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BACKGROUND AND PURPOSE

p-Opioid receptors, pro-opiomelanocortin and pro-enkephalin are highly expressed in the nucleus tractus solitarii (NTS) and
receptor agonists given to the NTS dose-dependently increased BP. However, the molecular mechanisms of this process
remain unclear. In vitro, L receptors heterodimerize with oza-adrenoceptors. We hypothesized that oza-adrenoceptor agonists
would lose their depressor effects when their receptors heterodimerize in the NTS with p receptors.

EXPERIMENTAL APPROACH

We microinjected p-opioid agonists and antagonists into the NTS of rats and measured changes in BP. Formation of u
receptor/o,a-adrenoceptor heterodimers was assessed with immunofluorescence and co-immunoprecipitation methods, along
with proximity ligation assays.

KEY RESULTS

Immunofluorescence staining revealed colocalization of aza-adrenoceptors and L receptors in NTS neurons.
Co-immunoprecipitation revealed interactions between oza-adrenoceptors and W receptors. In situ proximity ligation assays
confirmed the presence of u receptor/oza-adrenoceptor heterodimers in the NTS. Higher levels of endogenous endomorphin-1
and u receptor/aza-adrenoceptor heterodimers were found in the NTS of hypertensive rats, than in normotensive rats.
Microinjection of the u receptor agonist [D-Ala?, MePhe*, Gly*-ol]-enkephalin (DAMGO), but not that of the as-adrenoceptor
agonist guanfacine, into the NTS of normotensive rats increased L receptor/aza-adrenoceptor heterodimer formation and BP
elevation. The NO-dependent BP-lowering effect of o,a-adrenoceptor agonists was blunted following increased formation of n
receptor/oa-adrenoceptor heterodimers in the NTS of hypertensive rats and DAMGO-treated normotensive rats.
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CONCLUSIONS AND IMPLICATIONS

Increases in endogenous L receptor agonists in the NTS induced p receptor/os-adrenoceptor heterodimer formation and
reduced the NO-dependent depressor effect of aza-adrenoceptor agonists. This process could contribute to the pathogenesis

of hypertension.

Abbreviations

CTAP, D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH,; DAMGO, [D-Ala?, MePhe?, Gly®-ol]-enkephalin; HR, heart rate; NTS,
nucleus tractus solitarii; PBN, parabrachial nucleus; PLA, proximity ligation assay; SHR, spontaneous hypertensive rat;

WKY, Wistar-Kyoto rats

Tables of Links

GPCRs
oza-adrenoceptors

W receptors

CTAP o-Methylnoradrenaline
DAMGO L-NAME
Endomorphin-1 NO

Guanfacine Noradrenaline

Hydralazine

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Opioid peptides have long been considered to be analgesic
neuropeptides in the CNS. However, p-opioid receptors
(u receptors) are also expressed in the nuclei that control
BP, such as the parabrachial nucleus (PBN), the nucleus
raphe magnus and the nucleus tractus solitarii (NTS) of the
brainstem. Endogenous opioid ligands, including pro-
opiomelanocortin and pro-enkephalin, are also highly
expressed in the PBN and NTS (Mansour et al., 1988). Micro-
injection of the u receptor agonist [D-Ala?, MePhe*, Gly*-ol]-
enkephalin (DAMGO) into the NTS induces BP elevation and
baroreflex impairment (Hassen and Feuerstein, 1987). Activa-
tion of p receptors in the CNS prevents the sympathoinhibi-
tory decompensation that occurs during an acute reduction
of central blood volume (Evans and Ludbrook, 1990). These
results suggest that endogenous opioid agonists participate in
both cardiovascular regulation and analgesia in the CNS.

In the brain, the activation of o,-adrenoceptors appears
to inhibit noradrenaline release (Vieira-Coelho et al., 2009)
and these receptors are present in high density in the NTS
(Glass et al., 2001). Altered a,-adrenoceptor function within
the NTS contributes to baroreflex dysfunction in hyperten-
sive animals (Hayward etal., 2002). Three different
or-adrenoceptor subtypes exist: oy, Oz and Opc. Opa-
adrenoceptors are the predominant subtype in the NTS (Glass
et al., 2001). The antihypertensive and bradycardic effects of
0, agonists depend on ops-adrenoceptors (Altman et al.,
1999). The deletion of a gene encoding o,s-adrenoceptors
leads to increases in BP and heart rate (HR) as well as cardiac
failure (Brede et al., 2002).

The NTS is the primary integrative centre for cardiovas-
cular control and other autonomic functions in the CNS
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(Cheng et al., 2012). Pharmacological ablation of the NTS
induces lethal sympathetic hyperactivity and hypertension
(Lu etal., 2013). The NTS both integrates convergent infor-
mation and is itself the site of substantial modulation.
Various neuromodulators participate in cardiovascular modu-
lation in the NTS, including opioids, noradrenaline and NO
(Tseng et al., 1996; Cheng etal., 2012; Lu etal., 2013). In
addition, the predominant endogenous p-opioid peptide
endomorphin-1 (Martin-Schild et al., 1999), as well as u
receptors and oxs-adrenoceptors, are all expressed in the NTS
(Glass and Pickel, 2002).

