The oip-adrenergic receptor directly regulates arterial
blood pressure via vasoconstriction
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To investigate the physiological role of the o;;p-adrenergic receptor (0ip-AR) subtype, we created mice
lacking the 0.;p-AR (0;p7-) by gene targeting and characterized their cardiovascular function. In oyp /-
mice, the RT-PCR did not detect any transcript of the 0;p-AR in any tissue examined, and there was
no apparent upregulation of other 0;-AR subtypes. Radioligand binding studies showed that 0;-AR
binding capacity in the aorta was lost, while that in the heart was unaltered in ¢;p7~ mice. Non-anes-
thetized oyp7/~ mice maintained significantly lower basal systolic and mean arterial blood pressure
conditions, relative to wild-type mice, and they showed no significant change in heart rate or in car-
diac function, as assessed by echocardiogram. Besides hypotension, the pressor responses to phenyle-
phrine and norepinephrine were decreased by 30-40% in ¢;p7/- mice. Furthermore, the contractile
response of the aorta and the pressor response of isolated perfused mesenteric arterial beds to o;-AR
stimulation were markedly reduced in @;p7- mice. We conclude that the 0;;p-AR participates directly
in sympathetic regulation of systemic blood pressure by vasoconstriction.

J. Clin. Invest. 109:765-775 (2002). DOI:10.1172/JC1200214001.

Introduction
The sympathetic nervous system plays an important
role in regulating the tone of the peripheral circulation
and hence in the control of blood pressure. Cate-
cholamines cause vascular smooth muscle contraction
by activating oy-adrenergic receptors (04-ARs) (1).
Recent extensive efforts have been made to classify the
three known 04-AR subtypes (014, 045, and oip) by
molecular cloning (2-7) and pharmacological analyses
(8-11); however, the contribution of each 04-AR sub-
type to catecholamine-induced physiological respons-
es still has not been well characterized (12, 13). Studies
aimed at assessing functional role(s) mediated by dis-
tinct 04-AR subtypes have been hampered, in part
because the available subtype-selective drugs are only
moderately selective and may interact with other adren-
ergic and nonadrenergic receptors and because native
tissues can express all three subtypes. Thus, the func-
tional implications of 0;-AR heterogeneity and their
physiological relevance remain largely unknown.
Gene disruption (knockout) experiments have
proved to be useful in defining the function of a tar-
get molecule in vivo. Gene targeting of each receptor
subtype ought to be useful in determining their func-
tional role(s). The power to reveal novel functions and
mechanisms of action can be greatly enhanced when
pharmacological tools are used in conjunction with
these genetic techniques (14, 15). Among the three

0.-AR subtypes, this technique has been used to dis-
rupt expression of the o5-AR subtype (16). oi;3-AR
knockout mice were shown to be normotensive, but
displayed a moderate decrease in pressor responses to
0.-AR stimulation (16), providing evidence that the
o-AR participates in the regulation of vasoconstric-
tion and hence blood pressure. However, pharmaco-
logical studies with the “o;;p-AR-selective” antagonist
BMY7378 suggest that the op-AR plays a predomi-
nant role in the vascular contractions induced by
0-AR agonists in the rat (17). Also, by examining
transgenic mice overexpressing the o;g-AR Zuscik et
al. (18) very recently have reported that the o5-AR is
not directly involved in blood pressure-related vaso-
constriction. Hence, the functional role of the a;p-AR
in the control of vascular tone and blood pressure
needs to be clarified.

In this study, we describe the gene targeting of the
mouse 0;p-AR and the initial functional characteriza-
tion of knockout mice lacking this receptor subtype.
The clinical efficacy of o;-AR antagonists as antihy-
pertensive drugs reflects the important physiological
role of 0;-ARs in vascular function and in the mainte-
nance of arterial blood pressure. We therefore focused
on functional characterization of the o;p-AR knockout
model in terms of cardiovascular functions. Our study
shows that the o;p-AR is a mediator of the vasocon-
strictive and pressor responses to catecholamines.
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Methods

Gene targeting. The murine o;p-AR gene consists of two
exons and one intron, spanning more than 10 kb (19).
Restriction fragments of 3 kb (HindIIl/Sacll) and 5 kb
(Sacl/Sall) were subcloned from the mouse op-AR
genomic clone (Figure 1) into pBlueScript. These two
fragments were inserted into a plasmid with a 1.6-kb
cassette containing the neomycin resistance gene
(Neo), under the control of the phosphoglycerate
kinase promoter, as described (20). As a result, the
0.3-kb Sacl-Sacll region, including the first AUG codon
(-131 to +181, relative to AUG initiation codon), in the
first exon of the olip-AR gene was replaced with the Neo
cassette. The diphtheria toxin A fragment gene was
used as a negative selection marker (21). The 1.8-kb
diphtheria toxin cassette (DT) was inserted into the
plasmid to obtain the targeting vector NeoDT (Figure
1). After its linearization with Not, the targeting vector
contained two regions of homology with the o;p-AR
gene: 3 kb of the 5" untranslated sequences flanking the
first exon and a 5-kb fragment containing the first exon
and intron. The linearized targeting vector was electro-
porated into 129Sv embryonic stem (ES) cells, which
were then subjected to selection with G418. Southern
blot analysis was performed on 288 neomycin-resistant
ES cell clones. Genomic DNA was digested with EcoRI,
electrophoresed on a 0.8% agarose gel, transferred to a
membrane, and hybridized with the 5" probe, derived
from the o,p-AR locus (Figure 1). Digestion of genom-
ic DNA with EcoRI generated 12-kb and 4-kb restric-
tion fragments for the wild-type and disrupted alleles,
respectively. Seven clones positive for the 5" probe were
expanded and subjected to further Southern blot
analysis with 3" and Neo probes, revealing that three of
these clones were positive for the correct targeting
event. The three positive ES cell clones were independ-
ently microinjected into C57Black/6] mouse blasto-
cysts, which were then transferred into pseudopreg-
nant NMRI females. This generated 12 chimeric mice
based on coat color. Male chimeras were then mated to
C57Black/6] mice, and evidence of germ-line transmis-
sion was monitored by agouti coat color contributed
from the 129Sv-derived ES cell genome.

