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BACKGROUND AND PURPOSE
In the aorta of adult spontaneously hypertensive (SHR), but not in that of normotensive Wistar-Kyoto (WKY), rats, previous
exposure to phenylephrine inhibits subsequent contractions to PGE2. The present experiments were designed to examine the
mechanism(s) underlying this inhibition.

EXPERIMENTAL APPROACH
Isometric tension was measured in isolated rings of SHR and WKY aortae. Gene expression and protein presence were
measured by quantitative real-time PCR and Western blotting respectively.

KEY RESULTS
In aorta of 18 weeks SHR, but not age-matched WKY, pre-exposure to phenylephrine inhibited subsequent contractions to
PGE2 that were mediated by thromboxane prostanoid (TP) receptors. This inhibition was not observed in preparations of
pre-hypertensive 5-week-old SHR, and was significantly larger in those of 36- than 18-week-old SHR. Pre-exposure to the PKC
activator, phorbol 12,13-dibutyrate, also inhibited subsequent contractions to PGE2 in SHR aortae. The selective inhibitor of
PKC-ε, ε-V1-2, abolished the desensitization caused by pre-exposure to phenylephrine. Two molecular PKC bands were
detected and their relative intensities differed in 36-week-old WKY and SHR vascular smooth muscle. The mRNA expressions
of PKC-α, PKC-ε, PK-N2 and PKC-ζ and of G protein-coupled kinase (GRK)-2, GRK4 and β-arrestin2 were higher in SHR than
WKY aortae.

CONCLUSIONS AND IMPLICATIONS
These experiments suggest that in the SHR but not the WKY aorta, α1-adrenoceptor activation desensitizes TP receptors
through activation of PKC-ε. This heterologous desensitization is a consequence of the chronic exposure to high arterial
pressure.

Abbreviations
PDBu, phorbol 12,13-dibutyrate; SHR, spontaneously hypertensive rat
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Introduction

Arachidonic acid is transformed to the endoperoxide PGH2 by
COX-1 or COX-2 and different synthases then convert PGH2

to one of five primary PGs- PGD2, PGE2, PGF2α, prostacyclin
(PGI2) or thromboxane A2 (TXA2; Feletou et al., 2010a)]. PGs
are involved in a number of processes, which contribute to
hypertension and atherosclerosis (Feletou et al., 2010b,c;
Giannarelli et al., 2010; Vanhoutte, 2011). PGs and TXA2 can
activate specific GPCRs – the prostanoid DP, EP, FP, IP and TP
receptors respectively. However, in isolated arteries of the
spontaneously hypertensive rat (SHR), PGs cause vasocon-
striction mainly through activation of TP receptors (Tang
et al., 2005; 2008).

The TP receptor agonist U46619 elicits comparable con-
tractions in isolated arteries of SHR and Wistar-Kyoto normo-
tensive (WKY) rats (Ge et al., 1995). However, the former
preparations are more responsive than the latter to endog-
enous TP receptor agonists such as endoperoxides (Ge et al.,
1995) or prostacyclin (Gluais et al., 2005). The present study
was initiated originally to compare contractions with other
PGs in WKY and SHR aortae. Serendipitously, we observed
that contractions to PGE2 were depressed by previous expo-
sure (pre-exposure) to phenylephrine in SHR but not in WKY
aortae (Figure 1). Further experiments reported here were
designed to investigate the mechanism(s) underlying this
unexpected difference These experiments suggest that activa-
tion of α1-adrenoceptors causes heterologous desensitization
of TP receptors through activation of PKC-ε in the aorta from
adult SHR but not in that from WKY rats.

Methods

All animal care and experimental procedures were approved
by the Committee on the Use of Live Animals in Teaching
and Research of The University of Hong Kong. Studies involv-
ing 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 129
animals were used in the present study.

Tissue preparation
The SHR and WKY male rats (5-, 18- or 36-weeks old) were
purchased from the Laboratory Animal Services Centre, The
Chinese University of Hong Kong, Hong Kong SAR. They
were maintained under a 12:12 h light/dark cycle at 21 ±
1°C and fed with standard laboratory chow and water. They
were killed with an overdose of pentobarbital sodium
(140 mg·kg−1) and exsanguinated. Their thoracic aorta was
quickly dissected free, and placed in cold Krebs-Ringer bicar-
bonate buffer of the following composition (mmol·L−1):
NaCl (118), KCl (4.7), CaCl2 (2.5), MgSO4 (1.2), KH2PO4

(1.2), NaHCO3 (25) and glucose (5.5) (control solution). The
aortae were cleaned of adherent connective tissue and cut
into rings (3∼4 mm in length). In certain preparations, the
endothelium was removed mechanically by inserting the tip
of a syringe needle into the ring and rolling them back and
forth in a container filled with control solution (Furchgott
and Zawadzki, 1980).

Isometric tension recording
Rings (with or without endothelium) of SHR or WKY aortae
were suspended in organ chambers filled with 5 mL of warmed
control solution (37°C) and aerated with 95% O2 and 5% CO2.
They were connected to force transducers (FT03; Grass Instru-
ment, Quincy, MA, USA) for isometric tension recording (Pow-
erLab ADInstruments, Sydney, Australia). They were allowed
to equilibrate for 1.5 h at optimal resting tension [2.5 g; deter-
mined in preliminary experiments (data not shown)]. Then,
they were exposed twice to 60 mM KCl in order to obtain a
reference contraction. Further increases in tension above the
basal level were expressed in percentage of the response to
60 mM KCl, to compensate for differences in the amount of
vascular smooth muscle cells between arterial rings.

Protein extraction and Western blotting
Rings (without endothelium) of SHR and WKY aortae were
incubated with phenylephrine (2 × 10−7 M) or phorbol 12,13-
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dibutyrate (PDBu; 10−7 M) for 40 min then immediately frozen
in liquid nitrogen for protein extraction. These samples were
used to measure protein presence of TP receptors. Untreated
preparations without endothelium were used to detect PKC
protein expression. WKY and SHR aortic rings were cut into
very small pieces using clean scissors and collected in micro-
centrifuge tubes filled with ice-cold lysis buffer. The samples
were sonicated and then centrifuged (2500× g) for 3 min at
4°C. The supernatant fluid was collected into new microcen-
trifuge tubes for Western blotting analysis. Polyclonal antibod-
ies were used to detect the presence of TP receptors (catalogue
number: 10004452, Cayman, Ann Arbor, MI, USA) or total
PKC (catalogue number: ab59363, Abcam, Cambridge, UK).
Images were processed by ImageJ (NIH, Bethesda, MD, USA).

