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Introduction

a~Adrenoceptor and vasopressin receptor subclassification
Development and current state

Historical background of w-adrenoceptor
classification
1t is well established that noradrenaling, relcased
in response to sympathetic stimulation, as well as
adrenaline, the hormone released from the adrenal
medulla, interact with specific receptors
{adrenoceptors) that arc located in the membrane
of the vascular smooth muscie cells. Ahlquist [1]
proposed a division of adrenoceptors into o- and
B-adrenoceptors, on the basis of different agonist
potency orders in vascular smooth muscle
preparations. The o-adrenoceptor mediated
vasoconstriction and the 3-adrenoceptor mediated
vasodilation, This subdivision in o and B3, was
subsequently supported by the development of
selective - and ¢-adrenoceptor antagonists [2].
During the 1970°s it became clear that there
were subtypes of the c-adrenoceptor. At first the
c-adrenoceptors were subclassified on an
anatomical  basis  into  prejunctional
o,-adrenoceptors and postjunctional
o,-adrenoceptors [3]. Berthelsen & Pettinger [4]
noted that this anatomical classification was not
completely satisfactory and suggested to reclassify
ct-adrenoceptors on a functional basis. According
to this scheme o,-adrenoceptors mediated
inhibitory responses (like inhibition of the release
of neurotransmitter and renin etc.), whereas
a,-adrenoceptors mediate excitatory responses
(like the vasoconstriction). However, shortly
thereafter it became clear that in some vascular
preparations not only ¢,- but also o,-adrenoceptors
caused vasoconstriction {5-7]. From that time a
classification scheme of «-adrenoceptors into
and o, evolved that is neither anatomical nor
functional, but is based on the relative potency of
sclective agonists and antagonists [8]. Examples
of selective oj-adrenoceptor agonists are
phenylephrine, methoxamine and cirazoline, while
UK 14,304, BHT 920 and clonidine behave as
selective o,-adrenocepior agonists, In the case of

antagonists, prazosin is regarded as o, -selective and
rauwolscine and yohimbine as o,-selective,
Noradrenaline and phentolamine are examples of
a relatively nonselective o-adrenoceptor agonist
and antagonist, respectively,

Because of the differences in the receptors
it has been suggested that a classification of
adrenoceptors into three groups: o, o, and B is
more appropriate that the historical division into
two (o and B} classes [8]. The rationale behind
this reasoning is threefold. First, differences in
affinities of selective compounds for these three
classes are large (3 to 4 orders of magnitude).
Second, the amino acid sequences are more
consistent with three rather than two major types.
Third, the three classes couple to different second
messenger systems. f-Adrenoceptor subtypes,
stimulate adenylyl cyclase resulting in the
genteration of cAMP, « -adrenoceptors are believed
to stimulate the phosphoinositide metabolism and
a,-adrenoceptors inhibit adenylyl cyclase and
decrease cAMP levels [9].

The evolution of  «,-adrenoceptor
subclassification since the early 80's

(see Figure | for historical milestones)

At present radioligand binding and molecular
cloning studies identified four different
o ,-adrenoceptor subtypes (¢, ,, O, e and o)
(see [8, 10]). However, it is currently believed that
the u,,-adrenoceptor represents a species variant
of the human «,,-adrenoceptor {8, 11].

The subclassification of «,-adrenoceptors by
radioligand binding aud molecular cloning has
occurred in a quite complementary fashion (see
Figure | for the historical milestones). However,
this has not yet resulted in a classification of
o -adrenoceptors, with functional identified
subtypes studies being fully in congruence with
the outcomes from radioligand binding and
molecular cloning studies (see [8]).
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Radioligand binding and molecular
cloning studies, In radioligand binding studies the
first suggestion for receptor heterogeneity came
from studies performed by Battaglia e al. [12], who
reported shallow competition curves of
[*H]prazosin binding in rat cerebral cortex for both
phentolamine and WB-4101, Further studies by
Morrow and co-workers [13, 14] confinned and
extended these findings and concluded that
[*Hlprazosin labelled two o -adrenoceptor
subpopulations. Subsequently, these authors
designated the binding site with high affinity for
WB-4101 and phentolamine as o and the binding
site with lower affinity as e, (Table 1}. The
existence of two receptor subtypes was further
substantiated by the identification of various other
ligands, like 5-methyl-urapidil and (+}-niguldipine,
which also discriminated between the two subtypes
displaying higher affinity for the ¢ ,-adrenoceptor
{Table 1; see [8, 15, 16]). Interpretation of the
results obtained with receptor alkylating
compounds like chloroethylclonidine {CEC),
phenoxybenzamine (PBZ) and benextramine also
identified two ¢f,-adrenoceptor subtypes. Johnson
& Minneman [17] demonstrated that CEC, only
partially inactivated the «,-adrenoceptor
population, whereas PBZ and benextramine
eliminated the complete population. Subsequently,
Han ef al. [18] examined the effects of CEC
various fissues and suggested the existence of
CEC-sensitive and a CEC-insensitive
o ~adrenoceptor subtype, Further experiments by
Minneman’s group demonstrated that the
CEC-insensitive and the CEC-sensitive
corresponded with the subtypes designated ¢ty and
o, respectively, by Morrow and co-workers [9,
19].

The first cloned receptor subtype was
isolated from a hamster vas deference cell line [20].
Using the classification tools that were identifted
in radioligand binding studies, this receptor was
designated as o5, because of its low affinity for
WB-4101 and phentolamine and its sensitivity for
inactivation by CEC (Tabie 1; {20, 217). A second
cDNA clone coding for a novel a-adrenoceptor
subtype was isolated from bovine brain [22, 23]
was designated o, since this novel subtype

i0

displayed propertiecs of both «,, and
o, q-adrenoceptors. This subtype was
CEC-sensitive {o,) vet displayed antagonist
binding properties characteristic of «,, (high
affinity for WB-4101 and phentolamine).
Initially, a third receptor, isolated from rat
cerebral cortex by Lomasney ef al. [21], was
believed to correspond to the pharmacologically
defined o, -adrenoceptor, because of its high
affinity for WB-4101 and relative resistance to
inactivation by CEC. Shortly after this finding was
published, Perez and co-workers {24] reporied the
isolation of a nearly identical clone. However,
upon pharmacelogical characterisation these
authors concluded that the receptor displayed a
unique profile (CEC-sensitive) that was not in
agreement with that of the ¢t .-adrenoceptor. Perez
ef al. [24] argued that a sequencing error in the
cloned o -adrenoceptor by Lomasney ef al. [21]
accounted for the small sequence dissimilarity
between the studies, Furthermare, the incongruity
concerning CEC sensitivity could be explained by
a difference in concentration and time of exposure.
Consequently, Perez and colleagues proposed the
existence of a fourth o, -adrenoceptor subtype,
which they designated o,, [24]. This
o p-adrenoceptor subtype displayed high affinity
for WB-4101, was inactivated by CEC and
displayed low affinity for phentolamine,
S-methylurapidil  and  (+)-niguldipine.
Subsequently, Schwinn & Lomasncy [25]
suggested that the cloned a,,- and o, ,-Teceptor
were identical and introduced the rather confusing
designation of u, , y-adrenoceptor to distinguish it
from the pharmacologically defined o, ,-adreno-
ceptor.  They suggested the existence of four
o-adrenoceptors (o, o/t Oo/®e Tl

Figure 1. Historical milestones in the search for
a classification of «,—adrenoceptor sublypes.
Results from radiofigand binding studies (right
column), functional studies (middle) and
molecular cloning studies (left column) are
displayed in paralfel.

Abbreviations: AA: amino acid, Aff.; affinily, AR:
adrenoceptor
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Table 1 Binding .
affinities of some antagonist | human bovine rat human hamster rat |hamster rat
“important” tamsuosin | 104 10.3 91 89 99 97
antagonists for the
cloned prazosin 9.6 96 95| 98 99 97| 97 9.7
c,-adrenocepior
subfypes. Data are WB-4101 94 96 90| 83 8.3 77| 9.0 9.2
means (n=1-11) of 5Mu 8.7 88 84 7.1 69 69| 76 75
affinities reported
elsowhere (2124 2.3+ BMY 7378 6.5 74 8.6
>7e5 6091, The Bold iguldipi 87 1 83| 69
font indicates the Niguldipine . 9. . . 72 78| 65 6.9
sublype selectivity of  RS-17053 9.0 9.5 7.3 71 78
the antagonist Rec152739 | 91 90 76 73 84 76

fndoramin 8.4 8.2 7.7 6.9 70 73

anticipating on the official nomenclature of
o-adrenoceptors [26], which refers to cloned
subtypes by lower-case letters, whereas the
upper-case letters refer to subtypes present in
tissues. At about the same time, though in
radioligand-binding studies, several groups
produced evidence for a tissue correlate ofthe ot
p-adrenoceptor. Hiramatsu ef al. [27] and
Geng-Sheng ef al. [28] reported that within
WB4101-high affinity receptor population,
obtained after ftreatment with CEC,
S-methylurapidil could diseriminate between two
o -adrenoceptor binding sites in rat heart and lung.
Both groups proposed the existence of a new
CEC-insensitive o-adrenoceptor subtype different
from o, with low affinity for S-methylurapidil and
high affinity for WB-410t.

Various groups [29-33] then showed that
the pharmacological profile of the cloned
o ~adrenoceptor corresponds to that of the
phatmacologically-defined o, ,-subtype, which
could suggest that o,-adrenoceptors can be
satisfactorily classified into three subtypes (o, oyg
and o p)- In the current classification the
confusing o, 4p-adrenoceptor designation was
reclassified as o, ,-adrenoceptor [26].

Functionel studies. In sharp contrast to the
radioligand binding and molccular cloning studies
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where prazosin became established as a non-
selective antagonist, early functional studies with
antagonists have resulted in a classification that is
mainly based on the selectivity of prazosin. Helck
et al. [34] reported that within the same tissue, the
rabbit main pulmonary artery, prazosin displayed
a ten-fold higher affinity against clonidine
{pA, = 9.4) than against methoxamine (pA, = 8.4).
In this tissue, a similar difference was found for
yohimbine. In the same year, Digges & Summers
[35] showed that prazosin displayed a similar
difference in inhibiting the noradrenaline-mediated
response of rat aorta (pA,=9.4) and that of rat
portal vein {pA, = 8.4). Interestingly, in this case
yohimbine did not display the same discriminatory
potency. Upon a review of the available data,
several authors independently noted a wide
variation in affinity for prazosin and yohimbine in
functional studies on different tissues [36-39].
These observations led Flavahan & Vanhoutte [38]
to propose the existence of two distinct
c,-adrenoceptors: an o -receptor which displays
high affinity for prazosin and yohimbine and is
preferentially stimulated by cionidine, while the
o, -receptor has low affinity for prazosin and
yohimbine and is preferentially stimulated by
methoxamine. More recently, Muramatsu ef al.
[407 extended this subclassification based on
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Official nomenclature unofficial Table 2
. Overall scheme of the
compound @ gaa Lywe %igp Uy Uiy proposed
a-adrenoceptor
prazosin high high high low fow stblypes 1284043,
' The oy ~sublype is
WRB-4101 high low low low printed in jtalics to
indicate that it is not
HV723 | mediumiow  low low  high  Widely recognised.
competitive) 5 ., bmy 7378 HV723
antagonist

functional studics in different vascular preparations
with five o,-adrenoceptor antagonists. On the basis
of the pKy valucs for prazosin and yohimbine, the
o -adrenoceptor population could be classified mto
three subtypes, o, o, or c«;y. The
o ~adrenoceptor population defined by Flavahan
& Vanhoutte {38] was subdivided on the basis of
the observed affinities for yohimbine and the new
o -adrenoceptor antagonist, HV723. In summary,
the o-adrenoceptor displays a high affinity for
prazosin, the « -adrenoceptor displays a low
affinity for prazosin and yohimbine, whereas the
o y-adrenoceptor also displays a low affinity for
prazosin, a relatively high affinity for yohimbine
and, in addition, a high affinity for HV723.
Subsequently, in an attempt to harmonise these
functionally recognised subtypes with the
classification proposed from radioligand studies at
that time, Muramatsu and co-workers proposed a
scheme (Table 2} which recognises four
o ~adrencceptors based on the affinities for
prazosin, WB-4101 and HV723, with o, further
divided into o), and o5 [41, 42]. More recently,
Ford and co-workers {43] suggested a similar
subclassification, however, these authors did not
include the «,-adrenoceptor in their scheme
{Table 2).

Current classification

In attempt to obtain consensus on the nomenclature
of u,-adrenoceptors, Ford and co-workers [43]
proposed a subclassifteation in receptors displaying
high (pKy>9: «y) and low affinity for prazosin

(pPKp<9: ¢y, ). The o -adrenoceptor was suggested
to be equivalent to the o,-adrenoceptor and the
o p-adrenoceptor replaces the confusing o,
designation. The cloned receptor subtypes {(«,,,
Oy, Op) Were classified in the o), class. Shortly
afterwards, this classification was largely adopted
by IUPHAR subcommittee on nomenclature for
adrenoceptors [26]. The &,,-(=¢,c), 0~ and o -
{(previously called o, or ¢,,) adrenoceptors are
now officially recognised as subtypes (Table 2},
Because molecular cloning and radioligand binding
data on « -adrenoceptors is facking this
adrenoceptor was not designated as a separate
subtype.

Initially, Hieble and colleagues [26]
identified S-methylurapidil as a selective
,,-adrenoceptor antagonist and BMY 7378 as a
selective «,-adrenoceptor antagonist, Later,
RS-17053, RS-100329, Ro 70-004 and KMD-3213
were also identified as selective o, ,-adrenoceptor
antagonists [44-46]. The binding affinities for
various o -adrenoceptor subtypes of several widely
used and important antagonists are presented in
Table 1. Interestingly, until now a traly sclective
o,p-adrenoceptor antagonist could not be
identified. Although the preferential susceptibility
to irreversible inactivation by CEC has been used
to subclassify o z-adrenoceptors, the jack of a
selective competitive antagonist has impeded a
precise quantitative characterisation of
o,p-adrenoceptors.  Initiailly, radioligand binding
experiments suggested that spiperone [29, 47} and
risperidone [43, 48] might be competitive, selective
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ct,y-adrenoceptor antagonists. However, functional
studies in rat, guinea pig and mouse spleen
(functional o -adrenoceptor tissues) were not able
to confirm this [49, 50]. In Chapfer 4 we
investigated the functional pharmacolical profile
of (+)-¢yclazosin a compound that behaved as an
o g-adrenoceptor sclective antagonist in
radioligand binding assays [51].