Males and females with different genotypes were
intercrossed to obtain ¢p"*, ;p”", and oyp7~ progeny.
Mice were screened by genotyping using Southern blot
analysis and PCR for oi;p-AR gene. All mice analyzed
were from F; to Fs, which carried the genetic back-
ground of 129Sv and C57Black/6] strains, and o;p”* lit-
termates were used for analysis as the wild-type mice.
Since cardiovascular physiology could differ depending
on the difference of mouse strains (22), mice with the
same genetic background were always compared as the
wild-type. Animals were housed in microisolator cages
in a pathogen-free barrier facility. All experimentation
was performed under approved institutional guidelines.

RT-PCR analysis. Total RNA from different mouse tis-
sues was prepared using Isogen (Nippon Gene Co. Ltd.,
Tokyo, Japan). Total RNA (5 pg) was treated with

RNase-free DNase (TaKaRa Shuzo Co., Tokyo, Japan)
and reverse-transcribed using random hexamers, as
described (23). One-tenth of each cDNA sample was
amplified by PCR with a receptor-specific primer set
and a primer set specific for GAPDH (24). Each sample
contained the upstream and downstream primers (10
pmol of each), 0.25 mM of each dNTP, 50 mM KCl, 10
mM Tris-HCl, pH 8.6, 1.5 mM MgCl,, and 2.5 U of Tag
DNA polymerase (TaKaRa Shuzo Co.). Thermal cycling
was performed for 1 minute at 94°C, 1 minute at 56°C,
and 2 minutes at 72°C for 27 cycles. The upstream and
downstream primers (5'—3’) were AGGCTGCT-
CAAGTTTTCTCG and CAGATTGGTCCTTTGGCACT for
0a (275 bp), GGGAGAGTTGAAAGATGCCA and TTG-
GTACTGCTGAGGGTGTC for o4z (752 bp), and CGCT-
GTGGTGGGAACCGGCAG and ACAGCTGCACTCAGTAG-
CA-GGTCA for aiip (282 bp). The upstream primer for
the 0ia-AR or the 0.5-AR gene was located within the
first exon, and the downstream primer for the o;4-AR
or the 0.;5-AR gene was located within the second exon.
The primers for the 0i;p-AR gene were located within the
first exon, and the forward primer was within the region
replaced with the Neo in the mutant allele. The primers
were derived from the murine 044 (25), 0tig (25), and alip
(19, 25) sequences. The GAPDH primers (5'—3’) were
GGTCATCATCTCCGCCCCTTC upstream and CCACCAC-
CCTGTTGCTGTAG downstream (662 bp). Control PCR
reactions also were performed on non-reverse-tran-
scribed RNA to exclude any contamination by genomic
DNA. The amplified DNAs were analyzed on a 1.5%
agarose gel with 100 bp DNA marker (New England
Biolabs Inc., Beverly, Massachusetts, USA). The speci-
ficity of the amplified DNA fragments was determined
by Southern blot analysis using receptor-specific
32P-labeled probes (cDNAs of the murine 01a-AR,
O(IB-AR, and (XlD-AR; ref. 25)

TagMan assay. For rigorous quantification of RT-PCR
products, the TagMan 5" nuclease fluorogenic quantita-
tive PCR assay was conducted according to manufactur-
er’s instructions, using total RNA from the brain of the
oup”*, oyp”~, and oyp7~ mice. The cDNAs were synthe-
sized from total RNA (5 Ug), as described above. TagMan
assays (Applied Biosystems Japan Ltd., Tokyo, Japan)
were then carried out using the following oligonu-
cleotides (5'—3’): oup forward primer CGCTGTG-
GTGGGAACCGGCAG, 04p reverse primer AGTTGGTGAC-
CGTCTGCAAGT, ouyp probe 6FAM-CGGGCAACCT-
TCTCGTCATCCTCTC-TAMRA, 0444 forward primer GCG-
GTGGACGTCTTATGCT, 014 reverse primer TCACACCAAT-
GTATCGGTCGA, 0444 probe 6FAM-CCATCATGGGCCCTG-
CATCATCT-TAMRA, oup forward primer CCTGGTCAT-
GTACTGCCGA, Ol reverse primer GACTCCCGCCTCCA-
GATTC, OB probe 6FAM-TCTACATCGTGGCAAAGAG-
GACCACC-TAMRA. All primers used for TagMan assays
were derived from the nucleotide sequences within the
first exon of each gene.

Ligand binding. Radioligand binding studies were per-
formed on membrane preparations from the monkey
kidney COS cell line (COS) transiently expressing each
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mouse 0,;-AR subtype and on mouse native tissues, as
described previously (26). Briefly, whole brain, heart,
liver, kidney, and aorta were dissected from mice (8-18
weeks old), placed in a lysis buffer (250 mM sucrose, 5
mM Tris-HCI, and 1 mM MgCl,, pH 7.4), and homog-
enized with a Polytron homogenizer (Kinematica AG,
Littau-Luzern, Switzerland) at 4°C, at speed 7 for 10
seconds. The homogenate was centrifuged at 35,000 g
for 20 minutes at 4°C. The resulting pellet was resus-
pended in binding buffer B (50 mM Tris-HCl, 10 mM
MgCl,, and 10 mM EGTA, pH 7.4), and was frozen at
-80°C until assayed. A membrane preparation of COS
cells transiently expressing mouse Olia-, Olip-, OF Olip-AR
was also used for binding studies. The collected cells
were placed in ice-cold buffer A and disrupted in a son-
icator (SONIFER 250; Branson Ultrasonics Corp., Dan-
bury, Connecticut, USA) at setting S for 8 seconds.
They were then centrifuged at 3,000 g at 4°C for 10
minutes to remove the nuclei. The supernatant fraction
was centrifuged at 35,000 g for 20 minutes at 4°C. Pro-
tein concentration was measured using the bicin-
choninic acid protein assay kit (Pierce Chemical Co.,
Rockford, Illinois, USA). Radioligand binding was
measured using ['2°I]-HEAT (!25I-(2-b-(4-hydrox-
yphenyl)-ethylaminomethyl)-tetralone; specific activi-
ty, 2,200 Ci/mmol; NEN Life Science Products Inc.,
Boston, Massachusetts, USA), as described (26). Briefly,
measurement of specific [2°I]-HEAT binding was per-
formed by incubating 0.1 ml membrane preparation
(~1-5 ug protein for COS cell membranes and ~30-200
ug for native tissues), with [125]]-HEAT for 45 minutes
at 25°C in the presence or absence of competing drugs.
For competition curve analysis, each assay contained
about 100 pM ['25]]-HEAT. Nonspecific binding was
defined as binding displaced by phentolamine (10 pM).

