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SUMMARY
Using the a1-adrenoceptor subtype-selective antagonists chlor-
ethylclonidine (CEC), WB41 01 , and 5-methyl-urapidil, we have
examined the possible heterogeneity in the a1-adrenoceptor
populations in rabbit aorta. The alb-adrenoceptor alkylating agent
CEC selectively inhibited the phasic component of the norepi-
nephrine-induced contractile response, with little effect on the
tonic component. The a1-adrenoceptor occupancy-response re-
lationship defined by the phenoxybenzamine inactivation method
was rectangular hyperbolic for the tonic response, whereas that
for the phasic response was linear, indicating the different degree
of receptor reserve for the two responses. Radioligand binding

studies with the nonselective a1-adrenoceptor antagonist radi-
oligand 125l-BE2254 showed that 73-87% of the binding sites in
rabbit aorta are CEC sensitive and they are predominantly low
affinity sites both for WB41 01 (pI(6 = 8.1) and for 5-methyl-
urapidil (pKd 7.1). Moreover, a1-adrenoceptor-mediated phos-
phatidylinositol (P1) hydrolysis was CEC sensitive, and fractional
inactivation of � receptors with CEC showed equivalent incre-
ments in the reduction of P1 hydrolysis and phasic contractile
response, suggesting that both responses are linearly related to
the CEC-sensitive receptor sites. The Schild plots for the corn-
petitive antagonists WB41 01 and 5-methyl-urapidil against ��1a

adrenoceptor-selective agonist methoxamine-induced contrac-
tion were linear and had slopes not significantly different from

unity, with a �42 of 9.07 ± 0.07 (n = 5) for WB41O1 and 9.09 ±

0.05 (n = 3) for 5-methyl-urapidil. However, the Schild plots for
these antagonists against norepinephrine were curvilinear. Corn-

puter-assisted analysis of these curvilinear Schild plots in a two-
receptor system indicated that �1-adrenoceptor populations re-
sponsible for the constrictive response are predominantly (‘-80-
90%) low affinity sites for the two antagonists (pl(0 ‘-8.1 for
WB41 01 and PKd --7.1 for 5-methyl-urapidil) and a small popu-
lation (-1 0-20%) are high affinity sites (pKd --9.1 for both
WB41 01 and 5-methyl-urapidil), which was in good agreement
with radioligand binding studies. The results indicate that rabbit
aorta contains at least two pharmacologically distinct a1-adre-
noceptor subtypes, with approximately -1 0-20% ala and ‘-80-
9O% � receptors; however, a minor population of ala receptors
rather than alb receptors predominantly mediate catecholamine-
induced contraction because of their large receptor reserve. Each
receptor subtype has a distinct role in the a1-adrenoceptor-
mediated vasoconstnctive response through different biocherni-
cal mechanisms for increasing intracellular Ca2�; ala receptors
cause a tonic response predominantly dependent on the influx
ofextracellular Ca2�, whereas alb receptors stimulate P1 hydrol-
ysis/intracellular Ca2� mobilization and cause a phasic response
mainly independent of extracellular Ca2�.

The sympathetic nervous system plays an important role in

regulating the tone of the peripheral circulation. Catechol-

amines cause vascular smooth muscle contraction by activating

a-adrenoceptors. It has now been clearly demonstrated that

postsynaptic s-adrenoceptors in the peripheral circulation rep-

resent a mixed population of � and a2-adrenoceptors, with

both receptors mediating vasoconstriction (1-3). Recent evi-

dence, however, increasingly suggests that cx1-adrenoceptors do

not have the same properties in all tissues (4-14).

The existence of distinct subtypes of a-adrenoceptors has
been supported by a variety of pharmacological approaches (8-

14). Recent evidence from radioligand binding experiments

suggests that at least two subtypes of ts� -adrenoceptors can be

differentiated by the competitive antagonists WB41O1 (8) and

5-methyl-urapidil (13) and the alkylating agent CEC (9, 11);

one subtype (the “a,” subtype) has higher affinities for

WB41O1 (pKd ‘-9) and 5-methyl-urapidil (pKd ‘--9) and is not

inactivated by CEC (“CEC-insensitive”), whereas the other one
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(the “ait” subtype) has lower affinities for WB41O1 (pKd ‘-8)

and 5-methyl-urapidil (pKd ‘-7) and is inactivated by CEC

(“CEC-sensitive”). These two receptor subtypes also have dif-

ferent affinities for the competitive antagonist benoxathian

(10). Furthermore, the hypothesis that the subtypes of a�-

adrenoceptors may be coupled to different biochemical mech-

anisms for increasing [Ca2�}. has been recently put forth (10);

thus, one subtype (CEC-sensitive cs1-adrenoceptors, or crib re-

ceptors) stimulates inositol phosphate formation/intracellular

Ca2� mobilization and causes a contractile response mainly

independent of extracellular Ca2�, whereas the other (CEC-

insensitive a1 adrenoceptors, or a10) receptors do not stimulate

inositol formation and cause physiological responses predomi-

nantly dependent on the influx of extracellular Ca2�. However,

very little information is available regarding their physiological

role and signal transduction mechanism(s) in blood vessels.

In blood vessels, the contractile response to ct1-adrenergic

stimulation can be divided into two components, the initial fast

phasic response and the later slow tonic response (15). Each

phase ofcontraction has a different dependence on extracellular

Ca2�, although the relative sizes of these phasic and tonic

components of contraction vary with the muscle studied and

also with the contractile stimulus (16). In rabbit aorta, rapid

phasic contractions caused by norepinephrine are not depend-

ent on the presence of extracellular Ca2� and are mainly caused

by Ca2� release from internal stores, whereas slow tonic con-

tractions require Ca2� influx from the extracellular fluid for

prolonged signals (17, 18). Based on the hypothesis described

above, the simplest explanation that may account for the dif-

ferent dependence on extracellular Ca2� of tonic and phasic

contractile responses to a1-adrenoceptor activation would be

that they are mediated by pharmacologically distinct receptor

subtypes.

The present study was undertaken to determine whether

heterogeneous populations of a1-adrenoceptors exist and what

kind of physiological role they play in the contractile responses

of rabbit aorta, an experimental model system for investigating

vascular s1-adrenoceptors. The data reveal that at least two

pharmacologically distinct ce1-adrenoceptor subtypes coexist in

rabbit aorta and that each subtype plays a distinct physiological

role in the a1-receptor-mediated vasoconstrictive response

through different Ca2� signalling mechanisms.

Experimental Procedures

Materials. Chemicals were obtained from the following sources:
LaC13, (-)-norepinephrine bitartrate, l-phenylephrine HC1, (±)-pro-

pranolol HC1, yohimbine chloride, serotonin maleate salt, and hista-

mine dihydrochloride, Sigma Chemical Co. (St. Louis, MO); CEC

dihydrochloride, WB41O1, and benoxathian hydrochloride, Research

Biochemicals (Natick, MA); 5-methyl-urapidil, BYK Gulden Pharma-

zeutika (Konstanz, West Germany); PGF2,, Wako Pure Chemical

Industries Ltd. (Osaka, Japan); and ‘251-BE (specific activity, -2200

Ci/mmol) and myo-[2-3Hjinositol (16.5 Ci/mmol), New England Nu-

clear (Boston, MA). Dowex AG1-X8, 200-400 mesh, formate form, was

obtained from Bio-Rad (Richmond, CA). Methoxamine (Burroughs

Welicome, Research Triangle Park, NC), prazosin (Pfizer, Sandwich,

UK), phentolamine (CIBA-Geigy, Summit, NJ), nicardipine hydro-

chloride (Yamanouchi Pharmaceutical Co., Tokyo, Japan), and

phenoxybenzamine hydrochloride (Smith Kline & French Laboratories,
Philadelphia, PA) were generously supplied by each company. All other

chemicals and reagents used were from standard commercial sources.