Reverse transcription and quantitative
real-time PCR (qRT-PCR)
RNA extraction was performed using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) following the manufacturer’s
instructions. Aortic rings of WKY and SHR (without endothe-
lium) were immersed in 1 mL ice-cold TRIzol and homog-
enized using Tissuelyser LT (Qiagen, Hilden, Germany) for
5 min (twice) and kept at room temperature for 5 min. Then,
200 μL of chloroform were added to the homogenates and
the samples were incubated at room temperature for 5 min.
All homogenates were centrifuged (12 000× g) for 15 min at
4°C and the upper aqueous phases were transferred to new
microcentrifuge tubes. The RNA was precipitated (with

Figure 1
(A–D) Contractions to increasing concentrations of PGE2 in rings [with (+EC) or without (−EC) endothelium] of 36-week-old WKY or SHR aortae
with or without previous incubation (40 min) with phenylephrine (2 × 10−7 M; Pre-PE). (E and F) Contractions to increasing concentrations of PGE2

in rings of 18-week-old WKY or SHR aortae (without endothelium) with or without previous incubation (40 min) with noradrenaline (2 × 10−7 M;
Pre-NA). Increases in tension above basal are expressed as percentage of the reference contraction to KCl (60 mM) obtained at the beginning of
the experiment and shown as means ± SEM; vertical arrows indicate statistical comparisons between responses to the highest concentration
tested, whereas horizontal arrows indicate comparisons between −logEC50 values (estimated by regression analysis); (A–D) n = 6, *P ≤ 0.05, **P
≤ 0.01 versus no previous exposure to the α1-adrenoceptor agonist; (E and F) n = 5, ****P ≤ 0.0001 versus without previous incubation with
noradrenaline.
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500 μL isopropanol for 2 days at −20°C), collected by centrifu-
gation (12 000× g for 15 min at 4°C), washed with 70%
ethanol and suspended in 20 μL RNase-free water (Qiagen).
The RNA concentration was determined by absorbance at
260/280 nm using Biotek Epoch (Biotek Instruments, Win-
ooski, VT, USA).

Complementary DNA (cDNA) was synthesized from RNA
using an Omniscript Reverse Transcription kit (Qiagen) fol-
lowing the manufacturer’s instructions. First, two micro-
grams of RNA were mixed with Master Mix in
microcentrifuge tubes and incubated at 37°C for 60 min.
Then, the tubes were placed on ice to inactivate the enzyme
and cDNA was stored at −80°C for qRT-PCR; qRT-PCR was
performed using SYBR Green Supermix (Bio-Rad, Hercules,
CA, USA) following the manufacturer’s instructions. The
reaction was performed on a StepOnePlus Real-Time PCR
System (Applied Biosystem, Foster City, CA, USA). The qRT-
PCR data were analysed using the comparative CT (2−ΔΔC

T)
method (Schmittgen and Livak, 2008). The internal reference
gene was the housekeeping gene GAPDH. Primers were
designed using NCBI/Primer-BLAST. The primers sequences
used are listed in Table 1.

Data analysis
Results are presented as means ± SEM; n refers to the number
of individual experimental animals in each group. For each
agonist, the concentration that caused 50% of maximal con-
traction (EC50) as well as its negative logarithm (−log EC50),
and the AUC were calculated by regression analysis. The
concentration-contraction curves were analysed by compar-
ing the contraction level reached with the highest concen-
tration of agonist tested, the −log EC50 values (calculated by
regression analysis), and/or the AUC. The data, which passed
the Kolmogorov–Smirnov test, were analysed using Student’s
t-test for paired or unpaired observations; otherwise, the
Mann–Whitney or Wilcoxon tests were used for statistical
comparisons. When more than two means were compared,
one-way ANOVA was used for data that passed the
Kolmogorov–Smirnov test; otherwise, the Kruskal–Wallis test
was used for unpaired and the Friedman test for paired obser-
vations; ordinary one-way ANOVA was used for the compari-
sons of −log EC50. If a significant F value was found, then
Tukey’s, Dunnett’s or Dunn’s multiple comparison test were
employed to identify differences among groups. Regression
analysis (to calculate −log EC50 values and AUC) and statisti-
cal analysis were performed using GraphPad Prism version 6
(San Diego, CA, USA). The Western blotting and qRT-PCR
data are normalized to the protein presence of β-actin and the
mRNA expression of GAPDH respectively. The normalized
qRT-PCR data of the SHR group are expressed as the fold
change relative to the WKY group (Schmittgen and Livak,
2008); ‘n’ refers to the number of individual rats in each
group (two samples were taken from each rat aortic tissue for
measurements and the mean of the duplicated values was
taken as n = 1). P-values equal or less than 0.05 were consid-
ered to indicate statistically significant differences.

Materials
Phenylephrine, noradrenaline, sodium nitroprusside were
purchased from Sigma-Aldrich® Chemical Company (St

Louis, MO, USA). PGE2 was purchased from Cayman Chemi-
cal. U46619 {(Z)-7-[(1S,4R,5R,6S)-5-[(E,3S)-3-hydroxyoct-1-
enyl]-3-oxabicyclo[2.2.1]heptan-6-yl]hept-5-enoic acid}} was
purchased from Biomol (Plymouth Meeting, PA, USA).
Epsilon-V1-2 was purchased from ANASPEC (Fremont, CA,
USA). Calphostin C was purchased from Merck (Whitehouse
Station, NJ, USA). PDBu and Go6976 were purchased
from Tocris Bioscience (Bristol, UK). Phenoxybenzamine
was purchased from Santa Cruz (Dallas, TX, USA).
S-18886 {3-[(6-amino-4-chlorobenzensulfonyl-2-methyl-
5,6,7,8-tetrahydronaphth)-1-yl] propionic acid} was a kind
gift from the Institut de Recherches Servier (Suresnes, France).