Heart/body weight ratio. Age-matched (3-5 months)
oyp”* or ayp7/~ male mice were anesthetized with lethal
doses of pentobarbital (200 mg/kg intraperitoneally).
The mice were weighed, then their hearts were excised,
blotted three times on filter paper, and weighed.
Heart/body-weight ratios were calculated and expressed
as milligrams per gram.

Histological analysis. Heart and thoracic aorta from
oyp** or ayp”/~ male mice (12-18 weeks old) were per-
fusion fixed in PBS plus 10% formalin. Several sections
of hearts and aorta were obtained for gross morpho-
logical analysis, then paraffin embedded for thin sec-
tioning followed by hematoxylin and eosin staining.

Measurement of blood pressure. Systolic blood pressure
(SBP) and heart rate (HR) were measured in conscious
12- to 18-week-old male mice (mean body weights were
32.8 gfor oyp** and 30.1 g for a;p7~ mice, respectively)
with a computerized tail-cuff system (BA-98A system;
Softron Co., Tokyo, Japan) that determines systolic
blood pressure using a photoelectric sensor as
described (27). Before the study was initiated, at least 3
days of training sessions (that is, sessions of unrecord-
ed measurements) were provided for the mice to
become accustomed to the tail-cuff procedure. Sessions

of recorded measurements were then made from 1:00
to 5:00 P.M. daily on 3 consecutive days. Each session
included more than ten tail-cuff measurements so that
a total of 30-50 measurements were used for the deter-
mination of the blood pressure and HR of each mouse.
For inclusion of each set of measurements for an indi-
vidual mouse, we required that the computer success-
fully identify a blood pressure in at least seven of the
ten trials within the set.

Mean arterial blood pressure (MAP) and HR were
also measured in nonanesthetized 12- to 18-week-old
male mice (mean body weights were 28.8 g for a;p**
and 28.9 g for a;p7~ mice, respectively) (28). After a cer-
vical incision was made on mice anesthetized with
sodium pentobarbital (40 mg/kg, intraperitoneally), a
stretched Intramedic PE10 polyethylene catheter (Clay
Adams, Parsippany, New Jersey, USA) was inserted into
the right carotid artery. The catheter was tunneled
through the neck and then placed in a subcutaneous
pouch in the back. After a minimum 24-hour recovery,
mice were placed in Plexiglas tubes to partially restrict
their movements, the saline-filled catheter was
removed from the pouch and connected to a pressure
transducer (DX-360; Nihon Kohden Corp., Tokyo,
Japan) and MAP was recorded on a thermal pen
recorder (RTA-1200; Nihon Kohden Corp.). Measure-
ment of HR was triggered from changes in MAP
(AT-601G; Nihon Kohden Corp.). To examine pressor
responses in unanesthetized mice, drugs in approxi-
mately 30 ul of injection volume (1 pl/g of mouse body
weight) were administered through the catheter insert-
ed into the right femoral vein as a bolus at 15- to 20-
minute intervals after ensuring MAP and HR had
returned to baseline levels.

In some experiments, the effect of 0;-antagonists on
the norepinephrine-induced pressor response was
examined in male mice (10-12 weeks old) anesthetized
with sodium pentobarbital (40 mg/kg, intraperitoneal-
ly). Following propranolol (1 mg/kg) treatment, either
bunazosin hydrochloride (10 pg/kg, intravenously; Eisai
Co., Tokyo, Japan) or BMY7378 (100 ug/kg, intra-
venously; Research Biochemicals International, Natick,
Massachusetts, USA) was administered 10 minutes
prior to the continuous infusion of norepinephrine (1
ug/kg/min intravenously for 10 minutes) using a micro-
syringe pump (CFV-2100; Nihon Kohden Corp.).

Echocardiography. Quantitative echocardiographic
measurements were performed on lightly anes-
thetized, spontaneously breathing mice according to
a previously published transthoracic method (29). The
male mice (12-18 weeks old) were anesthetized (40
mg/kg pentobarbital, intraperitoneally), the chest area
was shaved, and ultrasonic gel was applied. The meas-
urements with the SONOS-5500 system (Philips Med-
ical Systems, Andover, Massachusetts, USA) employed
a dynamically focused symmetrical annular array
transducer (12.5 MHz) for two-dimensional, M-mode,
and Doppler imaging. The parasternal long and short
axes and four chamber views were visualized. For
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Figure 1

Generation of al;p-AR-deficient mice. (a) Simplified restriction map around exon
1 of the 01p-AR gene and structure of the targeting vector. The coding region of
the exon is boxed. Neo, PGK-neo cassette; DT, diphtheria toxin-A fragment gene;
B, BamHl; E, EcoRl; EV, EcoRV; H, HindlIl; Sa, Sall; SI, Sacl; SlI, Sacll. (b) Southern
blot analysis of tail DNA. DNA was digested with EcoRV, and the blot was
hybridized with the 3" probe shown in a. The 7-kb band is derived from the wild-
type allele (wild) and the 4-kb band from the targeted allele (mutant).

suspended in isolated tissue baths filled with
10 ml Krebs-Henseleit bicarbonate buffer
containing timolol (3 uM), continuously
bubbled with a gas mixture of 5%
C0,/95%0; at 37°C. One end of the aortic
segment was connected to a tissue holder
and the other to an isometric force trans-
ducer. Aortic segments were equilibrated for
60 minutes under a resting tension of 0.5 g,
and the buffer was replaced every 15 min-
utes. In a preliminary experiment, the length
of the smooth muscle was increased stepwise
during the equilibration period to adjust
passive wall tension to 0.5 g; this resting ten-
sion was found to be optimal for KCIl-
induced (40 mM) aortic contraction of mice
weighing 22-28 g. Care was taken to avoid
endothelial damage; functional integrity of
the endothelium was assessed using acetyl-
choline (10 uM). Only intact segments were
used for further analysis.