Phenoxybenzamine solution was prepared by dilution into saline of a

1 mM stock solution prepared in absolute ethanol immediately before

use.

Rabbit aorta preparation. Japanese White rabbits weighing 2.5-

3.0 kg were injected with 1000 units of heparin subcutaneously and

were sacrificed 15 to 30 mm later by a blow to the head. The thoracic

aortas were rapidly excised and placed in 95% 02/5% CO2 gassed

Krebs-Henseleit solution (pH 7.4). The composition of this buffer was

(in mM): NaCl, 118; KC1, 4.7; NaHCO3, 25; CaCl2, 2.5; MgSO4, 1.0;

KH2PO4, 1.2; and dextrose, 11.1. While being maintained at room

temperature in this buffer, adherent fatty and connective tissues were

removed. Individual vessels were cut into approximately 6-mm-long
ring segments, and their intimal surfaces were gently rubbed with a

wooden stick to remove the endothelium (19). Ring segments were then

used for organ bath experiments, measurement of P1 hydrolysis, and

radioligand binding studies. In all cases, Krebs-Henseleit buffer con-
tamed cocaine (3 tiM) and propranolol (1 tiM) to inhibit neural uptake

and block /3-ad.renoceptors, respectively. In experiments with catechol-

amines, 1-ascorbic acid (1 %) was also included to inhibit oxidation.

Contractile response. The aortic ring segments were mounted over
metal triangular supports and attached to force displacement trans-

ducers (DRM-T200; DIA Medical Co.), which were connected to a
recorder (RJG-4124; Nihon Kohden Kogyo). The tissues were allowed

to equilibrate for at least 1 hr, during which time the solutions were

replaced three times every 20 mm under a resting tension of 2.0 g (19),
which was found to be optimal for inducing the maximal contraction

from preliminary experiments. After an equilibrium period, the con-

tractile response to 0.1 jzM norepinephrine was first obtained. This
procedure was found to improve tissue responsiveness (20). The rings
were then washed repeatedly with fresh medium and equilibrated. Dose-

response curves were constructed by the method of stepwise cumulative
addition of the agonist. The concentration of agonist in the muscle

chamber was increased approximately 3-fold at each step, with each

addition being made only after the response to the previous addition

had attained a maximal level and remained steady. When the maximum

contraction to the agonist was reached, the agonist was washed from

the preparation by the overflow method every 15 mm for the next 120
mm. Consecutive dose-response curves were always spaced at least 1

hr apart to ensure maximum washout of agonists and to minimize

receptor desensitization. After determination of the control dose-re-

sponse curve to the agonist, rabbit aortic segments were washed with

drug-free medium for 20 mm. After this period, the competitive antag-

onist was added to the organ bath and allowed to equilibrate with the

tissue for no less than 60 mm. After equilibration with the antagonist,

the dose-response curve for the agonist was again determined. This

procedure was repeated in some tissues with a higher concentration of

the antagonist.

For experiments with Ca2�-free solution, ring segments were incu-

bated in the Ca2�-free Krebs-Henseleit solution including 0.1 mM

EGTA for 20 mm before norepinephrine addition (21). In preliminary

experiments, we observed that the maximal developed tension for

norepinephrine obtained in a cumulative method was significantly

smaller than that obtained by administering increasing doses individ-

ually, possibly due to the depletion of Ca2� stores. Therefore, norepi-

nephrine dose-response curves in Ca2�-free solution were constructed

by administrating doses of norepinephrine individually at increasing

concentrations. This procedure was repeated with a higher concentra-

tion of norepinephrine after washing with Ca2tcontaining solution five

times and equilibration for 60 mm in 2.5 mM Ca2�-containing solution

to replenish Ca2� stores.

In all studies, at least one tissue was run in parallel with the

experimental tissues, but received no antagonists, and was used to

correct for time-dependent changes in agonist sensitivity (22). Agonist

potency was expressed as an ECw (concentration producing 50% of

maximum contraction), and effects of competitive antagonists on the

ECw for each agonist were examined.
Measurement of [3HIPI hydrolysis. For experiments involving

P1 hydrolysis, rabbit aortic ring segments were exposed to 37 Krebs-
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Data analysis. All data for each drug were averaged and the resulting

dose-response curves from each group were analyzed simultaneously,

Henseleit buffer supplemented with myo-[2-3Hjinositol (8 �iCi/ml),

which was continuously gassed with 95% 02/5% CO2. This prelabeling

incubation was continued for 180 mm, by which time the incorporation

of 3H into inositol lipids had reached a plateau (12). The tissues were

subsequently washed three times to remove excess [3Hjinositol and

then resuspended in the Krebs-Henseleit buffer described above but

without added [3H]inositol. After 10 mm ofpreincubation, tissues were

transferred to flasks containing fresh Krebs-Henseleit solution and
exposed to norepinephrine in the presence of LiC1 (10 mM) (23), an IP

phosphatase inhibitor, for 1 hr to prevent IP degradation. Some tissues

were treated with CEC (four times, 20 mm each) or exposed to the Ca2�

channel antagonist nicardipine for 60 mm before addition of LiC1 and

norepinephrine. Additional tissues were stimulated by norepinephrine

and LiCl for 1 hr in either Ca2�-free Krebs-Henseleit solution contain-

ing 0.1 mM EGTA or La (5 mM)-containing Ca2�-free Krebs-Henseleit

solution. In experiments with La� (5 mM) P043 and SO42 were

replaced with Cl to avoid precipitation of La� salt.
Tissues were then frozen between clamps precooled in liquid nitrogen

and were homogenized in 2 ml of 10% trichloroacetic acid at 4. After

centrifugation (low speed, 30 mm) the supernatant was extracted six

times with 2-mi portions of diethyl ether to remove trichloroacetic acid.
The neutralized extracts were then subjected to ion exchange chroma-

tography using 1 ml of Dowex AG1-X8 (formate form) ion exchange

resin. The columns were then washed with 60 ml of water and IP was

eluted with 8 ml of 0.2 M ammonium formate in 0.1 M formic acid.
Scintillation cocktail (10 ml) was added to the elute and the samples

were counted. Recoveries of IP throughout the ether extraction and

column chromatography procedures was 80-90%. Our preliminary ex-
periments confirmed that norepinephrine-induced accumulation of IP

increased linearly with incubation time (up to 1 hr) and that norepi-

nephrine increased IP accumulation in a concentration-dependent

manner. Also, norepinephrine (10 MM)-induced IP accumulation was

selectively inhibited by prazosin (1 MM) but not by yohimbine (1 �M)

in rabbit aorta (data not shown).

