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ABSTRACT

In human and animal hypertension models, increased activity of G-protein-
coupled receptor kinase 2 (GRK2) determines a generalized decrease of B-
adrenergic vasodilatation. We analyzed the possibility of differential changes in the
expression and functionality of o4, 04g, 0p, B1, P2 and B3 ARs also being involved
in the process. We combined the quantification of mMRNA levels with
immunoblotting and functional studies in aortas of young and adult spontaneously
hypertensive rats (SHR) and their controls (WKY). We found the expression and
function of B adrenoceptors in young prehypertensive SHR animals to be higher,
while a generalized increase in the expression of the six adrenoceptors and GRK2
was observed in aortas of adult hypertensive SHR rats. a;p and B3 adrenoceptors,
the subtypes that are more resistant to GRK2-mediated internalization, and
majoritary expressed in rat aorta, exhibited an increased functional role in
hypertensive animals, showing two hemodynamic consequences: (1) an increased
sensitivity to the vasoconstrictor stimulus accompanied by a decreased sensitivity
to the vasodilator stimulus (czp ARs are the most sensitive and B; ARs are the
least sensitive to agonists); (2) a slower recovery of the basal tone after
adrenergic stimulus removal due to the kinetic characteristic of the a;p subtype.
These functional changes might be involved in the greater sympathetic

vasoconstrictor tone observed in hypertension.
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INTRODUCTION

Although there is growing evidence that essential hypertension is related to
the overactivity of the sympathetic nervous system, the exact causes are still
poorly understood. The adrenergic-dependent increase in vascular resistance
could reflect an imbalance between vasoconstrictor and vasodilator mechanisms
related to changes in both the expression and function of oy adrenoceptors (ARS)
which mediate vasoconstriction, and B-ARs which mediate vasodilatation and/or
changes in G-protein coupled receptor kinases (GRKSs), the key regulators of the 3-
ARs (Penela et al., 2006; Feldman and Gros, 2006).

A generalized impairment of B-adrenergic mediated vasodilatation has been
shown in human hypertensive patients and also in animal models of hypertension
(Borkowski et al., 1992). This impairment has been related to an increase in the
activity of GRKs, especially GRK2 which mediates reduced PB-adrenoceptor/G-
protein coupling (Feldman and Gros, 2006). However, the possibility of differential
changes in both the expression and function of B;, B> and ;s ARs also being
involved in this process has not been previously evaluated.

The oy ARs present in vessels (oua , 018, 0i1p) NOt only play an essential role
in the modulation of the vascular tone, but also in the regulation of blood pressure
through their vasoconstrictor activity (Piascik et al.,1995; Villalobos-Molina and
Ibarra, 1996; Noguera et al.,1996, Hrometz et al., 1999; Gisbert et al., 2000;
2003a). An increased functional role of oup ARs has been proposed as one of the
changes involved in the hypertensive increase of vascular resistance (Villalobos-

Molina et al., 1999; Gisbert et al., 2002; Tanoue et al., 2002a and 2002b; Ziani et
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al., 2002; D’'Ocon, 2003; Lyssand et al., 2008), but the mechanism responsible for
this increase has not been previously elucidated.

We believed that analyzing the expression of the different ARs involved in
the control of blood pressure in vessels, and also GRK2, the kinase that regulates
their activity, could lead to an accurate picture of the sympathetic changes related
to the hypertensive state. Therefore in this study we combined a relative
quantification of mRNA levels for GRK2, and the oya, ous, oup, B1, B2 and B3 ARs
with the determination of the protein expression by western blot in thoracic aortas
obtained from spontanously hipertensive rats (SHR). Then we compared the
results with their respective controls (WKY rats). In order to determine whether the
changes in the expression accompany the hypertensive state, we performed our
study in two different groups of animals, young rats in a prehypertensive state, and
hypertensive adult rats. The data presented herein demonstrate that the GRK2 and
ARs expressions are upregulated in hypertensive animals. Therefore, functional
studies were also performed to analyze the consequences of these changes in the

control of the vascular tone.
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METHODS

Normotensive (WKY) and SHR rats (6- and 16-week-old) were used
(Harlan Interfauna Ibérica, Spain) and housed under a 12-hour light/dark cycle at
22°C and 60% humidity. Systolic blood pressure (SBP) and heart rate (HR) were
measured from the tail of unanaesthetized rats with a plethysmographic method
(NIPREM 645 Cibertec, Spain). An average of six readings were recorded for
each animal. Thoracic aortas were obtained as previously described (Gisbert et
al., 2003b). This research work conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996), and was also approved by the Ethics

Committee of the University of Valencia.

Real-time quantitative RT-PCR

Total RNA was obtained and the RT reaction was performed as previously
described (Marti et al., 2005). mRNAs encoding the three a;- AR subtypes (oua, 01s
and aip), the three B-adrenoceptors (B1, B2 and B3), GRK2, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as an internal standard, were quantified by
TagMan® real-time RT-PCR with a GeneAmp 5700 sequence-detection system
(Applied Biosystems, USA). We analyzed (in duplicate reactions) a 10-fold dilution
of the RT reaction of each sample using the TagMan® Gene Expression Assays

(Applied Biosystems, USA).
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The eight specific primer-probes were o;4-AR (RN00567876_m1), ous-AR
(Rn01471343_m1), aip-AR (Rn00577931_m1), Bi-AR (Rn00824536_s1), P.-AR
(Rn00560650_s1), Bs (Rn00565393_m1), GRK2 (Rn00562822_m1) and GAPDH
(Rn99999916 s1) (Applied Biosystems, USA). Real-time PCR reactions were done
in 25 yL with TagMan® Universal PCR Master Mix (Applied Biosystems, USA),
including 5 pL of diluted RT reaction, and 1.25 pyL of 20X TagMan® Gene
Expression Assay Mix (250 nmol/L for the probe and 900 nmol/L for each primer).
cDNA was amplified following the manufacture’s conditions: one initial Hold-step at
95°C for 10 min, a second step with 40 cycles, 15 s at 95°C (denaturation) and 1
min at 60°C (annealing/extension). The targets and reference (GAPDH) were
amplified in parallel reactions. A minimum of three samples from three different
animals were analyzed for each condition.