Pressor response in perfused mesenteric arterial
beds. The perfused mesenteric arterial bed
was prepared according to the methods
described previously (30). The superior
mesenteric artery of diethylether-anes-
thetized mice (12-18 weeks old) was dissect-
ed, and a stainless-steel cannula (27G
syringe) was inserted. The preparations were
perfused with Krebs-Henseleit solution
equilibrated with a mixture of 95% O, and
5% CO, (PO, > 600 mmHg). The entire
ileum was dissected longitudinally at the
opposite site of mesenteric vasculature. The
preparation was placed in a chamber with a
warm water jacket to maintain the tempera-
ture at 37°C. The perfusion flow rate was
maintained at 1.0 ml/min using a peristaltic
pump. Perfusion pressure was measured
through a branch of the perfusion cannula

quantitative analysis, measurements were performed
in three to five consecutive cardiac cycles. Cardiac
parameters determined include interventricular septal
thickness (IVS), posterior wall thickness (PW), left ven-
tricular internal dimension in diastole (LVIDd) and in
systole (LVIDs), and heart rate (HR). IVS, PW, LVIDd,
and LVIDs were normalized to body weight, and per-
centage of fractional shortening (%FS) was calculated
as 100 x [(LVIDd - LVIDs)/LVIDd]. Cardiac output
(CO) was calculated from Doppler echocardiography
using the following equation, [ X (Ao)? X VTI x HR]/4,
where Ao was the diameter of the aortic artery, VTI was
the Doppler velocity time integral in left ventricular
outflow, and HR was determined from the simultane-
ous monitoring of electrocardiograms.

Measurement of aortic contraction. The thoracic aorta
was excised from mice (12-18 weeks old), cleaned, and
cut into 1-mm-long segments. These segments were

by means of a pressure transducer (TP-400T;
Nihon Kohden Corp.) connected to a carrier amplifier
(AP-621G; Nihon Kohden Corp.) and recorded on a
thermal pen recorder (WT-645G; Nihon Kohden
Corp.). The preparations were equilibrated for 30 min-
utes before administration of phenylephrine.

Measurement of serum catecholamines. After 1 hour of
stable anesthesia (80 mg/kg pentobarbital, intraperi-
toneally), an abdominal incision was made, and blood
samples were obtained from mice (12-18 weeks old) by
venipuncture of the vena cava. Total plasma cate-
cholamine levels (epinephrine, norepinephrine, and
dopamine) were determined in 200 pl of plasma sam-
ples by HPLC using commercially available reagents
(Tosho Co., Tokyo, Japan).

Statistics. All values are expressed as means plus or
minus SEM. Statistical analysis was performed using
two-way ANOVA. A Pvalue less than 0.05 by a Student
t test was considered statistically significant. Competi-
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tion data from the radioligand binding study were ana-
lyzed using the iterative nonlinear regression program,
LIGAND (31). The presence of one, two, or three dif-
ferent binding sites was assessed using the F test in the
program. The model adopted was that which provided
the significant best fit (P < 0.05).

Results

Targeted disruption of the mouse 0up-AR gene. The strategy for
inactivating one copy of the t;p-AR gene in ES cells is
described in Figure 1a. Homologous recombinants were
identified by Southern blot analysis of genomic DNA.
Three of the positive ES clones confirmed by Southern
blot analysis with the 5, 3’, and Neo probe were inde-
pendently microinjected into C57Black/6] blastocyst-
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stage embryos. Five of 12 chimeric mice were mated to
C57Black/6] mice, and germline transmission of the
mutant allele was confirmed by genomic Southern analy-
sis of tail DNA from F; progeny. Mating between het-
erozygous male and female mice generated F, progeny
with all three genotypes: homozygous mutant, heterozy-
gous mutant, and wild-type mice (Figure 1b). The wild-
type allele generates a 7-kb EcoRV fragment, and the
mutant allele generates a 4-kb EcoRV fragment. Analysis
of the 0;p-AR genotype frequencies after intercrosses of
heterozygous mutant mice did not reveal any deviation
from Mendelian expectations (oup”* 30%, oup”~ 44%,
0up”~ 26%, n = 212). Monitoring of mice body weight at
4 weeks old did not reveal any significant difference in
growth among mice of different oup-AR genotypes
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Figure 2

RT-PCR analysis of the RNA from tissues of ¢t;p"*,
a;p*/~, and oyp~/~. (a) Ethidium bromide staining
of RT-PCR fragments (left). The 0lja-, 0t1g-, and
o1p-AR mRNA transcripts were detected and are
shown in the upper, middle, and lower panels as
275-,752-, and 282-bp fragments, respectively,
indicated by the arrows. RT-PCR analysis was con-
trolled by detection of the 662-bp fragment of
GAPDH message, indicated by the arrowhead.
Southern blots of the RT-PCR fragments are shown
on the right. The specificity of the amplified frag-
ments was assessed using 32P-labeled probes spe-
cific for each receptor subtype. M, 100-bp DNA
marker; B, Brain; H, Heart; Lu, Lung; K, Kidney; Li,
Liver; A, Aorta; S, Spleen. (b) TagMan assay. Total
RNA was isolated from whole brain and reverse-
transcribed. Relative RNA levels of each 0t1-AR sub-
type, standardized against GAPDH levels, were
obtained by semiquantitative PCR using the Tag-
Man system. Values represent the mean + SEM of
five independent experiments.
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Table 1
Ligand binding in tissues of mutant mice

Bmax (fmol/mg protein)

transcription in the brain (where all three a;-AR sub-
types are expressed) using a more rigorous quantita-
tive RT-PCR analysis, the TagMan assay. As summa-
rized in Figure 2b, no oyp-AR transcript was

Tissue 0up*’* op”~ detectable in the @;p7~ mice, but expression of 0\a-
Whole brain 101.2+ 6.6 92.2+1.7A and o;3-ARs was similar to that in o;p*”* or oyp*/~
Cerebral cortex 247.0+23.2 153.0£30.6~  mice, suggesting that inactivation of the 0;p-AR gene
Aorta 47.1£13.0 ND does not lead to any dramatic compensatory change
Heart 47.947.5 43.8+7.7 in expression of the other subtypes.