‘251BE binding. For the studies of a1-adrenoceptors, crude partic-

ulate fractions were prepared as described previously (24), with modi-

fications, and were used immediately in the receptor binding assays.
Briefly, cleaned vessels were placed in 10 volumes of ice-cold buffer (10

mM Tris.HC1, pH 8.0 at 4�), minced finely with scissors, and then
homogenized with a Polytron (Brinkman Instruments, Westbury, NY)

by means of one 10-sec burst at a setting of 7 and then two 5-sec bursts
at full speed. An equal volume of ice-cold buffer containing 500 mM

sucrose, 10 mM Tris.HC1, and 2 mM EGTA (pH 7.5) was added and
the homogenate was centrifuged at 250 x g for 10 mm. The pellet was

discarded and the supernatant was filtered through four layers of
cheesecloth and centrifuged again at 250 x g for 10 mm. The super-

natant was then centrifuged at 75,000 x g for 30 mm and the pellet

was resuspended in ice-cold 50 mM Tris . HCI, 10 mM MgCl2 buffer (pH

7.5). A final resuspension was filtered through four layers of cheesecloth

and diluted to give a protein concentration of approximately 2 mg/mI.

Binding assays were routinely performed in polypropylene tubes in

a total volume of 250 �zl. Each assay tube contained 100 �il of membrane

preparation (�200 �ig of protein), 100 �zl of ‘251-BE (40-60 �M for

competition experiments and 15-900 pM for saturation experiments),

and 50 zl of a competing drug at various concentrations. Specific �I-

BE binding was experimentally determined from the difference between

counts bound in the absence and presence of 10 MM phentolamine. The

receptor binding studies were conducted at 37 for 15 mm. The reaction

was terminated by addition of 10 ml of incubation buffer (at room

temperature), followed by rapid filtration under vacuum through What-

man GF/C glass fiber filters, with a further wash with 10 ml of buffer.

The radioactivity of the wet filters was determined in a -y-counter at

an efficiency of 70%. All assays were conducted in duplicate or tripli-

cate. Preliminary experiments on the specific binding of ‘251-BE in this
crude particulate fraction showed appropriate kinetics, stereoselectiv-

ity, and rank order of potency of agonists characteristic of ligand
binding to a1-adrenoceptors, which were essentially similar to those

described previously (24). The specific binding of ‘2�I-BE was routinely

70-90% of the total binding at radioligand concentrations near the

dissociation constant (K,,).

Protein concentration was determined by the method of Lowry et a!.

(25), using bovine serum albumin as standard.

Fractional inactivation of a1 receptors by phenoxybenzamine
and by CEC. In some experiments to delineate the interrelationships

between a1-adrenoceptor occupation, P1 hydrolysis, and contractile
response in rabbit aorta, we examined the effects of phenoxybenzamine

and CEC. In phenoxybenzamine inactivation experiments, aortic rings
were exposed for 90 mm to phenoxybenzamine (at final concentrations

ranging from 0.1 to 10 nM) (12, 26-28). In experiments with CEC,

preparations were repetitively treated with CEC (at final concentra-
tions ranging from 0.1 to 100 �sM; at least four times, 20 mm each),

because previous reports (11) and our preliminary experiments (as

described below) showed that the incomplete access of the highly water-

soluble CEC could be overcome by the repetitive treatments. After
phenoxybenzamine and/or CEC pretreatment, aortic ring segments

were washed five times and used for the contractile experiments,
inositol phosphate studies, and radioligand binding assays. Also, in

some radioligand binding experiments CEC treatment was performed

on membrane preparations in hypotonic medium to gain complete

inactivation (11). In these experiments, aliquots (usually 10 ml) of the

resuspended membrane preparations were incubated with CEC for 10

mm at 37� in Na HEPES buffer (10 mM, pH 7.6). Reactions were

stopped by dilution with 20 ml ofcold Na HEPES buffer, centrifugation
at 75,000 x g for 30 mm, and resuspension in ice-cold 50 mM Tris.

HC1, 10 mM MgCl2 buffer (pH 7.5). For receptor occupation, data are

expressed as B/BIT,.,, where B is the amount of ‘221-BE specifically
bound under the experimental conditions and Bma. 15 the amount of

specific �I-BE binding in the absence of any phenoxybenzamine or
CEC; for IP accumulation, as percentage of maximum response to

norepinephrine (10 MM) in the absence of extracellular Ca2�; and, for

contractile measurement, as percentage of the maximal response oh-

tamed with 3 �tM norepinephrine alone.

Calculation of a-adrenoceptor occupancy-response relation-
ships. Data obtained from receptor inactivation studies were analyzed

using the mathematical treatment of Furchgott and Bursztyn (29).
According to the law of mass action, the relationship between the
agonist curves obtained before and after partial receptor inactivation

is described by the equation

1 1

[AJ q[A’J qKA

where [A I and [A ‘J are corresponding equieffective concentrations of

agonist before and after partial irreversible receptor inactivation, re-

spectively, K5 is the equilibrium dissociation constant for the agonist,

and q represents the fraction of active receptors remaining (i.e., recep-

tors not alkylated) after partial irreversible receptor inactivation treat-

ment (for derivation of this equation and its application to receptor
theory, see Refs. 29-31). Plots of the reciprocals of norepinephrine

concentration before fractional receptor inactivation (i.e., 1/[A J)

against the reciprocals of the corresponding equieffective concentra-

tions of norepinephrine after receptor inactivation (i.e., 1/[A ‘]) yielded

straight lines, as predicted by receptor theory (30, 31). The norepi-

nephrine KA as well as q were then calculated from the slope and

intercept of the resulting “double-reciprocal” plots by the following
equations.

and

K = slope - 1A intercept

q=-
slope
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response usually reached an equilibrium phase. As summarized

in Fig. 2, the inhibitory effect of CEC treatment (1 to 10 �zM)

on the maximum developed tension (Fig. 2A) was essentially

similar to that on the subsequent maintained phase (Fig. 2B);

thus, in either case, the inhibitory effect of CEC was more

marked in Ca2�-free solution than in Ca2�-containing solution.

The effects of CEC on contractile responses to other vaso-

active stimuli were also examined, because CEC may have other

inhibitory effects than those relevant to a1-receptor inactiva-

tion. As summarized in Fig. 3, CEC treatment at concentrations

A. Maximum Developed Tension

50

0

using the four-parameter logistic equation, on an APPLE lie system

(32). The resulting ECw values and maximal responses (Ema, values)

were analyzed for significant differences using the ALLFIT program.

The ALLFIT program is a modification of the program of DeLean and
co-workers by Martin H. Teicher and was obtained from the Biomedical

Computing Technology Information Center (Nashville, TN). Data

derived from radioligand studies were analyzed by LIGAND, a nonlin-

ear, computer-assisted, iterative, weighed least squares, curve-fitting
procedure (33).

The experimental data given in the text and figures are the mean ±

standard error of n experiments, as indicated. Differences between

means within each experiment were evaluated by analysis of variance.

If analysis of variance demonstrated a significant difference among

means, Student’s t test for unpaired observations were then used to

determine which pairs of means were significantly different. Statistical

significance was taken as a p value of <0.05.

Results

Effects of CEC on norepinephrine-induced vasocon-

strictive response. Following four repetitive treatments (20

mm each) with various concentrations of CEC, the norepineph-

rine-induced contractile response was examined both in the

presence and in the absence of extracellular Ca2t In Ca2�-free

solution (Fig. 1, left), the CEC treatment (above 1 tiM) reduced

not only the peak response but also the subsequent maintained

phase of norepinephrine (1 MM)-induced contraction, in a dose-

dependent fashion. On the other hand, in the presence of 2.5

mM extracellular Ca2�, the CEC treatment (0.1 to 10 �zM) had

little inhibitory effect on the contraction to 1 MM norepineph-

rine; however, higher concentrations of CEC treatment (above

30 �zM) decreased the slope of the upstroke of the contractile

response and reduced the peak developed tension (Fig. 1, right).

