene) were purchased from
Cayman Chemical (Ann Arbor, MI). Methyl acetate, wortmannin,
PD98059, forskolin, and DMSO were purchased from Sigma-Aldrich
(St. Louis, MO). L-NIO and NPLA were purchased from Tocris Bio-
sciences (Ellisville, MO) and dissolved in sterile saline. Sterile saline
was purchased from B. Braun Medical (Irvine, CA). DMSO was used
as the vehicle for PD98059, wortmannin, and forskolin. Methyl

A C

acetate was used as the vehicle for Abn CBD, 0-1918, and NAGly.
Methyl acetate and DMSO, tested in at least three animals, did not
cause any significant changes in mean arterial pressure (MAP) and
HR from the basal levels. All intra-RVLM injections were of equal
volume (80 nl).

Data and Statistical Analyses

All values are expressed as the mean = S.E.M change from their
respective baselines. All other statistical analyses were performed
using a one-way or repeated-measures analysis of variance with the
Bonferroni post hoc test and ¢ test. Prism 5.0 software (GraphPad
Software, Inc., San Diego, CA) was used to perform statistical
analysis. P < 0.05 was considered significant.

Results

Inhibition of RVLM PI3K/Akt, ERK1/2, or nNOS or
Elevation in RVLM cAMP Levels Attenuated Abn
CBD-Evoked Hypotensive Response. MAP (in milli-
meters of mercury) and HR (in beats per minute) after
pretreatment time (30 minutes) and before Abn CBD or its
vehicle administration were similar (Table 1). Compared with
the vehicle (DMSO, methyl acetate, or saline), inhibition of
RVLM PI3K/Akt (wortmannin; 100 nmol), ERK1/2 (PD98059;
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j\' @ Sprague-Dawley rats pretreated (30 minutes earlier)
§ \‘3\, with NPLA (selective nNOS inhibitor; 250 pmol).

Pretreatment with NPLA virtually abolished the
GPR18 (Abn CBD)-mediated hypotensive response,
which suggests nNOS involvement in GPR18 signal-
ing. (C and D) AUC data generated from the time
course values over the pretreatment (0—30 minutes)
and treatment (30—-60 minutes) periods. The left two
bars in the AUC graph show pretreatment. All
pretreatment data from groups of rats that received
the same drugs were combined for clarity. Six rats
per group were used except for the saline plus vehicle
or Abn CBD groups (n = 3 each). *P < 0.05 versus
control (vehicle); *P < 0.05 versus Abn CBD. AbC,
Abn CBD; AUC, area under the curve; AHR, change
in HR; AMAP, change in MAP; Sal, saline; Veh,
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50 umol), or nNOS (NPLA; 250 pmol) caused significant
(P < 0.05) BP elevation, which subsided to within control levels
before intra-RVLM Abn CBD or vehicle administration (Figs.
1-4). Each of these pharmacological inhibitors significantly
(P < 0.05) attenuated Abn CBD (0.4 ug)-evoked hypotension
(Figs. 1-4). On the other hand, RVLM eNOS (L-NIO; 100
pmol) inhibition had no effect on BP or on the Abn CBD-
evoked hypotension (Fig. 3, A and C). The changes in HR in
the different treatment groups were not significantly differ-
ent. However, when the HR responses were expressed as the
area under the curve, a significant bradycardic response oc-
curred when Abn CBD was administered after DMSO, but
not after saline (Figs. 1B—4B). Intra-RVLM activation of AC
(elevation of cAMP levels) by forskolin (50 umol) significantly
(P < 0.05) increased BP (Fig. 5, A and C), but had no effect on
HR (Fig. 5, B and D). Furthermore, forskolin pretreatment
abrogated the central GPR18-mediated hypotensive (Fig. 5, A
and C) and bradycardic (Fig. 5D) responses.