Kidney 30.2+1.3 31.5+1.9

Each value is the mean + SEM of five to eight different experiments. AP < 0.05
as compared to o;p”* mice in a paired two-tailed t test. ND, not detected.

(162+2.1g,n=20,and 16.8+2.5 g,n =25, for male ¢ot;p"*
and oyp7-, respectively; 14.6 £ 1.9 g, n=23,and 13.8 2.2
g, n =21, for female o;p** and o;p 7, respectively). Thus,
disruption of the oi;p-AR gene does not seem to have any
major effect on mouse development, fertility, growth, or
feeding behavior under standard breeding conditions.

mRNA expression of the 0-AR subtypes. Because of the
low abundance of the mRNA levels for different a;-AR
subtypes in various animal species (12), RT-PCR was
used to assess the expression of 0lia-, 0l1p-, and 0ip-ARs
in various tissues from male o;p™*, o;p”/~, and op7-
mice. As shown in Figure 2, in o;p”* and 04p*~ mice, the
oup-AR was expressed in all tissues examined. On the
other hand, no o;p-AR transcript was detectable in the
o;p”/~ mice, while 0i15- and o;5-AR were detected in all
tissues tested (Figure 2). Thus, we confirmed that the
knockout of the o;p-AR gene was successful by RT-PCR
using the upstream primer within the deleted region
and the downstream primer located within the first
exon. With other primer set within the second exon of
the aip-AR gene (the upstream primer: 5’-TTCC-
CTCAGCTGAAACCATCA-3’, and the downstream primer:
5’-CCTGGGTGTGCAGTGAGGGCT-3"), however, a faint
band of the 0i;p-AR gene was detected by Southern blot
analysis, suggesting that an aberrant mRNA could be
transcribed from the mutant allele (data not shown).

To investigate potential compensatory changes in
expression of other 0;-AR subtypes for loss of ot;p-AR
in o;p7/~ mice, we further examined changes in a;-AR

Radioligand binding studies. Saturation binding analy-
sis showed that the K, value for the 0y-antagonist
[125T]-HEAT was approximately 100 pM in the tissues
examined from both o;p”* and a;p7~ mice (data not
shown). On the other hand, receptor density (Bmay) was
significantly reduced by 10-40% in whole brain and
cerebral cortex and was not detected in the aorta of the
oyp”~ mice. However, no significant decrease in Bmax
was observed in heart and kidney (Table 1).

To better assess the expression of different o;-AR sub-
types, competition binding experiments using the o;p-
AR-selective antagonist BMY7378 were further per-
formed in the aorta and brain (cortex and
hippocampus) of a;p”* and o;p7~ mice. Nonlinear
regression analysis using LIGAND showed that inhibi-
tion curves for BMY7378 in the aorta of the o;p"* mice
best fit a one-site model with a high-affinity competi-
tion curve (P < 0.05 vs. a two-site model). This strongly
suggests a large prevalence of the oi;p-AR in this tissue.
On the other hand, inhibition curves for BMY7378 in
the cortex and hippocampus of the o;p”* mice best fit
a two-site model (P < 0.05 vs. a one-site model), sug-
gesting coexistence of the o;p-AR and one or other sub-
types in these tissues (Table 2). As shown in Table 2, a
selective decrease in the high-affinity sites in cerebral
cortex and hippocampus in the o7~ mice reflects loss
of 0ip-AR. On the other hand, the remaining low-affin-
ity binding sites in both cerebral cortex and hip-
pocampus of the o;p7~ mice might reflect the presence
of the ai;4-AR and/or 0i13-AR in these tissues. The affin-
ity estimates of BMY7378 for native 0;-ARs were con-
firmed to be comparable to those obtained for cloned
mouse 0;-ARs; thus, BMY7378 displayed high affinity
(inhibition constant [K;] = 5.5 £ 0.8 nM, n = 6) for the

Table 2
Interaction of BMY7378 with o;-AR-binding sites in membrane preparations from mouse tissues

Two-site analysis

Mouse Tissue K (nM) KL (nM) Ry (%) RL (%) Pvalue
ap** Whole brain 149 + 20 0 100
Cerebral cortex 0.7+0 .1 342 £ 50.5 11+£2 89+13 <0.05
Hippocampus 2.8+0.1 814+79.9 24+2 76 £9 <0.05
Aorta 0.4+0.2 100 0
op/~ Cerebral cortex 304 +37.9 0 100
Hippocampus 423 +£122 0 100

Inhibition of specific ['25I]HEAT binding by BMY7378 was determined in membrane preparations from each tissue, as described. The best two-site fit was
determined by nonlinear regression analysis of the averaged curve, and high-affinity (Rn) and low-affinity (R.) sites for BMY7378 were determined as described.
Kn, Kivalue at high-affinity site. K, K; value at low-affinity site. The P value for the best two-site fit compared with the best one-site fit is given. Each value is
the mean + SEM of six different experiments.
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Blood pressure responses in &;p** and o5/~ mice. Phenylephrine (a), norepinephrine (b), angiotensin Il or vasopressin (c) was injected
intravenously as a bolus to male nonanesthetized o;;p"* (open circles, n = 8) or o;p7~ mice (filled circles, n = 12) (12-18 weeks old). The
effects on blood pressure are shown and expressed as the change in MAP (in mmHg). Responses to phenylephrine or norepinephrine in
op~/~ mice were significantly decreased at doses as indicated compared with the wild-type response. The maximal increase in blood pres-
sure is shown. Points represent the mean + SEM. *P < 0.05 as compared with a;p"* mice.

mouse 0p-AR expressed in COS-7 cells (K; values for
mouse 0;a- and o p-ARs were 490 + 30 nM and 410 £ 5
nM, n = 6 each, respectively). Competition binding
studies with other a,;-antagonists (prazosin or the Ota-
AR-selective antagonist KMD-3213) showed no differ-
ence in their affinities between o;p”* and o;p 7/~ mice,
indicating that the remaining 0l14- and ol;5-ARs were
not much changed with respect to their pharmacolog-
ical properties (data not shown).