In the absence of extracellular Ca2�, the effects of CEC were

examined not only on the maximum developed tension but also

on the developed tension during the subsequent sustained phase

(15 mm after addition of norepinephrine). A period of fifteen

minutes was decided upon because at that time the sustained

Zero added Ca2’ 2.5mM added Ca2’

CONTROL �

CEC 1 �M �

CEC 3�M �

CEC 10MM �

CEC 30MM

CEC 100MM � J
Fig. 1. Effects ofCEC pretreatment (1 to 1 00 �M) on 1 MM norepinephrine-
induced contractile responses of rabbit aorta in the presence (right) or
the absence (!eft) of extracellular Ca2�. CEC pretreatment consists of
four successive 20-mm exposures to the concentration indicated. The
recording shown is a typical one from at least five independent experi-
ments with similar results.

Il I I

7 6 5
-log [Chlorethylcionidine] (M)

Li � P� 0.01

B. 15mm after NE Addition

100 CG::=1’

0

C
0 �

C) 1�tM NE-Induced
l� Contractile Response

� OZero added Ca”
02.5mM added Ca”

0 � 1/.; � � 4
-log LChlorethylcionidine] (M)

Fig. 2. A, Effects of CEC pretreatment (0.1 to 100 �M) on 1 �M

norepinephrine-induced contractile responses of rabbit aorta, in the
presence (U) or absence (0) of extracellular Ca2�, at the peak of phasic
contraction. Values are expressed as percentage of the maximal devel-
oped tension to 1 �M norepinephnne: 10.3 ± 0.45 g, n = 5, in the
presence of extracellular Ca2� and 3.6 ± 0.92 g. n = 5, in the absence
of extracellular Ca2�, respectively. Points and bars, mean ± standard
error of at least five independent experiments. B, Eftects of CEC pre-
treatment (0.1 to 100 �tM) on 1 �zM norepinephnne (NE)-induced contract-
ile responses of rabbit aorta, in the presence (0) or absence (0) of
extracellular Ca2�, at 15 mm after NE addition. This poststimulated time
for measurement of developed tension was decided upon because at
that time the phasic response usually reached the subsequent sustained
phase. Values are expressed as percentage of the maximal developed
tension to 1 zM norepinephnne: 10.3 ± 0.45 g, n = 5, in the presence of
extracellular Ca2� and 2.3 ± 0.58 g, n = 5, in the absence of extracellular
Ca2�, respectively. Points and bars, mean ± standard error of at least
five independent experiments. ‘ p < 0.01 , compared with control values
of each group.
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OZsro .ddsd c.’�
02.5mM .ddsd CV’

‘..‘ � , , o-�-//, , ,
B 7 6 5 4 B 7 6 5 4

-log ICEC] (M) -log [CEC] (M) �

Fig. 3. Effects of CEC pretreatment (0.1 to 100 �M) on the contraction
of rabbit aorta in response to histamine (1 0 �LM), serotonin (1 00 SM),

PGF2 (1 0 �sM), and KCI (40 mM), in the presence (0) or the absence (0)
of extracellular Ca2�. Values are expressed as percentage of the maximal
developed tension for each agonist: 10 �M histamine, 5.0 ± 1 .0 g and
2.0 ± 0.61 g, n = 5 each; 100 �M serotonin, 9.8 ± 0.6 g and 2.0 ± 0.2
g,n=5each;10�MPGF2,,9.8±0.6gand6.8±0.6g,n=5each,in
the presence and absence of extracellular Ca2�, respectively, and 40 mp,i
KCI, 11 .2 ± 0.86 g, n = 5, in the presence of extracellular Ca2�. Points
and bars, mean ± standard error of five independent experiments. “ , p

< 0.01 , compared with control values of each group.

below 10 �zM generally did not affect the contractions induced

by serotonin (100 �M) or histamine (10 �sM), in either the

presence or the absence of extracellular Ca2t With higher

concentrations of CEC treatment (above 30 jIM), contractile

responses to these vasoactive amines were significantly (p <

0.05) attenuated in both the presence and the absence of

extracellular Ca2�. PGF2,, (10 �zM)- and KC1 (40 mM)-induced

contractions were not affected at any concentration of CEC

treatment examined (Fig. 3).

a1 -Adrenoceptor occupancy-response relationships

defined by the phenoxybenzamine inactivation methods.

The effects of progressive alkylation of a1-adrenoceptors by

phenoxybenzamine on the contractile responses elicited by

norepinephrine were examined in either the presence or ab-

sence of extracellular Ca2� (Fig. 4). Treatment with phenoxy-

benzamine produces the characteristic pattern of irreversible

receptor alkylation in the response to norepinephrine under all

conditions, with nonparallel rightward displacements of the

dose-response curves and progressive reductions in the maxi-

mum developed tension (30, 31). Although the overall shapes

of the dose-response curves to norepinephrine are similar after

treatment with phenoxybenzamine in either the presence (Fig.

4A) or absence of extracellular Ca2� (Fig. 4B), some marked

and important distinctions may be discerned. It is clear from

Fig. 4A that in the presence of extracellular Ca2� the �

adrenoceptor-mediated dose-response curves for norepineph-

rine following pretreatment with lower doses of phenoxybenz-

amine (below 5 nM) are significantly displaced in a rightward

direction without significant reductions in the maximum con-

tractile response. Such an occurrence is characteristic of sys-

tems possessing large receptor reserves (30, 31). In contrast, in

Ca2�-free buffer blockade by phenoxybenzamine produces a

significant reduction in maximum response to norepinephrine,

A. 2.5mM added Ca2�

B. Zero added Ca2�
100

7 6 5

-log [Norepinephrine] (M)

Fig. 4. Dose-response curves for the cs1-adrenoceptor-mediated contrac-

tion of norepinephrine, in either the presence (A) and absence (B) of
extracellular Ca2� following a 90-mm incubation with various concentra-
tions of the irreversible a-adrenoceptor antagonist phenoxybenzamine.
The inactivation effects of phenoxybenzamine on contractile responses
in the presence of extracellular Ca2� were also examined following CEC
(1 0 MM) pretreatment. Values are expressed as percentage of the control
contractile response to 3 �M norepinephnne: 1 1 .9 ± 0.5 g, n = 5 (control),
and 1 2.2 ± 2.9 g, n = 5 (CEC-pretreated), in the presence of 2.5 m�i
extracellular Ca2�, and 4.5 ± 1 .2 g, n = 5, in Ca2�-free solution. Symbols
represent mean values (n = 5)of control (0) and those obtained following
0.1 nM (#{149}),1 flM (0), 2 n�i 4, 5 nM (s), 10 n� (A), and 30 np,i (V)
phenoxybenzamine pretreatment, respectively.

without any initial rightward shift (Fig. 4B). This pattern is

characteristic of systems lacking appreciable receptor reserves

(30, 31). Furthermore, the inactivation effects of phenoxybenz-

amine on norepinephrine dose-response curves were examined
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following the repetitive CEC (10 �zM) pretreatment. In Ca2�-

containing buffer, the doses of phenoxybenzamine required to

reduce the maximum response to norepinephrine became

smaller (Fig. 4A), but still lower doses of phenoxybenzamine

(less than 2 nM) are significantly displaced in a rightward

direction without significant reductions in the maximum con-

tractile response.