The a,,- I, - adrenoceptor controversy
In accordance with the cloned receptors, binding
affinities at native o,-adrenoceptor subtypes
yiclded high affinities for prazosin; pK;=9.9-10.1
for ¢, on rat submaxillary gland {44, 52, 53], pK|
= [0.1-10.2 for .y at rat liver [44, 54] and pK, =
9.8 at ¢, rat aorta [55]. Moreover, functional
experiments in rat aorta and rat spleen, functional
ot p- and ¢y, -tissues [26], consistently yielded high
affinity estimates for prazosin: pA, values were
9.4-10.0 and 9.1-10.0 for rat aorta [35, 40, 52, 54,
56, 571 and rat spleen [49, 52, 57, 58] respectively.
The controversy over the existence of an
o,-adrenoceptor subtype, which displays low
affinity values for prazosin, now appears to focus
on tissues that were initially characterised as
functional o, 4-tissues like for example: rat
mesenteric resistance vasculature [43], rat vas
deferens [8, 43], rat portal vein [35, 59, 60] and
hwman lower urinary ftract (see [61]). The
o-adrenoceptor mediated functional response of
rat vas deferens is well studied. There is, however,
no agreement on the antagonising potency of
prazosin. Ohmura ef al. {42} demonstrated high
and low affinity binding sites for prazosin in the
prostatic as well as the epidydimal portion of the
rat vas deferens. Low affinity values for prazosin
{pK,=8.2-8.6) in both portions demonstrated that
o, -adrenoceptors dominate the functional
response [42, 54, 57]. However, other groups
suggested that the contraction of rat vas deferens
is mediated by o, -adrenoceptors displaying high
affinity for prazosin (pA,=9.2-9.3; {6, 49, 58, 62,
63]1. The pA, values of several antagonists
correlated best with affinities on o, clones, the
response was not affected by CEC, and was
antagonised by BMY 7378 with low affinity (pA,
= §.7), thereby excluding ¢, and ¢,-adrenocepior
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involvement {49, 62]. Interestingly, the more
recently developed selective o, ,-adrenoceptor
antagonist, RS-17053, recogniscs the previously
defined o, ,-adrenoceptor (by the same group} in
the prostatic and epididymal vas deferens with
different affinities (pK, = 8.3 and 9.3, respectively;
[64, 65]). The low affinity cstimate of 8.3 is in
accordance with the affinity of RS-17053 that we
estimated in the rat small mesenteric artery (SMA,
Chapter 2){66], another i, 4~/ -fissue (see below).
Similarly, in independent studies, o, -adrenoceptors
with low affinity (pA,=8.4/8.5; [35, 57]) as well
as high affinity (pA;=9.2; [59, 64]) for prazosin
were suggested to mediate the contraction of rat
portal vein. The ¢,-adrenoceptor of rat portal vein,
however, displayed 2 250 times lower potency for
RS-17033 {(pK; = 7.15[59]) than rat vas deferens.
Interestingly, this low affinity of RS-17053 is
similar to the antagonising potency that was found
in human lower urinary tract and prostate (pA,=7.3
and 7.1 [44, 647}, which is another representative
of a tissue where o, - as well as o, ~adrenoceptor
have been implied to mediate the contraction (see

[67.

Rat mesenteric resistance vasculature:

Clyp OF Clyg

Although the rat isolated perfused mesentery was
defined as a functional o, ,-adrenoceptor tissue
displaying high affinity for prazosin (pA,=9.3;[43,
68]), McPherson et al. [69] also estimated a low
affinity for prazosin (pA,=8.52) in this assay. Since
small mesenteric arteries (SMAs; intermnal diameter
100-300 pm) are believed to contribute
substantially to vascular resistance in rat [70-72],
isolated SMA assays have been used widely as
models of resistance vessels [70]. Hogestatt &
Andersson [73] and Nielsen & Mulvany [70]
demonstrated that prazosin antagonises
noradrenaline-mediated contractions of rat SMAs
with high affinity {pA,=9.58-9.84 and 9.23,
respectively), Accordingly, it has been suggested
that o ,-adrenoceptors predominantly mediate
noradrenaline-induced contraction of rat SMA [74,
75]. However, Schild analysis demonstrated
complex anlagonism by prazosin with its potency
(pA,) ranging from 8.8 to 9.6 and, therefore,
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additional involvement of u,, -adrenoceptors was
suggested {74]. Van der Graaf ef ol [76] found
that despite significant correlation of antagonist
affinity values with pK; values at the cloned
,,~adrenoceptor, the pA, value of prazosin in rat
SMA (8.5) was more consistent with the profile of
the pharmacologically-defined v, ~subtype [38, 43,
76, 77). The affinity of RS-17053 in rat SMA
(pKp=8.4; Chapter 2; [66]) was 35-fold lower than
that reported by Ford et al. for antagonising pressor
responses to noradrenaline in the perfused
mesentery (pKy=9.9; [44]); the latter being in
agreement with functional affinity estimates for
o, ,-adrenoceptors in rat perfused kidney (pA,=9.8;
[44]) and rat vas deferens (pA,=9.5; [64]).
Therefore, it appears that o, -adrenoceptors
mediate the pressor response in rat perfused
meseniery, whereas noradrenaline-induced
contraction in raf isolated SMA is mediated by a
different type of ¢ -adrenoceptor, possibly o,.

Emerging picture

The different affinities in functional « -/
o, -adrenoceptor mediated responses indicate that
RS-17053 can discriminate at |cast three
o, -adrenoceptor subtypes in the rat. A high
affinity estimate was demonstrated in epididymal
rat vas deferens {pKy = 9.5; {64]), rat perfused
mesentery (pA, =9.9; [44]) and rat perfused kidney
(pA,=9.9; [44]). Interestingly, this high affinity
is similar to binding affinity of the o, -clone (p¥,
= 9.5; [44]) and might represent the “classical”
o 4-adrenoceptor,  In addition two low affinity
subtypes have been defined: an intermediate
affinity subtype was demonstrated in rat SMA and
prostatic vas deferens (pKy/pA,=8.3; [65, 66]), and
a low affinity subtype in rat portal vein (pK, =
7.1; [59]). This low affinity subtype was also
demonstrated in lower urinary fract tissues of
humans and rabbits [44, 78, 79].

Interestingly, the classification scheme of
Muramatsu et al. previously suggested two low
affinity o,-adrenoceptor subtypes, o, and o, (see
Table 2), which could be discriminated by a
different order of affinity for the antagonists HV723
and prazosin [40]. Although it was suggested that
the low affinity receptor (pK; for RS-17053 = ~7)

Figure 2
ange of reporte
10~ R f reported
8 affinities of
9 RS-170563 for
8 t 4 -adrencceptors
o 8 in functional studies
<‘§_ (44,55,64-66.78,79,129-131)
2 B
7
3 18
o1 §
5 -

present in human and rabbit prostate and rat
epididymal vas deferens corresponded with
Muramatsu’s o, -adrenoceptor [42, 79-81], the data
with HV723 on the “intermediate” low affinity
(pK, for RS-17053 =8.3) subtype are to scarce to
even suggest full congruence with Muramatsu’s
scheme, with respect to the oy subtype [40, 76].
It should be noted, however, that the assumption
of three o-adrenoceptor subtypes might well be
an oversimplification of a range of affinities for
RS-17053 that has been observed in functional o,
L -adrenoceptor mediated responses (sec Figure 2).
Possibly more in line with the affinity range is the
suggestion that the o, ,-adrenoceptor can present
itself functionally in different affinity states [82].
Initially, it was shown that prazosin and RS-17053
bind with subnanomeolar affinity to cloned
« -adrenoceptors, whereas their potency to
functionally inhibit inositol phosphate production
by the same cells was one log unit lower [82]. In
Chapters 2 and 3 we further elaborate on the nature
of the ¢, -adrenoceptor mediating the contraction
of the rat SMA.

Vasopressin receptors

Each species usually has two neurchypophysial
hormones: one belonging to the oxytocin family,
involved in reproduction, and one belonging to the
vasopressin family, invelved in cardiovascular
regulation. Arginine-vasopressin (AVP) is
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believed to exert its action through binding to two
major classes of receptors (V, and V,) [92]. The
V, receptors can be subdivided in V,, and
V,, receptors, V, receptors, present on blood
vessels and hepatocytes, mediate vasoconstriction
and glycogenolysis, respectively [93]. V
receptors, present in the anterior pituitary, mediate
ACTH-release [93]. Anindirect vasopressor effect
is established via V, receptors located in the renal
tubute and collecting duct and they mediate an
antidiuretic effect [93]. Oxytocin receptors mediate
uterine contraction and milk-ejection in response
to oxytocin [93]. In general, stimulation of OT
and V, receptors results in increased production of
inositol 1,4,5-triphosphate and 1,2-diacylglycerol
and an increase in intracellular calcium
concentration [92, 94-96], while V, receptors are
associated with an increase in intracetlular cAMP
[92, 97-99], Cloning of rat and human V, {100-
102}, V, receptor [97, 103, 104], V,, [105, 106]
and OT receptor [107, 108] have been reported. It
should be noted that although AVP and OT have
their characteristic responses they can interact and
activate each other’s primary receptor [109, 110].

A V¥, receptor mediated vasoconstrictor
action is well-established in different species. AVP
induced V,, receptor mediated contractions of
isolated human coronary [[11], uterine [109],

gastric [ 2] internal mammary [113], mesenteric
[#14], deferentiaf [115] and cerebrat arteries [114,
116, 117], rat small mesenteric arteries [[18] and
rabbif arteries {119], dog coronary resistance and
femoral arteries [£20, 121]. In addition to this
overwhelming support for the induction of
vasoconstriction by AVP, evidence for the
{co-Jexistence of a vasodilator response to AVP in
several regions of the circulation was provided.
AVP was reported to dilate the rat pulmonary
circulation [122, 123], canine large coronary [120,
121] and cerebral arteries [121, 124, §25] human
cercbral [126] and mesenteric arteries [114].
Different pathways like stimulation of V, [121,
122], V, receptors [114, 126}, in addition to an
atypical pathway [§[4, 126] were reported to
establish this vasodilator response. The recent
discovery of operative cardiovascular OT receptors
on a human vascular smooth muscle cell line [95)
and in rat cardiac tissue [127] might result in a
complex action of AVP and/or OT on the
vasculature.

After characterisation of the vasopressin
receptor(s) involved in the contraction of the rat
small mesenteric artery and aorta {Chapter 5) we
studied the interaction befween AVP and
noradrenaline in rat SMA {Chapter 6).

Aims and outline of the thesis

In the: classical receptor concept the binding
affinity is the only relevant parameter which
accounts for an antagenist’s capability to recognise
a receptor and form a complex with it. Because
this affinity is considered to be agonist and system
independent, antagonist affinities for a given
receptor are not expected to differ between
functional and binding assays. Until recently the
o, -controversy was mainly based on the
functional affinity estimates for prazosin, which
diseriminated  functional « .- from
u, -adrenoceptors by a one-log unit difference in
affinity. This ‘small’ difference has not been taken
serious by everyone. However, in 1996, Ford and
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colleagues developed a sefective o, -adrenoceptor
antagonist, RS-17053, which displayed more than
100-fold discriminatory potency between
functional o , - and o, -adrenoceptors [44]. This
finding further substantiated the o,/
,-adrenoceptor controversy and provided a useful
tool for further studies. Despite its recognised
potential as a drug target in a cloning era, intensive
cloning has thus far failed to identify a gene coding
for the o, -adrenoceptor. This led several
investigators to the belief that the o -adrenoceptor
might not exist as a separate genomic entity, but
might be a conformational affinity state of the
¢ -gene product. However, traditional receptor
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theory does not account for affinity states.
Therefore, the « ,,, -adrenoceptor controversy
might pose a serious challenge for the classical
concept of antagonist-receptor inferaction. Though
in the last decade this traditional theory has been
questioned often by observations in genetically
engineered systems such pressure is less comnion
from native fissuc systems. Because of the possible
impact of this confroversy the primary objective
of this thesis was to further characterise and anal yse
the «,, -adrenoceptor pharmacology in rat SMA.
The SMA embodies a reference model for studying
the ¢, -adrenoceptor controversy.

In Chapter 2 and 3 we aim fo determine the
o -adrenoceptor subtype involved in the contractile
response of rat SMA, and obtain further insight in
its pharmacological profile, 1t has been suggested
that the o, -adrenoceptor represents a
pharmacological phenotype of  the
a, ,-adrenoceptor gene product that is determined
by environmental conditions. In Chapter 2, by
using fumctional pharmacological {ools, we aim to
identify factors that could or could not account for
the observed profile. Furthermore, we investigate
the possibility that o - as well as
o, -adrenoceptors are co-exisling subtypes in the
SMA, but the exhibition of either subtype might
be favoured by experimental conditions,

Measurements of agonist affinity for
¢t -adrenoceptors in functional studies displayed
considerable variability within a given tissue.
Variable receptor affinity rather than different
subtypes, has been proposed to account for the
variation in estimated agonist affinities [[28].
Considering the variable receptor affinity for
agonists, it is reasonable to assume that the affinity
for other ligands, like antagonists, may also vary.
Thus, variable receptor affinity could possibly
account for the observed «  -adrenoceptor
pharmacology in rat SMA. In order to investigate
this variable affinity hypothesis in rat SMA we

studied the agonism of noradrenaline by analysis
of receptor inactivation experiments (Chapter 3).

Radioligand binding experiments initially proposed
spiperone and risperidone as competitive,
¢t -adrenoceptor selective antagonists, However,
functional studies were not able to confirm this.
[29, 43,47-50]. Thercfore, we anticipated that also
for the «, -adrenoceptor antagenist affinities
measured in radioligand binding might differ from
functionally measured estimates. In Chapter 4 we
aim to investigate this possibility by
characterisation of the functional pharmacological
profile of (+)-cyclazosin, a novel antagonist that
displayed selectivity for ¢, -adrenoceptors in
radioligand binding experiments,

In Chapters 2-4 we have focused on the
pharmacological analysis of single receptor
subtypes, However, the in vivo reality is that blood
vessels are exposed to a variety of vasoactive
substances, which stimulate different types of
receptors simultaneously. Therefore, finctional
responses in Jin vivo physielogical and
pathephysiological situations will be the result of
interactions between different receptor subtypes.
Becattse of its importance, it was our objective to
study and characterise the interaction between the
ct,, -adrenoceptors and vasopressin receptors in rat
SMA (Chapter 6). Vasopressin was chosen for
three reasons: {1} vasopressin is an extremely
potent vasoconstrictor agent and may therefore be
involved in interactions cven at low concentrations,
(2) vasopressin has been suggested to be involved
in pathological conditions and {3) the interaction
between «  -adrenoceptors and vasopressin
receplors has noi been the subject of extensive
study. In order to study the interaction thoroughly
it was mandatory to first characterise the
vasopressin receptor(s) that mediates vasopressin
responses in rat SMA. This was the subject of study
in Chapter 5.
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1 To illuminate the controversy on #4- or #y-adrenoceptor involvement in noradrenaling-

mediated contraclions of rat small mesenteric artery (SMA), we have studied the effects of subtype-

seleclive -adrenoceptor agonists and antagonists under different experimental conditions.