The Ct values obtained for each gene were referenced to GAPDH and

converted to the linear form using the term 2 ™

as a value directly proportional to
the copy number of mMRNA. GAPDH levels increased in 16-week-old animals. To
compare the mRNA levels of the target genes between strains, the expression was

also assessed using the comparative (22"

) method, but in this case the value
obtained for each gene in the WKY animals was used as a reference (Livak et al.

2001).

Western Blot
To obtain total proteins, the frozen aortas were ground to powder in a mortar

and homogenized with a Microson™ XL 2000 Ultrasonic Liquid Processor in ice-
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cooled RIPA lysis buffer (50mmol/L HEPES pH=7.5, 150mmol/L NaCl, 10%
Glicerol, 1.5mmol/L MgCl,;, 0.1% SDS, 1mmol/L EGTA, 100mmol/L NaF, 1%
Triton, 1% Sodium deoxycolate) containing protease inhibitor cocktail (Complete®,
Roche Applied Science, Germany). This was centrifuged at 16,000 g for 15 min at
4°C. The protein concentration was determined by the Bradford method (BioRad
Laboratories, Inc.).

Protein extracts (50 mg for GRK2, and 150ug for adrenoceptors) were
loaded onto 10% SDS-Polyacrylamide gels according to Laemmli (1970), and
electrophoresed proteins were transferred to polyvinyldiene fluoride (PVDF)
membranes 2 h at 375 mA, using a liquid Mini Trans-Blot® Electrophoretic
Transfer Cell system (Bio-Rad Laboratories, Inc.). Membranes were blocked in 6%
nonfat dried milk in phosphate buffered saline (PBS) containing 0.1% Tween 20 for
1 h at room temperature with gentle agitation. Membranes were washed and then
incubated with goat polyclonal antibody against a;a-AR (sc-1477, 1:100), oss-AR
(sc-1476, 1:100), oup-AR (sc-1475, 1:250), Bs-AR  (sc-1473, 1:100), rabbit
polyclonal antibody against B;-AR (sc-568, 1:100), B.-AR (sc-9042, 1:250), GRK2
(sc-562, 1:250) from Santa Cruz Biotechnology, and with rabbit Anti-Actin (A2066
1:2000, Sigma-Aldrich) as a loading control diluted in blocking solution at 4°C
overnight. Membranes were then washed three times, incubated with rabbit anti-
goat IgG horseradish peroxidase-conjugated secondary antibody (Jackson
Immuno-Research laboratories, Inc.) at 1:2500, or with donkey anti-rabbit IgG
horseradish peroxidase-conjugated (Amersham Biosciences, UK) (at 1:2500 or

1:3000) for 50 min at room temperature, and washed extensively before incubation
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with ECL® western blotting detection reagent (Amersham Biosciences, UK).
Membranes were immediately documented and quantified with an Autochemi™
Biolmaging System using the Labworks 4.6 capture software (Ultra-Violet Products

Ltd., Cambridge, UK).

Functional study in isolated organ bath
Rings of fresh rat aorta were mounted in an organ bath containing Krebs
solution gassed with 95% O, and 5% CO,. The presence of a functional
endothelium was confirmed as previously described (Marti et al., 2005).
Addition of cumulative doses of Phe ( 10 to 10°® mol/L) was carried out until
a maximal response was reached (Emax). The concentration (-log [mol/L]), needed

to produce 50% of contraction (pECgq), was obtained from a nonlinear regression

plot (Graph Pad Software; San Diego, California, U.S.A). After agonist removal
from the tissue bath, we also analyzed the kinetics of tissue relaxation. For this
purpose, the washing procedure was carried out with a total replacement of the
bathing solution by three repeated washes within the first 30 s and by two other
repeated washes every 5 min in all cases.

Relaxation-response curves to B-AR agonists (isoprenaline (10™° to 10
mol/L) and SR 58611A (10™*° to 10 mol/L), oz- AR antagonists BMY 7378 (10
to 10 mol/L) or to 5-methylurapidil (10° to 10 mol/L) were performed by
adding cumulative concentrations to vessels in which sustained contractions had
been induced by a maximal concentration of phenylephrine (10°® mol/L). The

concentration (-log [mol/L] ) needed to either produce 50% relaxation (pECgq) or
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to inhibit 50% of the maximal contractile response (pICgq) was obtained from a

nonlinear regression plot, and the data of the mean curve were fitted to one- or
two-site models (Graph Pad Software; San Diego, California, U.S.A), as

previously described (Marti et al., 2005).