Results

Pre-incubation with phenylephrine
and noradrenaline
To demonstrate that pre-exposure with phenylephrine affects
the reactivity of SHR but not WKY aortae, rings (with and
without endothelium, from 36-week-old rats) of the same
arteries were incubated for 40 min either in control solution
or in the presence of phenylephrine (2 × 10−7 M; ‘pre-exposed’
preparations). After repeated washing with control solution
and return to basal tension, they were exposed, after waiting
a further for 15 min, to cumulatively increasing concentra-
tions of PGE2. The concentration-dependent contractions to
the prostanoid were comparable in control and pre-exposed
WKY preparations with and without endothelium (Figure 1A
and C). By contrast, the contractions to PGE2 were signifi-
cantly depressed in pre-exposed SHR aortae; this difference
persisted in the absence of endothelium (Figure 1B and D).
Removal of the endothelium significantly amplified the con-
tractions to PGE2 in SHR, but not in WKY aortae, and these
contractions were significantly larger in SHR preparations
compared to WKY. All further functional studies were per-
formed on preparations without endothelium.

To verify whether or not a physiological concentration of
a natural α-adrenoceptor ligand would exert the same effect
as phenylephrine, SHR and WKY aortae (from 18-week-old
rats) were pre-incubated for 40 min with noradrenaline (2 ×
10−7 M; Cui and Guo, 2002; Di et al., 2011). The pre-exposure
to the natural catecholamine also inhibited the subsequent
contractions to PGE2 in rings of SHR but not in those of WKY
aorta (Figure 1E and F).

To determine whether or not the inhibition by pre-
exposure occurs in preparations of pre-hypertensive SHR
(Sankhanava Kundu, 2008), aortae from 5-week-old WKY and
SHR were incubated with phenylephrine for 40 min. They
then were contracted with cumulatively increasing concen-
trations of PGE2. The contractions to PGE2 were not signifi-
cantly affected by pre-exposure to phenylephrine in rings of
5-week-old WKY or SHR (Figure 2, upper). Compared with
18-week-old rats, pre-exposure to phenylephrine caused sig-
nificantly greater reduction of PGE2-induced contractions in
preparations from 36-week-old SHR (Figure 2, lower). PGE2

produced larger contractions at low concentrations (3 × 10−8

to 3 × 10−7 M, significantly larger at 10−7 M) in aortae of
18-week than 36-week-old SHR (Figure 2C). As the inhibition
of PGE2-induced contraction by phenylephrine pre-exposure
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Table 1
Primers used for quantitative real-time PCR analysis

Gene name Gene symbol Accession ID Primers

PKC, alpha (PKC-α) Prkca NM_001105713.1 Forward: 5′ CGGATAAGGGACCTGACACT 3′
Reverse: 5′ ACGCACTGCTTGTGAACATT 3′

PKC, beta (PKC-β) Prkcb NM_001172305.1 Forward: 5′ ATGACCAAACACCCAGGCAA 3′
Reverse: 5′ GTGTCTCGCTTGTCTCTAGCTT 3′

PKC, gamma (PKC-γ) Prkcg NM_012628.1 Forward: 5′ TTTAGACCACGTCCGTGTGG 3′
Reverse: 5′ CACGAAGTCCGGGTTCACAT 3′

PKC, delta (PKC-δ) Prkcd NM_133307.1 Forward: 5′ CTACCAATAGCCGGGACACC 3′
Reverse: 5′ ATGCCGCAGTCTTCACACTT 3′

PKD1 (PKC-δ1) Prkd1 NM_001276715.1 Forward: 5′ TGGACCAGAAGTTCCCTGAAT 3′
Reverse: 5′ GAAGCTGACAGGACCACTTCA 3′

PKD2 (PKC-δ2) Prkd2 NM_001013895.1 Forward: 5′ GTCCGTGGGTGTGATCATGT 3′
Reverse: 5′ GGTCGATGGCTCCAGATGAG 3′

PKD3 (PKC-δ3) Prkd3 NM_001024263.2 Forward: 5′ CCGCGTCACTCACAAACTCT 3′
Reverse: 5′ TCCACACTCTGGAAACTTCTGAT 3′

PKC, epsilon (PKC-ε) Prkce NM_017171.1 Forward: 5′ CAGGGATTTGAAACTGGACA 3′
Reverse: 5′ CTGCAGGATCTCTGGAGCTA 3′

PKC, eta (PKC-η) Prkch NM_031085.2 Forward: 5′ CCCACCTACAACGAGGAGTTC 3′
Reverse: 5′ AGATCCACCCAGCCCTCGAA 3′

PKC, theta (PKC-θ) Prkcq NM_001276721.1 Forward: 5′ CGAGGCAAGGTCTCAAGTGT 3′
Reverse: 5′ TAAGGTGCGAGCCTGTTGAG 3′

PKC, iota (PKC-ι) Prkci NM_032059.1 Forward: 5′ AAACGCTTTAACAGGCGTGC 3′
Reverse: 5′ CGCCCACACTCAATTGTGAC 3′

PKC, zeta (PKC-ζ) Prkcz NM_022507.1 Forward: 5′ AACACGCCAGGTTCTATGCT 3′
Reverse: 5′ TTCCTTGCACATGCCGTAGT 3′

PKN1 (PK-N1) Pkn1 NM_017175.2 Forward: 5′ AGGACATCCCTTCCTGGTGA 3′
Reverse: 5′ AGGCCGAATAGAAGACAGCC 3′

PKN2 (PK-N2) Pkn2 NM_001105755.2 Forward: 5′ CGTTTTTCCGGCTAACCGAC 3′
Reverse: 5′ TATCCTCGGTTCTCGAGGGG 3′

PKN3 (PK-N3) Pkn3 NM_001047861.1 Forward: 5′ GCCGAAGGGAGCACTTTTCT 3′
Reverse: 5′ TACAGACCCAAGCAAGCCAC 3′