Akt, ERK1/2, or nNOS Inhibition or cAMP Elevation
Abrogates GPR18-Mediated Molecular Events in the
RVLM. Dot blot analyses were used to permit multiple

Mechanisms for Central GPR18-Mediated Hypotension 49

measurements of the targeted proteins as well as ADN and
ROS levels in the limited amount of RVLM tissues collected
from treatment and control groups. Importantly, this method-
ology was validated by the similarity of the Abn CBD-evoked
increases in Akt, ERK1/2, and nNOS phosphorylation
measured by dot blot (Fig. 6) and Western blot analyses
in a preliminary study (Supplemental Fig. 1). Intra-RVLM
pretreatment with wortmannin, NPLA, PD98059, or forskolin
significantly (P < 0.05) attenuated the GPR18 (Abn CBD)-
mediated increases in phosphorylation of ERK1/2, Akt, and
nNOS, and in ADN levels in the RVLM (Fig. 6, A-D).
Furthermore, pharmacologic inhibition of Akt, ERK1/2, or
nNOS phosphorylation or elevation of cAMP abrogated
GPR18-mediated hypotension (Figs. 1-5), and resulted in
significant elevation in ROS levels in the RVLM (Fig. 6E).
These neurochemical findings paralleled the BP responses
(Figs. 1-5).

Finally, in two additional groups of rats, we determined
whether the time of measurement of RVLM ADN levels
(after Abn CBD administration) influences the outcome and
whether microinjection of a low dose of ADN reduces BP and
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RVLM ROS levels. Notably, measurements in tissues col-
lected at 30 minutes after intra-RVLM Abn CBD, when the
hypotensive response was dissipating (Fig. 1), revealed
a minute (15%) elevation in ADN (Fig. 6D) and no change in
ROS (Fig. 6E) in the RVLM. However, when immunohisto-
chemical measurements were conducted in tissues of rats (n = 5)
euthanized 15 minutes after intra-RVLM Abn CBD (during
the maximal fall in BP), the RVLM exhibited significantly
(P < 0.05) greater ADN-immunoreactive neurons (Fig. 7A)
and lower ROS (Fig. 7B) levels, compared with the corre-
sponding control levels in the contralateral RVLM. Further-
more, microinjection of a relatively low dose (0.5 pmol) of ADN
in another group of rats (n = 4) caused significant (P < 0.05)
reductions in BP (Fig. 7C) and RVLM ROS (Fig. 7D) levels.
Baseline MAP and HR values in these two groups were not
significantly different from the values of the other groups
shown in Table 1 (data not shown).

Discussion

We tested the hypothesis that GPR18-mediated phosphor-
ylation of RVLM Akt and ERK1/2, triggered by cAMP in-
hibition, underlies the nNOS (NO)-dependent elevation in
ADN and the subsequent reductions in RVLM ROS and BP.
The most important findings of this study are as follows. First,
activation of RVLM GPR18 (Abn CBD) increased Akt, ERK1/2,
and nNOS phosphorylation, as well as ADN levels in the

RVLM. Second, pharmacological inhibition of RVLM PI3K/Akt,
ERK1/2, or nNOS or elevation of cAMP increased the RVLM
ROS level and attenuated the GPR18-mediated increases in the
phosphorylation of Akt, ERK1/2, and nNOS, as well as ADN and
hypotension. Together, these findings suggest a pivotal role for
Akt-ERK1/2-nNOS activation and cAMP reduction in the favor-
able ADN-dependent redox and BP responses mediated by
RVLM GPR18 in conscious rats.

Our findings (Penumarti and Abdel-Rahman, 2014) inferred
a role for RVLM ADN in GPR18-mediated hypotension because
GPR18 activation increases local ADN and NO and lowers BP,
and intra-RVLM ADN reduces RVLM ROS and BP. Building on
these findings, this study contributed new knowledge on the
molecular mechanisms of central GPR18-mediated hypotension.
We investigated the role of NO because the balance between
mediators and suppressors of ROS in the RVLM controls BP
(Fridovich, 1978; Kishi et al., 2004; Chan et al., 2006). Notably,
the NOS isoform(s) implicated in the GPR18-mediated increase
in RVLM NO and its potential link to ADN elevation, which
reduces oxidative stress (Song et al., 2013), are not known.

Although GPR18 activation enhances Akt and ERK1/2 in vitro
(McHugh et al., 2010), the effect of GPR18 activation on mitogen-
activated protein kinase or NOS phosphorylation in any brain
structure is not known. We hypothesized that phosphorylation of
nNOS, and its interrelated kinases (Akt and ERK1/2) in the
RVLM, plays a major role in GPR18-mediated NO and ADN
elevation as well as the subsequent hypotension. Here, we show
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that Abn CBD enhanced phosphorylation of Akt, ERK1/2, and
nNOS in the RVLM. These neurochemical responses seem to
be GPR18 mediated because local GPR18 blockade (0-1918)
produced opposite effects and abrogated the Abn CBD-evoked
responses (Supplemental Fig. 1). We focused on the constitutive
NOS isoforms because the rapidly developing GPR18-mediated
hypotension (Fig. 3) precluded potential inducible NOS contri-
bution to GPR18-mediated hypotension. Notably, nNOS is
the major NOS isoform in the brainstem (Chan et al., 2001).
Nonetheless, although our preliminary findings agree with
similar increases in Akt and ERK1/2 phosphorylation in vitro
(McHugh et al., 2010, 2012), it was important to determine
whether these neurochemical responses are causally linked to
GPR18-mediated ADN elevation and hypotension.