2 The agonist potency order in rat SMA was: AGI603 >> SKF8978-A > cirazoling >
roradrensling > ST-587 > methoxamine, Prazosin antagonized all agonists with a low potency

(pA2 $.29-8.80) indicating the involvement of ;- rather than «s-adeenoceptors,

3 The pulative «-adrenoceplor antagonist JTH-601, but not the «s-adrenoceptor anlagonist
chloroethyiclonidineg (10 M) antagonized noradrenaline-induced contractions of SMA., The polency

of the selective oyp-adrenoceptor antagonist BMY 7378 against noradrenaline (pA,=6.16+0.13)

and of the selective o -adrenoceptor antagonist RS-17053 against roradrenaline (pKy=8$.3510.10)

ard against the sclective ay-adrenceeplor agonist A-61603 (pKp=840+0.09) were too low to

account far p- and «,s-adrenoceptor involvement.

4 The potency of RS-1705) (pKy/pA-'s=7.72-8.46) was not affecled by lowering temperature,

changing experimental protocol or inducing myogenic tone vie KCl or U46619.

5 Selective protection of a putative #,-adrenoceptor population against the irreversible action of
phenoxybenzamine also failed to increase the potency of RS-17053 (pA,=8.2540.06 against

AG1603).

6 Combired concentration-ratio analysis demonstrated ihat tamsulosin, which does not
discriminale between ;- and &, -adrenoceptors, and RS-17053 compeled for binding at Lhe same

site in the ShA.

7 In summary, data obifained in our experiments in rat SMA indicate that the #,-adrenoceptor

mediating noradrenaline-induced contraction displays a distinet «-adrenoceptor pharmzcology.

This study does not provide evidence for the hypothesis that «;-adrenoceptors represent an aflinity

state of the «,s-adrenoceptor in functional assays. Furthermore, there is no co-existing «a-
adrenocepter in the SMA.

AG61603; «-adrencceplors; BMY 7378, chloroethylclonidine: noradrenaline: resistance vessels: phenoxybenza-
mine; prazosin; RS-£7053; small mesenteric arlery (rat)

5-HT, 5-hydrexytlryptamine creatine sulphate; A61603, N-[5-(4,5-dihydro-1H-imidazol-2y1}-2-hydroxy-5,6,7,8-
tetrahydronaphthalen-1-yl] methanesulphonamide hydrobromide; BMY 7378, 8-[2-[4-(2-methoxyphenyl)-I-
piperazinyl]ethyl]-8-azaspiro[d,5]decane-7,9-dione dihydrochloride; Ef[A). concentration-effecl: JTH-601, N-{3-
hydroxy -6-methoxy- 2,4,5-rimethytbenzyl}- N-methyl- 2-(4-hydroxy -2-isopropyl -5-methyl - phenoxy) ethylamine
hemifumarale; KHS, Krebs-Henselheil solution; RS-17053, N-[2-(2-cycloprapylmethoxyphenoxy)ethyl]-5-chioro-
o, a-dimethyl-1H-indole-3-ethamine hydrechloride; SCH-23390, R({+ )-7-chloro-8-hydrexy-3-methyl-1-phenyl-
2.3,4,5-tetrahydro-1H-3-benzazepine hydrochloride; SKF89748-A, 1-5-methylthio-8-methoxy-2-aminotehalin
hydrochloride; SMA, smal mesenteric artery: S$T-5387, 2-(2-chioro-3-trifluormethyl-phenylimiro)-imidazolin
nitrate; U4601%, 9.1 -dideoxy-1 Lo, 9x-epoxy-methanoprostaglandin F.,

Introduction

bui seems to mediate constriction of the human (Ford et al.,

Radioligard binding studies and molecular biology experi-
ments have demonstrated the existence of at least thres -
adrenoceptor subtypes, now referred 1o as a4 (previously
known as ). o and «p {previously also known as «,, or
a.np) {se¢ Hieble er al., 1995). These subiypes have been
cloned und all display high, subnanomolar, affinities for
prazosin, However, Functional studies have provided evidence
for the existence ol an additional «;-adrenoceptor subtype
{2;0), displaying low affinity for prazosin (pK, <9} and some
other ze-adrencceptor andagonists, including RS-17053 (Fla-
vahan & Vanhouitle, 1986; Muramatsu et ai., 1990; Ford er .,
1594, 1996). The uy;-adrenoceptor has no molecular correlate,

*Auther for cerrespondence; E-mail: saxenafg farma.fag.eur.nt

1996) and rabbit {Van der Graaf er al., 1997; Kava er al., 1998)
[ower urinary tract and mabbit and guinea-pig aorta (Mur-
amalsu ez al., 1990).

In ral isolated small mesenteric arteries (SMAs; internal
diameter {00—300 am). Hogestatt & Andersson (1984) and
Nielsen & dlulvany (1990) densonstrated that prazosin
antagonizes neradrenatine-mediated contractions with high
affinity (pA-=9.58-9.84 and 9.23, respectively). Accordingly,
it has been suggested 1hat g -adrenoceptors predominantly
mediate noradrenatine-induced condraction of rad SMA {Chen
et al., 1996; Ipsen ef al., 1997). However, Schild analysis
demonsiraled complex antagonism by prazosin with ils
potercy {pA-} runging from 8.8 —9.6 und, therefore, additional
involvement of ¢ -adrenoceptors was suggested (Chen et af.,
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19963, Van der Graaf er of. (1996) found that despite significant
correlation of antagonist affinity values with pk; values at the
cloned ,,-adrenoceptor, the pA, value of prazosin in rat SMA
{8.5) wus more consistent with the profile of the pharmacole-
gically-defined ¢, -sublype (Flavahan & Vanhowtte, 19836;
McGrath & Wilsen, 1988; Ford et al., 1994). Adding to the
confusion was a recent repert that ¢yg-adrenoceptors mediated
contraction in rat SMA {Piascik e al., 1997). Thus, the ¢-
adrenoceptor sublypes involved in noradrenaline-induced
contractions in rat SMA are still controversial.

Using several sublype-selective w-adrenoceptor agonists
and antagonists in the present investigation, we provide {urther
evidence that the «-adrenoceplors mediuting contraction of
rat SMA are of the «; sublype. Since Ford and co-workers
(1997} have suggested that the «; subtype may represent a
particular conformational state (pharmacological phenotype)
of the #4-adrenoceptor gene product, we have atlempted to
elaborate on the natuee of the observed o -adrenoceptor
pharmacology under different experimental conditions.

Methods
Rat sinall mesenteric artery preparation

Male Wistar rats (250-350 g) were anaesthetized (sodium
pentobarbitone, 60 mgkg™', ip.) and killed by cervical
dislocation and the mesentery was removed and placed in
ice-cold modified Krebs-Henseleit solution (KHS) of the
foliowing composition (muf): NaCl [19.0, NaHCO, 25.0, KC]
4.7, KH.POy .2, MgSO, 1.2, glucose 5.5, CaCl, 2.5 and
EDTA 0.026. Arterial trees were dissected and cleased from
surrouading adipose lissue. As described previously (Mulvany
& Halpern, 19%7), from ecach arlerdal tree a ring segment
{~2 mm in leagth) was mounied in a myograph {5.P. Trading,
Aarhus, Benmark) with separated 6 nl organ baths containing
modified KHS at 37°C (er at 27°C for certain experiments; see
below). The KHS was continuously gassed with 95% O. and
5% CO- and tissue responses were measured conlinuously as
changes in isometric force.

Following a 30 min stabifization period, the internal
diameter of each vessel was set 1o a tension equivalent 10 0.9
times the estimated diameder at 100 mmHg effective transmural
pressute  {li=200—300 ym) according 1o the standard
procedure of Mulvany & Halpera (1977). The presence of the
endoikefium was then confirmed with 10 gy of methacholine
afler a pre-contraction with either 30 ua 5-hydroxy toyptamine
(5-HT} or 10 g neradrenaline {see below). Tissues which
responded with less than 60% relaxation were rejected.

In all experiments, 60 min prior to construction of each
agonist concemration-effect (E/A]) curve, cocaine (30 ud),
timelol (6 pa) and SCH-23390 (L0 nM) were added to the
KHS to block neuronal uptake, §i/ff--adrenoceptors and Dy
receplors, respectively {(Van der Graal et al., 1995).

Experimental designs

Single curve design - After normalization and a further 30 min
stabilization peried, a calibration coatraction (12.840.5 mN,
n=49) was oblained to 30 gy S-hydroxytryptamine (5-HT).
Alter confirming the preserce of the endothelium, tissues were
wushed for 30 min and then incubated For 60 min with an-
lagonist or wehicle. Subsequentiy. a single agonist Ef[A] curve
was obtained by cumulative dosing at gquarier-log unit con-
ceniration increments. In the experiments where the antagon-
ism of chloroethylclonidine was investigated, lissues were pre-
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ircubated for 30 min with 10 g1 of the drug, followed by a 30-
min washout period (tea solution changgs).

Paired curve design Afler standardization of the internal
diameter, the preparations were challenged five times with
noradrenaline (10 pM} with washouts after each challenge. As
described above, the integrity of the endothelium was assessed
after the first challenge of noradrenaline. After a firsl agonist
Ej[A] curve was oblained (see Results), each tissue segment
was washed (30 min) and equilibrated (60 min} with vehicle or
differeni concentrations of antagonist. Subsequently, another
agonist EfJA] curve was constructed in the presence of vehicle
or anlagonist.

Determination of affinity of RS-170353 wnder different
experimental conditions

The antagonist afinity of R5-17053 was determmined under the
following experimental condilions.

Lew bath fluid temperature  Single curve design was used at a
temperalure of 27°C.

Protacel according to Chen el al. (1996) The preparations
were challenged once with KCI {125 ma) and subsequently
three times with a combination of KCl (125 mM) and
noradrenaline (10 ga), and once more with KCl (125 many
with washouts afler each challenge. After a first agonist E/[A]
curve, cach lissue sepment was washed for 30 min and then
equifibrated for §0 min with vehicle or different antagonist
concentrations as deseribed above under Paired curve design.
Subsequently, another noradrenaline EfA] curve was obtained
and the responses were expressed as percentage of the fifth
noradrenaline challenge which served as calibration contrac-
tion.

Depolarization with K™ fhefore and after incubation of RS-
17053 The single curve design was conducted except thatl
noradrenaline Ef{A] curves were obtained afler parlial
depolarization by KCl (20 naM). This depolarization by KCl
was applied either afler or before incubation of the tissues with
RS-17053 (0.1 g

Pre-coptraction with U46619 (1025 nar)  The single curve
design was conducied excepl that afler incubation with RS-
[H353 (0.1 gM), noradrenaline EJ[A] curves were obtained on
top of a threshold contraction with the thromboxane A.-
mimelic, U46619 (10—25 nut).

Selective protection of o, -adrenoceptors

In a sei of four experiments, afler fve challenges with
noradrenaline (as in the paired curve design) the SMAs were
incubated with RS-17053 (2 aM) for 60 min lo se¢lectively
protect o s-adrenoceplors, At this concentration, RS$-17053 is
expecied Lo occupy ~95% of the &, s-adrenoceplor population
(based on a pA; of 9.9 as observed in the perfused mesentery:
Ford et al., 1996), whereas il would eccupy only ~ 30% of the
ay-adrenoceptor pepulation (based on a pA. of 8.35; see
Resulis). In the presence of RS3-17053, the alkyluting ugent,
phenoxybezaming (1 na), was added lor [5 min followed by
extensive washing (10 solution changes over 30 min). After a
first A61603 Ef{A] curve had been oblained, vessel segments
were washed (30 min) and eguilibrated (60 min) with vehicle
or different concentrations of RS-17053 (10, 30 and 100 nM).
Subsequently, u second A61603 E/[A] curve was obtained and



a,,-Adrenoceptors in rat small mesenteric artery

the responses were expressed as percentage of fifth noradrena-
line challenge, which served as calibration contraction.

Analvsis

Individua! agonist curve data were fitled to the Hill equation
using an iterative, least-squares method:
L [A]"™
AR LA

Lo provide estimates of midpeint slope (1), midpoint location
{[A]s estimated as logarithm) and upper asymptote (). The
effect of drug treatment on these paramelers was assessed by
one-way analysis of variance (ANOVA) or Student’s (-test, as
appropriale. Values of P<0.05 were considered o be
significan(.

When the minimum criteria [or competitive anlagonism
were salisfied, that s the antagenist produced parallel
rightward shill of the agonist E/[A] curves with no change in
upper asymplote, antagonist aftinity estimates were oblained
by fitting 1ke individual midpoint lecation values oblained in
the absence (log[A]w} and presence (log[A)wg) of anlagonist
(B) to the following derivation ol the Schild equation {Black ¢f
al.. 1985):

log[d]qp = log{d]s, + log(1 + [B" /10%%),

When the Schild plet slope parameler (b) was nol significantly
different [rom unity, then the data were re-fitled with b
consleained E0 unily so thalt the antagonist dissociation
equilibrium constand, Kz, could be estimated as log Kztse.
(Jenkinson er al., 1995)., When less than three diflerent
concentrations ef antagonist were tested or the criteria of
competilive antagonism were nol completely salisfied. an
empirical pA» value was estimated using the above equation,
with b constrained o unity.

Combined concentration-ratio analysis

[n order to test whether RS-17053 and tamsulosin acled at the
same sile {syntopically), a combined concentration-ratio
unalysis was performed according to the procedure developed
by Shankley amd co-workers (1988). Brefty, when two
antagonisls act syatopically. then their combined concentra-
tion-ratio is given by:

rarc=ratre—1

where 1z and 1o are the concentration-ratios oblained
independently in the presence of the antagonisis B and C,
respectively. This relationship can be re-written in terms of
log{A ) values of the agonist E/[A] curves in the presence and
absence of untagonists B and C wsing (ke following equation:

Sy= lOg[zljg]lH(- — ]08([{15013 + [rf;a]c — [A_(ﬁ]),
where S, s the test statistic for the additive model. Thus, if the
experimental data comply with the addilive model, S, should
have a value of zero. In condrast, when two antagenists act at
different sites, that is ailetopically, their combined cancentra-
tion-ratios multiply,
rgy¢=rp-7c
and expressed in terms of Jog [Ac) values;
Sy = tog[dsa) g, - — logldsaly — logldss]- + logldsls

where Sy is the test statistic for the multiplicative model. I the

antagonists behave atlotopically, Sy should have a value of
ze1o.