GPCR kinase 1 (GRK1) Grk1 NM_031096.1 Forward: 5′ AAGACCAAGGGCTATGCAGG 3′
Reverse: 5′ TCTCCACCTTCTCTCCTCGG 3′

Adrenergic, beta, receptor kinase 1
(GRK2)

Adrbk1 NM_012776.1 Forward: 5′ TCCTGCAGTGTGATAGTGACC 3′
Reverse: 5′ TGAATCAGTGGCACCTTGCT 3′

Adrenergic, beta, receptor kinase 2
(GRK3)

Adrbk2 NM_012897.2 Forward: 5′ GCATTAAGCTGTTGGACTGC 3′
Reverse: 5′ CTTCTTCCTGGCCTCAATTT 3′

GPCR kinase 4 (GRK4) Grk4 NM_022928.1 Forward: 5′ GCTGAAGGCTCGTCAAGGATT 3′
Reverse: 5′ TTCCGATTGGCTGTTGGTCA 3′

GPCR kinase 5 (GRK5) Grk5 NM_030829.1 Forward: 5′ GCAACATGCTGCTCACCAAA 3′
Reverse: 5′ CGAAGGGAGGGTCCAACATC 3′

GPCR kinase 6 (GRK6) Grk6 NM_031657.3 Forward: 5′ CAGAACGAGATGGTGGAGACTGAG 3′
Reverse: 5′ GCAGTTCCCACAGCAATCCTTT 3′

GPCR kinase 7 (GRK7)a Grk7 NM_139209.2 Forward: 5′ CACCTCCATGAACTCGGCAT 3′
Reverse: 5′ ACCATTGGTTCCAGCCCTCT 3′

Retina and pineal gland (S-antigen) Arrestin, Sag NM_013023.2 Forward: 5′ GCTAGCTGCTCACCATCTGAA 3′
Reverse: 5′ TAGATGGTCACCGACTTGTCC 3′

Arrestin, beta 1 (β-arrestin 1) Arrb1 NM_012910.2 Forward: 5′ CGAGTGTTCAAGAAGGCAAGC 3′
Reverse: 5′ TCAGTGTCACGTAGACTCGCC 3′

Arrestin, beta 2 (β-arrestin 2) Arrb2 NM_012911.1 Forward: 5′ CACAAAAGGAACTCCGTGCG 3′
Reverse: 5′ AGCTCTTTGTCCAGGGAAGC 3′

Arrestin 3, retinal (arrestin-4) X-arrestin, Arr3 NM_001190993.1 Forward: 5′ CTGGGGATCCTGGTGTCCTA 3′
Reverse: 5′ GTAGCCACTGCTCTCTCACC 3′

GAPDH Gapdh NM_017008.4 Forward: 5′ TCATCAACGGGAAACCCATCAC 3′
Reverse: 5′ ACGCCAGTAGACTCCACGACAT 3′

aAll primers are based on gene sequence of Rattus norvegicus, except GRK7, which is based on Homo sapiens.

BJPHeterologous desensitization of TP receptor caused by PKC-ε

British Journal of Pharmacology (2015) 172 3687–3701 3691



was more prominent in aortae of 36-week-old SHR, subse-
quent experiments were performed in rats at this age, unless
specified otherwise.

To determine whether or not the inhibitory effect of pre-
incubation was long lasting, SHR rings were pre-incubated
with phenylephrine. After washout, they were incubated in
control solution for either 15 or 60 min before exposing them
to cumulatively increasing concentration of PGE2. The sub-
sequent contractions to PGE2 were impaired significantly by
pre-exposure to phenylephrine only after the 15 min delay
(Figure 3A).

To determine the concentration dependency of the
inhibitory effect on the subsequent contractions to PGE2, SHR
aortae were incubated for 40 min with increasing concentra-
tions (10−9 to 2 × 10−7 M) of phenylephrine (Figure 3B and C).
The statistical analysis revealed a significant linear trend with
decreasing responses to PGE2 in function of pre-exposure to
increasing amounts of phenylephrine (Figure 3C). Thus, pre-
vious exposure to the α1-adrenoceptor agonist inhibited sub-
sequent contractions to vasoconstrictor prostanoid in a
concentration-dependent manner.

Role of TP receptors
Aortae of 18-week-old SHR or WKY were incubated with the
antagonist of TP receptors, S18886 (10−6 M; Tang et al., 2005)
for 40 min before obtaining contractions to increasing con-
centrations (10−8 to 10−5 M) of PGE2. S18886 abolished the
response to the PG in either WKY or SHR preparations
(Figure 4A and B). These experiments confirm (Tang et al.,
2008) that in the SHR aorta, PGE2 acts as a TP receptor
agonist.

To confirm the importance of agonist efficacy at TP
receptors, the effect of pre-incubation with phenylephrine
was compared on subsequent contractions of SHR
aortae to U46619 (before and after partial inhibition with
10−7 M S18886). Contractions to U46619 were comparable
in untreated WKY and SHR aortae, confirming earlier obser-
vations (Ge et al., 1995). Previous exposure to phenyle-
phrine did not inhibit contractions to U46619 under
control conditions, or after partial TP receptor blockade
with S18886 in WKY preparations (Figure 4C) but did sig-
nificantly so after partial TP blockade in SHR aortae
(Figure 4D).