Based on the theoretical arguments and the graphical analy-

sis described in Experimental Procedures, it is possible to

determine the fraction of receptors remaining intact (i.e., q, the

fraction of receptors not alkylated) following a given pretreat-

ment with phenoxybenzamine. The analysis was performed on

all the dose-response curves in the three groups of Fig. 4. The

double-reciprocal plots of equieffective doses of norepinephrine

obtained before and after phenoxybenzamine treatment are all

linear (data not shown), in accord with receptor theory. From

the slope and intercept of the double-reciprocal plots, the

dissociation constants (KA ) of norepinephrine obtained in the

presence of Ca2� were 0.42 ± 0.17 �tM (n = 5) and 1.45 ± 0.42

MM (n = 5) without and with CEC pretreatment, respectively.
In the absence of extracellular Ca2�’, the value was 0.32 ± 0.10

jzM (n = 5). Using the dissociation constant of norepinephrine

obtained in each group, it is possible to calculate receptor

occupancy at each bath concentration used in construction of

the respective dose-response curves in Fig. 4. The respective

occupancy-response relationships constructed for the a1-adre-

noceptor-mediated effects of norepinephrine are presented in

Fig. 5. Correlation of fractional inhibition of maximal contrac-

tion responses (Emax) with the fraction of the initial receptor

concentration remaining (q) approximates a nonlinear relation-

ship in the presence of extracellular Ca2�, whereas the relation-

ship approaches linearity in Ca2�-free buffer. The CEC pre-

treatment suppressed Ema. in a range of lower q values (below

0.4), compared with suppression obtained without CEC treat-

ment (Fig. 5A).

The abscissa in Fig. 5A has been transformed to a logarithmic

scale (Fig. 5B), following conversion to the percentage of recep-

tors not alkylated by phenoxybenzamine (q x 100). This trans-

formation has been shown to make hyperbolic and linear oc-

cupancy-response relationships parallel for the sake of compar-

ison (31, 34). From the resulting curves presented in Fig. 5B, it

is apparent that the difference in the relationships between

maximum contractile response and the percentage of receptors

remaining intact after phenoxybenzamine treatment (receptors

that are free to interact with agonists) is approximately 50-fold
more favorable for the CEC-insensitive a� -adrenceptor-me-

diated response than for the CEC-sensitive a1-adrenoceptor-

mediated response in this model.

‘251-BE binding sites of rabbit aorta. We first examined

the inactivation effect of CEC on the a1-adrenoceptor binding

sites. Following four times of repetitive treatment of rabbit

aortic rings with 10 jzM CEC (20 mm each) in normal Krebs’

solution, a condition which was the same as we used in the

contractile experiments, we observed that this treatment caused

a 73.2 ± 1.5% loss (n = 3) of ‘251-BE binding sites in saturation

experiments (Bmax 14.0 ± 0.90 fmol/mg of protein, n = 3, in

rabbit aorta unexposed to CEC versus 3.75 ± 0.45 fmol/mg of

protein, n = 3, after repetitive CEC treatment, p < 0.01).

Similarly, 10 �M CEC treatment of the membrane preparation

under hypotonic conditions (10 mM Na HEPES, pH 7.6) (11)

caused a 87.0 ± 9.2% loss (n = 3) of ‘251-BE binding sites (Bmai

= 16.9 ± 4.1 fmol/mg of protein, n = 3, in rabbit aorta

membrane preparations unexposed to CEC versus 2.2 ± 1.1

fmol/mg of protein, n = 3, after CEC treatment, p < 0.01). The

Kd values were 238 ± 77 pM (n = 3) in rabbit aorta membrane

preparations unexposed to CEC and 200 ± 29 pM (n = 3) after

treatment under hypotonic conditions.

Next we examined displacements of specific ‘25I-BE binding

by the competitive antagonists WB41O1, benoxathian, and 5-

methyl-urapidil; these agents had been reported to have differ-

ent affinities for a,-adrenoceptor subtypes (4, 8, 10, 13, 14).

The Hill coefficients for these drugs were 1.00 ± 0.11 (n = 5)

for WB41O1, 1.08 ± 0.10 (n = 3) for benoxathian, and 0.75 ±

0.07 (n = 3) for 5-methyl-urapidil, and LIGAND analysis of

the competition curves for these drugs showed no significant

difference between a one-site fit and a two-site fit. K, values

were calculated as 7.76 ± 1.60 nM (n 5) for WB41O1, 35.5 ±

19.3 nM (n = 3) for benoxathian, and 83.3 ± 5.40 nM (n = 3)

for 5-methyl-urapidil (Fig. 6). Additionally, the affinities of

prazosin and phentolamine for ‘21-BE binding sites were ex-

amined, because the ratio of phentolamine versus prazosin was

also useful in differentiating a,-adrenoceptor subtype (8). LI-

GAND analysis ofboth prazosin and phentolamine competition

curves showed no significant difference between a one-site fit

Fig. 5. A, Relationship between max-
imum contractile response and the
fraction of a1-adrenoceptors not al-
kylated by the irreversible a-adreno-
ceptor antagonist phenoxybenz-
amine. The results were determined
using the mathematical treatment of
Furchgott and Bursztyn (29), as de-
scribed in Experimental Procedures,
from the dose-response curves of
Fig. 4. Symbols represent values ob-
tamed in controls (0) and after CEC
pretreatment in the presence of Ca2�
(#{149})(Fig. 4A) and in the absence of
Ca2� (fJ) (Fig. 4B). B, The results
replotted from A as a function of the
logarithm of the percentage of a�-

adrenoceptors remaining intact [log
(q x 10O)J after treatment with
phenoxybenzamine.
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Fig. 6. Inhibition of specific ‘25l-BE binding by the competitive antagonists
WB41 01 (upper), benoxathian (middle), and 5-methyl-urapidil (lower) in
rabbit aorta membrane preparations. Specific receptor binding was de-
fined as binding displaced by 10 �M phentolamine. Data are plotted as
percentage of specific binding remaining in the presence of the indicated
concentrations (M) of antagonist. Each value is the mean of data from
five WB41 01 , three benoxathian, and three 5-methyl-urapidil experi-
ments, performed in duplicate.

and a two-site fit. The K, values were 1.2 ± 0.2 nM (n = 4) for

prazosin and 26 ± 5.3 nM (n = 4) for phentolamine.

Effect of a1-adrenoeeptor inactivation with CEC on

‘251BE binding, norepinephrine-stimulated IP forma-

tion, and phasic contraction. Because the CEC inactivation

condition we used in previous experiments (12) was found to

be incomplete, we reexamined the relationships between each
a1-adrenoceptor subtype and P1 hydrolysis in rabbit aorta,

using the four-time repetitive treatment (20 mm each) with

CEC. As summarized in Table 1, norepinephrine (10 MM) in

the presence of 2.5 mM extracellular Ca2� markedly stimulated

IP production (1860 ± 155 cpm/mg of protein). Following the

repetitive treatment with CEC (10 �zM), the basal level of IP

accumulation significantly (p < 0.05) increased; however, the

CEC treatment suppressed norepinephrine-stimulated IP ac-

cumulation (69% decrease) (Table 1). In the absence of extra-

TABLE 1

Eftects of CEC (10 �cM) pretreatment, nicardipine (1 MM)- and LaCI3
(5 mM)-containing Krebs-Henseleit solution, and removal of
extracellular Ca2� on norepinephrine (10 ��M)-induced accumulation
of P in rabbit aortas
Results are presented as the mean ± standard error of at least five different
experiments.