In transfected HEK293 cells, p receptors and opa-
adrenoceptors form heterodimers and the binding of agonists
to the u receptors of p receptor/azs-adrenoceptor heterodi-
mers triggers conformational changes in o,s-adrenoceptors
and decreases ox-adrenoceptor-mediated activity (Vilardaga
et al., 2008). Therefore, we hypothesized that the high levels
of u receptors and ozs-adrenoceptors expressed in the NTS
would form p receptor/azs-adrenoceptor heterodimers, and
this p receptor/ozs-adrenoceptor heterodimer formation
would lead to ags-adrenoceptor dysfunction, which in turn
would lead to BP elevation.

The current study sought to determine (i) whether p
receptors interacted with os-adrenoceptors to form heterodi-
mers in the NTS; (i) whether p receptor/o,s-adrenoceptor
heterodimer formation was correlated with the development
of high BP; (iii) what mechanism(s) triggered p receptor/oxa-
adrenoceptor heterodimer formation in the NTS; and (iv)
how p receptor/oza-adrenoceptor heterodimer formation in
the NTS elevated BP. Our results demonstrated that increased
levels of endogenous p receptor agonists in the NTS induced
u receptor/azs-adrenoceptor heterodimer formation and
attenuated the NO-dependent depressor effect of o;a-
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adrenoceptor agonists. Such increases in endogenous opioids
are likely to contribute to the pathogenesis of hypertension.

Methods

Animals

All animal care and experimental procedures complied with
the Guidebook for the Care and Use of Laboratory Animals
(The Chinese-Taipei Society of Laboratory Animal Sciences,
Taipei, Taiwan) and were approved by the Institutional
Animal Care and Use Committee of Kaohsiung Veterans
General Hospital (VGH-KS). 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 83 animals were used
in the experiments described here.

All of the experimental animals were killed at the end of
the experiments by pentobarbital overdose (200 mg-kg™).
Male normotensive rats [6- and 20-week-old Wistar-Kyoto
(WKY) rats], prehypertensive 6-week-old spontaneous hyper-
tensive rats (SHRs) and hypertensive 20-week-old SHRs
(weighing approximately 250 to 300 g) were obtained from
the National Laboratory Animal Center (Taipei, Taiwan) and
housed in the animal room of VGH-KS.

Intra-NTS microinjection

Rats were anaesthetized with urethane (1.0 g-kg™' i.p., supple-
mented with 300 mg-kg™' i.v., if necessary). A polyethylene
catheter was placed in the femoral vein for drug administra-
tion. The BP was measured via a femoral artery catheter using
a pressure transducer and polygraph (Gould Electronics,
Cleveland, OH, USA). The HR was monitored continuously
using a tachograph preamplifier (13-4615-65, Gould Electron-
ics). A tracheostomy was performed to maintain airway
patency during the experiment. For brainstem nuclei micro-
injection, the anaesthetized rats were placed in a stereotaxic
instrument (David Kopf Instruments, Tujunga, CA, USA) with
the head flexed downward at a 45° angle. The dorsal surface
of the medulla was exposed by limited craniotomy and the
rats were rested for at least 1 h before the experiments. Single-
barrel glass catheters (0.031 inch outer diameter, 0.006 inch
internal diameter; Richland Glass Co, Vineland, NJ, USA) that
had external tip diameters of 40 pm were prepared. To verify
that the needle tip of the glass catheter was exactly in the
NTS, L-glutamate (0.154 nmol-60 nL™!) was microinjected,
which would induce a characteristically abrupt decrease in
the BP (ABP > -35 mmHg) if the needle tip was located pre-
cisely in the medial site of the intermediate one-third of the
NTS with the following coordinates: anteroposterior, 0.0 mm;
mediolateral, 0.5 mm and vertical, 0.4 mm (with the obex as
a reference) (Tseng et al., 1996). The doses for each microin-
jection (all in 60 nL volumes) were DAMGO 0.3 nmol; guan-
facine 0.3 nmol; ; D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH,
(CTAP) 0.18 nmol; L-NAME 33 nmol. All these drugs were
from Sigma Chemical (St. Louis, MO, USA) and were dis-
solved in 0.9% saline.

Co-immunoprecipitation assay
Rat brainstems were removed and immediately frozen on a
—20°C cold pad. The NTS was dissected using a micropunch

(1 mm inner diameter) from a 1 mm thick brainstem slice at
the level of the obex, under a microscope. The size of the
punched tissue from a single NTS of one rat was ~1 mm?. Total
protein was prepared by homogenizing the NTS tissue in lysis
buffer containing 20 mM imidazole hydrochloride (pH 6.8),
100 mM KCI, 2 mM MgCl,, 20 mM EGTA (pH 7.0), 300 mM
sucrose, 1 mM NaF, 1 mM NaVO;, 1 mM Na,MoO,, 0.2%
Triton X-100 and proteinase inhibitor cocktail (Roche, Barce-
lona, Spain) for 1 h at 4°C. The NTS lysate was incubated with
5 uL of rabbit anti-o,a-adrenoceptor (1:50; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) or goat anti-u receptor (1:50;
Santa Cruz Biotechnology) antibodies. The catch and release
immunoprecipitation system (Millipore Corporation, Bill-
erica, MA, USA) was utilized according to the manufacturer’s
instructions. The eluted proteins were subjected to immuno-
blotting analysis using anti-o,s-adrenoceptor (1:1000; Santa
Cruz Biotechnology) or anti-u receptor (1:500; Santa Cruz
Biotechnology) antibodies. The specificity of the rabbit anti-
oza-adrenoceptor and goat anti-u receptor antibodies was con-
firmed in pilot experiments (Supporting Information Fig. S1).