Figure 2
(A and B) Contractions to increasing concentrations of PGE2 in rings of 5-week-old WKY or SHR aortae (without endothelium) with or without
previous incubation (40 min) with phenylephrine (2 × 10−7 M; Pre-PE); (C) contractions to increasing concentration of PGE2 shown as
concentration-response curves (18 and 36 weeks old); (D) the AUC of Figure 2C, and the differences in PGE2-induced contractions expressed as
area between the concentration-response curves between aortic rings of SHR at the same age (18 and 36 weeks old) with or without pre-exposure
to phenylephrine (2 × 10−7 M; Pre-PE). Increases in tension above basal are expressed as percentage of the reference contraction to KCl (60 mM)
obtained at the beginning of the experiment and data are shown as means ± SEM; vertical arrows indicate statistical comparisons between
responses to the highest concentration tested, whereas horizontal arrows indicate comparisons between −logEC50 values (estimated by regression
analysis); n = 6, (C) **P ≤ 0.01 versus without pre-exposure to phenylephrine. (D) **P ≤ 0.01 versus 18 weeks control, *P ≤ 0.05 versus 36 weeks
control, *P ≤ 0.05 versus 18 weeks (D).
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To assess the effects of pre-exposure on the presence of TP
receptors, SHR aortic rings without endothelium were incu-
bated with or without phenylephrine (2 × 10−7 M) for 40 min
and washed three times with control solution. They then
were frozen in liquid nitrogen. The protein expression of TP
receptors was determined by Western blotting. The specific
binding to TP receptor was determined using blocking
peptide of the TP receptor antibody. Binding of TP receptor
antibody was detected near 55 kD in SHR aortae, and was
eliminated by co-incubation with blocking peptide; the other
protein bands in the blots were similar under the two condi-
tions (data not shown). Thus, the binding near 55 kD was

accepted as detection of the protein presence of TP receptors.
The protein expression level of TP receptor was not different
in smooth muscle of SHR aorta pre-exposed to phenylephrine
compared to that of control preparations (Figure 4E, left).

Role of PKC
Next, the role of PKC in the inhibitory effect of previous
exposure to α1-adrenoceptor agonists was investigated. Previ-
ous incubation with an activator of PKC, PDBu (10−7 M;
Hypolite et al., 2013) mimicked the effect of pre-exposure to
phenylephrine in SHR (Figure 5B), but not in WKY aortae
(Figure 5A) preparations. Administration of the non-selective
PKC inhibitor calphostin C (10−6 M, 30 min before incuba-
tion with phenylephrine and re-added after washout; Inoue
et al., 2011) significantly reduced contractions to PGE2 and
abolished the inhibitory effect of pre-exposure to phenyle-
phrine (Figure 5C). These findings suggest that activation of
PKC contributes to TP receptor desensitization.

To determine whether or not the effect of pre-exposure
was due to the contraction of the preparation to phenyle-
phrine, the following experiments were performed: (i) the
pre-exposure did not affect the second contractions evoked
by phenylephrine itself with or without co-incubation with
an antagonist of α1-adrenoceptors, phenoxybenzamine (5 ×
10−9 M, Figure 5D); and (ii) incubation for 40 min with 2 ×
10−7 M phenylephrine in the presence or absence of 10−4 M
sodium nitroprusside (to maximally stimulate the production
of cyclic GMP; Papapetropoulos et al., 1996) and limit the
contraction evoked by phenylephrine during the pre-
incubation] significantly limited the contraction evoked by
PGE2; after repeated washout, the basal tension of the rings
was the same, regardless of the presence or absence of sodium
nitroprusside (1.93 ± 0.06 and, 2.06 ± 0.05; P > 0.05). The
co-incubation with sodium nitroprusside did not prevent the
inhibitory effect of the pre-exposure to phenylephrine on
subsequent contractions to PGE2 (data not shown). Thus, the
contraction produced by phenylephrine during the pre-
exposure is unlikely to cause the desensitization.

Figure 3
(A) Contractions to increasing concentrations of PGE2 in rings of SHR
aortae (without endothelium); Pre-PE a, contractions obtained
15 min after pre-incubation with phenylephrine, Pre-PE b, contrac-
tions obtained 60 min after pre-incubation with phenylephrine (n =
4 ∼ 8). (B) Contractions to increasing concentrations of PGE2 in rings
of SHR aortae (without endothelium) with or without previous incu-
bation (40 min) with increasing concentrations of phenylephrine (PE,
concentration; n = 6). (C) AUC of Figure 3B. Increases in tension
above basal are expressed as percentage of the reference contraction
to KCl (60 mM) obtained at the beginning of the experiment and
shown as means ± SEM; vertical arrows indicate statistical compari-
sons between responses to the highest concentration tested,
whereas horizontal arrows indicate comparisons between −logEC50

values (estimated by regression analysis); (A, B) *P ≤ 0.05 (PE
10−7 M), **P ≤ 0.01, ***P ≤ 0.001 (PE 2 × 10−7 M) versus without
pre-exposure to PE. (C) The downward arrow indicates a linear
decreasing trend (a systematically decreasing trend, which is statis-
tically distinguished from random behaviour) between columns
moving from left to right (***P ≤ 0.001); *P ≤ 0.05, **P ≤ 0.01 versus
no previous incubation with PE.
◀
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Figure 4
(A, B) Contractions to increasing concentration of PGE2 in rings of WKY or SHR aortae (without endothelium) with or without incubation with
S18886 (10−6 M, 40 min); (C, D) contractions to increasing concentrations of U46619 in the absence and presence of S18886 (10−7 M, 20 min)
in rings of WKY or SHR aortae (without endothelium), with or without previous incubation with phenylephrine (Pre-PE, 2 × 10−7 M, 40 min).
Increases in tension are expressed as percentage of the reference contraction to KCl (60 mM) obtained at the beginning of the experiment and
shown as means ± SEM. (E) Western blotting shows TP receptor protein expression in SHR aortae without endothelium, with or without previous
incubation (40 min) with phenylephrine (PE, 2 × 10−7 M, left, n = 4, the Mann–Whitney test was used for statistical analysis) or PDBu (10−7 M, right,
n = 5); the images were analysed by ImageJ, and the expressions are expressed as the ratio of TP receptor/β-actin shown as means ± SEM. Vertical
arrows indicate statistical comparisons between responses to the highest concentration used, whereas horizontal arrows indicate comparisons
between −log EC50 values (estimated by regression analysis); (A, B) n = 6, **P ≤ 0.01 versus no incubation with S18886; (C, D) n = 6, #P ≤ 0.05,
##P ≤ 0.01, ####P ≤ 0.0001 incubation with versus without S18886 (no pre-exposure to phenylephrine group); *P ≤ 0.05 versus no previous
incubation with phenylephrine.
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To confirm the effect of PKC activation on the presence of
TP receptors, SHR aortic rings were incubated with PDBu
(10−7 M for 40 min) and processed for Western blotting. The
protein expression of TP receptors, after incubation with the
compound was comparable to that of the control prepara-
tions (Figure 4E, right).