Treatment P productxn

cpm/rng olproteil7

Normal Krebs-Henseleit solution
None 126±17
Norepinephnne 1860 ± 155
CEC pretreatment 302 ± 32�
Norepinephrine + CEC pretreatment 579 ± 7V’

Nicardipine 141 ± 28
Norepinephrine + nicardipine 1797 ± 208
La3�-containing buffer 108 ± 18
Norepinephrine + La3�-containing buffer 420 ± 57”

Ca2�-free Krebs-Henseleit solution (contain-
ing 0.1 mM EGTA)

None 81 ± 8�
Norepinephnne 455 ± 65”
CEC pretreatment 85 ± 10
Norepinephnne + CEC pretreatment 85 ± 1 7C

. p < 0.05, compared with corresponding basal IP production of control in the

presence of extracellular Ca2’.
b ,� < oo�. compared with corresponding norepinephrine (1 0 ��M)-iflduCed P

production of control in the presence of extracellular Ca2’.
‘ p < 0.05, compared with corresponding norepinephnne (10 pM)-induced P

production of control in the absence of extraceliular Ca2’.

cellular Ca2�, norepinephrine-induced IP formation was mark-

edly reduced (76% decrease), and CEC (10 �sM) treatment

further reduced the remaining IP accumulation response (Table

1). The Ca2� entry required for IP production in rabbit aorta

was further characterized with organic (nicardipine) and inor-

ganic (La) Ca2’ entry blockers (Table 1). Treatment with

nicardipine (1 �zM) had little effect on norepinephrine-induced

IP accumulation. With 5 mM La present in the buffer, on the

other hand, norepinephrine-induced IP formation showed a

marked reduction (about 77%), which was similar to the reduc-

tion obtained in the absence of Ca2’. In addition, membrane

depolarization by KC1 (60 mM), which greatly stimulates Ca2�

influx-dependent contraction in rabbit aorta, produced no sig-

nificant generation of IP (data not shown).

We next examined the effect of CEC inactivation on both

‘2�I-BE binding and norepinephrine-stimulated IP formation

and compared them with the developed tension to norepineph-

rine in Ca2�-free buffer (Fig. 7). Maximum ‘25I-BE binding

capacity was progressively decreased by exposure to increasing
concentrations of CEC, reaching a minimal level of 1.8 ± 2.5%

at a CEC concentration of 100 �zM (n = 3). The CEC concen-

tration necessary to block half of the ‘251-BE sites is 3.6 ± 1.0

�zM (n = 3). To determine the effect of partial a, receptor

inactivation on norepinephrine-stimulated IP formation, cx-
periments were conducted both in the presence and in the

absence of extracellular Ca2’. Although norepinephrine-stimu-

lated IP production was greatly enhanced in the Ca2’-contain-

ing buffer, compared with that in the Ca2’-free buffer (Table

1), data normalized to percentage of maximum response showed

similar inhibitory responses of CEC both in the presence and

in the absence of extracellular Ca2�, with the IC5) values for

norepinephrine-stimulated IP production being 3.0 ± 1.2 MM

CEC (n = 5) and 3.7 ± 1.2 !LM CEC (n = 5) in the presence

and absence of extracellular Ca2’, respectively. Thus, in Fig. 7,
only the inhibitory effects of CEC obtained in the Ca2tfree
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Fig. 7. Effects of treatment of rabbit aorta with several concentrations
of CEC on maximal 1251-BE binding capacity (#{149})and maximal norepi-
nephrine-stimulated lP formation (0) and developed tension (0) in Ca2’-
free solution. Data are mean ± standard error of three 125l-BE binding,
five IP, or five contraction experiments.

buffer are shown. Moreover, fractional inactivation of a� recep-

tors with CEC showed equivalent increments in the reduction

of P1 hydrolysis and phasic contractile response (Fig. 7), sug-

gesting a close correlation between occupancy of “CEC-sensi-

tive” a, receptor sites and the fractional responses of P1 hy-

drolysis and phasic contractile response in rabbit aorta.

Schild regressions for WB41O1 and 5-methyl-urapi-

dii. Radioligand binding studies showed that the majority of

‘2�I-BE binding sites in rabbit aorta are CEC sensitive and have

a low affinity for WB41O1 and 5-methyl-urapidil; however,

their receptor reserves were found to be markedly smaller than

that of a small population of CEC-insensitive receptors. In an

effort to assess the relative contribution of these parameters

(receptor number and receptor reserve for each receptor site)

in determining the pharmacological potencies of the competi-

tive antagonists WB41O1 and 5-methyl urapidil in final phys-

iological responsiveness, we have examined the Schild regres-

sions of the two antagonists.

The Schild regressions for WB41O1 and 5-methyl-urapidil

against methoxamine had slopes not significantly different

from unity (0.95 ± 0.01, n 5, for WB41O1 and 0.93 ± 0.07, n

= 3, for 5-methyl-urapidil) (Fig. 8A). The pA2 values deter-

mined were 9.07 ± 0.07 (n = 5) for WB41O1 and 9.09±0.05 (n

= 5) for 5-methyl-urapidil. However, the Schild plots for these

antagonists against norepinephrine had slopes significantly (p

< 0.05) different from unity (0.90 ± 0.04, n = 5 for WB41O1

and 0.53 ± 0.12, n = 3, for 5-methyl-urapidil) (Fig. 8A), sug-

gesting that there is not a simple competitive antagonism of

norepinephrine by WB41O1 or by 5-methyl-urapidil at a single

site (35). We further analyzed the Schild plots for norepineph-

rine-WB41O1 and norepinephrine-5-methyl-urapidil competi-

tions by the computer-assisted simulation. The theoretical

Schild plots for two receptor subtypes are shown in Fig. 8B.

They were computer simulated by assuming the specific param-

eters explained in Appendix. Varying the proportion of “low

affinity” receptors, we found that the Schild plots experimen-

tally obtained for norepinephrine-WB41O1 or norepinephrine-

5-methyl-urapidil competitions were best fitted to the curves

simulated as a combination of approximately 10-20% high

affinity sites and 80-90% low affinity sites.

Discussion

Using pharmacological tools, we have examined the possible

heterogeneity in the a,-adrenoceptor populations in rabbit

aorta. Treatment with the a,1� receptor-selective alkylating

agent CEC attenuated the phasic component of norepineph-

rine-induced contractile response more selectively than the

tonic one. Radioligand studies indicated that rabbit aorta con-

tains predominantly (73-87%) CEC-sensitive, low affinity sites

for WB41O1 and 5-methyl-urapidil (a,,, receptors) and a small

population of CEC-insensitive sites (a,,, receptors); however, a

minor population of a. receptors rather than s,�, receptors are

functionally important because of their large receptor reserve.