We conducted pharmacological and ex vivo studies to
elucidate the role of Akt, ERK1/2, and eNOS phosphoryla-
tion in the GPR18-mediated increases in NO and ADN, as
well as hypotension. We also investigated a possible role for AC
inhibition (reduced cAMP) in these neurochemical and BP
responses because activation of GPR18, a Gi/o-coupled receptor,
reduces cAMP in vitro (McHugh et al., 2010) and activation
of the as-adrenergic receptor, another Gi/o-coupled receptor,
enhances brainstem ERK1/2 and nNOS phosphorylation and

lowers BP (Zhang and Abdel-Rahman, 2005; Nassar and Abdel-
Rahman, 2008). Because cAMP measurement in the scarce
RVLM tissue was not feasible, we tested our hypothesis
by microinjecting forskolin to generate cAMP (Edwards and
Paton, 1999). We show that intra-RVLM inhibition of PISK/Akt
(wortmannin) or ERK1/2 (PD98059) or cAMP elevation (for-
skolin) virtually abolished the hypotension (Figs. 1-5) and the
enhanced phosphorylation of Akt, ERK1/2, and nNOS, as well as
ADN levels in the RVLM (Fig. 6) caused by Abn CBD.
Furthermore, selective nNOS (NPLA), but not eNOS (L-NIO),
inhibition attenuated GPR18-mediated hypotension (Figs. 3 and
4) as well as nNOS phosphorylation and elevation of ADN levels
in the RVLM (Fig. 6D). Importantly, these pharmacological
interventions resulted in higher ROS levels in the RVLM (Fig.
6E), which supports a possible role for tonic activation of GPR18
and the downstream signaling pathways in central BP regula-
tion. This conclusion gains credence from the elevations of BP
and RVLM ROS (Penumarti and Abdel-Rahman, 2014), and
RVLM pERK1/2, p-nNOS, and pAkt levels (Supplemental Fig. 1)
caused by intra-RVLM GPR18 blockade (0-1918). Collectively,
these findings support a causal role for nNOS phosphorylation,
at least partly, via the PI3K-Akt-ERK1/2 activation and cAMP
reduction in GPR18-mediated hypotension.
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The role of Akt in GPR18-mediated hypotension may offer
a plausible explanation for the functional antagonism between
GPR18 and CB;R in the RVLM (Penumarti and Abdel-
Rahman, 2014). Although GPR18 activation enhanced Akt
phosphorylation in the RVLM in this study, our previous study
showed that CB;R suppressed Akt phosphorylation in the
RVLM (Ibrahim and Abdel-Rahman, 2012b). These contrasting
responses are functionally relevant and might be linked to
GABA/Akt interaction in the RVLM because of the following
reasons. First, inhibition of Akt phosphorylation (wortmannin)
attenuated GPR18-mediated hypotension (Fig. 1) and exacerbated
CB;R-mediated hypertension (Ibrahim and Abdel-Rahman,
2012b). Second, GABA enhances Akt phosphorylation (Xu
et al., 2008) and lowers BP (Peng et al., 2011; Wu et al., 2012).
Third, suppressed Akt phosphorylation and GABA activity in
the RVLM contribute to CB;R-dependent hypertension (Ibrahim
and Abdel-Rahman, 2011). Fourth, RVLM GPR18 blockade
(0-1918), which increased BP (Penumarti and Abdel-Rahman,
2014), inhibited Akt phosphorylation in the RVLM (Supple-
mental Fig. 1). More studies are warranted to determine
whether GPR18-dependent Akt phosphorylation enhances
RVLM GABA signaling. Nonetheless, these findings support
a role for Akt phosphorylation in central GPR18 signaling.
Furthermore, the current pharmacological and signal trans-
duction findings support the concept of “biased agonism”
suggested by Console-Bram et al. (2014) as a reasonable
explanation for reported findings that questioned GPR18 as
being the Abn CBD receptor (Yin et al., 2009; Lu et al., 2013).