Immunofluorescence staining

Anaesthetized rats were perfused with 0.9% saline, then with
4% formaldehyde, and finally with a 30% sucrose solution.
The brainstem was then cut in the microtome at thickness
of 20um. To examine the interaction between o0ps-
adrenoceptors and u receptors, brainstem sections were incu-
bated with rabbit anti-osa-adrenoceptor (1:100; Santa Cruz
Biotechnology) and goat anti-u receptor (1:100; Santa Cruz
Biotechnology) antibodies overnight. After washing with
PBS, each section was incubated with Alexa Fluor 568 goat
anti-rabbit IgG (1:50; Invitrogen, Carlsbad, CA, USA) and
Alexa Fluor 488 donkey anti-goat I1gG (1:100; Invitrogen)
antibodies at 25°C for 2 h. After washing with PBS, each
section was incubated with DAPI (1:100,000; Invitrogen) at
25°C for 10 min.

To examine the endomorphin-1 levels in NTS from SHRs,
the sections were incubated with primary rabbit anti-
endomorphin-1 (1:100; Abcam, Cambridge, UK) antibodies
overnight at 4°C. After washing with PBS, the sections were
incubated with Alexa Fluor 488 donkey anti-rabbit IgG anti-
body (1:200; Invitrogen) at 37°C for 2 h. The stained sections
were examined using a confocal laser scanning microscope
(Carl Zeiss LSM 5 PASCAL, Heidelberg, Germany).

Fluorescence in situ opa-adrenoceptor and
receptor proximity ligation assay

The Duolink in situ proximity ligation assay (PLA; OLINK
Bioscience, Uppsala, Sweden) was utilized to detect the for-
mation of p receptor/ogs-adrenoceptor heterodimers. The
pilot study of PLA specificity was performed on PC-12 and
SH-SYSY cell lines. Only the SH-SYSY cell line, which
expresses both p receptor and ors-adrenoceptor, could detect
the signals of p receptor/azs-adrenoceptor heterodimers (Sup-
porting Information Fig. S1). The NTS of prehypertensive and
hypertensive SHRs and normotensive WKY rats were studied
to determine the formation of o,s-adrenoceptor and u recep-
tor heterodimers in situ. The rats were perfused first with
saline, then with 4% formaldehyde, and finally with 30%
sucrose. The brainstem was then cut in the microtome at
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thickness of 5 ym. Primary antibody diluent (OLINK Biosci-
ence) with two primary antibodies (1:100 rabbit anti-oa-
adrenoceptor antibodies and 1:100 for goat anti-u receptor
antibodies) was added to the sections and incubated over-
night at 4°C. Then, the PLA probe anti-rabbit plus and anti-
goat minus (OLINK Bioscience), which were secondary
antibody with specific oligonucleotides, were applied to the
sections and incubated for 2 h at 37°C. Samples were treated
with a ligation solution (allowing nearby oligonucleotide
probe pairs to form a closed circle) and an amplification
solution containing polymerase and fluorescently labelled
oligonucleotides was also added, allowing rolling-circle
amplification and the detection of a discrete fluorescent spot.
All of the procedures were performed according to the manu-
facturer’s instructions. The images of the sections were
acquired using a confocal laser scanning microscope (Carl
Zeiss LSM 5 PASCAL). Images for each slide with the PLA were
analysed with LSM 5 PASCAL software (Version 3.5, Carl
Zeiss), which automatically counts the number of spots per
areas. All the experiments were repeated at least three times
by in situ PLA.

Measurement of NO in the NTS

The NTS protein lysate were deproteinized using a Microcon
YM-30 (Millipore, Bedford, MA, USA). The degradation prod-
ucts of NO (as nitrate) in the samples was determined using
the purge system of a Sievers NO analyzer (NOA 280i; Sievers
Instruments, Boulder, CO, USA) and a modified procedure
based on chemiluminescence (Tseng et al., 1996). Samples
(10 uL) were injected into a reflux column containing
0.1 mol-L™ VCl; in 1 mol-L* HCI at 80°C to reduce any
nitrates or nitrites (NOx) to NO. NO then combined with Os
produced by the analyzer to form NO,. The resulting emis-
sion from the excited NO, was detected by a photomultiplier
tube and recorded digitally (mV). The values were then
plotted on a standard curve of NaNO3 concentrations deter-
mined simultaneously. Measurements were collected in trip-
licate for each sample.

Data analysis

All data are expressed as means = SEM. The paired Student’s
t-test (for comparisons of cardiovascular parameters before
and after treatment), Student’s f-test (for control and study
group comparisons) or one-way ANovA with Scheffé post hoc
comparisons was applied to compare the differences between
groups. Differences with P < 0.05 were considered statistically
significant.