The protein presence of total PKC was compared in aortic
smooth muscle of WKY and SHR (5 and 36 weeks old) using
Western blotting. In preparations of 5-week-old rats, the blots
revealed two bands of different molecular mass, suggesting
the presence of different PKC isoforms, and the expression of
PKC was comparable in the two strains (Figure 6A). However,
in aortae of 36-week-old rats, the two bands showed different
intensity (Figure 6B). The expression of the band near 95 kD
was significantly decreased but that of the band near 72 kD
significantly augmented in SHR compared with WKY prepa-
rations. The total PKC protein expression was higher in WKY
preparations.

Then, the mRNA expressions of 15 different isoforms of the
PKC in smooth muscle of WKY and SHR aortae were detected
using qRT-PCR. Within the subfamily of conventional PKCs
(Webb et al., 2000), only the mRNA expression of PKC-α could
be detected and was significantly greater in SHR than in WKY
preparations (Figure 7). Within the subfamily of novel PKCs

(Webb et al., 2000), the mRNA expressions of PKC-δ, PKC-δ1,
PKC-δ2 and PKC-δ3 were comparable in WKY and SHR aortic
smooth muscle (data not shown). However, expression of
mRNA for PKC-ε was significantly higher in SHR than in WKY
preparations (Figure 7). By contrast, the mRNA expression of
PKC-η was significantly greater in WKY than in SHR prepara-
tions (Figure 7). PKC-θ could not be detected in either WKY or
SHR aortae (data not shown). In the subfamily of atypical PKCs
(Webb et al., 2000), the mRNA expressions of PK-N2 and PKC-ζ
were significantly greater in SHR than WKY aortae (Figure 7),
while PK-N3 was not expressed in either (data not shown).

G protein-coupled kinase (GRK) and arrestin
It seemed logical to also compare the mRNA expression of
different GRK isoforms in aortic smooth muscle of normo-
tensive and hypertensive animals, as PKC may play a role as
a GRK regulator (Pronin and Benovic, 1997; Kohout and
Lefkowitz, 2003; Lorenz et al., 2003; Gildea et al., 2013). Of
the seven known isoforms of GRK reported (Gurevich et al.,
2012), the mRNA expressions of GRK1 and GRK7 could not
be detected in either WKY or SHR aortic smooth muscle (data
not shown). Those of GRK2 and GRK4 were increased signifi-
cantly in SHR preparations (Figure 7). The mRNA expressions
of GRK3, GRK5 and GRK6 were comparable in the two strains

Figure 5
Contractions to increasing concentrations of PGE2 in rings of (A, B) WKY or SHR aortae (without endothelium) with or without previous exposure
to PDBu (10−7 M) and (C) SHR aortae (without endothelium) with or without previous exposure to phenylephrine (2 × 10−7 M; Pre-PE) in the
presence of calphostin C (10−6 M); (D) Contractions to increasing concentrations of phenylephrine in the absence and presence of 5 × 10−9 M
phenoxybenzamine (PBZ) in rings of SHR aortae (without endothelium), with or without previous incubation with phenylephrine (Pre-PE, 2 ×
10−7 M, 40 min). Increases in tension above basal are expressed as percentage of the reference contraction to KCl (60 mM) obtained at the
beginning of the experiment and shown as means ± SEM; vertical arrows indicate statistical comparisons between responses to the highest
concentration tested, whereas horizontal arrows indicate comparisons between −log EC50 values (estimated by regression analysis); n = 6 (B) *P
≤ 0.05, ***P ≤ 0.001 versus no previous incubation with PDBu; (D) #P ≤ 0.05 incubation with versus without PBZ (no pre-exposure to
phenylephrine group).
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(data not shown). The mRNA expression of β-arrestin 2 was
significantly greater in SHR than in WKY aortae (Figure 7);
the other arrestin isoforms could not be detected in either
WKY or SHR smooth muscle (data not shown).

Role of PKC-ε
Finally, the selective inhibitors of PKC-α (Go6976, 10−6 M; Li
et al., 2004) and of PKC-ε (ε-V1-2, 5 × 10−6 M; Lee et al., 1999)
were used to examine the role of PKC-α and PKC-ε respec-
tively. SHR aortic rings were incubated with one of these
inhibitors for 30 min before the pre-exposure to phenyle-
phrine (2 × 10−7 M). After that incubation, the aortic
rings were washed with control solution. Cumulative
concentration-response curves to PGE2 were then obtained in
these rings. Although Go6976 significantly increased the con-
tractions to PGE2 in SHR aortae, the compound did not
abolish the difference between aortae, with or without pre-
exposure to phenylephrine (Figure 8B). By contrast, ε-V1-2
did not significantly affect the contractions to PGE2 in control
aortic rings but restored the response in SHR preparations
despite pre-exposure to phenylephrine (Figure 8A).

Discussion and conclusions

The main finding of the present study is that, in the aorta of
hypertensive rats, previous exposure to synthetic or natural
α1-adrenoceptor agonists curtails, in a concentration-
dependent manner, the subsequent TP receptor-mediated
contractions to PGE2. This curtailment in vascular responsive-
ness is endothelium-independent and not due to the contrac-
tion per se resulting from α1-adrenoceptor activation.
Surprisingly, the phenomenon was observed in aortae of
adult SHRs but not those of its normotensive counterpart, the
WKY or in those of pre-hypertensive SHR (5 weeks old;
Sankhanava Kundu, 2008). Furthermore, prolonged hyper-
tension resulted in a more pronounced inhibitory effect of

Figure 6
Western blotting shows the total PKC protein expression in aortic
smooth muscle cells of (A) 5-week-old WKY or SHR, and (B) 36-week-
old WKY or SHR. a, near 95 kD; b, near 72 kD; tot, total expression.
The images were analysed by ImageJ; the expressions are expressed
as the ratio of PKC/β-actin and shown as means ± SEM, 5 weeks, n =
6, 36 weeks, n = 9; *P ≤ 0.05, ***P ≤ 0.001 versus WKY; n.s., not
significant.