Because the distsibutions of S, and its standard estimator
are unknown, there is no formal statistical method available 10
decide in which cases the additive model should be accepted or
rejected. In the present study. the nuli hypotheses {Hy)} was
formulated as *B+ C act syntopically’ ard it was assumed that
Sa and 8y and their asseciated standard error estimalors are
approsimately nomally distribuded. Deviations of 5, and S
from zero were tested for significance using two- and one-sided
t-lests, respectively, and H, was accepted in cases when S, =0
and Sy << 0. In all other cases Hy, was rejected.

Compounds

Compounds were oblained [rom the following sources:
AB1603 {N-[5-{4,5- dihydro- 1 H -imidazol- 2y1) - 2-hydroxy-
5,6.1.8-tetrahydronaphthalen-1-y1] methanesulphonzmide hy-
drobramide): Abbott Labaratories, North Chicago, IE.
U.S.A: cocaine hydrochloride. 5-HT, methacholine bromide.
l-noradrenaline hydrochloride, methoxamine hydrochloride.
phenoxybenzamine hydrochioride and timolol maleate,
U46619 (9,11 - dideoxy - 112.9% - epoxy - methanoprostaglandin
F. ) ali from Sigma. Zwijndrechl, The Netherlands; BMY
7378 (8- [2-[4-(2-methoxyphenyl)-1-piperuzinyijethyl|-§-azas-
piro{d,5]decane-7,%-dione dihydrochloride), chloroethylcloni-
dine dikydrochloride. cirazoline hydrochloride and SCH-
23390 (R{+)- 7-chloro -8-hydroxy-3-methyl-1-phenyl-2,3,4,5-
tetrahydro-IH-3-benzazepine  hydrochloride): all from Re-
search Biochemicals Incorporated, Nutick, MA, USA.:
JTH-000 (N-(3-hydroxy-6-methoxy-2.4,5-trimethylbenzyl)-N-
methyl-2-(4-hydroxy-2-isepropyl-5-methyl-phenoxy)  ethyla-
mine hemifumarate): Japan Tebacco Company. Tokyo, Japan;
RS8-17053 (N-[2-(2-cyclopropylmethoxyphenoxylethyl] - 5-
chlore-x, w-dimethyl-[ H-indole-3-ethamine  hydrochloride):
Roche Bioscience, Palo Allo, CA, USA. tamsulosin:
Yamanouchi Pharmaceutical Co. Lid., [fharaki. Tsukubu,
Japan; SKF89748-A (1-5-methylthio-8-methoxy-2-uminoteha-
lin hydrochloride): Smith Kline Beecham Pharmaceuticals,
King of Prussia. PA, USA.: ST 587 (2-(2-chloro-5-
trifluormethyl-phenylimino)-imidazolin  nitrate): Boehrnger
Ingelheim Lid., Bracknell, Berkshire, U.K. Noradrenaline was
dissolved in stoichionietric ascorbic acid solution. Methacho-
line was dissolved in ethanol. JTH-601 was dissolved in
dimethyl suiphoxide as a 10 pu stock solution aad further
diluted tn distitled waler. Pheaoxybenzamine was dissolved in
absoluie ethanol, RS-17053 was dissolved in a mixture of 10%
dimethylsulphoxide, 20% propylene glycol and 70% distilled
water as a 10 g stock sofution and further diluted in distilled
water, SKF89748-A was dissolved in a mixture of 50%
distiled water and 50% ethznol as a 20 m stock solution
and lurther difuted in distiled water. U46619 was dissolved
initially in 20% ethancl to give a | my stock selution and
subsequently diluted in distilled water. All other drugs were
dissolved in distilled water.

Results

Potency rank order of 4-adrenoceptor agonists and
effect of the non-selective a-adrenoceptor amtagonist
prazosin

The antagonism of prazosin (30 na) against several agonists
was studied in a paired curve design. All a-adrenoceptor
agonists used in this investigation contracted ral SMA,
displaying either full (noradrenaline, cirazoline, methosamine,
A61603) or partial (SKF893743-A, ST-587) agonism {see Table
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1). The pelency order {pECs) of the agonists in rat SMA was:
ABL603 > > SKFS9748-A =cirazoline > noradrenaline >
$T-587 > methoxamine. Half of the ST-587 EffA] curves
obtained were fidted with a fixed Hiil slope {ny; = 5), since these
individual curves were exiremely steep. Pravosin (30 nM)
antagonized the responses to all six agenists and the affinity
estimittes of prazosin (pAsr 3.29-8.80), whick were consis-
tently lower than those reported al ws-. ap- O -
adrenoceptor sublypes (Burt er al., 1995 Ford er a4l 1996.
1997), did not differ between agonists (Table ).

Effect of adrenoceptor antagonists, chloroeethyiclonidine
(Q]g) and BATY 7378 (’)!n))

Noradrenaline  produced concentration-dependent centrac-
tions of SMAs and the individual Ej[A] curves were fitted 10
the Hill equation 1o provide estimates of the midpoint location
(PECw= 5.92+£0.11), Hili slope (ny=3.14+0.3) and upper
asymplole (z=1624+16% of the 5-HT calibrution conirac-
tion). Pretreatment of the tissues with 10 pat chloreethylclo-
nidine, a ligand known te irreversibly inactivate ou-
adrenoceptors {see Hieble et «f., 1995), had no significant
effects on the Hill parameters of the noradrenaline Ef[A] curve
(PECx,=5.71+0.09, nj=2.540.4, 2= 162+ 13% of the 5-HT
calibration coniraction (Figure I, lelt panel).

In a concentration {100 nxt) that is selective for oyp-
adrenocepiors (see Goelz ef al., 1995}, BMY 7378 did nol shift
the Ej{A] curves ta noradrenaline {data not shown). However,

Table 1 Hill paramelers of dilferent xy5-adrenoceplor
agonists and aflinity estimates flor prazosin in rat SMA
(n=4-6)

% 195 of 10 pm

worgdrenaline
Agonist contraction)  pECy ny P prazesin
Noradrenaline 10248 6.3240.11 23403 8.50+0.0%
Cirazoline 0243 6854008 30408 84914006
Methoxamine M4 503085 46407 8324001
SKFS9748-A 90+4 7154035 A9+ 1.1 8.5840.15
Ab61603 109 +4 8.8540.05 23403 8.80+0.08
ST-587 47£11 5564020 43304 8.294£0.13

*Reporied by Van der Graafl er ul. {1995).
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higher conceatrations (1 and {0 M) of BMY 7378 produced a
significant rightward shift of the noradrenaline curve (Figure 1.
right panel). and a pA- value of 6.164-0.13 was estimated. This
pA; value is much lower than that reported for the oyp-
adrenoceplor in rat aorta (pA-=18.9; Goelz ¢t al.. 1995).

Effect of selective %, -adrenoceptor antagonist RS-17053
against noradvenaling and A61603 as agonists

The selective #;,-adrencceptor anlagonist RS-17053 (10—
300 wnt; Ford er al, 1996) also produced concentration-
dependent, parallel, rightward shifls of the roradrenaling Ef
[A] curves, The Schild plot slope parameter (1.14 40,11} was
noi significantly different from unity end a pK, of 8.35£0.10
was estimated (Figure 2, upper panels).

The selective «,-adrenoceptor agonist A61603 {Knepper ¢/
al., 1995} behaved as a fuil agonist with respect to noradrena-
line and the Hill parameters were: pECy=7.8210.12
ny=2.60+0.21, «=149+6% of 1the 5-HT calibration con-
traction {Figure 2, lower panels), RS-17053 (10-300 na) also
competitively antagonized the A61603-induced contractions
(b=1.14+0.69) and a pKp==8.40+0.09 was estimated.

Effect of putative u;.-adrenoceptor amtagonist JTH-601
against noradrenaline as agonist

Previously, JTH-601 was demonstrated lo have a ~ 10 times
higher affinity than prazosin for the 2 -adrenoceptor. whereas
both compounds displayed equal binding affinities l'or the #;4
receptor subtype (Muramatsu ef af.. 1996). In the SMA. ITH-
601 (3—100 n) produced righiward shifts of the aoradrena-
Jine Ef{A] curves (Figure 3). However, the shift did not occur in
a concentration-dependenl manner, since the concentration-
ratios ablained with 10 and 30 nM JTH-601 were practically
identtcal (Figure 3), From the shifis obtained with 3 and 10 ny
a pAs value of 8,34 £0.16 was estimated For Lhe high aflinity
componend,

Effect of experimental conditions on the affinity estimate
of RS-17053

It was recently suggested 1hat the #, -adrenoceptor, instead of
being a distinet molecular entity, might represent a conforma-
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chlorocthylclonidine (left panel; n=23) and BMY 7378 (right panel; n=4). The lines shown superimposed on the mean data

points were simulated using the Hill equation.

30



a, ~Adrenoceptors in rat small mesenteric artery

— 200 24
=
T
|
W
g 150 o
Q —
o T
T 100 L i
Fal &
= K
[ 3
2 o]
E 5o 4
ol
b
]
o o4 . . . ; . T
-9 -8 -7 -8
{RS-17053] {log, M)
. 2009 2 -
[y
+
1
wn
3 150 4 0
[=] —
[} -
~ L
o 100 < 14
[ =
=]
o K:]
.2
€ 50
g
=
8
o i - ol r t . T
-9 -2 -7 s -5 -8 -8 -7 -5
[AB1603] HogM) IRS~17053] flogyeM}

0 (®); 0.01 (O); 0.03 (B); 0.1 {]); 0.3 (&) xM RS-17053

Figure 2 Lelt paneds. Concenlration-effect curves to noradrenaline (upper panel; = 3) and A61603 (lower panzl; 2=3-6) oblained
on rat ShiA in Lthe absence or presence of R§-17053. The lines superimposed on the mean data points were simulated using the Hill
equation. Right panels. Schild plots for the interaction of RS-17053 with noradrenaline (upper panel) and A61603 (lower panet).
The solid lines superimposed on mean data points were simulated using the parameters obtained from the constzained model fits.

200 - 2 -
= P
z
s J
= 1601 7
S i
« -i- 14 K
;
S 1004 = !
n & | LI Fi
= o F A
[ Pl ke
2 & o
Y] 1 0 4
B
g H
¢ g ; & T T .
-3 -8 -7
{Noradrenaline} {logoM} WTH-801] {logyM}

0 (@); 3 (0); 10 (&); 30 () 100 (A ) pM JTH-601

Figure 3 Left panel. Concentration-effect curves to noradrenaline obtained on rat SMA in the absence or presence of JTH-661
(1= 5). The lines superimposed on the mean data points were simulated using the Hill equation. Right panel. Schild plot for the
interaction of JTH-601 with noradrenaline.

tional affinity state of the #a-adrenoceptor and that it is {Witliams ez al., 1998). Therefore, we studied the anlagonizing
possible to switch the phammacological oy -adrencceptor  potency of RS-17053 under different experimental conditions
profile into an #, 4-profile by changing experimental conditions {see Table 2}.
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Low hath fluid temperature When temperalure was lowered
10 27°C, noradrenaline stiil produced concentration-dependent
coniractions of the SMAs. R5-17053 (10~ 100 nx1) behaved as
a competilive anlagonist {b==0.98 £0.16) with an estimated
affinity (pKp=8.42) that was similar 1o that obtsined under
standard conditions {Table 2).

Protocal according o Chen el al. £11994)  In a recent study,
Chen et ol (1996). concluded thal noradrenaline-induced
contraction of the SMA involves predominantly #a-adreno-
ceptors. In experiments carried oul according 1o iheir
experimental protocol {sce Methods for detaiis), RS-17053
{19—100 nM) again caused a parallel rightward shifl
{b=0.9540.23) and displayed a similar affinity as under
slandard conditions {pKy =8.46; Tahle 2

Depolarization with K~ before and after incubation of RS-
17053 Partial depolarization by KCl (20 mar) afier pre-
incubation with RS-17053 induced a threshold contraction of
4.740.7% of the 5-HT calibration contraction. Under these
conditions RS-17053 (0.1 gar) behaved as a competitive
untagonisl. The pA. value (7.7240.26: Table 2) was slightly
lowser compared 10 standard conditions, but due to a large
between-tissue variability (95% confidence interval: +0.63)
this differcace was not statistically significani, The notable
large variance could indicale perfurbation of the equilibrivm
beiween antagonist and receptor by 20 mat K, Therefore, a
threshold contraction (6.1 4 1,1% of 5-HT calibration con-
traction) by partial depolarization with KCl (20 ma1) was
induced before the 60 min pre-incubation with RS-17053
(0.1 unt). Co-equilibration of RS-17053 and KCl (20 mM)
decreased the variance ($5% confidence interval:4-0.33), bul
did not significantly affect the affinity estimate of RS-17053
(pA-=8.31+0.16; Table 2).

Pre-contraction with U46619 (10— 25 nM)  In the presence ol
a threshold contraction induced by 10-25nM U46619
{14.740.8% of the 5-HT calibration contraction), RS-17¢53
{0.1 pn) unexpecledly caused a significant flattening of the
noradrenaline Ef[A] curve (np=0.94+0.1 and 1.440.1,
respectively, with or without RS-17053: £<0.05). However,
the estimated pA, value (7.8710.33, Table 2) was not
significantly different from the affinity of RS-17053 estimated
under standard conditions {95% confidence interval: +0.80).

Selective protection of o; -adrenoceptors

I the wa- and o -adrenoceptor are distinet subtypes, both
might co-exist in rat SMA, but diflerent experimental sel-ups
might lavour the exhibition of one over the other typs. After
selective protection of the putalive #,,-adrenoceptor popula-

tion from inactivation by phenoxybenzamine {sce Methods).
the affinjty of RS-17053 against AG1603 was assessed in a
paired curve design. Hill slope parameters of the first AG1603
EfA] curve were: nyg=23+0.5, «#=693+4.5% ol the
calibration contraction, pECs=6.3710.10. RS-17053 (10—
100 nM) caused a riphtward shift of the AG1603 Ef[A] curve.
Notwithstanding a significant steepening of the A61603 E/[A]
curve {n;=3.21+0.26: P<0.05) with RS-17053 (100 nai).
Schild analysis was performed (Figure 4), The Schild siope
parameler was not  sigeificantly  different  from  unity
(6=1.04+0.16) and the estimated pA, (8.2540.06) was
practically identical to the potency in unireated lissues
(pKs=8.40+0.0%: Figure 2).