Results

Heterodimers are formed between u receptors
and opa-adrenoceptors in the NTS

The presence of u receptors and ars-adrenoceptors in the NTS
was confirmed via immunofluorescence staining. Both p
receptors and os-adrenoceptors were expressed in the NTS of
WHKY rats and these receptors were colocalized in the neuro-
nal cells of the NTS (Figure 1B). To provide additional support
for the interaction between os-adrenoceptors and u recep-
tors, co-immunoprecipitation experiments were performed.
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These tests revealed protein—protein interactions between u
receptors and opa-adrenoceptors in the neuronal cells of the
NTS in both normotensive and hypertensive rats (Figure 1C).
The results of the PLA also showed that the p receptors and
ozp-adrenoceptors form heterodimers in the NTS (Figure 1D).

Increases in endomorphin-1 in the NTS of
hypertensive rats

We compared the levels of the endogenous p receptor
agonist, endomorphin-1, in the NTS of normotensive rats;
prehypertensive, 6-week-old SHRs; and hypertensive,
20-week-old SHRs. The level of endomorphin-1 in the NTS of
hypertensive SHRs was higher than that in prehypertensive
SHRs and WKY rats (Figure 2A, P=0.001, n = 6). No difference
was observed in the endomorphin-1 levels between prehy-
pertensive SHRs and WKY rats.

Increases in u receptor/ops-adrenoceptor
heterodimers in the NTS of hypertensive rats
To test the association between u receptor/o.s-adrenoceptor
heterodimer formation and the development of hypertension
in rats, we compared the number of p receptor/o,a-
adrenoceptor heterodimers in the NTS of normotensive rats,
prehypertensive SHRs and hypertensive SHRs. The number of
heterodimers in the NTS of hypertensive SHRs was higher
than that of the prehypertensive SHRs and WKY rats
(Figure 2B). The NTS of hypertensive SHRs contained
approximately 40% more p receptor/ozs-adrenoceptor heter-
odimers than those of age-matched WKY rats (Figure 2B, P =
0.039, n = 6).

Elevation of endogenous p-opioids in

the NTS of SHRs induces hypertension

and p receptor/oza-adrenoceptor

heterodimer formation

Hypertensive SHRs had the highest level of endomorphin-1
in their NTS. We blocked the p receptors with the u receptor-
specific antagonist CTAP. The BP of the hypertensive SHRs
began to decrease gradually to reach a minimum approxi-
mately 30 min after intra-NTS microinjection of CTAP.
However, BP did not fall after the intra-NTS CTAP microin-
jection in normotensive rats (Figure 3A). The effect of endog-
enous p receptor agonists in the induction of p receptor/o;x-
adrenoceptor heterodimer formation was then assessed.
Thirty minutes after the intra-NTS CTAP microinjection, a
35% reduction in p receptor/oza-adrenoceptor heterodimers
was observed in the NTS of hypertensive SHRs (Figure 3B and
C,P=0.017, n=06).

Exogenous u receptor agonist given to

the NTS induces hypertension and
heterodimer formation

A p receptor-specific agonist, DAMGO, was microinjected
into the NTS of WKY rats (Supporting Information Fig. S2)
and the changes in BP and the amount of p receptor/o;a-
adrenoceptor heterodimers in the NTS were measured. The
pressor effect of intra-NTS DAMGO microinjection was most
prominent 10 min after administration (Figure 4A and Sup-
porting Information Fig. S3A; P = 0.0001, n = 6) and BP



GPCR heterodimers in brainstem induce hypertension

LOR o2A

Obex

Input  IP-c24-AR  IP-uOR
WKY SHR WKY SHR WKY SHR

IB: cza-AR *--— -_—

Figure 1

Merge Merge+DAPI
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Formation of i receptor and os-adrenoceptor heterodimers in the NTS. (A) Cross-section of the medulla oblongata rostral to the obex, indicating
the location of the NTS. (B) Representative immunofluorescence images of the NTS showing that p receptors (LOR; a, green) and oia-
adrenoceptors (a:2A; b, red) were colocalized (c, d) in the neuronal cells of the NTS of WKY rats. (C) Confirmation of the u receptor (LOR) and
oza-adrenoceptor (024-AR) interaction using co-immunoprecipitation from an NTS protein lysate. (D) Confirmation of i receptor/o,a-adrenoceptor
heterodimer formation in the NTS of SHRs using in situ PLA. Red, u receptor/oxa-adrenoceptor heterodimers; blue, DAPI. Scale bar: 20 pm.

elevation diminished gradually, although BP was still
elevated 1 h post-DAMGO microinjection (Figure 4B; P =
0.0001, n = 6). Moreover, DAMGO-induced p receptor/oia-
adrenoceptor heterodimer formation was most marked
10 min after the DAMGO microinjection (Figure 4B and Sup-
porting Information Fig. S3B, P = 0.0001, n = 6). The heter-
odimer levels decreased gradually but remained higher than
control levels at 1 h (Figure 4D; 10 vs. O min, P = 0.0001;
10 min vs. 1 h, P=0.012; 10 min vs. 2 h, P=0.001, n = 6) and
the increases in p receptor/ozs-adrenoceptor heterodimers in
the NTS of WKY rats were correlated with BP elevation after
DAMGO microinjection (Supporting Information Fig. S3C).
CTAP pretreatment blocked the DAMGO-induced pressor
effect (Figure 4E and 4F, P=0.0001, n = 6). CTAP pretreatment
also inhibited DAMGO-induced p receptor/ozs-adrenoceptor
heterodimer formation (Figure 4G and 4H, P = 0.005, n = 6).
These results indicate that the u receptor agonist DAMGO
triggers u receptor/ons-adrenoceptor heterodimer formation
in the NTS and also raised BP.