Heart weight and histological ~analysis. Heart-
weight/body-weight ratio did not significantly differ
between ¢;p”* and oyp7~ mice (4.96 + 0.31 mg/g, n = 10,
and 5.22 +0.24 mg/g, n = 14,in o;p”* and op7, respec-
tively). There were no obvious differences between
o;p”* and oyp”~ mice with respect to gross morpholo-
gy or microscopic myocyte appearance of hearts and
aorta (data not shown).

Measurement of blood pressure. The HR and blood pressure
were analyzed in male mice 12-18 weeks of age. The rest-

(554 + 13 bpm, n =31, and 529 + 13 bpm, n = 23, by tail
cuff reading in oyp”* and o;p 7/, respectively; 616 + 12
bpm, n =14, and 638 + 17 bpm, n = 18, by intra-arterial
measurements in ¢&p*”* and 0yp7-, respectively).

We next examined the pressor responses to several
vasoactive agents in nonanesthetized mice. Increasing
doses of phenylephrine or norepinephrine progres-
sively increased the blood pressure in both a;p”* and
oyp”/~ mice. As shown in Figure 3, a and b, these pres-
sor responses were considerably reduced in the o;p7~
as compared with the o;p”* mice; however, the pres-
sor responses caused by higher doses of phenyle-
phrine (> 100 ug/kg) were not significantly different.
The final absolute blood pressures at maximum dose
of norepinephrine (10 pug/kg) in oyp** (n = 8) and
op”/~ (n=12) were 163.0 + 2.5 mmHg and 145.5 + 4.1
mmHg, respectively, and those at maximum dose of
phenylephrine (300 pg/kg) were 166.0 £ 3.7 mmHg
and 162.0 + 3.8 mmHg, respectively.

ing SBP, measured by tail-cuff reading or MAP, measured
by direct intra-arterial recording under unanesthetized

conditions, were significantly (P < 0.05) lower in o;p7/~ / O Control
mice compared with o;p”* mice (SBP:.108.7 +1.9mmHg, 250 O™ 2 EquLZ%LSn
n=31,and 99.1 + 1.7 mmHg, n = 23, in o;p”* and oyp7", 5 20.0
respectively; MAP: 116.5 + 2.2 mmHg, n = 14,and 106.9 + E 15:0
3.7 mmHg, n = 18, in 0yp”* and oyp 7, respectively); how- £ 100
ever, there was no significant difference in HR in beats per % 50
minute (bpm) between the two groups monitored by S 00
either tail-cuff reading or the intra-arterial measurements -5.0 | NE (1 ug/kg/min) |
| | | | | | |
0 2 4 6 8 10 12
Figure 4 Time (min)
Effects of BMY7378 or bunazosin on blood pressure responses in 05"+ o OControl
and oyp”~ mice under anesthesia. Inhibitory effects of BMY7378 or 25.0F ° OBMY7378
. . . e = ® Bunazosin
bunazosin on the pressor response to norepinephrine in 0op** (upper) 2 20.0
and oyp 7/~ (lower) mice. B-Blocker, propranolol (1 mg/kg) was pread- é 15.0
ministered, and BMY7378 (100 pg/kg) or bunazosin (10 ug/kg) was = 10.0
injected into male a;p”* or 0o/~ mice (10-12 weeks old) 10 minutes & 5.0
prior to continuous infusion of norepinephrine (1 lg/kg/min, for 10 min- % 0.0
utes). Points represent the mean = SEM of eight mice. Open squares, nor- 5.0
epinephrine infusion; open circles, norepinephrine infusion + BMY7378 1 1 I I I ] l
pretreatment; filled circles, norepinephrine infusion + bunazosin pre- 0 2 4 6 8 10 12
treatment. *P < 0.05 as compared with norepinephrine infusion. Time (min)
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Figure 5

Vascular contraction in o;p"* and oi;p/~ mice. The contractile response to norepinephrine (NE), phenylephrine (PE), and serotonin (5-HT). Con-
centration-response curves for norepinephrine-induced (a), phenylephrine-induced (b), and serotonin-induced contractions (c) in aortic segments
from a5/~ (filled circles) or a;;p”* mice (open circles). The results are the mean + SEM of 15-27 preparations for NE, PE, or 5-HT. Effects of
BMY7378 on norepinephrine-induced contractions in aortic segments of ¢t;5”* (d) or 07~ mice (e). Aortic segments were exposed to vehicle
(filled circles, control) or different concentrations of BMY7378 (open circle, 1 nM,; filled squares, 10 nM; open squares, 100 nM), prior to the
addition of cumulative concentrations of norepinephrine (NE). Inset (d): A Schild plot derived from the data from o;5"* mice was fitted by a
straight line (R? = 0.92) with a slope of 1.06 + 0.11. Data represent the mean + SEM of six different aortic segments for each group. (f) Concen-
tration-response curves for phenylephrine-induced pressor response in perfused mesenteric arterial beds of 057~ mice (filled circles, n = 9) or
oyp"* (open circles, n = 7). Two-way ANOVA showed that concentration-response curve for phenylephrine-induced pressor response of o;p7/~

°o BMY7378, 1 nM
= BMY7378, 10 nM
s BMY7378, 100 nM

mice was significantly (P < 0.05) different from that of the o;p”* mice. *P < 0.05 as compared with op"*.
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The maximal plateau level of pressor responses by
norepinephrine was not successfully monitored,
because administration of higher doses of norepi-
nephrine frequently caused circulatory collapse, prob-
ably due to its cardiac toxicity. Despite the diminished
response to phenylephrine and norepinephrine in the
oyp”/~ mice, the increase in blood pressure induced by
angiotensin IT (0.1 pg/kg) or vasopressin (0.01 pg/kg)
did not significantly differ between the o;p** and
o;p”~ mice (Figure 3c).