Combination of RS-17033 and tamisulosin

The previowsly demsonstrated susceplibility ol the affinity
estimate of RS-17053 but not of tamsulosin to experimental
conditions (Williams e¢ al., 1996) might indicate that RS-17053
and tamsulosin act at different sites of #,4-adrenoceptors. A
combined concentration-ratio analysis experimenl was de-
sigied to  test whether RS-17053 and tamsulosin act
syntopically in rat SMA. As shown in Fipure 5. both RS-
17053 and tamsulosin produced a parallel rightward shift of
the noradrenaling E{[A] curve {concentration-ralio=17.54+8.9

10g1olr—1]

— T —

-8 -7
{R8-17053] {iog;oM]

Figure 4 Schild plot for the inlesaction of RS-17053 with A61603
after selective protection of ayp-adrenoceptors with RS-17053 (2 am,
60 min) from inactivation by phenoxybenzamine (I nw, 15 wmin);
n=4 {for details, sez Methods), The solid line superimposed on mean
data points was simulated using the parameters obtained from the
constrained model fit. Please note that the Ef[A] curves have been
omitted frem the figure because they showed considerable variability
due to unpzedictable extent of receptor inactivation by phenoxy-
benzaming in individual segments.

Table 2 Effect of expetimental protocol on the Hill equation parameters of noradrenaline and affinity estimates for RS-17053 in rat

SMA

Experimentul protocol Pre-vontraction

{see Methods for details )

Standard* -
Low bath fluid temperatuze {27°C) (n=4) -
Protocel according to Chen ef uf. (1896) (n=13)
Depolarization with K aller BS-17053 (n=3) 4.7
Depolarization with K before RS-17053 (n=1)
Precontraction with U46619 {1025 nv) (n=35)

Data are mean+s.e.mean. *Bata from Figure 2,
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Hill equation purameters noradrenaline
o (%% of 30 pM

5-NT or 10 uM PKRg (pA>)

noradredalinet ) PECq; iy RS-17053
162116 5.9240.11 JEX0S 8.3540.10
14248 5.86%0.10 38408 5.4240.11
W11t 6.01 £0.16 294007 §.46£0.09
12046 6.1250.14 12300 (17240.26)
11214 6531069 L6+0.2 (8.31£0.16)
14918 6.65+0.17 14101 (7.87£0.33)
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Figure 6 Relation belween pAa estimates in human lower urinary
teact (Ford er al, 1996) and pKp/pA: estimates i rat SMA,
determined against voradrenaline (this study and Vano der Greaf e/
ul., 1996) for (1) BMY 7378, (2) HV 723, (3) prazosin, (4) RS-17053,
(5) tamsuiosin, {§) S-methylurapidil. (7) WB4I0L. The solid line
represents the ling of ideality.

and 20.8 £ 3.4, respectively: pA,=8.294+0.22 and 19.06+0.20,
respectively). The pofency of {famsulosin was in accerdance
with @ previows reported value in rat SMA (9.8; Van der Graal
et al., 1996) and with its reported affinity for oy and o4~
adrenoceplors (10—10.5; Van der Graal e ol 1996).
Combined concentration-ralio analysis indicated that RS-
17653 (100 nM) and tamsulosin (1 nM) compeled for binding
to the same site, since Lhe test statistic S, for the additive model
(Sa=—0.16+0.09) was not significantly different from 0
{(P>0.05), whereas the test statistic Sy for the multiplicative
model was significantly smaller than 0 (S = —1.0740.24;
P<0.05).

Discussion

The official nomencialure of x-adrenoceplors recognizes %a-.
wn- and mp-adrencceplors. which have ull been cloned and
which ali displuy high, subnanemolar aflinity for prazosin
(Hieble er ¢f.. 1995). Based on lunclional studies, an allernadive
classification scheme exists. which recognizes oy~ and o -
adrenoceptors displaying high (%4~ 2 sad 2 p-adrenocep-
lors) and low albinily lor prazosin, respectively {Fluvahan &
Vanhoutte, 1986: McGrath & Wilson, 1988: Muramalsu of of.,
1990; Ford ef al., 1994). Because of the reported high (>9.2)or
low { <8.5) affinity of prazosin, the invelvement of either 4.4~
or % -adrenoceplors in ral isolated SMA, which is helieved to
represent  resistance vessels (Mulvany & Aalkjaer. 1990:
Christensen & Mulsuny, 1993 Fenger-Gron o af., 1995). is
controversial (Hogestitt & Andersson. 1984; Nielsen &
Muivany, 1990: Chen et @l 1996: Van der Graafl er of.
1996). The present study has further examined this controversy
using prazosin and several recently discovered. selective «-
adreneceplor antagonists under different experimental condi-
tioas.

Invalvement of «y,-adrenoceptor in the contraction of rat
SAfA4

The low affinity of prazosin (pA-=38.29—8.80) in rat SMA
proved 1o be agonisl independent (Tuble 1} and indicated #;-
adrenoceptor involvement (Muramatsu er .. 1990). I may
be neted that the aflinity of prazesin in our experimen(s with
intac1 endothelium did not difler from that lound in rat SMA
denuded of endothelium (pA.=8.3 VYan der Graal o1 of.
1596). The polency rank order ol the agonists SKF89748-A
> cirazoline > noradrenaline > ST-387 > methoxamine
(Tuble 1) was stmilar to tkat observed for the cloned «,-
sublype (Minneman er al.. 1994), except lor SK¥FS§I748-A
which was less potent than both cirazoline and noradrenaline
at the o, -adrenoceplor, A luck of elfect of chloroethylcloni-
dine (10 pam). which in 1his concentration inaclivates rul oz
adrenoceptors (Michel er al., 1993: Sugden ¢ ai.. 1996}, and
the low potency of the potent and seleclive #;p-adrenoceptor
antagonist BMY 7378 (pK; for ral cloned uy4-adrenocep-
tors=8.2; Goelz er al., 1995) excleded the involvement of
- and xp-adrenoceptors, respectively, in the noradrena-
lire-induced contraction of rat SMA (Figure 1). Moreover.
the affinity of another pufative #,z-adrenoceplor antagonist
{+)cyclazosin  (Giardina o7 al, 1996) in ral SMA
{pp=7.78) did nol indicate 2g-adrenoceptor involvemenl
either (Siam ef «f., [998).

The affinity of he seleclive «-adrenoceptor antagonist
RS-17053 (Ford e af, 1996) apains! noradrenaline
(pKp=_8.35) and against the selective # ,-adrenoceplor agonist
AB1603 (pK =840} was too low (see Figure 2) to account for
#5-adrenoceplar involvement (pK; for x 4-adrenoceptors in
rat submaxillary gland=9%.1 and pA, in the perfused
mesentery=9.%: Ford er of.. 1996). Interestingly, JTH-601
caused a coemplex shift of the noradrenaline Ef{A] curve
{Figure 3) in rat SMA. However, functional data for JTH-601
on % s-adrenoceplors are required in order 10 assess the nature
of this complex behaviour.

Is the wu-adrenoceptor a conformational state of
oy 4-adrenoceplor?

The affinity of RS-17053 in rat SMA was 35 fold lower in
the present experiments than thai reported by Ford and
colleagues for antagonizing pressor responses {0 noradrena-
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line in the perfused mesentery {pKy=9.9: Ford ¢f of., 1996}
the latter being in agreement with (unctional affinily
eslimates [or «4-adrenoceplors in ral perfused kidney
(pA-=9.8: Ford ¢f af.. 1996} and rat vas delerens {(pA:=9.5;
Marshail er ef. 1996). Thercfore, it appears thal .-
adrenoceptors mediate the pressar response in rat perfused
meseniery, whereas noradrenaline-induced contraction in rat
isolated SMA is medinted by a differert type of -
adrenoeeplor, possibly ;. One explamption [or this
discrepancy is that the pressor response in the perlused
mesentery Lo noradrenaline reflects resistance changes in
dislal arlerioles, which were shown to co-determine vascular
resistance (Fenger-Groa ef al., 1997).

Alternatively. the 2, -adrenoceplor in the SMA assuy might
be a pharmacological phenotype of the x4-adrenoceplor
subtype (Ford e of.. 1997). Funclional studies in rat vas
deferens (Ohmura e of., 1992: Prins ot al.. 1992 Burt er al.
19%5: Guh et af., 1995: Chess-Williams ef af.. 19%4: Muramatsu
ot al.. 1996). portal vein {Digges & Summers, 1983; Chess-
Williams et ol.. 1996: Green et al.. 1996} and human lower
urinary tracl {see Hiehle & Ruffolo, 1990}, where the presence
ol bolh #4- and o -adrenoceplor hus been claimed on the
busis of prazosin atfinity. bave now prodaced & range of
affinities for R5-17053. The high affinity for RS-17053 in ral
vas deferens (pK,=9.5: Marshall ¢r ol 1996) and perfused
meseatery {pA.=99: Ford ¢r of, 1990) indicated xy4-
adrenoceplor involvement. However. an  z,;-adrenoceptor
displaying a 250 fold lower potency for RS-17053 was found
in ral portal vein (pK; =7.1; Marshall er of., 1996), human
tower arinary Lract (pA-=7.3: Ford et al.. 1996) and prostale
{pA-=7.2: Marshall et of., 1996). Interestingly, aparl from RS-
17053, the affinity estimates of diflerent antagonists in the
SMA are in good agreement with those determined in human
lower urinary tract (Figure 6). The affinity of RS-17053 in rat
SMA {pKp=8.35) is more in uccordance with an intermediate
affinity value demonstrated in the prostatic pertion of ral vas
deferens by Burt and colleagues (pA>=8.3: 1998). Further-
more. accumulation of ['H]-inositol phosphates by ceils
expressing the human x,-adrencceplor was antlagonized by
RS-17653 with similar intermediate affinily (pA.=8.3; Ford o/
al.. 1997). Consequently, the authors postulated that this o~
adreneceptor was an aftinity state of the 2y, -adrencceptor gene
producl. Taken together. these observations indicate that the
structurally defined #;s-adrenoceptor either preseats itsell
functionally as. or consists of, al least three dilfereat subtypes
which can be discriminated by RS-17053. Indeed. in
radiofigand binding studies a complete switch from an o, -
adrencceplor pharmacological profile inte an «, s-adrenocep-
lor profile could be irduced by changing experimental
condilions, which included (i} a de¢reas? in lemperature from
37 to 20°C. {ii) the use of TRIS/EDTA buller instead of Ham's
buffer and (iti) the disruption of cells inlo membranes
(Williams et al., 1996).

Therefore, we found it of interest to study whether a
switch in the state of aftinity of RS-17053 can be established
in functional studies with rat SMA (see Table 2). For
obvious reasons, in such studies one cannot employ TRIS/
EDTA buifer or cell membranes as used in the radioligand
binding assay (Willlams er al, 1996). However, we
determined the aflinity of RS-17053 at a lower bath
temperaturg, The pKy estimale of RS-17053 in the SMA
was unaffected hy decreasing the femperature from 37 (o
27°C. Experiments carried oul according lo the protecol of
Chen and co-workers {1996) demonstrated simple competi-
tive antagonism and also yiclded an affinily estimate for RS-
17053 similar to that obtained under standard conditions
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and thus incompatible with the suggested #5-adrenoceptor
involvement {Chen er of., 1996). Interestingly, high affinities
for RS5-17053 have been estimated in perfused assays, like
ral  kidney {pA:=98 Ford er «f. 1996). mesentery
(pA:=9.9, Ford er ol., 1996) or hind limb (pA,=9.47. Zhu
et al., 1997). The sponlaneous development of myogenic
tone in perfused vessels might be a mujor experimental
difference with the SMA preparation (Duna er al.. 1994).
We induced myogenic tone in rat SMA by either partial
depoturization wisth KCl (20 mM) or by a threshold
contraction with the (hrombexane A--mimelie. U46619.
U46619 was sclected. since thromboxane A, is produced by
the endothelium. ua tissue which [unction vares upon
perfusion (Furchgott & Vanhouile. 1989). Interestingly. the
induction of myogenic tone modified the shape and location
ol the noradrenaline Ej[A] curves similar to that observed in
the ral and rabbil pressurized perfused SMA (Buus e aof.,
19%4: Dunn e of., 1994), bt did not affect 1ke antagonizing
polency for RS-17053 (Table 2).

Do low affinity (2;0-) and high affinity
{ oy -adrenaceptors) sites co-exist i rat SMA

By selective Inactivation of the o -adrenoceplors with
phenpoxybenzamine while protecting x,-adrenoceptors, we
attempied lo unnask a putative x,4-2drenoceptor popalation
in ral SMA. However, Schifd analysis demonstrated a single
receplor  again  displaying  low  affinity for RS-17051
(pAa=8.25). Therefore, it is unlikely that w4 - and -
adrenoceplors co-exist as distine! sublypes in rial SMA.

Observations [rom previous reporis led to the idea that the
#ia-adrenoceptor  anlagonists, lamsulosin snd RS-17053,
might acl al different sites at the w;-adrenoceptor, which
display differential susceptibility for aflinily changes. For
example. experimental conditions influenced the hinding
affinities of, among others, RS-17053 and prazosin, whereus
that of 1amsulosin and indoramin remained unallecled
(Williams et al.. 1996). Accordingly. tamsulosin displayed
similar affinities for funclional % s-adrenoceptors and -
adrenoceptors (Ford e af., 1996). Combined concentration-
ratie  analysis. however, indicated that RS-17053 and
tamsulosin compete for binding to the x-adrenoceptor site in
ral SMA. which indicates that both x,-adrenoceptor antago-
nists act syntopically.

In summary. data obtained in our experiments in rat SMA
indicate that (i} the -adrenoceptor mediating noradrenaline-
induced centraction displuys a distinct o,;-adrenoceptor
pharmacology, where both prazosin and RS-17053 have a low
affinity; (ii) the aftinity of «; -adrenoceplor for RS-17053 is not
affected by changes in experimentai conditions: (i) it is
unlikely that there is a co-existing «;s-adrenoceptor population
and (iv) tamsulosin, which does not discriminale between ;-
and #jc-adrepoceptors, acts at the same site as RS-17053.
Overall, 1his siudy does nol provide evidence for the
hypotkesis that oy -adrenoceptors represent an affinity state
of the & 4-adrenoceptor in functional assays (Ford er af., 1997).