Also, a,-adrenoceptor-mediated P1 hydrolysis was CEC sensi-

tive, and fractional inactivation a, receptors with CEC shows

that both P1 hydrolysis and phasic contractile responses are

linearly related to the CEC-sensitive a, receptor sites. The data

suggest that two pharmacologically distinct a,-adrenoceptor

subtypes coexist in rabbit aorta and that each subtype has a
distinctive physiological role in producing contractile responses

through different biochemical mechanisms for increasing

[Ca2�]e.

a,-Adrenoceptors mediating phasic and tonic contractile re-
sponses are different not only in their pharmacological prop-

erties but also in their receptor reserves. Using the phenoxy-

benzamine inactivation methods in combination with CEC

treatment, we found that the a, receptor occupancy-response

relationship was markedly different for the a,h receptor-me-

diated phasic response and the a18 receptor-mediated tonic

response. The relationship was hyperbolic for the tJa receptor-

mediated tonic response, whereas it was linear for the alb

receptor-mediated phasic response. The markedly nonlinear

relationship between these parameters indicates a sizable pool

of “spare” receptors, whereas the linear relationship suggests

an absence of a receptor reserve in activating the cellular

response (30, 31). Although comparison ofhyperbolic and linear

occupancy-response curves is difficult, a common transforma-

tion used to make such relationships parallel for comparative

purposes is to plot response against fractional (or percentage)
receptor occupancy on a logarithmic scale (27, 31, 36). From

this transformation (Fig. 5B), it is apparent that in rabbit aorta

the occupancy-response relationship for the a,a-adrenoceptor-

mediated tonic contractile effect of norepinephrine is at least

50-fold more favorable than that for the �s,h-adrenoceptor-

mediated phasic contractile effect of norepinephrine. Similar

results have been previously obtained in rat aorta using 45Ca2�

(37), although the experimental evidence indicates that the

efficacy of coupling between a,-adrenoceptor activation and

the influx of extracellular Ca2’ is only 3-5-fold greater than

that for the release of intracellular Ca2� in this tissue.

Previously, Morrow and Creese and colleagues (4, 8) had

reported that 4�s,-adrenergic receptor binding sites in rat brain

could be subdivided into two classes based on their affinities

for the competitive antagonist WB41O1, as well as the ratio for

pharmacological potency of phentolamine versus prazosin; the

ratio at ala binding sites is approximately 4, whereas the same

ratio at alh binding sites is approximately 80. Previous work

reported that the ratio of phentolamine versus prazosin for

contraction of rabbit aorta was 6.5 (38), and the present data

showed that the pA2 value of 9.07 for WB41O1 in inhibiting

methoxamine-induced contraction in rabbit aorta was close to
that previously reported for high affinity binding sites of
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Fig. 8. A, Schild plots for the
antagonists WB41 01 (upper)
and 5-methyl-urapidil (lower)
against methoxamine (Li) and
norepinephrine (#{149})in rabbit
aorta. Points and bars, mean ±

standard error of five WB41 01
independent experiments and
three 5-methyl-urapidil inde-

pendent experiments. ‘, p <

0.05, compared with corre-
sponding values obtained us-
ing methoxamine as an ago-
fist. B, Computer-simulated
theoretical Schild plots for
WB41 01 (upper) and 5-methyl-
urapidil (lower) against norepi-
nephnne at various proportions
of alb-adrenoceptors. Using
the receptor occupancy-re-
sponse relationship obtained
for s1, and ��1b receptors (Fig.
5), theoretical Schild plots were
constructed as described in
Appendix. Data experimentally
obtained (#{149})are also shown.

WB41O1 (10), indicating that as,, receptors are present in rabbit

aorta. In contrast to these functional results, radioligand bind-

ing studies showed that the displacement curve for WB41O1

was best fitted by a single-site model with an affinity of 7.76

nM, which value corresponded well to that previously reported

for low affinity sites (2.3-8.3 nM) (10). Also, our previous (24)

and present characterization of a, receptor binding sites with

‘251-BE in rabbit aorta provides a ratio for pharmacological

potency of phentolamine versus prazosin of 22-39, suggesting

that #{163}�1breceptors are preponderant in membrane preparations

of rabbit aorta. Hence, there was an apparent disparity in

pharmacological potency of WB41O1 between functional and

binding experiments. Such a discrepancy, however, can be
explained in part when the receptor reserves for each receptor

subtype are taken into account. Because the receptor reserves

of a1 receptors are markedly greater than those of � receptors,

the pharmacological potencies of antagonists in final functional

responsiveness can be mainly determined by aia receptors,

although their population is small in radioligand binding ex-

periments that detect only recognition properties. We, thus,

examined the effects of these parameters (receptor number and

receptor reserve) for each receptor site on the pharmacological

potencies ofthe competitive antagonist WB41O1 in a functional

study, by computer-assisted simulation of the Schild regression.

Computer-assisted analysis of the experimentally obtained

nonlinear Schild plots for WB41O1 and 5-methyl-urapidil

against norepinephrine was found to be best fitted when the

a1-adrenoceptor populations responsible for the contraction of

rabbit aorta are predominantly lower affinity sites for WB41O1

and for 5-methyl-urapidil and a small population are high

affinity sites for the two agents. The observation was appar-

ently in good agreement with binding results. However, the

results from theoretical Schild plots cannot be simply compared

with the binding results. Effects of several important variables

that determine theoretical Schild regressions should be criti-

cally assessed to evaluate the computer simulation. For exam-

ple, the receptor occupancy-response relationship for the a,.

receptor subtype was experimentally determined by assuming
that 10 MM CEC-pretreated rabbit aorta was behaving as a pure

aia-adrenoceptor system. This assumption, however, clearly

contradicts the experimental finding that the sum of Em,. for

tonic and phasic response is greater than the total response

actually obtained (Fig. 5). In order to be consistent with the

assumption that the total effects of the two receptor types on

response are simply additive, we defined the Ema, value for a,,

receptor-mediated tonic response as the value that subtracted

the Em,�. of the phasic response from the total Er,,,. Obviously,

it is possible that the total response is a more complex function

of the two receptor-mediated processes rather than a simple

addition as we assumed, and this type of assumption would

have had an effect that underestimates the proportion of a,�,

receptors.

Two pharmacologically distinct a,-adrenoceptor subtypes in

rabbit aorta appear to utilize different signal transduction

mechanisms. As indicated in the Introduction, Han et al. (10)

have recently extended the subclassification by incorporating

functional responses at the second messenger level; the a,�,

subtype stimulates P1 hydrolysis and causes physiological re-

sponses that are independent of extracellular Ca2’, whereas a,,

receptors cause physiological responses by stimulating the in-

flux of extracellular Ca2t In good agreement with their pro-

posal, we found that each a, adrenoceptor subtype in rabbit

aorta was linked to different mechanisms for increasing ICa2’l,

in developing contractile responses (Fig. 9). ab-Adrenoceptor
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ther work on regulation and interactions ofthese a,-adrenocep-

tor subtypes in a variety ofphysiological and pathophysiological

conditions should provide valuable insights concerning the a,-

adrenoceptor-mediated physiological consequences in smooth

muscle.
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Fig. 9. Schematic diagram to illustrate two different Ca2’ signal trans-
duction pathways linked to a1-adrenoceptor subtypes in norepinephrine-
stimulated contraction of rabbit aorta. See text for details. DAG, 1,2-
diacylglycerol; 1P3, inositol 1 ,4,5-trisphosphate; ER, endoplasmic reticu-
lum; G� and G, guanine nucleotide-binding protein.