Data Analysis

The results are presented as the mean + S.E.M. for n determinations
obtained from different animals. A statistical analysis was performed by two-way
ANOVA followed by the Student’s t test for unpaired samples (Graph Pad

Software). Significance was defined as P < 0.05.

Drugs

The following drugs were obtained from Sigma (St Louis, MO, U.S.A)):
phenylephrine ((R)-(-)-1-(3-Hydroxyphenyl)-2-methylaminoethanol hydrochloride)),
prazosin(1-(4-Amino-6,7-dimethoxy-2-quinazolinyl)-4-(2-furanylcarbonyl)piperazine
hydrochloride), BMY 7378 (8-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-8-
azaspiro[4.5]decane-7,9-dione dihydrochloride) and 5-methylurapidil (5-Methyl-
6[[3-[4-(2-methoxyphenyl)-1-piperazinyl]propyl]amino]-1,3-dimethyluracil). SR
58611A  (ethyl  {(7S)-7-[(2R)-2-(3-chlorophenyl)-2-hydroxyethylamino]-5,6,7,8-
tetrahydronaphthalen-2-yloxy}acetate hydrochloride) was a generous gift off Sanofi

Synthelabo (Toulouse, France). Other reagents were of analytical grade.

10
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RESULTS
Hemodynamic constants

Systolic blood pressure (SBP) and the heart rate of WKY and SHR
animals are summarized in Table 1. No significant differences were found
between WKY and SHR rats in the group of young animals (6-weeks-old). In the
adult SHR animals (16 weeks old) however, the hypertensive state in SHR was

confirmed by hemodynamic constants

Analysis of the expression of ARs and GRK2 in aortas and changes with
hypertension

MRNA for the aia, oug, oup, B1, B2 and Bs ARs and GRK2 was present in
the rat aorta from young and adult WKY rats. No significant differences were
found with age and the highest level of expression corresponds to the op and P
ARs (Figure 1A).

Figure 2 shows that the mRNA levels of the three o; ARs tested were
similar between strains in young animals. A non significant increase in 31 ARs at
the mRNA levels, which was more evident in western blots, was observed in
SHR (Figure 2B). The other slight changes observed in the mRNA expression
were not corroborated by immunoblotting (results not shown).

The threshold cycle (Ct) of GAPDH was the same between strains in
young animals but, as Figure 3 shows, the level of expression of GAPDH was
significantly higher in the rat aorta from adult SHR in relation to WKY. This

increase in GAPDH could be related to the vascular remodeling characteristic of

11
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hypertension (Xin et al., 1997). To avoid any misinterpretation of the changes in
the expression of the target genes, their values were not assessed in relation to
GAPDH. Instead, in this case, the expression level of each gene in WKY animals
was used as a reference and an increase in the mRNA expression of the six
ARs and GRK2 was observed in aorta from adult SHR in relation to WKY
animals (Figure 4A). These results correlate well to the increase in protein

expression determined by immunoblotting (Figure 4B).

Changes in the functional role of the ARs in aorta from SHR and WKY
animals

In order to determine the functional consequences of changes in the
expression of ARs and GRK2 in aortas of young and adult WKY and SHR
animals, concentration—response curves of contraction to the selective o
agonist phenylephrine, or relaxation to o;-AR antagonists or B-AR agonists,
were performed.

The main findings were:
i.The maximal contractile response of rat aorta to phenylephrine, and to KClI,
decreases in young prehypertensive and adult SHR (Table 2), which
corroborates previous results observed in the aorta but not in other vessels
(Gisbert et al., 2002). pECsp to phenylephrine does not change in young SHR vs.
WKY. However, pECso in adult animals was significantly higher in SHR than in
WKY (Table 2 and Figure 5A). The difference in the potency of phenylephrine

was accompanied by a significantly slower return to the baseline after removal of

12
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the agonist in SHR vs. WKY rats (Figure 5B), which was not observed after KCI
removal (results not shown).

ii.The ou-AR antagonists 5-methylurapidil and BMY 7378 inhibit the sustained
contraction elicited by phenylephrine in aorta in a concentration-dependent
manner. As Table 3 and Figure 6 show, a significant increase in the potency
(pICso) of the selective oup antagonist BMY 7378 was seen in aortas from adult
SHR vs. WKY animals confirming the major functional role of the oup ARS
previously reported in aorta from adult hypertensive rats but not in young
animals (previous results, Gisbert et al., 2002). However, no such change was
found with the selective oy antagonist 5-methylurapidil (Table 3 and Figure 6)

iii.The B-AR agonists isoprenaline and SR58611A relax the sustained contraction
elicited by phenylephrine concentration dependently. Isoprenaline showed a
higher potency in young pre-hypertensive SHR, but a lower potency in adult
SHR animals when compared with controls (Table 3, Figure 7). Curves of
relaxation to the selective B3-AR agonist SR58611A were biphasic, and
discriminated two populations of B adrenoceptors with a high and low potency in
both young and adult animals (Table 3, Figure 7), indicating that a mixed
population of Bz and B1 /B2 ARs play a functional role in the rat aorta. A significant
increase in the fraction of high potency by SR58611A was found in the aorta of
adult hypertensive animals, suggesting a higher functional role of B3 ARs in this

strain (Table 3).