We thank Abbott Laboratories (North Chicago, 1L, US.A), Dr
Anthony Ford (Roche Bioscience, Palo Alta, CA, US.A.), Japan
Tobacce Company {Tokyo, Japan). Smith Kiline Beecham Pharma-
ceuticals {King of Prussin, FA, US.A), Bochrnger Inpelheim
{Bracknell, Berkshire, U.K.) and Yamanouchi Pharmaceuticals
(Ibaraki, Tsukuba, Japan) for providing us with A61603, RS-
17053, JTH-601, SKF89748-A, 5T 587 and tamsulosin, respectively.
We are alse gratefui to Dr Richard Bond (Houston, TX, U.S.A) for
suggesling receptor proteciion studies.
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Abstract

The aim of this study was 1o evaluale whether the operational model of agonism can yield independent estimates of agonist affinity
(pK,) and efficacy (log 7y when Furchgott's method of iereversible rece ptor inactivation is employed. For this purpose, the interaction be-
tween noradrenaline ard phenoxybenzamine was stizdied in rat small mesenteric artery using a paived-cierve design, Phenoxybenzamine
pretreatment produced a significant rightward shift and depression of the upper asymptote of the noradrenaline concentration-effect {Ef
[A]) curve, Although the operationat model of agonism appeared to provide an adequate fit of the individual Bf{ A} curves, a highly signif-
icant correlation was found between the estimates of pK and log 7 (r = — (.80, p < 0.0001), inconsistent with the assumption that affinity
and efficacy ar¢ independent parameters (best line fit: pKy = —0.96 X log 7 + 6,75). The pK 4 and log 7 estimates were not correlated with
either the pECs s of the control curves or upper asymptotes of the phenoxybenzamine-treated curves. Simulations showed that the corre-
fation between affinity and efficacy can be explained by the effect on the ouicome of the analysis of random errors in the response mea-
surements. Thevefore, although in theory the operational model of agenism should provide independent estimates of agonist affinity and

efficacy, this is unlikely to be the case with experimental data.

© 1999 Elsevier Science luc. Al rights reserved,

KReywordy: ap-Adrenoceplors; Adfinitly; Efficacy; Furchgott method; Noradeenaline; Operatiunal model of agenism: Pheaoxybenzamine;

Small mesenteric artery (ra1)

k. Introduction

The idea that agenist affinity and efficacy are indepen-
dent properties has been a central concept of classical phar-
macological receptor theory. In recent years, numerouns
groups have suggested that when Furchgott’s (1966) irre-
versible receptor inactivation methed is employed, agonist
conceatration-effect (E/AJ) carves from contro! and treated
tissues can be fitted directly to Black and Leff™s (1983) op-
erational model of agonisim to obtain estimates of affinity
and relative efficacy for a varicty of receptor systems in iso-
Iated tissue bioassays (see, for example, Black et uol,
1985a,b; Left, 1988; Leff o wl., £990; Christie ¢f ul., [992;
Palea et ul., 1995; Sallés ¢f al., 1996; Tabernero ¢f al., 1996;
Kramer ef ol , 1997, MacLennan ef af, 1997a; Martin of af.,
1997; Pineda et af., 1997; Vivas ef af., [997; Wail et ul,
1997; Deyrup ef al., 1998), recombinant expression systems
{Giles ¢f al., 1996; MacLennan ¢1 ., 1997b) and in vive an-

* Prosentaddress: Phiver Central Research, Discovery Binlogy, Sundwich,
Kent, CTI3 9N, UK. Fax: ++—H-1304-65804d; c-muil: piel van_der_
gruaf{ @ sandwich plizer.com

imal models (Zernig ef al., 1996). A similar model-fitting
approach has recently also been used to estimate agonist af-
finity and efficacy from EAA] curves obtained in cell lines
with different receptor expression levels (Wilson et al,
1896; Corti er al, 1997). Two kinds of experimental design
are commonly used in irreversible receptor inactivation ex-
perimeats which aim to estimate agonist affinity and effi-
cacy: a single- and multiple-curve design (Leff er ai., 1990;
Dougall, 1998). With the single-curve appreach, individual
EfA} curves from conirol and irreversible antagonist-
treated tissues are fitted simultaneously to the operational
moddel of agonisni;

E,-T"-[A]
(Ky+1AD + 17 [A]"

10 obtain single estimates of the naximum response achiev-
able in the system (E.), the slope index of the occupancy-
effect function (n), and the agonist dissociation equilibrium
constant (K} and individual estimates of the efficacy pa-
rameter (1) for each curve. Receatly, we have demonsirated
that the practical wtility of this simultaneous fitiing proce-

E
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dure is limited, because the outcomes are highly dependent
on between-tissue variability of the upper asymptotes of the
control curves and may be unreliable even under well-con-
trolled experimental conditions {Van der Graaf and Danhof,
[997). Therefore, it has been suggested that whenever pos-
sible a multiple-curve design should be adopled in which
pre- and posttreatment E/[A} curves are obtained in the
same lissue to estimate parameters that are not biased by be-
tween-tissue variability (Leff et «l., 1990; Van der Graaf
and Danhef, 1997; Dougall, 1998). To date, however, the
refiability of the multiple-curve design has not been evalu-
ated in detail yet. Interestingly, however, Henry et al.
(1992) have reported in a meeting abstract that the opera-
tional medel of agenism in combination with the muliple-
curve design yielded affinity and efficacy values that were
highly correlated across different experiments, inconsistent
with the basic assumption that these parameters can be esti-
mated independently, Therefore, in the present study, we
have studied the interaction between noradrenaline (NA)
and phenoxybenzamine (PBZ) in rat isolated small mesen-
teric artery (SMA) using a paired-curve design. We applied
the operational model of agonism to analyze these data and
found that the model yielded highly variable and correlated
estimates of affinity and cfficacy, confirming the prelimi-
nary report by Henry er af. (1992). On the basis of simala-
tions it is shown that this, at first sight urexpected, variabil-
ity of and correlation between affinity and efficacy can be
explained by the effect on the outcome of the analysis of
random errors in the response measurements. This indicates
that the multiple-curve design does not necessarily provide
arefiable alternative for the single-curve method.
Preliminary accounts of these data were presented to the
Brifish Pharmacelogical Society {(Van der Gaaaf, 19964a,b).

2, Methods
2.1. Rat iselated small mesenteric artery preparation

Male Wistar rats (225-300 g) were killed by cervical dis-
location, and the mesentery was removed and placed in ice-
cold modificd Krebs-Henseteit solution (KHS) of the fol-
lowing composition (mM): NaCI | {9.0, NaHCO, 25.0, KCI
4.7, KH,POQ, 1.2, Mg80, 1.2, glucose 5.5, CaCl; 2.5, and
ethylenediaminetetra-acetic acid (EDTA) 0.026. Six arterial
trees were dissected from each mesenteric vascular bed and
cleared from surrounding adipose tissue. From each arterial
tree, o ~2-nun fng segment was mounied in a small-vessel
myograph {J.P. Trading, Aarhus, Denmark) with separated
6-mL organ baths (thermostatically controlled at 37 *
0.5°C, containing the KHS and continuously gassed with
95% O, and 5% CO,) as described before {(Var der Graaf et
al., 1996). The endothelium was removed by gentle rubbing
of the intimal surface with a thin, scoured, metal wire. Tis-
sue responses were continuously measured as changes in
isometric tension and displayed on potentiometric chart re-
corders.
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2.2, Experimental protocol

Following a 10-min stabilization period, the internal di-
ameter of each vessel was set to a tension equivalent to 0.9
times the estimated diameter at 100 mmHg effective trans-
mural pressure (i = 245 = 7 wm, n = 30) according to
the standard procedure of Mulvany and Halpermn (1977). Af-
ter a further 15-min stabilization period, tissues were ex-
posed to five concentrations of NA (10 uM), separated by
5-min washout periods. The absence of functional endothe-
liom was confirmed by the lack of a relaxation response io
[0 pM of the acetylcheline M-receptor agonist S-methyl-
furmethide, added to the organ bath after the fifth exposure
to NA had produced a plateau response. Effects were ex-
pressed as percentage of the response (7.8 = 0.5 mN) pro-
duced by the fitth exposure to NA. After a 15-min washout
period, tissues were incubated for 90 min with 30 M co-
caine and 6 pM timolol to block newronal uptake and
B-adrenoceptors, respectively, and a first NA E/[A] curve
was obtained by cumulative dosing at third- or half-log unit
concentration increments. Following a 15-min washout pe-
riod, tissues were exposed to 0.1 nM (30 or 45 min) or [ nM
(10 or 15 min) PBZ and were subsequently washed for 30
min. Cocaine and timolei were then incubated as described
above and a second NA E/[A] curve was obtained in each
tissue.

2.3. Data unalysis

2.3.1. Hill equation

Individual agonist curve data were fitted to the following
form of the Hiil equatien, using an iterative, least-squares
methed [Eq. (2)F

0y
ECq,™ + [A]™

to provide estimates of midpoint slope (ng), midpoint toca-
tion {ECyy, estimated as a logarithm) and upper asymptote
{a). The effect of drug treatment on these parameters was
assessed by Smdent’s paired #test. Values of 7 < 0,05 were
considered to be significant.

2.3.2. Estimation of NA affinity and efficacy

Agonist affinity and efficacy estimates were obtained by
fitting each pair of comrol and PBZ-treated curves directly
to the operational model of agonisin [Eq. (1)), providing a
common estimate of B, K, and a for cach pair and two T
values, Togpon M Tyyeg, for the control and PBZ-treated
curves, respectively. Ku, T ng, a0d Ty g Were estimated as
[ogarithims, because these parameters are assumed to be log-
normally distributed (Leff ¢t al, 1990; Christopoulos,
1998). The estimates of E,, pK, {that is —log K,), # and
log T, fTOM each pair of curves were then used to caleu-
late means £ S.E. mean. The fitting procedures were car-
ried out on a VAX 6000-310 computer employing the AR
module {derivative-free, nonlinear regression) of the BMDP
statistical software package (Dixon er al, 1990). For the
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simulation studies (see Christopoulos, 1998), 100 pairs of
theoretical E/[A] curves were generated with the opera-
ticnal model of agonism and randem error was added to
each simulated data point with the statistical software pack-
age S-PLUS {version 4.5, MathSoft U.K.). Each pair of sim-
ulated Ef{A]} curves was subseguently fitted to the opera-
tional model of agonism as described above.

2.3.3. Graphical test to assess the goaduess-of-fit

Black and Shankdey (1990) have developed a graphical
method to visualize systematic deviations of curve fits ob-
tained with the operational model of agonism from exper-
mental E/A] data. Briefly, it was shown that a piot of
—log(l —a/E ) against log EC, data from rectangular hy-
perbolic agonist Ef{A] curves obtained in the presence and
absence of pretreatinent with irreversible antagonist should
yield a linear plot with unity slope. This test, however, cnly
applies for rectangular hyperbolic EAA] curves and could
not be used for the NA EffA] curves in the SMA, since the
slopes of these curves were found to be significantly greater
than unity. Therefore, an equivalent has been derived for
nonrectangular hyperbolic curves from the operational
model of agonism. The Hill-equation parameters, o and
ECs,, are related to the operational model parameters By, 7,
n, and K, as follows (Black and Leff, 1983):

_E,- 1

L"__n )
l+7
K
ECy = _—;?T «h
2+1) -1
From Eq. (3) and (4), for any experimental curve, Eq, (5),
F ¥4 R KA + ECSD)"
el G o g
which can be rearranged as follows:
o 1/0
Iog(([_: ma+2) - l): —logEC,; + logK {6)

m

Therefore, a plot of log{(c/E,—a)+2)""—1} against
~log (EC/K,) should yield a straight ling with slope of
unity and abscissa intercept of zero. Note that whenn = 1,
corresponding to a rectangular hyperbolic EffA] curve, Eq.
(6} simplifies to Eq. (7):

—log(l ——f‘-) = —1ogECyy+ logK, o
E"l'['l

which is the equation derived by Black and Shankley

£1990).

Iy
2.4, Componunds

Compounds were obtained from the following sources:
cocaine hydrochleride, [-oradrenaline hydrochloride (NA),
phenoxybenzamine hydrochloride (PBZ) and prazosin hy-
drochleride: Sigma, U.K.; chloroethylclonidine dihydro-

chloride (CEC): Research Biochemicals Incorporated, U.S.A.;
timolol maleate: Merck, Sharp & Dohme, UK, S-methylfur-
methide iodide: James Black Foundation, U.K.

NA was dissolved and diluted in steichiometric, agueous
ascorbic acid solution. PBZ was dissolved in absolute ethia-
rol. Prazosin was dissolved initially in 50% ethanol to give
a 2-mM steck solution and subsequently diluted in distilled
water. All other drugs were dissolved in distilled water. NA
solutions were made up each day. All other drug stock solu-
tions were stored below —20°C and diluted on the day of
the experiment. The maximum volume of drug solution ad-
ministered to the 6-mL organ baths did not exceed 100 pL.
Neither the vehicles nor the antagonists were found to pro-
duce significant effects on basal tone.

3. Resulis
3.4 Effects of PBZ on NA EXA] curves

NA (10 aM-30 pM) produced concentration-dependent
contraction of the SMA and the control E/[A] data (1 = 19)
were fitted to the Hill equation to provide estimates (mean x
S.E. mean) of midpoint location (pECs, = 6.69 = 0.07), up-
per asymptote (o = 0.6 2 0.9%), and midpoint slope (n,; =
L45 ® 0.08). PBZ pretrearment produced a significant
rightward shift and depression of the upper asymptote of the
NA E/[A] curves (Fig. | and Table 1). The Hill slgpes of the
NA E/[A] curves obtained after PBZ treatment were abways
slightly lower than the slopes of the corresponding control
curves, but this effect was not significant for any of the
treatment groups as judged by Student’s paired f test (Table
1.