Formation of u receptor/opa-adrenoceptor
heterodimer impairs the NO-dependent
depressor effect of aza-adrenoceptor agonists
in the NTS

We also investigated how p receptor/oza-adrenoceptor heter-
odimers affect BP regulation in the NTS. The BP of WKY rats

was lowered by activating their o,s-adrenoceptors with an
intra-NTS microinjection of the ozs-adrenoceptor-specific
agonist guanfacine (Figure 5 and Supporting Information
Figs. S2 and S3A). The BP-lowering effect of intra-NTS guan-
facine was significantly attenuated in hypertensive SHRs
(Figure 5A; P = 0.016, n = 6). These data indicate that the
oza-adrenoceptor agonist lost its BP-lowering effect in the NTS
of SHRs, where more u receptor/azs-adrenoceptor heterodi-
mer formation was observed.

Our previous studies demonstrated that NO is one of the
key BP-regulatory molecules in the NTS and the NO produc-
tion in the NTS of SHRs is lower than that of WKY rats. We
tested whether p receptor/oza-adrenoceptor heterodimer-
associated oa-adrenoceptor dysfunction was caused by a
reduction of NO synthesis in the NTS. The depressor effect of
guanfacine in the NTS of WKY rats was significantly blocked
by pretreatment with L-NAME (Figure 5B; P = 0.002, n = 6).
The NO production in the NTS increased after guanfacine
microinjection (Figures SC and D; P = 0.001, n = 6). The NO
production in the NTS of SHRs was approximately 60% lower
than that of the NTS of WKY rats after the same intra-NTS
guanfacine microinjection dose (4.24 £ 0.41 vs. 9.93 + 0.72,
P =0.0001, n = 6; Figure 5D).

Because the intra-NTS microinjection of DAMGO induced
p-opioid receptor/osa-adrenoceptor heterodimer formation
(Figure 4C), the induction of NO by guanfacine was inhibited
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in the DAMGO-pretreated NTS of WKY rats (Figure 5D;
P =0.001, n = 6). These results indicated that the depressor
effect of opa-adrenoceptor agonists given to the NTS was
NO-dependent and that p receptor/ozs-adrenoceptor heter-
odimers impair the induction of NO synthesis by oua-
adrenoceptor agonists.

Discussion

The present study demonstrated that (i) endomorphin-1 levels
were increased in the NTS of hypertensive SHRs; (ii) p receptors
form heterodimers with ons-adrenoceptors in the NTS; (iii)
high levels of p receptor agonists trigger u receptor/opa-
adrenoceptor heterodimer formation in the NTS, which might
contribute to the development of hypertension; and (iv) u
receptor/aza-adrenoceptor heterodimer formation impairs the
NO-dependent depressor effect of o,s-adrenoceptor agonists
in the NTS. Previous reports support these findings, indicating
that preceptors can form heterodimers with o,s-adrenoceptors
(Jordan et al., 2003) and that u receptor/a;a-adrenoceptor het-
erodimer formation impairs the function of o,x-adrenoceptors
(Vilardaga et al., 2008). Our results also suggest that L receptor/
oza-adrenoceptor heterodimer formation in the NTS contrib-
utes to the genesis of hypertension by impairing the ability of
oza-adrenoceptor agonists to lower BP.

Studies in the 1970s and 1980s first proposed that GPCRs
might exist as dimers and the first evidence of this dimeriza-
tion was provided in 1996 (Hebert et al., 1996). Recent evi-
dence indicating the existence of GPCR dimers (Casado et al.,
2009) has challenged the traditional concept of monomeric
GPCRs as functional units. The discovery of GPCR heterodi-

6-week-old WKY

6-week-old SHR

>

Endomorphin -1

B 6-week-old WKY 6-week-old SHR 20-week-old WKY
5 E)

E LELIE

e

e

5]

@

T

Figure 2

20-week-old WKY

mers provided evidence of novel pharmacological properties
that are distinct from those of either monomeric receptor,
including alterations in ligand binding, receptor activation,
desensitisation and trafficking (George et al., 2002). Emerging
experimental and clinical data indicate that increased levels
of GPCR heterodimers are associated with certain diseases.
For example, angiotensin II-induced hypersensitivity in pre-
eclampsia is caused by increased levels of angiotensin AT,
receptor/bradykinin B, receptor heterodimers (AbdAlla et al.,
2001); decreased responsiveness to morphine-induced anal-
gesia is caused by increased levels of u-/3-opioid receptor
heterodimers in spinal cord neurons (George et al., 2000); the
reduced bronchodilator response to ,-adrenoceptor agonists
in asthma is caused by increased levels of prostaglandin EP;
receptor/f,-adrenoceptor heterodimers in airway smooth
muscle (McGraw et al., 2006); and psychosis might be caused
by inhibiting 5-HT,, agonist-induced signalling via 5-HT;,
receptor/mGlu receptor heterodimers in cortical pyramidal
neurons (Gonzalez-Maeso et al., 2008).