13
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DISCUSSION
The results obtained in the present study focus on two different aspects:
(1) The majority expression and functional role of oup-ARs in the aorta,
corroborating previous functional evidences (Gisbert et al., 2000; Marti et al.,
2005), and the unexpected results obtained with B-ARs: higher levels of mMRNA for
the Bs-AR, followed by Bi-AR and a slight expression of B,-AR. Although a
quantitative determination of mRNA for the different B adrenoceptors has not been
systematically performed before in the rat aorta, these results contrast with classic
pharmacological studies which attribute the B-mediated relaxant response in
vessels to the B, AR (Guimaraes and Moura, 2001). Furthermore, they are in
accordance with more recent evidence of a role for the B;- (Chruscinski et al.,
2001) and Bs-ARs in the rat aorta (Trochu et al., 1999; Rautureau et al., 2002).
(2) Changes in the expression of adrenoceptors and GRK2 related to hypertension.
In the aorta of young pre-hypertensive SHR, only an increase in the B,
adrenoceptor expression and function was observed. Then, this change preceded
the hypertensive state and could be involved in the development of hypertension.
When comparing age-matched WKY and SHR animals however, we observed a
higher expression (MRNA and protein) of the oua, o4s, oup, B1, B2 and B3 ARS,
accompanied by an up-regulation of GRK2.

The increased mRNA expression of oup and Bz AR in aorta from SHR
animals has been previously described by Godinez-Hernandez et al., (2006) and
Mallem et al., (2005), respectively. The higher protein expression of GRK2 directly

related to hypertension, confirms previous evidence in both the aorta and
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lymphocytes of rats (Gros et al., 2000), as well as in lymphocytes of hypertensive
patients (Gros et al., 1999). Although no changes in mRNA levels for GRK2 have
been previously reported, the apparent discrepancies between our results and
previous ones could be explained by the different methodology used to determine
MRNA levels. Previous works analyzed the GRK2-mRNA expression by northern
blot analysis and normalized the GAPDH (Gros et al., 1999)., We have quantified
MRNA levels by real-time RT-PCR, and the results obtained in SHR have been
normalized for the age-matched WKY controls, but not for the GAPDH expression
since this parameter was also raised in the aorta of SHR animals.

The increased mRNA and protein expression in GRK2 in adult hypertensive
animals was not observed in young pre-hypertensive rats. Therefore higher GRK2
could be an adaptive change as a consequence of (i) the increase observed in the
expression of adrenoceptors and/or (i) elevated blood pressure. The latter
possibility is not supported by the additional consideration that elevated blood
pressure was observed in transgenic mice with a smooth muscle cell-specific
overexpression of GRK2, suggesting a more causal relationship between
increased GRK2 expression and the development of hypertension (Eckhart et al.,
2002).

What could the hemodynamic consequences of these changes be ?

The basic hemodynamic abnormality in hypertension is increased vascular
resistance. Thus, an increase in vasoconstrictor mechanisms, due to a rise in the

expression and functionality of the o adrenoceptors, would justify it. However, the

increase in the oy function in vessels could be counteracted by the increase in the
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B-adrenoceptors expression which mediates vasodilatatory mechanisms. In
addition, the elevated GRK2 expression and the associated impairment of
adrenoceptor-G-protein coupling could have main functional implications.

It is well-known that GRK2 is apparently the main factor involved in
diminishing B-AR signaling in hypertension (Penela et al., 2006; Feldman and
Gros, 2006). Nonetheless, Bs-AR is resistant to agonist-promoted desensitization
mediated by GRK2 (Rozec and Gauthier, 2006). In accordance with this,, an
increased expression of Bi-ARs justify the higher vasorelaxant potency of
isoprenaline found in pre-hypertensive aortas . In hypertensive aortas, the higher
expression of B; and B2-ARs could be counteracted by the increased levels of the
active GRK2 found. However, B3-AR resist the desensitization mediated by GRK2.
Thus, the functional role of this subtype could be increased in relation to the other
two. Our functional studies confirm this proposal: in the aorta of hypertensive rats,
the lower potency of isoprenaline (which exhibits a low affinity for the Bz ARs
(Strosberg, 1997), and the high potency of the selective B3 agonist SR58611A,
together with an increase in the percentage of sites of high affinity for this agonist,
suggest an increased functional role of B3-ARs in hypertension. From a
physiopathological point of view, because vascular Bs-ARs are only stimulated by
higher doses of catecholamines (Strosberg, 1997), the major role of B3-ARs in
hypertensive vessels determines an impaired B-mediated vasodilator mechanism

which is only triggered by a higher adrenergic stimulus.
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In addition, o;-AR subtypes also exhibit different phosphorylation and
internalization patterns: o1s-AR, (Chalothorn et al., 2002), undergoes a rapid and
intense desensitization mediated by GRKs (Garcia-Sainz et al., 2000, Diviani et al.,
1996). The aua subtype exhibits a continuous and agonist-independent trafficking,
which is also agonist and GRK2-dependent, between the membrane and cytosol
(Morris et al., 2004; Pediani et al., 2005). Finally, the intracellularly located op
subtype (McCune et al., 2000; Hague et al., 2004) has a major affinity for the
agonists (Marti et al., 2005; Minneman et al., 1994), does not exhibit an agonist-
dependent internalization (McCune et al., 2000) and remains active even when the
agonist is removed (Gisbert et al., 2000; 2002; 2003a). Accordingly, the oup
subtype does not appear to be as sensitive to GRKs modulation as the oua and oug
subtypes, and a higher increase in the expression of the GRK2 might have no
functional relevance in the activity of aup ARS. Thus, we must expect an increased
functionality of the oup-ARS in aortas of adult SHR animals even when the GRK2
expression increases. Considering that the oyp directly regulates blood pressure
via vasoconstriction (Tanoue et al., 2002a; 2002b; Lyssand et al., 2008), the higher
functionality of this subtype in hypertensive arteries could determine the increase in
the mean arterial pressure observed in adult SHR rats.