The differences between the first and second NA curves
were due to an effect of PBZ, since incubation with vehicle
(10 pL ethanol) for 45 min (which was the longest incuba-
tion time used for PBZ) had ne significant effects on the
Hill slope parameters (pECsg = 6.63 * 0.10 and 6.64
0.07; o = 102.0 * 1.9% and 102.6 + 2.0%; ng = [.34 &
0.12 and .32 % 0.06 for the {irst and second curve, Tespec-
tively, # = 3). Furthermore, the antagonistic effects of PBZ
were shown to be solely due to irreversible blockade of o,-

Tahle 1

Hill ¢quation parameier cstimates (mean * 5.E. mean) for norzdreaalioe
vencentration—flect curves oblained on rat small mescoleric arteries
bifore and after reatment with phenoxyhenzamine

PBZ teatmeint pECs a’ (%) i )
Control 6.69 * 007 t01.6 ~ 0y 145 & 008 v
0.1 nM; 3¢ min 620 £ 006 YA 205 129z 014 3
.1 nA3; 45 min 6322013 RIZ 42 143 £ 012 4
1 pAM: 10 min 6.1y = 0.14 56353 1.25 201 &
1 nM: 15 min 6,12 % 009 120x14 127 2020 4

*Expressed as perventage of the fifih aoradrenaline (10 M) ealibration
esponse.
¥Number of replicates.
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Fig. 1. Individual pairs of concentration—effect curves 10 nordrenaling obtained on rat smali nxsenteric arleries belure (@) ang after (Q) preteatment with
phenoxybensamiing (-] 0.1 nM for 30 min; (dg) 0.1 nM for 45 min; (h}-(0} 1 nM for 10 min and {p}-{s) | aM (er 15 min. The lines showa superim-
posed on the experimental data points were simulated with the eperational moede] of agonism using (he individual parameter estimates given in Table 2,
Absvissae: lagy [noradrenaline] (M). Ordinates: perecatage of the response to the fifth noradrenaling (10 pM) calibration contraction.

adrenoceptors in the SMA, since co-incubation with the se-
leclive o -adrenoceptor antagonist, prazosin (20 nM, ~6.5
times the apparent affinity for a-adrenoceptors in rat SMA,
Van der Graaf et al., 1996), produced complete protection
against the eftects of 20-min pretreatment with 1 nM PBZ
(pECs = 6.16 £ 0.08 and 6.22 * 0.05; o = 105.8 £ 4.5%
and 1040 = 0.4%; ny; = 1.88 £ 0.24 and 1.52 = 0.05in the
absence and presence of PBZ pretreatment, respectively, n =
3). In contrast, incubation {30 min) with another irreversible
o -adrenoceptor antagenist, chloroethylcionidine (CEC, 10
pM), had no significant effect on the NA E/[A] response
{pECs; = 6.31 = 0.15and 6.27 + 0.09;«« = 108.0 = 3.4% and
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1022 £ 43%; ny = 2.1F £ 0.12 and 1.93 2 0.1 in the ab-
sence and presence of CEC pretreatment, respectively, n = 3).

3.2, Operationgl model of agonism fisting

Each pair of NA control and PBZ-treated E/[A] curves
was [itted to the operational model of agonism to provide 19
individual sets of estimates of E,, 1, pK s, 10g Ty and fog
Tueard L Fible 2), from which mean and S.E. mean values
were catculated (Table 2). Estimated E, values were always
greater than the upper asymptotes of the NA E/[A] control
curves, indicating that according to the model NA behaves
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Tuble 2

Operationzl mesde] of agenism parameter estimales phtained from fiting individual pairs of noradrenaline concentrativn—¢ fect curves obtained on rat small
mesenteric aneries before and after reatment with phenoxybenzamine (Fig. 1)

Exporimeat® E.* 102 Ty 108 Teoveg 0 pK,
Y 1209 054 0.303 148 6.03
b .5 [.1s 0846 122 543
3 15y 038 0.229 255 6.10
d 106.3 0.64 0.226 [.93 6,13
¢ [zs 056 0316 261 5.9
3 1204 026 0159 ERL) 6.76
g 1238 025 0.128 2N 6.71
h 1143 091 —(.275 097 6.43
i 1000 0.8% 0172 2.00 583
i 105.7 0.82 U376 166 5.9¢
k 1218 G20 — (Lo 360 638
1 179.8 .11 ~0.379 152 6.67
m 1135 0.7s 0.0826 L 6.44
a 105.0 1.05 00109 1.0} 5.56
n L1610 93 0.502 1.23 346
" 9.5 114 —0557 i.25 593
q 158.5 0.21 —0.643 1.7 6.47
r 156.7 0.20 —0.5497 1.81 6.57
s 117.0 040 —N436 2.24 6.52
Mean + 5.E. mean 1202 = 5.0 0.60 + 0.08 — 188 = 0.17 6.18 =040

*Lenters correspand 1o the Tabels in Fig. 2.

*Expressed as perventage of the [fth arradrenaline (10 kM) calibration response,

as a partial agonist in the SMA generating 86.3 = 2.5% of
the maximum pessible response. The individual estimates.
were used to simulpte the curves shown superimposed on
the individoual experimental data peints in Fig. 1. The goodness-
of-fit was assessed by the graphical test outlined in the Methods
section. Individual values of log{{e/E,—a}+2)" —1) and
—log {ECsy/K4) were found te be highly comelated {» =

=y
N
)

o
oS

log {{a/(E,~a)+2)V/"—1}
o S

0 04 08
—log {EC50/KA)

Fig. 2. Relatinn hetween individual estiimates of Ingffa/E, —a)+2)'" — 1}
and ~log (ECq/K,) obtained from model fitting of pairs of control and
phenoxybenzamine-tecated  noradrenaline  concentratini—effect  curves
obsined oa rat small mesentede arterics.

T 1

1.2

0.99, p < 0.0001), and linear regression yielded a slope
which was not significantly different from unity (1.04 =
(.03) and an abscissa intercept which was not significantly
different from zero (—0.03 = 0.02), indicating that the
model provided an adequate description of the experimental
data (Fig. 2).

However, a highly significant, negative correlation was

6.5

pKa

0 0.5 1
Eog Tconlroi

Fig. 3. Relation between individual estimates of (pK,) aed cfficacy {Jog
Towr) oblained from Buing pairs of coniral and phenoxybenzamine-
wreated rogadenaline conventrtion—¢ffeet curves abtained on rat smal
mesenteric artedies 1 the operational model of agonism,
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found between the individual estimates of pK , and log T
(r = —0.80, p < 0.0001}), inconsistent with the assumpiion
that affinity and efficacy are independent model parameters
(best line fit: pKy = —0.96 X log Towa + 0.75; Fig. 3).
The pK, and log T . estimates were not corretated with
the pECy, values of the NA control curve (# = 0.31 and
0.30, respectively, p > 0.01, Fig. 4), Furthermore, the out-
comes of the model fitting were independent of the degree
of receptor inactivation, since pK, and log 7, ., Were not
significantly correlated with the upper asymptotes of the
PBZ-treated curves (v = —0.33 and 0.14, respectively, p >
0.1, Fig, 5).

@
6.5 - @ @
@ © e

55

6 6.5 7 7.5

|Og T control
]

O I T T T T v 1
6 6.5 7 7.5
PECso

Fig. 4. Relalion between individual estimates of poterky (pECs,) and ()
aftieity (pK,) and (h) effivacy (20g 5000 oblained from liing pairs of
control and phenoxybenyaming-treated noradrenaline concentration—ffect
curves ehiained on rat small mesentede arteries 1o the eperativnal nodel of
dgonism,
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Fip. 5. Relation hetween individual estimates of the upper asymplote alter
phenoxybenzamine treatment {e,,,.p) and (@) affinity {pK,) and (b) effi-
cacy {10g T,nma? values abtained from Auling pairs of control and phenoxy-
benzamine-treated noradrenaline concenteatien—¢liect curves vbtained on
rat smafl awsenleric srteries ta the operational model of agonism.

3.3 Simuldations

in an attempt to investigate whether the correlation be-
tween affinily and efficacy was due to a statistical rather
than a pharmacological phenomenon, a simulation study was
performed. First, “perfect” control and PBZ-treated E/fA]
curves were simulated with the operational model of ago-
nistn using the average parameters estimated for NA(E, =
120.2, log Tooum = 060, log 1 = (.00, n = 1.88 and
pK, = 6.18; Table 2) and the same dosing scheme as em-
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ployed in the experiments. The second step was to add ran-
dein noise to the data points to simuolate the influence of ex-
perimental ermor in the response measurements. For the
nineteen experimental NA control curves, the coefficient of
variation (CV) for each data point was found 10 be related to
the effect level (E) as follows: log CV = =002 X E +
2.34; r = 1.00). Although this empirical relationship con-
tains both inter- and intratissue variability, for the sake of
simplicity it was assumed that intertissue variability was in-
significant since all respanses were norinalized to a calibra-
tion response. Thus, the lincar relationship between log CV
and E was used to add random noise to the data points as if
they originated from a nermal distribution and 100 pairs of
carves were simulated and subsequently fitted to the opera-
tional model of agonism. Although the mean affinity and ef-
ficacy estimates were practically identical to the “true”
mean values used for the simulation (pKy = 6.29 + 0.(4
and log Ty = 0.56 * 0.03; = 160), individual pK, and
[08 Ty e €8timated varied over ~2 log-unit between tissues
(Fig. 6). The correlation between individual pK, and [og
Tewang CStimates was highly significant (r = 094, p <
0.0601), and the best line fit was practically identical to the
one obtained from the experimental dala (pKy = — .16 X
tog T + 6.94; Fig. 6).

4, Discussion

TFhe operational model of agonism has become a stan-
dard and widely employed tool in pharmacological research

0 05 1 15
log T cantrol

Fig. 6. Relation between individual estimates of affinity {pK,) and efficacy
(10g Tyune) obtained from fitting 100 pairs of simulated concentration-
effect curves to the operational model of agonism. En all simulations, pK,
and log 7.5, were fixed al 6.18 and 0.60, respectively, and the deviations
from these “true” values are the resull uf rindem noise added 1o the daca
points (see text fur details).

to estimate agonist affinity and efficacy from receptor inac-
tivation experiments (see [ntroduction for references). Re-
cently, we have demenstrated that the simultaneous fitting
methed, based on a single-curve desiga, only yields reliable
affinity and efficacy estimates whea there is practicaity no
between-tissue variation of the upper asyimptotes of the con-
trol curves, which limits to a great extent the utility of this
approach for the analysis of experimental data (Van der
Graaf and Danhef, 1997). In the present study, the alterna-
tive appreach of a multiple-curve design was evaluated us-
ing both experimental and sinulated data. The main finding
was that the operational modet of agonism yieided highly
variable and correlated estimates of affinity and efficacy of
NA at a;-adrencceptors in the rat SMA assay, inconsisient
with the basic asswmption that these are independent param-
eters. Remarkably, the individual pK, estimates varied over
1.3 log units between different tissues (Table 2; Fig. 3). Pre-
viously, Bevan et al. (1988) have shown that the apparent
affinity of NA for the a«-adrenoceplor, determined by
Furchgotl's metkod, varied by over three orders of magni-
tude between 12 rabbit arteries and aortae of five species.
Furthermore, it was found that NA's pK, and poleacy
{pECyg) in these tissues were positively correlated. In con-
trast, there was little variation in the affinity of the o-
adrenoceplor antagenist, prazosin, between these tissues.
On the basis of these observations, the so-calted variable re-
ceptor affinity hypothesis was proposed which supgests that
variation in NA's affinity for the «-adrenoceptor is brought
about by “local cetfular influences” and does not reflect dil-
ferences in the «g-adrenoceptor subtypes between tissues, It
was suggested that this mechanism can also cause Jarge pK
variations for NA in the same tissue {Bevan er al., 1989),
when it was found that during a 3-month period the pK, for
NA in rabbit thoracic aorta varied between 5.4 and 7.3 (n =
21) and was positively correlated with potency, The comer-
stone on which Bevan and coworkers have built their hy-
pothesis is the correlation between NA's affinity and po-
tency. In the present case, however, there was no significant
correlation between pECs, values for the control curves and
pK, estimates {Fig. 4(a)], and our data arc thercfore not
consistent with expectations of the variable receptor affinity
hypothesis {(Bevan ef af., 1988, 1989).

It is also unlikely that the complexity in the present study
was due to failure (o satisfy basic experimental criteria for
the application of the operational model of agonism. First,
following vehicle treatment, the second NA E/[A] curve
was practically superimposed on the first one, confirming
the validity of the paired-curve design. Second, the revers-
ible «-adrenoceptor untagonist, prazosin, could protect
completely against the inhibitory effect of PBZ, confirming
that this was due only to inaciivation of op-adrenoceptors.
Another possibility could be the involvement of multiple re-
ceptors, since at least three «-adrenoceptor subtypes (c an.
oy, and &) operate in vascalar tissues (see Stam er af,,
1999). However, a 30-min pretreatment of the SMA with 10
pM CEC had no significant effect on the NA response,
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Fig. 7. Relation between previously published individual estimates of
affinity (pK,) and efficacy (I0g T ans) obtained from operational model
fuing of pairs of control amé pheanxybenzamine-treated concentration-
effect curves In (3) 5-hydroxytryptamine obtained on rabbil acria (Leff
al., 1990; original duta from Black et al., 19859 and (b) 5-methylfurme-
thide ob1ained on guinea-pig trachea (Lefi er ol., 1985).

while it is known Lo inactivate, at least pariially, op- and
wp-adreneceptors under these conditions (Michel & al,
1995; Stam ef al., 1999). Finally, the endothelivm was al-
ways removed, cocaine and timolol were present in all ex-
periments to block Uptake, and B-adrenoceptors, respec-
tively, and Uptake, does not play a significant role in the
SMA assay (Van der Graaf ef al., 1996).