The contribution of the o;p-AR to the 0;-AR-medi-
ated pressor response was further assessed in anes-
thetized mice. As shown in Figure 4, continuous infu-
sion of norepinephrine (1 pg/kg/min, 10 minutes)
promptly induced a significant blood pressure increase
that lasted for 10 minutes. The increase in MAP was
approximately 25 mmHg in ;" mice, while it was sig-
nificantly lower in o;p7~ mice (~17 mmHg) (Figure 4).
Pretreatment with BMY7378 (100 ng/kg) significantly
inhibited the norepinephrine-induced pressor response
in o;p*”* mice, while it had no effect in 04p7~ mice (Fig-
ure 4). Pretreatment with the nonselective o;-antagonist
bunazosin (10 pg/kg), on the other hand, more strong-
ly inhibited the norepinephrine-induced pressor
response in both oyp** and oyp7~ mice (Figure 4).

Cardiac function. The cardiac output (CO) was similar
in the a;p7~ and control mice (18.6 + 1.6 ml/min, n = 15,
and 16.3 £ 1.2 ml/min, » = 18, in a;p** and aup7-,

respectively). Myocardial contractility monitored with
%FS also showed no significant difference between the
o;p** and oyp7~ mice (49.7% £ 2.7%, n = 15,and 49.5% +
2.1%,n =18, in oyp”* and oyp7-, respectively). The left
ventricular wall thickness measured at the IVS and PW
was similar in the two groups (data not shown). During
echocardiography, HRs were similar in the two groups
(501 £ 27 bpm, n = 15, and 522 + 23 bpm, n = 18, in
oup**and oyp 7, respectively).

Plasma catecholamines. Total plasma catecholamines
were comparable between the two groups of mice (5.5 +
0.5 ng/mland 4.8 + 0.8 ng/ml, » = 10 each, for o;p”* and
oup”~, respectively).

Vascular contraction. To assess whether oip-AR was
directly involved in vascular smooth muscle contrac-
tion, we measured the effect of norepinephrine and
phenylephrine on the contraction of isolated aortic seg-
ments from male o;p”* and o;p7~ mice. As shown in
Figure 5a, norepinephrine induced concentration-
dependent contractile responses in aortic segments
from oyp** and o7~ mice. However, the potency of the
response was markedly reduced in aortic segments from
oup”/~ as compared with ¢;p”* mice (Figure 5a). A simi-
lar decrease in potency was also observed with phenyle-
phrine-induced contractile responses (Figure Sb). The
ECso values of norepinephrine and phenylephrine were
increased approximately 50- and 40-fold in ¢o;p”~ mice
compared with o;p”* mice (50% effective dose [ECs] val-
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ues: 3.8 + 0.5 nM, n = 26, in ¢;p*”/* mice, and 190 + 40
nM, n =15, in o;p7/~ mice for norepinephrine; 20.0 + 2.0
nM, n =27, in o4p** mice, and 840 + 40 nM, n = 15, in
oyp”/~ mice for phenylephrine, respectively). The con-
tractile response induced by serotonin was not
decreased. Rather, the concentration-response curve of
serotonin-induced contraction was slightly shifted to
the left in o;;p7~ mice compared with o;p** mice (ECso
values: 28.0 + 2.1 nM in 04p”* miceand 12.1 + 2.4 nM in
oyp”~ mice, n = 15 each) (Figure 5c).

The contractile response induced by norepinephrine
was competitively antagonized by BMY7378 in a;p™*
mice (Figure 5d), but only to a small extent in oyp7/~
mice (Figure Se). Competitive antagonism was shown
by Schild analysis in which the negative logarithms of
the dissociation constant (pA; value) was 8.61 + 0.2 and
the slope was 1.06 + 0.11 (n = 6) for BMY7378 in a;p”*
mice. This pA; value was in good agreement with K; val-
ues (~1 nM) obtained in binding studies with the
cloned mouse o/;p-AR and aorta.

The contractile response to o;-AR in aorta was
observed to be reduced in o;p7~ mice, clearly showing
that o;p-AR mediate aortic contraction; however, aorta
is a conduit artery that may not directly control blood
pressure. Hence, we further examined the 0;-AR-medi-
ated vascular response in the resistance arteries of
mesenteric arterial beds. As shown in Figure 5f, the
pressor response of isolated perfused mesenteric arte-
rial beds to phenylephrine was significantly attenuated
in o;p7~ compared with oyp** mice.

Discussion

Using gene targeting to create a mouse model lacking
the oip-AR, we investigated the functional role of the
oip-AR subtype in the cardiovascular system. By RT-
PCR and radioligand binding studies, we confirmed a
loss of 0lip-AR expression in o;p7~ mice and observed
little apparent compensatory upregulation of the
other subtypes. The o;p7~ mice showed a modest
hypotension under unanesthetized conditions with-
out a notable increase in heart rate. Also, there was no
significant alteration in ventricular function or in the
circulating catecholamine levels between the a;p7~
and o;p*”/* mice. Consistent with the loss of oi;p-AR
expression, o;p7/~ mice showed reduced pressor
responses to 0/;-AR stimulation, and the contractile
responses of the aorta and mesenteric arterial beds to
ou-agonists were markedly suppressed. The present
study provides clear evidence that the 0;p-AR medi-
ates a pressor response to catecholamines by directly
regulating vasoconstriction.

Our study showed that the 0.p-AR regulates not only
the vasopressor response to 0;-AR stimulation, but also
the resting blood pressure. Conscious o;p7/~ mice
showed a slight but significant decrease in the resting
blood pressure measured by the tail-cuff method as well
as by direct intra-arterial measurement. Because cardiac
outputs assessed by echocardiogram were similar
between the o4p7~and a;p”* mice, the modest hypoten-

sion observed in o;p7~ mice is considered to be mainly
due to the reduction in total peripheral resistance. How-
ever, an increase in heart rate, an expected compensa-
tory response to a low blood pressure, was not observed
in o;p”7~ mice. The mechanism for the lack of reflex
tachycardia in @;p7~ mice cannot be fully explained
from the present study, but interestingly, chronic
administration of 0;-AR blocking drugs has been
reported to lower blood pressure without causing reflex
tachycardia in patients with essential hypertension (32).