The current study demonstrated that u receptors are able to
form heterodimers with o,s-adrenoceptors in the NTS of rats.
Research on GPCR dimers has been dominated by techniques
involving the use of recombinant cell lines expressing mutant
receptors such as FRET, BRET and protein complementation
assays. These techniques cannot be applied in vivo or even in
primary cell cultures (Teitler and Klein, 2012). The current
study used a newly developed method, PLA, to detect heter-
odimer formation in vivo. PLA can detect nearby proteins
within tens of nanometres (Leuchowius et al., 2009) and uses
primary antibodies raised in different host species to detect the
native receptors/proteins of interest in vivo. Oligonucleotide-
conjugated secondary antibodies are then used to detect the
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Immunofluorescence images (green) and the summary results of endomorphin-1 in the NTS of normotensive rats and hypertensive, 20-week-old
SHRs. (B) The PLA images (red) and the summary results of u receptor/o,a-adrenoceptor heterodimers in the NTS of normotensive rats and
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Effects of blocking p receptors in the NTS of SHRs on p-opioid
receptor/o,a-adrenoceptor heterodimer formation and hyperten-
sion. (A) Representative BP recordings of an intra-NTS microinjection
of the u receptor antagonist CTAP in WKY rats and hypertensive
SHRs. (B) The PLA images (red) and (C) summary results of
receptor/a,a-adrenoceptor heterodimers in the NTS of WKY rats and
hypertensive SHRs, 30 min after intra-NTS CTAP microinjection.
Scale bar: 20 um. Values shown are means + SEM (n = 6). #P < 0.05,
significantly different from WKY rats. *P < 0.05, significantly different
from control SHRs.

primary antibodies. If two secondary antibodies are close
enough (<40 nm), then the complementary oligonucleotides
(linked to each of the secondary antibodies) would hybridize
to form a template. The template can then be amplified
repeatedly, yielding a powerful and specific signal amplifica-
tion (Fredriksson et al., 2002). Each spot on an array indicates
an independent protein—protein interaction or dimerization.
PLA has the advantage that it can detect the dimerization or
protein—protein interaction without overexpression of recom-
binant proteins, has a high sensitivity with less background
and provides the unique ability to quantify dimerization
signals. However, PLA also has a drawback. As an antibody-

based assay, its success requires specific and high-affinity
antibody-binding conditions. This requirement emphasizes
the need for positive and negative controls for each protein—
protein or ligand-receptor interaction tested.

How GPCR dimers form under pathophysiological condi-
tions remains unclear. Some studies have demonstrated that
GPCR dimers were formed from the endoplasmic reticulum
but most studies have reported that GPCR dimers were
formed by ligand induction (George et al., 2002). The current
study provided three major results: (i) higher concentrations
of endomorphin-1 and p receptor/azs-adrenoceptor heterodi-
mers were found in the NTS of hypertensive SHRs (Figure 2);
(ii) blockade of the p receptors, with the selective antagonist
CTAP, reduced the number of u receptor/o,s-adrenoceptor
heterodimers (Figure 3); and (iii) microinjecting the pu recep-
tor agonist DAMGO into the NTS increased p receptor/o,a-
adrenoceptor heterodimer formation (Figure 4). These results
suggest that high levels of endogenous pu receptor agonists
would induce heterodimer formation.

The current study also revealed that (i) blockade of
receptors in the NTS with CTAP markedly reduced BP and p
receptor/ozs-adrenoceptor heterodimers in hypertensive
SHRs (Figure 3C) (ii) and microinjecting the p receptor
agonist DAMGO into the NTS of WKY rats elevated BP as well
as increasing the number of u receptor/o,,-adrenoceptor het-
erodimers (Figure 4). These results suggest that high levels of
endogenous p receptor agonists in the NTS could cause
hypertension.

Furthermore, neither reducing BP, using oral hydralazine
(16 mg-kg'-day™) in hypertensive rats, nor elevating BP, via
bilateral intra-NTS L-NAME microinjection in normotensive
rats, had any effect on the number of u receptor/o;a-
adrenoceptor heterodimers in the NTS (Supporting Informa-
tion Figs. S4 and S5). These results suggest that p receptor/
ozp-adrenoceptor heterodimer formation was the cause rather
than a consequence, of hypertension.

Our study suggests some mechanisms that account for the
observations made decades ago regarding the role of u receptor
agonists in the NTS relevant to the pathogenesis of hyperten-
sion. For instance, activation of p receptors with DAMGO in
the NTS caused pressor responses (De Jong et al., 1983; Hassen
and Feuerstein, 1987). The intraventricular administration of
the u receptor antagonist naloxone produced a dose-
dependent reduction to BP in SHRs but not WKY rats (Delbarre
et al., 1982), and the chronic infusion of naloxone prevented
the development of hypertension (Quock et al., 1984).