Present results and our previous observations in aorta, main mesenteric and
small mesenteric arteries (Gisbert et al., 2002), confirm this proposal The higher
potency, exhibited only by the oup selective antagonist BMY 7378 and not by the
selective oy antagonist 5-methylurapidil, indicates an increased role of the oyp

subtype in the sympathetic vasoconstriction of the aortas of SHR animals. There
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were two hemodynamic consequences of the higher functionality of aup-ARs: (i) a
higher potency of phenylephrine in hypertensive aortas due to the higher affinity of
this subtype for agonists (Minneman et al., 1994; Marti et al., 2005) then being the
hypertensive vessles more sensitive to the contractile adrenergic stimulus; (ii) a
slower decay of the contractile response after removing the agonist due to the
characteristic of the oup-AR to remain active when the stimulus disappears, as the
present results confirm and our previous studies describe in the aorta, main
mesenteric artery and small mesenteric arteries (Gisbert et al., 2002; 2003a; Ziani
et al.,, 2002). Therefore, the consequences of an increased functionality of oup-
ARs, a higher sensitivity to an oz-adrenergic stimulus, together with a significantly
slower decay in the contractile tone after stimulus removal, could all determine the
pathological increase in the adrenergic vascular tone observed in hypertension.
This is specially relevant if we consider that, as occurs in aorta, a similar increase
in the functional role of oup ARs was previously shown by us in small mesenteric
arteries from SHR animals and this increase was prevented by captopril treatment
(Gisbert et al., 2002).

In conclusion, our results clearly show that an increase in the expression of
B1 AR precedes the hypertensive state, whereas an increase in the expression of
the oua, oug, 0p, B1, B2 and Bz adrenoceptors, accompanied by an increase in the
expression of GRK2, occurs in the aorta when the hypertensive state appears. The
higher GRK2 expression impairs the vasodilator mechanisms mediated by ; and
B2, and counteracts the vasoconstrictor mechanisms mediated by oua and ogg.

However, it neither affects the vasodilator response mediated by Bs-ARs, nor the
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vasoconstrictor response mediated by oup ARS, the two subtypes majoritary in rat
aorta. Therefore, the functional role of these subtypes is more evident. As B3 ARs
are least sensitive and oip ARs are most sensitive to the adrenergic stimulus, the
hemodynamic consequences of these changes are twofold: (i)an imbalance
between sensitivity to vasoconstrictor (increased) and vasodilator (decreased)
adrenergic stimulus in vessels of hypertensive animals;(ii) a slower kinetics of the
disappearance of the contractiie response when the adrenergic stimulus
disappears owing to the major role of oup ARS. These changes might be involved in
the greater sympathetic vasoconstrictor tone that is characteristic of hypertension.
Moreover, they may add new perspectives to its therapeutic management,
suggesting that non subtype selective o;-AR antagonists, or selective B; and B1/B2

antagonists, might not be the best therapeutic options.

19

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

References
Borkowski KR, Gros R, and Schneider H (1992) Vascular 3-adrenoceptor-mediated
responses in hypertension and ageing in rats. J.Auton.Pharmacol. 12:389-

401.

Chalothorn D, McCune DF, Edelmann SE, Garcia-Cazarin ML, Tsujimoto G, and
Piascik MT (2002) Differences in the cellular localization and agonist-
mediated internalization properties of the oy-adrenoceptor subtypes.

Mol.Pharmacol. 61:1008-1016.

Chruscinski A, Brede ME, Meinel L, Lohse MJ, Kobilka BK, and Hein L (2001)
Differential distribution of B-adrenergic receptor subtypes in blood vessels of

knockout mice lacking B:- or B.-adrenergic receptors. Mol.Pharmacol. 60:955-

962.

D'Ocon P (2003) Physiological and pathological role of the constitutively active oip
-adrenoceptors, in Inverse agonism (ljzerman AP ed ed) pp 63-74, Leiden:

Elsevier.

Diviani D, Lattion AL, Larbi N, Kunapuli P, Pronin A, Benovic JL, and Cotecchia S
(1996) Effect of different G protein-coupled receptor kinases on
phosphorylation and desensitization of the oyg-adrenergic receptor.

J.Biol.Chem. 271:5049-5058.

20

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

Eckhart AD, Ozaki T, Tevaearai H, Rockman HA, and Koch WJ (2002) Vascular-
targeted overexpression of G protein-coupled receptor kinase-2 in transgenic
mice attenuates B-adrenergic receptor signaling and increases resting blood

pressure. Mol.Pharmacol. 61:749-758.

Feldman RD and Gros R (2006) Defective vasodilatory mechanisms in
hypertension: a G-protein-coupled receptor perspective. Curr. Opin. Nephrol.

Hypertens. 15:135-140.

Garcia-Sainz JA, Vazquez-Prado J, and del Carmen ML (2000) o;-adrenoceptors:

function and phosphorylation. Eur.J.Pharmacol. 389:1-12.

Gisbert R, Noguera MA, Ivorra MD, and D'Ocon P (2000) Functional evidence of a
constitutively active population of oyp-adrenoceptors in rat aorta.