Although in vitro as well as in vivo pharmacological
studies (33-36) have implicated a predominant role
for oiip-AR in the vascular contractions caused by
o-AR agonists, our present study clearly shows, we
believe for the first time, that a;p-ARs directly medi-
ate o;-AR-stimulated vascular smooth muscle con-
traction. As shown in RT-PCR and radioligand bind-
ing studies, murine aorta predominantly expresses
the aip-AR. Corresponding to the loss of ap-AR
expression, we observed a marked reduction of
o-AR-stimulated aortic contractile response in 0p 7~
mice, showing that oyp-ARs are predominantly
responsible for 0,;-AR-stimulated aortic contraction.
This observation obtained in a conduit artery of
aorta, however, may not be directly extrapolated to
the resistance vessels in general, because many stud-
ies have shown that the dominant contractile oi;-AR
varies with vascular bed type (37-40). Hence, we fur-
ther examined the o;;-AR-mediated vascular response
in the resistance artery that more directly controls
blood pressure and observed a significant reduced
o-AR-stimulated pressor response in isolated per-
fused mesenteric arterial preparation of o;p~~ mice.
The results, therefore, show that the o;p-AR con-
tributes to the regulation of not only the conduit-type
vasculatures (such as the aorta), but also the muscu-
lar-type resistance vessels, which are more responsible
for pressor reactivity. Taken together, our functional
examinations in ¢;p”/~ mice show that the o;p-AR
plays a significant role in direct regulation of periph-
eral vascular tone. However, pressor response experi-
ments in o4p”7~ mice did not completely exclude the
possibility that subtypes other than aip-AR are
involved in 0y-AR-stimulated pressor response. In
fact, the dose-pressor response for phenylephrine
(Figure 3a) showed that the pressor responses in 0;p7~
mice were significantly reduced only at the midrange
doses, and the pressor responses at maximum doses
were comparable to control. These data may indicate
not only that a;p-AR is involved in vasopressor
response to phenylephrine, but also that other 0;-AR
subtypes are involved in vasopressor response.

Our o;p7~ mice showed little adrenergic compensa-
tory effect on oi;p-AR at the cardiovascular level. The
TagMan assay and binding study in o;;p7~ mice showed
that other 0;-AR subtypes are apparently not upregu-
lated to compensate for the loss of op-AR. Further-
more, comparison of the inhibitory effects of the non-
selective O-antagonist bunazosin and the op-AR-
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selective antagonist BMY7378 on norepinephrine-
induced pressor responses in a;p** and oyp”/~ mice
showed little adrenergic compensatory effect; rather, it
suggested the contribution of other subtype(s) to the
0-AR-mediated pressor response. The results clearly
show that despite the presence of multiple 0;-AR sub-
types in the same tissue, at best there is only partial
functional redundancy in cardiovascular tissue (i.e.,
multiple 0;-AR subtypes can mediate the vasopressor
response, but cannot compensate for each other). A
similar observation regarding functional redundancy
has been made in a study of o;-AR knockout mice
(16). Together with previous observations in oz-AR
knockout mice (16), our study supports the idea that
olg- as well as o p-ARs contribute to the o;-AR-medi-
ated pressor response. Moreover, together with infor-
mation on tissue distribution and from observations
in oup-AR knockout mice (16), our present study would
provide further important definition of the role(s) of
each 0;-AR subtype in the cardiovascular system. Thus,
oup-ARs may have a specific effect on the vascular sys-
tem, while having little effect on the heart. The 03-AR
subtype may be linked to both cardiac and vascular
effects (16, 41, 42). The 0l14-AR, however, may regulate
cardiac function, since 0;a-AR knockout mice mainly
display impaired cardiac function (43). These findings
are of particular importance for better understanding
of the cardiovascular effects of drugs acting at the
04-AR and for more precisely defining goals linked to
the development of 0;-AR subtype-selective ligands.

Because 0;-AR subtype expression is known to be
markedly varied depending on vessel type and
species, one must be careful in directly extrapolating
findings obtained from knockout mice to human
vascular oi;-AR physiology. At present, the distribu-
tion of 0;-AR subtypes in blood vessels is relatively
well characterized at mRNA or protein levels, but the
available information regarding o;-AR subtypes
mediating vasoconstriction is still very scarce in
humans (44). Furthermore, in mice, little is known
about either the distribution or function of o;-AR
subtypes in blood vessels. Studies have been ham-
pered both by the lack of drugs sufficiently selective
for the three subtypes and by cross-reactivity of
01-AR ligands with other receptors. In fact, the
op-AR subtype-selective antagonist BMY7378 used
in the present study is known to have a broader
pharmacological profile (also acting as a 5-HT1a
receptor partial agonist). Using &;p7~ mice, however,
we showed that BMY7378 is selective for
oip-AR-mediated function. As exemplified in the
present study, the knockout mice of each 0;-AR sub-
type would be of use in developing and evaluating
subtype-selective pharmacological agents.

In conclusion, our knockout mouse study has
demonstrated the physiological role of o;p-AR in the
cardiovascular system; thus, the o;p-AR mediates the
pressor response to catecholamines by directly regu-
lating vasoconstriction. Enhanced activity of the

0p-AR has been suggested to be involved in the patho-
genesis and/or maintenance of hypertension (45-47)
and age-related changes in vascular responsiveness
(48) and also other physiological effects, such as vas-
cular smooth muscle cell growth and hypertrophy (49,
50). The o;p-AR knockout mice would be of value in
studying mechanisms involved in the control of vas-
cular physiology and its dysregulation. 0-AR subtype
knockout mice (single, double, and triple knockouts)
should constitute useful models to clarify the func-
tional specificity of each 04-AR subtype and provide a
valuable experimental platform for assessing and
developing new therapeutic agents.
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