Figure 7
Quantitative real-time PCR results showing mRNA expressions rela-
tive to WKY (see Methods) of PKC, GRK isoforms and β-arrestin2 in
aortic smooth muscle cells of SHR. The black bar represents the
mRNA expression in WKY as 1; the other bars represent the expres-
sion, relative to those of WKY, of different mRNAs in SHR. Data
shown as means ± SEM. PKC-α, n = 11; other PKC, GRK isoforms and
β-arrestin 2, n = 6 ∼ 9. *P ≤ 0.05, **P ≤ 0.01 versus WKY.
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the phenylephrine pre-exposure as it increased with age in
the SHR. These findings raise the possibility that the differ-
ence between the two strains was due to the chronic exposure
of the blood vessels to an increased arterial pressure in
the SHR.

Phenylephrine is a selective agonist at α1-adrenoceptors
(Godfraind et al., 1982). α1-Adrenoceptors are a subfamily of
adrenoceptors, which are targets for adrenaline and
noradrenaline, the endogenous mediators of the sympathetic
nervous system. Their activation causes vasoconstriction
(Civantos Calzada and Aleixandre de Artinano, 2001). The
α1-adrenoceptors can be further divided to α1A, α1B and α1D

subtypes (Civantos Calzada and Aleixandre de Artinano,
2001). The expression of α1A and α1B-adrenoceptors is compa-
rable in the aorta of WKY and SHR, whereas that of the
α1D-subtype is higher in the latter (Godínez-Hernández et al.,

2006). α1-adrenoceptors, especially the α1D subtype, play an
important role in the homeostatic control of vascular tone,
and are involved in sympathetic regulation of arterial BP
(Civantos Calzada and Aleixandre de Artinano, 2001; Tanoue
et al., 2002). The sympathetic nervous system is hyperactive
in the SHR (Head et al., 1985; Scott and Galway, 1985;
Mangiarua and Lee, 1990; Ely et al., 1997). Thus, the interac-
tion observed in the present study between the downstream
effects of α1-adrenoceptor activation and the response to
PGE2 may play a modulating role in reducing prostanoid-
induced vasoconstriction in the SHR, in which such
responses are prominent (Lüscher and Vanhoutte, 1986; Tang
et al., 2005; Tang and Vanhoutte, 2008).

PGE2 is an agonist at both TP and EP receptors causing
contraction or relaxation of blood vessels (Tang et al., 2008;
Suzuki et al., 2011; Foudi et al., 2012). The contractions it
causes in both the SHR and WKY aorta can be attributed
to TP receptor activation only, because they were abolished
by the selective antagonist S18886. The pre-exposure to the
α1-adrenoceptor agonist for 40 min did not modify the
protein presence of TP receptors in the vascular smooth
muscle cells and its effect was not long lasting, suggesting
temporary desensitization. Hence the curtailment observed
with noradrenaline and phenylephrine is explained best by
the existence of crosstalk between α1-adrenoceptors and TP
receptors. A modulatory interaction between the two recep-
tors is supported by the observations that the intensity of the
desensitization depends on the concentration of the
α1-adrenoceptor agonist used; and that the curtailment was
not observed with the more powerful TP receptor agonist
U46619, except after partial occupancy of TP receptors with
S18886. Hence, desensitization by the pre-exposure to
α1-adrenoceptor activation expresses itself when TP receptor
stimulation is less efficacious, as seen with other modulating
influences (Flavahan et al., 1985; Baretella et al., 2014).

Selective activation of α1-adrenoceptors causes activation
of PLC (Wu et al., 1992), which, in turn, activates PKC, an
enzyme phosphorylating other proteins to modify cellular
activity (Yukawa et al., 1997; Storz et al., 2004; Dorn and
Force, 2005; Xiao and Liu, 2013)]. Incubation with calphostin
C, a non-selective PKC inhibitor (Inoue et al., 2011) before
phenylephrine pre-exposure abolished the curtailment, as
did previous exposure to PDBu (activator of PKC; Hypolite
et al., 2013). PDBu can down-regulate PKC (Franchi-Gazzola
et al., 1996) and may reduce the efficacy of PGE2 rather than
mimic phenylephrine desensitization . However, the present
results with the selective PKC-ε inhibitor ε-V1-2 (Lee et al.,
1999) make the latter interpretation unlikely but suggest that
PKC activation contributes to the TP receptor desensitization
in the SHR aorta. Transfection studies on cell cultures also
suggest that PKC mediates modifications of TP receptors
causing their desensitization (Spurney and Coffman, 1997;
Yukawa et al., 1997; Walsh and Kinsella, 2000; Yan et al.,
2002; Kelley-Hickie and Kinsella, 2004). The present findings
indicate that the kinase indeed contributes to TP receptor
desensitization in aortae isolated from live animals and that
such heterologous desensitization results from crosstalk with
α1-adrenoceptors.

Fifteen human PKC isozymes have been identified (Webb
et al., 2000), which have been further subdivided into three
subfamilies (conventional, novel, and atypical) based on