J.Pharmacol.Exp.Ther. 295:810-817.

Gisbert R, Ziani K, Miquel R, Noguera MA, Ivorra MD, Anselmi E, and D'Ocon P
(2002) Pathological role of a constitutively active population of oup-

adrenoceptors in arteries of spontaneously hypertensive rats. Br.J.Pharmacol.

135:206-216.

Gisbert R, Perez-Vizcaino F, Cogolludo AL, Noguera MA, lvorra MD, Tamargo J,
and D'Ocon P (2003a) Cytosolic Ca2+ and phosphoinositide hydrolysis linked
to constitutively active oyp -adrenoceptors in vascular smooth muscle.

J.Pharmacol.Exp.Ther. 305:1006-1014.

21

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

Gisbert R, Madrero Y, Sabino V, Noguera MA, Ivorra MD, and D'Ocon P (2003b)
Functional characterization of oj-adrenoceptor subtypes in vascular tissues

using different experimental approaches: a comparative study.

Br.J.Pharmacol. 138:359-368.

Godinez-Hernandez D, Gallardo-Ortiz 1A, Lépez-Sanchez P, Villalobos-Molina R
(2006) Captopril therapy decreases both expression and function of oip

adrenoceptors in prehypertensive rat aorta. Autonomic & Autacoid

Pharmacology, 26: 21-29.

Gros R, Tan CM, Chorazyczewski J, Kelvin DJ, Benovic JL, and Feldman RD
(1999) G-protein-coupled receptor kinase expression in hypertension.

Clin.Pharmacol.Ther. 65:545-551.

Gros R, Chorazyczewski J, Meek MD, Benovic JL, Ferguson SS, and Feldman RD
(2000) G-Protein-coupled receptor kinase activity in hypertension : increased
vascular and lymphocyte G-protein receptor kinase-2 protein expression.

Hypertension 35:38-42.

Guimaraes S and Moura D (2001) Vascular adrenoceptors: an update.

Pharmacol.Rev. 53:319-356.

Hague C, Chen Z, Pupo AS, Schulte NA, Toews ML, and Minneman KP (2004)
The N terminus of the human asp-adrenergic receptor prevents cell surface

expression. J.Pharmacol.Exp.Ther. 309:388-397.

22

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043
Hrometz SL, Edelmann SE, McCune DF, Olges JR, Hadley RW, Perez DM, and
Piascik MT (1999) Expression of multiple os-adrenoceptors on vascular

smooth muscle: correlation with the regulation of contraction.

J.Pharmacol.Exp.Ther. 290:452-463.

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature 227:680-685.

Livak KJ and Schmittgen TD (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-AAC(T)) Method. Methods

25:402-408.

Lyssand JS, DeFino MC, Tang X, Hertz, AL, Feller DB, Wacker JL, Adams ME,
Hague C (2008) Blood pressure is regulated by an oup-adrenergic

receptor/dystrophin signalosome. J Biol Chem. 283: 18792-18800.

Mallem Y, Holopherne D, Reculeau O, Le Coz O, Desfontis JC, and Gogny M
(2005) B-adrenoceptor-mediated vascular relaxation in spontaneously

hypertensive rats. Auton.Neurosci. 118:61-67.

Marti D, Miquel R, Ziani K, Gisbert R, Ivorra MD, Anselmi E, Moreno L, Villagrasa
V, Barettino D, and D'Ocon P (2005) Correlation between mRNA levels and
functional role of oz-adrenoceptor subtypes in arteries: evidence of oy as a
functional isoform of the oua-adrenoceptor. Am.J.Physiol Heart Circ.Physiol

289:H1923-H1932.

23

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

McCune DF, Edelmann SE, Olges JR, Post GR, Waldrop BA, Waugh DJ, Perez
DM, and Piascik MT (2000) Regulation of the cellular localization and
signaling properties of the alpha(1B)- and alpha(1D)-adrenoceptors by
agonists and inverse agonists. Mol.Pharmacol. 57:659-666.Minneman KP,
Theroux TL, Hollinger S, Han C, and Esbenshade TA (1994) Selectivity of
agonists for cloned oy-adrenergic receptor subtypes. Mol.Pharmacol. 46:929-

936.

Morris DP, Price RR, Smith MP, Lei B, and Schwinn DA (2004) Cellular trafficking
of human oja-adrenergic receptors is continuous and primarily agonist-

independent. Mol.Pharmacol. 66:843-854.

Noguera MA, Ivorra MD, and D'Ocon P (1996) Functional evidence of inverse

agonism in vascular smooth muscle. Br.J.Pharmacol. 119:158-164.

Pediani JD, Colston JF, Caldwell D, Milligan G, Daly CJ, and McGrath JC (2005)
Beta-arrestin-dependent spontaneous o;a-adrenoceptor endocytosis causes

intracellular transportation of alpha-blockers via recycling compartments.

Mol.Pharmacol. 67:992-1004.

Penela P, Murga C, Ribas C, Tutor AS, Peregrin S, and Mayor F, Jr. (2006)
Mechanisms of regulation of G protein-coupled receptor kinases (GRKs) and

cardiovascular disease. Cardiovasc.Res. 69:46-56.

Piascik MT, Guarino RD, Smith MS, Soltis EE, Saussy DL, Jr., and Perez DM

(1995) The specific contribution of the novel o;p adrenoceptor to the

24

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

contraction of vascular smooth muscle. J.Pharmacol.Exp.Ther. 275:1583-

1589.