Sympathetic hyperactivity has gradually been accepted as
an important contributor to the pathogenesis of hypertension
(Colombuari et al., 2001). The NTS is the primary integrative
centre for sympathetic and cardiovascular control in the CNS
(Ho et al., 2008) and ablation of the NTS can result in BP
elevation and lead to sustained or lethal hypertension (Lu
etal., 2013). azs-Adrenoceptors are highly expressed in the
NTS and their blockade can attenuate baroreflex responses and
induce hypertension (Bhuiyan et al., 2009). The current study
found that (i) the NO-dependent depressor effect of oa-
adrenoceptor agonists was impaired by the p receptor/o;a-
adrenoceptor heterodimers induced by a p receptor agonist in
the NTS (Figure 5D); (ii) the level of heterodimers in the NTS
was correlated with the progression of hypertension in SHRs
(Figure 2B); and (iii) less NO production was observed in the
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elevation. (A) Representative BP recordings and (B) the summary results of BP recordings at different time points after intra-NTS DAMGO injection.
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Formation of u receptor/aza-adrenoceptor heterodimers impairs the NO-dependent BP-lowering effect of a aza-adrenoceptor agonist in the NTS.
(A) Representative BP recordings and the summary results (means £ SEM; n = 6) of the different BP-lowering effects of guanfacine (the
oza-adrenoceptor agonist) in the NTS of WKY rats and SHRs. *P < 0.05, significantly different from WKY. (B) Representative BP recordings and
the summary results (means £ SEM; n = 6) of the effect of the NOS inhibitor L-NAME on the BP-lowering effect of o,a-adrenoceptor activation
in the NTS. *P < 0.05, significantly different from saline. (C) A bar graph (means = SEM; n = 6) illustrating the different NO production in the NTS
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in WKY; 1P < 0.05, significant effect of guanfacine in SHR; £P < 0.05, significantly different from WKY + guanfacine group. (D) A bar graph (means
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significantly different from guanfacine alone
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NTS of hypertensive SHRs (Figure 5C). These results suggest
that impairment of the NO-dependent, depressor effect of
ozp-adrenoceptor agonists by the formation of p receptor/o;a-
adrenoceptor heterodimers in the NTS, contributes to the
genesis of hypertension (Figure 6).

We found that the hypotensive effects of activating
o-adrenoceptors via an intra-NTS guanfacine microinjection
were attenuated in hypertensive SHRs (Figure 5A), whereas
Zandberg and de Jong did not find a difference between
SHRs and WKY rats wusing a microinjection of
o-methylnoradrenaline into the NTS (Zandberg and de Jong,
1979). This difference might reflect the activity of
o-methylnoradrenaline as an agonist at f-adrenoceptors (De
Jong and Nijkamp, 1976) and the higher affinity of guanfa-
cine for opa-adrenoceptors (Uhlen and Wikberg, 1991;
Kanagy, 2005). The activation of central o,s-adrenoceptors
should be more effective as an antihypertensive mechanism
(Kanagy, 2005). In addition, the microinjection of an
oz-adrenoceptor agonist in the NTS of SHRs is less effective in
lowering BP because this strain has a significantly lower
oz-adrenoceptor density and sensitivity in the NTS, compared
with WKY rats (Nomura et al., 1985; Yamada et al., 1989).
These observations are consistent with the diminished
BP-lowering effect of intra-NTS a,-adrenoceptor agonist injec-
tion in hypertensive SHRs.

Interestingly, Taylor ef al. demonstrated that SHRs were
hypoalgesic in the hot plate test (Taylor et al., 2001). A sig-
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Figure 6

The proposed pathogenetic mechanisms of o;x-adrenoceptor and
receptor heterodimer induced hypertension in the NTS. (A) Under
normal conditions, endogenous noradrenaline binds to oua-
adrenoceptor and increases NO production in the NTS. The physi-
ological concentration of NO in the NTS maintains BP within the
normal range. (B) Under pathophysiological conditions that result
from environmental factors or genetic abnormalities, the level of
endogenous p-opioid agonists increases in the CNS. These additional
peptides can then induce additional p receptor/o,a-adrenoceptor
heterodimer formation. In turn, fewer functional and free o;a-
adrenoceptor molecules remain in the NTS; subsequently, less NO is
produced, ultimately leading to BP increases.
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nificant relationship between hypertension and decreased
pain sensitivity has also been observed in humans (Bruehl
et al., 2010). This phenomenon is referred to as ‘hypertensive
hypoalgesia’ (Campbell et al., 2003) and is believed to reflect
a homeostatic feedback loop that maintains a stable BP in the
presence of noxious stimuli. However, the underlying mecha-
nisms of this phenomenon remain unclear. In healthy indi-
viduals, hypertensive hypoalgesia had an endogenous opioid-
mediated component (Bruehl et al., 2010). The normalization
of BP using antihypertensive drugs or a low-salt diet did not
ameliorate the hypoalgesia of patients with hypertension.
Furthermore, plasma B-endorphin levels were significantly
higher among patients with hypertension (Campbell et al.,
2003) and the B-endorphin levels in the pituitary, hypothala-
mus and spinal cord of SHRs were higher than those in
normotensive rats (Guasti et al., 1996). These results suggest
that increased endogenous opioids are an important patho-
genic factor for both hypertension and hypoalgesia. Our
results demonstrate that endomorphin-1 was increased in
hypertensive SHRs (Figure 2A) and the activation of u recep-
tors induced p receptor/ozs-adrenoceptor heterodimer forma-
tion in the NTS (Figure 4C). Increases in p receptor/ona-
adrenoceptor heterodimers inhibited the depressor effect of
oza-adrenoceptors (Figure 5A). Therefore, our results might at
least partially explain the underlying mechanism of hyper-
tensive hypoalgesia.