activation causes P1 hydrolysis and subsequently releases Ca2’

from intracellular stores, which is responsible for phasic con-

traction. a,,-Adrenoceptor activation, on the other hand, causes

Ca2� influx, which is responsible for tonic contraction. More-

over, it is notable that a,,)-adrenoceptor-mediated P1 hydrolysis

in rabbit aorta can be facilitated by this a,,, receptor-mediated

Ca2’ entry. The existence of such a link between the phospho-

lipase C pathway and Ca2’ channels was inferred by Blakeley

et al. (39) in the guinea pig ileum. The inhibitory effects of

removal of extracellular Ca2’ on P1 turnover in rabbit aorta

may be a result of phospholipase C activation being dependent

on Ca2’ (40, 41). The facilitation of P1 hydrolysis by Ca2’ entry

may work as a signal amplification mechanism and has a

potential role in interrelating the Ca2’ signalling pathway cou-

pled to each receptor subtype. Therefore, in rabbit aorta, which
contains both receptor subtypes, the final physiological re-

sponse of a, receptor-mediated contraction is caused by the

[Ca2�]� increase due to both a,, receptor-mediated Ca2’ entry

from extracellular fluid and a,�, receptor-mediated Ca2� release
from intracellular stores, with intracellular communication be-

tween the two pathways at the second messenger level. Also, a

potentially important role for diacylglycerol, another putative

second messenger generated in P1 turnover that activates the

ubiquitous protein kinase C (42), in each cv,-adrenoceptor sub-

type-mediated vasoconstrictive response is of great interest.

Further studies to clarify these important questions are pres-

ently under investigation.

In conclusion, the present studies have shown that rabbit

aorta contains two pharmacologically distinct a,-adrenoceptor

subtypes. Each a,-adrenoceptor subtype couples with different

signal transduction mechanisms of Ca2� utilization, with a

markedly different receptor reserve, and plays a differential

role in the contractile response to norepinephrine. Our studies

illustrate an approach of general applicability to resolving some

of the complexities in characterizing the individual receptor

subtypes with the relevant physiological response in tissues

containing heterologous populations of receptor subtypes. Fur-

Appendix: Analysis of Schiid Regressions in a
Two-Receptor System

For any given agonist concentration [A ] in the presence of

the reversible antagonist concentration [1], the receptor occu-

pancy y is derived from the mass-action relationship (22, 43,

44):

IA1

where KA �5 the dissociation constant of the agonist-receptor

complex and K, represents that of the antagonist-receptor

complex. The pharmacological response produced to the biolog-

ical stimulus, S, generated by the agonist-receptor interaction,

is proportional to receptor occupancy and is defined by:

S = t[Rjy (2)

where t is the intrinsic efficacy of the agonist (30) and [R,] is

the total receptor concentration. The final response, E, is often

a logistic function of the biological stimulus, as shown by

Kenakin (45):

E = Emaxf(S) (3)

where I is the function of the biological stimulus-response

relationship and Em,. �5 the maximum response (or capacity)

of the tissue (or process). Eq. 3 defines the response mediated

by any single process.

In a one-receptor system, experimental determination of the

agonist concentration [A ‘ I that produces a selected response

in the absence of antagonist and the concentration [A ] that

produces the same degree of response in the presence of antag-

onist concentration [I], therefore, establishes, by way of Eqs.
1, 2, and 3, the identity:

E ‘ ( tR�4A ‘I \ _ E ,1( eR�{A] (4)maxJ �[A’J + KA) ma \[A] + KA(1 + [IJ/K,)

Rearrangement of Eq. 4 and conversion into logarithms, using

r to denote [A J/[A ‘J’ yields the following expression (22, 30):

log(r - 1) = log [I] - log K, (5)

By performing such an experiment with various concentrations

of antagonist, data can be obtained for a plot of log [I] as

abscissa and log (r - 1) as ordinate, the “Schild plot” (46).

Inspection of Eq. 5 shows the result is a straight line with a

slope of 1 and a y intercept of -log K, (pA2 value).

In analyzing the Schild plot in a two-receptor system, we

have assumed that the total response E� in a two-receptor

system is the sum of the responses for the two independent

receptor subtype-mediated processes (47), such that:
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Subscripts 1 and 2 have been added to distinguish the two

receptor types. In this equation E1 is that component of the

response mediated by the receptor subtype 1 and E2 is that

component dependent upon the other subtype, subtype 2. Then,

E� is defined by:

E - E � e,[R,1J[AJT - max/i �[A] + KA,(1 + [I]/K,,)

E �‘___________________+ max�f2 �[A} + KA2(1 + [I]/K,2)

The theoretical Schild plots for two receptor subtypes were

computer-simulated by assuming the specific parameters for

Eq. 7 as follows.

1) In this equation, we assume that e� = e2 = 1.0, and the

combined total receptor concentration was arbitrarily defined

as unity (Re, + R�2) 1.0.

2) The dissociation constants used in the calculations

(KA,, KA2) and each f was determined from the phenoxybenz-

amine and CEC inactivation experiments (Figs. 4 and 5). The

KA values for two receptor subtypes were 1.45 ILM and 0.32 MM,

respectively. In order to define f mathematically, we arbitrarily

adopted a function f such that f(q) = 100(1 - e”�). This

equation has no theoretical implications but was selected be-

cause it simulates the occupancy-response curves of a1 receptors

in blood vessels (27, 34, 48). The “logistic function” used by

Furchgott (30) and Kenakin (45) could be substituted with

qualitatively similar results. Nonlinear regression analyses de-

fined f(q) = 100(1 - e#{176}’�”7�) after CEC pretreatment in the

presence of extracellular Ca2’�, which may reflect the function

of the “CEC-insensitive” a1, subtype, and the correlation coef-

ficient of the curve is 0.83 The correlation in the absence of

Ca2�, which may reflect the function of the � subtype, ap-

proximated a unitary relationship. The correlation has a slope

of 1.02[f(q) = 102q + 21.4] and a correlation coefficient of 0.93,

where q reflects the receptor occupancy and f(q) the contractile

response.

3) In order to the consistent with the assumption that the

total effects of the two receptor types on response are simply

additive, we defined the Em,, value for the a1, receptor-mediated

tonic response as the value that subtracted the developed

tension obtained during the sustained phase of the phasic

response from the total Emax.

4) The pK, values of high affinity sites and low affinity sites

for WB41O1 and for 5-methyl-urapidil were assumed to be 9.1

and 8.1 (for WB41O1) and 9.1 and 7.1 (for 5-methyl-urapidil),

respectively. These values approximate data obtained experi-

mentally; the values of high affinity sites were obtained from

Schild plots for methoxamine-WB41O1 competition and for

methoxamine-5-methyl-urapidil competition, and those of low

affinity sites were obtained from displacement of specific 125I�

BE binding sites.

Substituting these parameters in Eq. 7, we performed the

computer simulation of dose-response curves in the presence

of various concentrations of WB41O1 and 5-methyl-urapidil

and determined each EC50 value to obtain the relationship

between the agonist concentration [A ‘] that produces a selected

response in the absence of antagonist and the concentration

[A ] that produces the same degree of response in the presence

of antagonist. Using r to denote [A ]/[A ‘J, the relation between

log (r - 1) and [I] was plotted. Then the effects on Schild plots

of varying the ratio of R,,/(R,, + R,2) were investigated. Details

and limitations of this analysis were previously described by

Milnor (48).
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