A critical role for ADN in RVLM GPR18 signaling and the
subsequent hypotensive response must be cautiously accepted
because of two limitations of this study. First, we did not
investigate the effect of ADN receptor blockade on the GPR18-
mediated hypotension. Notably, research on the role of ADN
in neural central BP control is in its infancy, and there are no
available ADN receptor blockers. Nonetheless, our findings
identified important molecular mechanisms for the GPR18-
mediated elevation in ADN in the RVLM (Figs. 6 and 8).
Second, Abn CBD produced a minute increase in ADN (Fig.
6D), and did not reduce the RVLM ROS level (Fig. 6E), which
raised a concern about ADN involvement in GPR18 signaling.
Although ADN receptors are widely distributed in the brain
(Thundyil et al., 2012), there is a debate on whether ADN is

Agonist

generated within the brain or transported from circulation to
activate its receptors. Activation of the latter in the nucleus
tractus solitarius by ADN (1 pmol), which was considered
comparable to its level in that area, lowered BP (Hoyda et al.,
2009). Building on the findings of that group, we showed that
intra-RVLM ADN (0.25—4 pmol) dose dependently reduced BP
and RVLM ROS, but we only measured ROS after the 4-pmol
dose (Penumarti and Abdel-Rahman, 2014). Here, we show
that a low dose (0.5 pmol) of intra-RVLM ADN reduced RVLM
ROS and BP (Fig. 7), which supports the possible contribution
of ADN to Abn CBD-evoked reduction in BP. Furthermore,
we reasoned that measurement of ADN in the whole RVLM
tissue, and particularly at a time when the hypotensive re-
sponse was dissipating (30 minutes after Abn CBD), might
account for the minute elevation in ADN and the lack of
reduction in ROS in the RVLM of Abn CBD-treated rats (Fig.
6, D and E). This notion was supported by a much higher
elevation in ADN and a significant reduction in ROS level in
RVLM tissues collected 15 minutes after intra-RVLM Abn
CBD, during the maximal hypotensive response (Fig. 7).

It is also important to comment on the interaction between
ADN and NO and their link to ROS in cannabinoid receptor
signaling. First, our findings support a role for NO in ADN-
evoked dilation of retinal blood vessels (Lin et al., 2013)
although NO was derived via nNOS (this study) and eNOS
(reported study). It is likely that ADN interaction with
different NOS isoforms depends on the tissue type. Second,
our new findings with ADN, which extended our recent find-
ings (Penumarti and Abdel-Rahman, 2014), highlight a func-
tional role for ADN in cannabinoid receptor regulation of
oxidative stress, and perhaps in the opposite BP responses
mediated by RVLM GPR18 and CB;R because of the
following. First, GPR18 enhances (our studies) ADN levels,
whereas CB;R suppresses ADN levels, and ADN responses
parallel changes in the ROS level (Nanayakkara et al., 2012;
Song et al., 2013). Second, RVLM GPR18 mediates hypoten-
sion (this study), whereas CB;R mediates elevation in BP
(Ibrahim and Abdel-Rahman, 2011) and masks GPR18-
mediated hypotension (Penumarti and Abdel-Rahman, 2014).
Together, these findings implicate RVLM nNOS- and Akt-
dependent elevation in ADN levels in the GPR18-mediated
reductions in RVLM ROS and BP.

Fig. 8. Schematic presentation of the neurochemical (RVLM)
and BP responses elicited by activating central GPR18.
Activation of intra-RVLM GPR18 inhibits cAMP leading
to enhanced pERK1/2 and pAkt production, which causes
pnNOS (NO)-dependent elevation in ADN, and ultimately
reductions in RVLM ROS and BP.
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In conclusion, this study yields new insight into the RVLM
signaling pathways implicated in GPR18-mediated hypoten-
sion. We provide the first evidence that activation of the
RVLM PI3K-Akt-ERK1/2-nNOS-ADN network, triggered at
least partly by a local reduction in the cAMP level, plays
a pivotal role in RVLM GPR18-mediated hypotension (Fig. 8).
The present comprehensive in vivo and ex vivo evidence of
a favorable role for RVLM GPR18 in BP control highlights
this putative cannabinoid receptor as a potential novel target
for new antihypertensive drugs. Future studies are warranted
to delineate the role of GPR18 in hypertension neurobiology.
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