Rautureau Y, Toumaniantz G, Serpillon S, Jourdon P, Trochu JN, and Gauthier C
(2002) Ps-adrenoceptor in rat aorta: molecular and biochemical

characterization and signalling pathway. Br.J.Pharmacol. 137:153-161.

Rozec B and Gauthier C (2006) Bs-adrenoceptors in the cardiovascular system:

putative roles in human pathologies. Pharmacol.Ther. 111:652-673.

Strosberg AD (1997) Structure and function of the Ps-adrenergic receptor.

Annu.Rev.Pharmacol.Toxicol. 37:421-450.

Tanoue A, Nasa Y, Koshimizu T, Shinoura H, Oshikawa S, Kawai T, Sunada S,
Takeo S, and Tsujimoto G (2002a) The ojp-adrenergic receptor directly
regulates arterial blood pressure via vasoconstriction. J.Clin.Invest 109:765-

775.

Tanoue A, Koba M, Miyawaki S, Koshimizu TA, Hosoda C, Oshikawa S, Tsujimoto
G (2002b) . Role of the asp-adrenergic receptor in the development of salt-

induced hypertension. Hypertension. 40(1):101-106.

Trochu JN, Leblais V, Rautureau Y, Beverelli F, Le Marec H, Berdeaux A, and
Gauthier C (1999) ps-adrenoceptor stimulation induces vasorelaxation
mediated essentially by endothelium-derived nitric oxide in rat thoracic aorta.

Br.J.Pharmacol. 128:69-76.

25

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043
Villalobos-Molina R and Ibarra M (1996) a;-adrenoceptors mediating contraction in
arteries of normotensive and spontaneously hypertensive rats are of the oup

or oua Subtypes. Eur.J.Pharmacol. 298:257-263.

Villalobos-Molina R, Lopez-Guerrero JJ, and Ibarra M (1999) Functional evidence
of oyp-adrenoceptors in the vasculature of young and adult spontaneously

hypertensive rats. Br.J.Pharmacol. 126:1534-1536.

Xin X, Yang N, Eckhart AD, and Faber JE (1997) oup-adrenergic receptors and
mitogen-activated protein kinase mediate increased protein synthesis by

arterial smooth muscle. Mol.Pharmacol. 51:764-775.

Ziani K, Gisbert R, Noguera MA, Ivorra MD, and D'Ocon P (2002) Modulatory role
of a constitutively active population of oyp-adrenoceptors in conductance

arteries. Am.J.Physiol Heart Circ.Physiol 282:H475-H481.

26

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #146043

Footnotes

This study was supported by research grants from the Spanish Comision
Interministerial de Ciencia y Tecnologia (SAF2004-01541), from Generalitat
Valenciana (GV2004-B-085, GRUPOSO05-038) and from Instituto de Salud Carlos
[ll, Fondo de Investigaciones Sanitarias (FIS PI070509). Eduardo Oliver Pérez
and Nicla Flacco received a fellowship from the Spanish Ministry of Education and
Science, FPU program. Daniel Marti Canet received a fellowship from the

Universidad Cardenal Herrera-CEU.

Address correspondence to: Pilar D’Ocon. Departamento de Farmacologia.
Facultat de Farmacia. Universitat de Valéncia. Avda. Vicent Andrés Estelles s/n,
Burjassot, 46100 Valencia SPAIN. Telephone: 34-963544828; Fax 34-963544943;

E-mail: m.pilar.docon@uv.es

27

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#146043

Legends for figures
Figure 1. mRNA levels of the oua, oug, 0ip, B1, P2, B3 adrenoceptors and GRK2 in
aortas of young (white bars) and adult (striped bars) WKY rats. Values were

-A
2 Ct

expressed as , using GAPDH as a housekeeping gene, and are the mean +

s.e.m of n= 4-6 different animals

Figure 2. Comparative analysis of the expression of the oua, 01, 0up, B1, B2 B3

adrenoceptors and GRK2 in aortas of young pre-hypertensive SHR (black bars)
and their controls (WKY: white bars). Graphs shows:

(A) MRNA levels expressed as 27

using GAPDH as a housekeeping gene,
(mean + s.e.m of n= 4-6 different animals)
(B) Protein expression measured by densitometric analysis and expressed as

the ratio to B-actin.

(C) Immunoblotting representative of three different experiments

Figure 3. mRNA levels of GAPDH in the aorta of young and adult SHR (black

bars) and WKY (white bars) rats. Values were expressed as 27

, using the mean
GAPDH expression from WKY animals as reference, (mean + s.e.m of n= 4-6

different animals)
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Figure 4. Comparative analysis of the expression of the oua, 0ig, 0up, B1, B2 B3
adrenoceptors and GRK2 in aortas of adult hypertensive SHR (black bars) and
their normotensive controls (WKY: white bars).

(A) mRNA levels expressed as 2, using the mean expression of each gene
obtained in the corresponding WKY animals as a reference, (mean + s.e.m of n= 4-
6 different animals)

(B) Immunodetection of the six adrenoceptors and GRK2 (immunoblotting
representative of three different experiments) and quantitative analysis using B-
actin as reference (bar diagrams representing mean + s.e.m of n= 3 different
animals).