In conclusion, under certain pathophysiological circum-
stances, the increased release of endogenous p receptor ago-
nists in the NTS will induce p receptors to form heterodimers
with ops-adrenoceptors. Once formed into heterodimers with
1 receptors, ozs-adrenoceptors lose their ability to exert NO-
dependent depressor effects, following activation with appro-
priate agonists. The inappropriate release of u-opioid peptides
and the formation of p receptor/osa-adrenoceptor heterodi-
mers might contribute to the pathogenesis of hypertension.
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Figure S1 Specificity antibody and PLA tests. PC12 and
SH-SYSY cell lines were used to determine the specificity of
the antibodies used in the immunoblotting and PLA assays.
The PC-12 cell line expresses o,a-adrenoceptors but not p
receptors. However, the SH-SYSY cell line expresses both pu
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receptors and oza-adrenoceptors. (A) The binding patterns of
1 receptors and o,x-adrenoceptors were captured with film by
applying immunoblotting detection using primary rabbit
anti-oza-adrenoceptor or goat anti-pu receptor antibodies on
PC12 or SH-SYSY cell lines. Our pilot immunoblotting tests
revealed that the antibodies used to perform the whole-cell
lysates were able to specifically recognize o,s-adrenoceptors
and p receptors. (B) PLA was performed using a combination
of the same two primary antibodies followed by the PLA
probes anti-rabbit plus and anti-goat minus secondary anti-
bodies with specific oligonucleotides to detect u receptor/oia-
adrenoceptor heterodimers. PLA signals were not captured for
the PC12 cell line (which expresses oza-adrenoceptors but not
p-opioid receptors). (C) The same experiment, conducted
on the SH-SYSY cell line (which expresses both o;a-
adrenoceptors and p receptors), showed a p receptor/o;a-
adrenoceptor heterodimer signal. Scale bar: 20 um.

Figure S2 Representative traces of the cardiovascular dose
responses after the intra-NTS microinjection of guanfacine
and DAMGO. (A) Microinjections of 0.1, 0.3 and 1 nmol
guanfacine into anaesthetized WKY rats’ NTS elicited a dose-
dependent depressor effect. (B) Microinjections of 0.1, 0.3
and 1 nmol DAMGO elicited a dose-dependent hypertensive
effect. A saline vehicle did not alter BP.

Figure 83 | receptor agonist-induced p receptor/oxa-
adrenoceptor heterodimer formation in the NTS of WKY rats
leading to BP elevation. (A) Microinjection of the u receptor
agonist DAMGO (0.3 nmol) into the NTS of WKY rats elicited
a sustained BP elevation that lasted for more than 1 h. The
microinjection of the osa-adrenoceptor agonist guanfacine
(0.3 nmol) into the NTS caused a depressor effect. (B) Immu-
nofluorescence PLA images of the NTS of WKY rats 10 min
after treatment with saline (a), DAMGO (b) or guanfacine (c).
The level of p receptor/oza-adrenoceptor heterodimers
increased markedly after DAMGO microinjection (b) but not
after guanfacine microinjection (c). The summary data for
immunofluorescence intensity indicated a 1.6-fold increase
in p receptor/o,s-adrenoceptor heterodimer formation in the
NTS after DAMGO treatment (d). (C) The amount of p
receptor/aza-adrenoceptor heterodimers in the NTS were cor-
related with the mean BP of WKY rats. (y* =0.9241, P <0.001).
Red, heterodimers; blue, DAPI. The values are presented as
the mean = SEM (n = 5). * indicates P < 0.05 compared with
the control value. Scale bar: 5 um. MBP, mean BP.

Figure S4 Anti-hypertensive treatment did not change pu
receptor/oza-adrenoceptor heterodimer formation in the NTS
of hypertensive SHRs. (A) Representative BP recordings 2
weeks after oral hydralazine (16 mg-kg'-day ') treatment of
WHKY rats and hypertensive SHRs; (B) Statistical and (C) PLA
images (red) results of pn receptor/ozs-adrenoceptor heterodi-
mers in the NTS of WKY rats and hypertensive SHRs with oral
hydralazine treatment. Scale bar: 20 um. Values are shown as
the mean + SEM (n = 6). *P < 0.05 compared with control
SHRs.

Figure S5 Induced hypertension in WKY rats did not affect
heterodimer formation in the NTS. (A) Representative BP
recordings of the bilateral intra-NTS microinjection of
L-NAME in a WKY rat; (B) PLA images (red) and (C) the
statistical results of u receptor/a;a-adrenoceptor heterodimers
in the NTS of WKY rats 30 min post-L-NAME microinjection.
Scale bar: 20 um. Values are shown as the mean + SEM (n = 6).
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