Figure 8
Contractions to increasing concentrations of PGE2 in the absence and
presence of (A) ε-V1-2 (5 × 10−6 M) or (B) Go6976 (10−6 M) in rings
of SHR aortae (without endothelium), with or without previous incu-
bation with phenylephrine (Pre-PE, 2 × 10−7 M, 40 min). Increases in
tension above basal are expressed as percentage of the reference
contraction to KCl (60 mM) obtained at the beginning of the experi-
ment and shown as means ± SEM. Vertical arrows indicate statistical
comparisons between responses to the highest concentration tested,
whereas horizontal arrows indicate comparisons between −log
EC50 values (estimated by regression analysis); n = 6, (A, B) **P ≤ 0.01
versus no previous incubation with phenylephrine; (B) ##P ≤ 0.01,
###P ≤ 0.001 versus incubation with Go6976 but without pre-
exposure to phenylephrine.
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second messenger requirements (Webb et al., 2000). Different
expressions of PKC isoforms between SHR and WKY smooth
muscle may explain TP receptor desensitization caused by
α1-adrenoceptor activation in the former (Magnusson et al.,
1998; Castellano and Santos, 2011; Dalton et al., 2013). The
PKC expression was comparable in aortae of 5-week-old
WKY and pre-hypertensive SHR (Sankhanava Kundu, 2008),
in line with the observation that previous activation of
α1-adrenoceptors did not cause desensitization at that young
age in the latter. The two bands identified by Western blotting
in both SHR and WKY aortae suggest the presence of at least
two isozymes. The variation in relative intensity of these two
molecular weight bands in 36 weeks WKY and SHR implies
the presence of mixtures of isoforms in their aortic smooth
muscle. Indeed, several of the PKC isoforms have similar
molecular weights (Ohanian et al., 1996; Shin et al., 2000;
Sampson et al., 2007). The present results thus support the
interpretation that variations in PKC isozymes underlie the
desensitization of TP receptors observed in the SHR aorta. A
similar conclusion was reached in TP receptor desensitization
studies on cell cultures (Spurney and Coffman, 1997; Yukawa
et al., 1997; Spurney, 1998; Walsh and Kinsella, 2000;
Kelley-Hickie and Kinsella, 2004).

The above conclusion is also compatible with the present
qRT-PCR results demonstrating differences in genomic
expression of PKC isoforms between 36 weeks WKY and SHR
aortae. Only conventional (α, β and γ) and novel (δ, δ1, δ2,
δ3, ε, η and θ) but not atypical (PK-N1, PK-N2, PK-N3, PKC-ι
and PKC-ζ) PKC isoforms can be activated through the same
signal transduction pathway as PLC (Breitkreutz et al., 2007).
Pre-incubation with PDBu mimicked the desensitization
exerted by phenylephrine, an effect that can be attributed to
activation of PKC (Way et al., 2000). Since atypical PKCs
cannot be activated by phorbol esters or inhibited by cal-
phostin C (Kobayashi et al., 1989; Bruns et al., 1991; Boehm
et al., 1996), the increases in PK-N2 and PKC-ζ mRNA
expression observed in the present study are not likely to be
responsible for TP receptor desensitization. As regards con-
ventional PKCs, the mRNA expression of PKC-α is higher in
SHR than WKY aorta, as it is in the heart where it may be
related to hypertrophy (Dorn and Force, 2005). The expres-
sion of PKC-ε, a novel PKC isoform mediating cardioprotec-
tion (Ooie et al., 2003), was greater in SHR than in WKY
aortae. This may seem counter-intuitive because the former
strain is the one exhibiting cardiovascular dysfunction. In
fact, the chronic activation of PKC-ε causes malignant
tumors and diabetes (Akita, 2002). Thus, at the early stage of
hypertension in the SHR, the elevated BP may trigger an
increased PKC-ε expression as a protective response in the
vascular system.

Based on the above analysis, PKC-α and PKC-ε were
chosen as the likely candidates involved in TP receptor desen-
sitization in the SHR. Indeed, both PKC-α and PKC-ε can be
stimulated by α1-adrenoceptor activation (Goldberg et al.,
1997; Taguchi et al., 1998). The selective inhibitor of PKC-α,
Go6976, although it augmented the contractions to PGE2

(a phenomenon for which the present experiments provide
no explanation), did not affect desensitization caused by
α1-adrenoceptor activation. By contrast, the selective inhibi-
tor of PKC-ε, ε-V1-2, restored the contractions without affect-
ing control preparations. Thus, PKC-ε is likely to be the

isoform activated by α1-adrenoceptors contributing to the
heterologous desensitization of TP receptors in SHR aortae.

GRKs and arrestins are key components of the desensiti-
zation of GPCRs (Kohout and Lefkowitz, 2003). GRKs phos-
phorylate the latter and increase the high affinity binding of
arrestins to the receptors after their phosphorylation, which
prevents G protein coupling and interrupts signalling, thus
achieving desensitization (Reiter and Lefkowitz, 2006). The
present results show that, of the seven isoforms tested, the
mRNA expressions of GRK2 and GRK4 are increased in SHR
smooth muscle. In the mouse, reduced expression of GRK2
improves bioavailability of NO and protects against angioten-
sin II-induced hypertension (Avendano et al., 2014). GRK4
has been linked to both genetic and acquired hypertension
(Vandell et al., 2012; Yatabe et al., 2012; Chen et al., 2014).
The present experiments demonstrate that β-arrestin 2, the
only isoform of arrestin expressed in rat aortae, has a higher
expression level in SHR preparations, suggesting that receptor
desensitization may be more sensitive in hypertensive
animals. Thus, the present higher expressions of GRKs and
β-arrestin 2 observed in the SHR preparations not only are
consistent with PKC-dependent desensitization but may also
indicate a more generalized disorder of receptor function
contributing to the hypertensive process.

In summary, the present study reveals a crosstalk between
α1-adrenoceptors and TP receptors in vascular smooth muscle
of hypertensive but not of normotensive rats. This crosstalk
was not observed in preparations of pre-hypertensive SHRs,
was amplified by chronic exposure to high BP and was medi-
ated by PKC-ε. Τhe resulting heterologous desensitization
observed in preparations of adult hypertensive animals is
likely due to the over-expressions of PKC-εisoform and
β-arrestin 2. This expression increase may result in a protec-
tive response in the vasculature of hypertensive animals.
Crosstalk between TP, IP, EP, DP and FP receptors in trans-
fected cells has been studied by others (Walsh and Kinsella,
2000; Foley et al., 2001; Kelley-Hickie and Kinsella, 2004).
The present study reports a crosstalk between non-prostanoid
and prostanoid receptors that occurs ex vivo and is modulated
by disease. The observed unequal expression of PKC isoforms,
together with the over-expression of certain GRKs and
β-arrestin 2, explains the desensitization of TP receptors
occurring in hypertensive animals. It indicates a more gener-
alized disorder of receptor function, which contributes to the
hypertensive process in vascular smooth muscle cells.
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