, *P <0.05vs. WKY, **P<0.01vs. WKY, ***P<0.001vs. WKY

Figure 5. (A) Cumulative concentration-response curves of contraction to
phenylephrine in adult rats (B) Time course of the decay in the maximal contractile
response to phenylephrine after removal of the agonist in adult rats

Experiments were carried out in aortas obtained from SHR (black circles) and WKY

(white circles) rats. Data are the mean + s.e.m. of 4-8 experiments.

Figure 6.
Cumulative concentration-response curves of relaxation for the oy-adrenoceptor
antagonists 5-methyl urapidil and BMY 7378 on the phenylephrine-induced

contraction in adult rats
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Experiments were carried out in aortas obtained from SHR (black circles) and WKY

(white circles) rats. Data are the mean + s.e.m. of 4-8 experiments.

Figure 7.

Cumulative concentration-response curves of relaxation for the B-adrenoceptor
agonists isoprenaline and SR58611A on the phenylephrine-induced contraction in
young and adult rats

Experiments were carried out in aortas obtained from SHR (black circles) and WKY

(white circles) rats. Data are the mean + s.e.m. of 4-8 experiments.
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TABLE 1.
Systolic blood pressure (SBP) and heart rate in young (6-week-old) and

adult (16-week-old) rats.

Young rats Adult rats
WKY SHR WKY SHR
SBP, mmHg 120+ 3 129 £ 12 140+ 2 197+ 4rx*

Heart rate, beats/min | 274 + 28 292 + 69 311 £10 374 £ 7%

Values were determined 24 h before the animals were sacrificed and are expressed
as the mean + S.E.M. of n = 4-8 animals

*** P < 0.001 vs. respective WKY
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TABLE 2.

Parameters of the concentration-response curves of contraction to

phenylephrine, and the maximal contraction obtained with a depolarizing

solution (KCI 60 mmol/L) in the aorta isolated from young and adult WKY

and SHR animals

Young rats Adult rats
WKY SHR WKY SHR
KCI Emax [7.03+1.18 |5.46 + 0.66 8.26 +0.33 |5.84 + 0.62*
Phenylephrine |Emnax |7.47 £1.09 (4.33+0.40* |7.99+0.58 |4.44+0.67**
PECso |8.38+0.34 |8.42+0.17 7.70£0.08 |8.22 £ 0.02***

Emax = maximal contractile response expressed as mN

PECso = -log [phenylephrine] required to produce 50% of the maximal response

Values were expressed as the mean £ S.E.M. of n = 4 animals

*P <0.05 vs. WKY,

** P <0.01 vs. WKY,

32
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TABLE 3.
Parameters of the concentration-response curves of relaxation obtained by

addition of a;-AR antagonists (5 methylurapidil, BMY 7378) and B-AR agonists

(isoprenaline, SR58611A), to aortas pre-contracted by phenylephrine.

Young rats Adult rats
WKY SHR WKY SHR
5-Methylurapidil |pICso N.D. N.D. 6.81 +0.22 7.05+0.12
BMY 7378 pICso 8.19®@ 8.03@ 7.55+0.03 |8.26 + 0.06***
Isoprenaline PECso 7.32+0.03 |8.08 £0.03*** |7.41 £0.02 7.03 £ 0.07**
SR 58611A PECso (1) |7.45+0.10 |7.26+0.09 8.41 £ 0.06 8.61 £ 0.06
PECs(2) |4.61+£0.05 |4.79+0.04 4.63 £ 0.05 5.08 £ 0.07
% (1) 27.4+15 26.8+1.4 35.4+0.9 50.1 & 1.4***

plCso = -log [M] required to inhibit 50% of the maximal contractile response

PECso = -log [M] required to produce 50% of the maximal relaxant response

PECso (1) and pECso (2) represents the potency of the agent tested on each

subpopulation of receptors when the curve that fitted two different sites was

statistically significant (see data analysis)

% (1) = fraction of receptors corresponding to the high potency site

Values were expressed as the mean £ S.E.M. of n = 4-8 animals

** P <0.01 vs. WKY, *** P <0.001 vs. WKY

N.D. = not determined

(a) data previously published in Gisbert et al., 2002

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

Figure 1

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

8
S
©
IS
o
__ |
8 &g 0 & = 0©
(15v-0)
VNdW

g oup P1 P2 Pz GRK2

oA

20z ‘0¢ 1udy uo sfeuinor 134SY e Buo'seuuno fledse ed( woly pepeojumoq


http://jpet.aspetjournals.org/

Figure 2

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

GRK2
(65 KDa)

B2

T
| I
Bs
SHR
—_—

Bs

WKY
Actin ey —

< -
N -
24 H =
= @)
- |
i
H 3
I =
H 3 *
—
<ol
I
—
[]] 3
6 S 6 o < S e 5T
O <t —
uialoid
a|geloalepounuw
10v-C

SHR

WKY

%202 ‘0z |1dy uo sfeulnor 134SY e Bio'sjeuuno fiadse ed | Wwouy papeojumoq


http://jpet.aspetjournals.org/

Figure 3

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
This article has not been copyedited and formatted. The final version may differ from this version.

SHR

Hypertensive

—
WKY

GAPDH

SHR

Prehypertensive

—
WKY

15
1.0
0.5
0.0-

(19y- )
VNg W

%202 ‘0z |1dy uo sfeulnor 134SY e Bio'sfeuuno fiadse ed | Wwouy papeojumoq


http://jpet.aspetjournals.org/

Figure 4A
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Figure 5

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
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Figure 6

JPET Fast Forward. Published on December 5, 2008 as DOI: 10.1124/jpet.108.146043
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