Overall therefore, the simulations performed in this
study (Fig, 6) strongly suggest that the large variability in
pK, and log 7 estimates and the associated correlation are
due to a statistical rather than a pharmacological phenome-
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non and ¢all inte question the validity of the widely used
curve-fitting procedure for the estimation of agenist affinity
and efficacy. [1 was shown that when random noise (at ex-
perimentally encountered levels) was added to “perfect”
curves generated by the operational model of agonism, af-
finity estimates varied over two log units between indepen-
dent experiments (Fig. 6). This implies that the failure of the
operational model of agonism to estimate robust and inde-
pendent values of affinity and efficacy is not limited to the
present experiment but is an inherent weakness of the
method. Althongh detailed studies in other assays are re-
quired to substantiate this conclusion further, some previ-
ously published results may be related directly to the phe-
nomenon described in the preseat arlicle, First, Henry et al.
(1992) have reported that in guinea-pig iteum carbacho! and
pilocarpine affinity estimates obtained by the operationa
model of agonism varted by two and one orders of magni-
wide, respectively, and high correlations were observed be-
tween pK, and log 7 estimates. Second, analysis of previously
published pK and log 7 estimates for 5-hydroxytryptamine in
rabbit aorta (Black et e, 1985n; Leff ef al., 1990) and for
S-methylfurmethide in guinea-pig trachea (Leff ef af., 1985)
alse revealed notable correlatiohs between affinity and effi-
cacy (7 = —0.77 and —0.83, respectively, Fig. 7), although
it should be noted that the range and number of values are
rather limited in these studies. Finally, Tabernero ef af. (1996)
have reported a correlation between pKy and log 7 for the
ay-adrenoceptor agonist, phenylephsine, in the fail artery of
sportaneousty hypertensive rats with intact or damaged en-
dothelium.

in conclusion, this smudy extends our previous (Van der
Graaf and Danhof, 1997) assessment of the reliability of agonist
affinity and efficacy estimation using the operationat model of
agonism and demonstzates that the multple-curve design does
not necessarily provide arelinble altemative for the single-curve
method. Although in theory the operational model of agonism
should provide independent esiimates of agonist affinity and ef-
ficacy, this is unlikely to be the case with experimental data.
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Abstract

We studied the functional pharmacological profile of (+ )-cyelazosin, which has been characterised as a selective, high-affinity
(pK;=9.68} a g-adrenoceptor ligand in binding experimenis with ral Jiver menibranes. The pKy/pA, values for anagonism of
coatractions medisted via @, -adrenoceptors of rat smafl mesenteric artery, o y-adrenoceptors of rat aorta and &, g-adrenoceplors of
rat spleen were 7.78 £ 0.04, 6.86 + 0.07 and 7.96 + 0.08, respectively. Furthermore, in mouse spleen, which is alse regarded as an
ot yz-adrenoceptor preparation, {+ }-eyclazosin displayed Tow potency and did net act as a competitive antagonist. Thus, in contrast with
results obtained i radioligand binding experiments. {+)-cyclazosin does not behave as a selective wg-adrenoceptor antagonist in
functional tissues. Whether this discrepancy has consequences for the classification of «-ndrenoceptors requires further investigation.

© 1998 Elsevier Science B.V. All rights reserved,

RKevwords! o -Adremiweploss Aorta, rat: (4 )-Cyclazosing Small mesenteric artery, rat; Splecn, mouse: Spiecn, ret; Tamsulosia

1, Introduction

Radioligand binding studies and molecular biclogy ex-
periments have demonstrated the existence of g least three
«-adrenoceptor subtypes, now referred to as o, €5
and ay, (Hieble et al,, 1995). Functional studies suggest
the existence of an additional oy -adrenoceptor sublype
displaying low affinity for prazosin (Hieble et al., 1995).
Recently, it was postulated that the o -adrenoceptor might
represent a low affinity state of the «,-adrenoceptor
(Ford et al,, 1997). Selective competitive antagonists for
o4~ and ap-adrenoceplors, have been described in detail
(see Hieble et al., 1995; Stam et al,, 1996; Ford et zl,
1997}, Although the preferential suscepfibility to irre-
versible inactivation by chloroethylclonidine has been used
to subclassify op-adrencceptors (Hieble et al,, 1995), the
lack of a selective competitive antagonist has impeded a
precise quantitative characterisation of o ,5-adrenoceptors,

* Comresponding auther, Tel: +3[-10-408-7543; Fax: +31-10-436-
683y

Initially, some data obtained in radioligand binding experi-
ments suggested that spiperone and risperidene were com-
petitive, selective e z-adrenoceptor antagonists, but func-
tional studies were not able to confirm this (Bust et al.,
1995; Eltze, 1996b). Recently, however, Giardina et al.
(1996) have described a potent competitive o -adrenoe-
eptor antagonist, {+)-cyclazosin, which displays a 90- to
130-fold selectivity for binding to rat o,z-adrenoceptors
compared to &, and «,p, subtypes (pK; = 9.68, 7.73 and
7.57 for mat liver oy, hippocampus o, and cloned
ay-adrencceptors, respectively). The selectivity of (+)-
cyclazosin on functional responses mediated by the o -
adrenaceptor subtypes has hiowever not yet been studied,
Therefore, in the present study we examined the effect of
(+)-cyclazosin on the contractile responses to noradrena-
[ine and phenylephrine in rat small mesenteric artery, rat
aorta and rat apd mouse spleen, responses which are
believed to be mediated mainly by «,, - {Stam et al,,
1896), o - (Hicble et al., 1995) and o z-adrenoceplors
(Burt et al., 1995; Hieble et al, 1995; Eltze, 19962},
respectively.
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2, Materials and methods
2.1. Tissue preparation

The mesentery, aora and spleen were isolated from
male Wistar rats (250-350 g} and spleen from white mice
(25-30 g} which had been killed by cervical dislocation.
Rats reccived prior anaesthesia (sodium pentobarbitone, 60
mg kg~', i.p.). Tissues were placed in ice-cold modified
Krebs—Henseleit solution (KHS) of the following composi-
tion (mM} NaCl 119.0, NaHCO, 25,0, KC1 4.7, KH,PO,
1.2, MgSG, 1.2, glucose 5.5, CaCl, 2.5 and ethylenedi-
aminetetraacetic acid 0.026. The Ca*  concentration
(CaCl, = 0.25 mM} used for rat aorta was one tenth of that
of standard KHS (see Van der Graaf et al,, 1996a). Tissues
were mounted in thermostaticalty controlled (37°C} organ
baths to measure isometric contractions. The bath medium
was continupusly gassed with 95% O, and 5% €O,.

Rat small mesenteric arteries were isolated from the
arterial tree and wounted as ring segments {~ 2 mm in
length) in a myograph (J.P. Trading, Aarhus, Denmark), as
described by us previously {(Van der Graaf et al., 1996b).
After a 30 min stabilization period, the preparations were
challenged five times with noradrenaline (10 p M} with
washouts after each challenge. The endothelium was left
intact, since its removal turned out to be technically diffi-
cult and was found to be associated with a substantial
decrease in 1he fuactional reactivity (unpublished observa-
tion). The integrity of the endothelium was confinmed after
the first ¢hallenge with noradrenaline by using acetyl-
choling {10 p.M), which produced at least 60% relaxation
in all tissues.

After removal of the endothelium by gentle rubbing
with a polyethylene tube, rat wortic ring segments (3 mm)
were mounted in 15-ml organ baths and eguilibrated at 20
mN for 90 min. Subsequently, a calibration contraction
was obtained to 30 M 5-hydroxytryptamine (5-HT) and
the absence of the endothelium was then confirmed by the
lack of relaxation in response to acetylcholine (10 g M.

Rat and mouse splenic strips, obtained after longitudinal
bisection, were mounted in E5 mf organ baths and equili-
brated at a tension of 15 mN for 90 min and at 8 mN for
60 min, respectively.

2.2. Experimentul protucol

Tissues were fncubated with desipramine (10 M),
timolol (6 pM) and corticosterone (10 M) 1o block
neurcnal uptake, B-adrenoceptors and non-newronal up-
take, respectively, Sixty minutes later and in the presence
of these substances, agonist {noradrenaline in rat small
mesenteric artery and mouse spleen; phenylephrine in rat
aorta and spleen)} concentration-effect { E/[A]} curves were
recorded. In the ase of rat small mesenteric artery, cocaine
(30 M) replaced desipramine, corticosterong was omitted
and SCH-23390 {10 M) was added 1o block dopamine D,
receptors (Van der Graaf et al., 1996b).
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A multiple-curve design was used in experiments with
rat small mesenteric agtery and rat and mouse spleen. After
the first (rat small mesenteric artery and spleen} or third
(mouse spleen) agonist E/[A] curve was recorded, each
tissue segment was washed {rut simail mesenteric artery: 30
min, rat spleen: 120 min, mouse spleen: 60 min) and
equilibrated (60 min) with vehicle or antagonist at differ-
ent concentrations. Subsequently, another agonist F/[A)
curve was obtained and the responses were expressed as a
percentage of those of the preceding agonist curve,

A single curve design was used for rat aorta. Thus, after
the calibration contraction in response to S-HT, separate
segments from each vessel were incubated with either
vehicle or different antagonist concentrations, Subse-
quently, a single E/[A] curve was obtained for phenyl-
ephrine. Data are expressed as percentages of the calibra-
tion contraction.

2.3, Analysis

Individual agonist curve data were fitted to ehe Hill
equation by using an iterative, least-squares method to
calculate the midpoint location (pECs,), Hill slope ()
and upper asymptote (a). The effect of drug treatment on
these parameters was assessed by one-way anatysis of
variance (ANOVA}Y or Student’s (-test, as appropriale.
Values of P < .05 were considerad to be significant.

When minimum criteria for competitive antagonism
were satisfted, that is the antagenist preduced a parallel
rightward shift of the agonist £/[A] curve with no change
in the upper asymplote, antagonist affinity was estimated
by fitting the individual pEC,, values obtained in the
absence and presence of antagonist to the Schild equation
as described previously (Van der Graaf et al., 1996a).
When the Schild plot slope parameter {£) was not signifi-
cantly different from unity, the data were re-fitted with &
constrained to unity so that the antagonist dissociation
equilibrium constant, X, could be estimated {Jenkinson et
al., 1995). When the criteria of competitive antagonism
were not completely satisfied, an empirical pA, value was
estimated by using the Schild equation, with & constrained
1o unity. All data are presented as means + S.EM.

24, Compotnds

Compounds were obtained from the following sources:
cocaine hydrochloride, 5-hydroxyiryptamine creatine sul-
phate (5-HT), {—)-noradrenaline hydrochioride, acetyi-
choline chloride, (—)-phenylephrine hydrachloride, de-
sipramine, corticosterone were from Sigma, The Nether-
lands; SCH-23390 (R-(+)-7-chlore-8-hydroxy-3-methyt-
I-phenyl-2,3,4,5-tetrahydro- 1H-3-benzazepine  hydrochlo-
rde} was from Research Biochemicals, USA; timolol
maleate was from ICN Biomedicals, The Netherlands;
tamsulosin hydrochloride was a gifi from Yamanouchi
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Pharmaceutical, Japan; {+)-eyelazosin { +[4-(4-amino-6,7-
dimethoxyquinazolin-2-y1} - cis-octahydroguinoxalin-1-yi}-
furan-2-ylmethanone) was a gift from Dr, A. Leonardi,
Recordafi, Italy. (+ )-Cyclazosin was dissolved in dime-
thylsulfoxide to give a 0.1 M stock solution and further
diluted in distitled water. Corticosterone was dissolved in
ethano! to give a stock solution of 30 mM. All other drugs
were dissolved in distilled water.

3. Resuits

L Effect of {+)-cyclazasin an novadrenatine-induced
confraction of rat small mesenteric artery

Noradrenaline produced cencentration-dependent con-
wractions of ral sinall mesenteric artery (Fig. [A). Hill
parameters of the control noradrenaline E/[A] curves
(n=7) were: midpoint location (pEC4)=6404£0.17,
Hill slope (ny) = 3.34 + 0.45 and upper asymptote {a) =
95 + 2% of that of the first noradrenaline E/[A] curve

A

160

50 4

X of first curve

[Noradrenaline] {logyeh

150 C

100

o]

X of calibration contraction

[Pherylephrine] [ogy M}

(20.6 £ 2.1 mN). (+)-Cyclazosin (0.1-1 pM) produced a
paralled, rightward shift of the noradrenaline E/[A] cueve.
Schild analysis (Fig. 1B) yielded a slope parameter not
different from unily (1.15 £ 011, df = 18) and a pKy of
7.78 £ 0.04 was estimated.

2.2, Effect of (+)-exclazosin on phenyieplrine-induced
centraction of rat derta

Phenylepheine produced concentration-dependent con-
tractions of rat aortic rings: pEC, = 6.76 £ 0.05, #y =
0.62 004 and « = [08 + 7% of that of the 5-HT calibra-
tion centraction (9.3 +0.] mN, »=5). {+)-Cyclazosin
(0.1-3 nM) concentration dependently shifted the phenyl-
ephrine E/{A] curve 1o the right (Fig. 1C). However, the
criteria for competitive antagonism were not completely
satisfied, since (- )-cyclazosin produced a concentration-
dependent steepening of the E/[A] curves (ny =075+
0.02, 0.82 4+ 0.006, 0.89 +0.02 and 0.96 4 0.06 for 0.1,
0.3, 1 and 3 pM (4 )-cyelazosin, respectively (P < 0.001).
Notwithstanding this complexity, Schild analysis was per-
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Fig. |. E/[A} curves of noradrenaline in rat small mesenteric anery (panel A) and phenylephrine in ral sorta {penel ©) in the absence (@) ur presence of
0.1 (01 0.3(m), 1 (0) und 3 (4 ) uM (+)-cyelazosin. ‘The corresponding Schild plets are shown in panels B and D, The lines superimposed on the data
puints were determined by using parameters sblained from the vonstrdned madel T
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formed (Fig. ID). The Schild slope parameter was nof
different from unity {1.07£009, Jf=21) and a p4,
value of 6.836 + 0.07 was estimated.

3.3, Effect of {+)-cyelazosin on phenylephrine-induced
contraction of rat spleen

Hill parameters for the phenylephrine-induced contrac-
tion of vehicle-treated rat spleen (n=6) were pECy, =
5224004, ny =075 1005 and o= 127+ 9% of that
of the first phenylephrine E/[A] curve (3.5 4+ 0.1 miND.
(+)Cyelazosin at concentrations of 0.03-0.3 M pro-
duced a parallel, rightward displacement of the phenyl-
ephrine E/[A] curve (Fig. 2A). In the presence of a higher
concentration of {+ )-cyclazosin (I pM), the maximum of
the agonist E/{A] curve could not be attained with the
highest concentration of pheaylephrine (10 mM), and the
phenylephrine E/{A] curve flattened (ny = 045 + 0.01,
P < 0.05). Schild analysis was performed only for the
concentrations of {+ )-cyclazosin {0.03-0.3 uM) that met
the criteria of competitive antagonism: b =1.02 + 0.20
(df =11} and pKy = 7.96 £ 0.08 (Fiz. 2B).
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For comparison, the affinity of the reference o -adren-
oceptor anfagonist, tamsulosin, was estimated. Tamsulosin
{10 nM) produced a paraliet rightward displacerent of the
phenylephrine E/[A] curve and yielded a pA, of 9.16 &+
0.14 (n=73), simifar to that reported by Noble et al
{pA, =18.9; Noble et al,, 1997,

34, Effect of (+)-cyclazosin on noradrenaline-induced
contraction of mouse spleen

As shown in Fig. 2C, noradrenaline produced concen-
tration-dependent contractions of mouse spleen and the
Hill parameters in the control (#1 = 8) tissue were pECyy =
6.44 £ 007, 0y =074 £ 004, a= 10731 04% of that
of the third E/[A] curve (2.7 £ 0.02 mN). (+)-Cyclazosin
(0.1 M) produced a paraliet, rightward shift of the nor-
adrenaline E/fA] curve, with an associated p A, value of
7.38 + 0.08. Higher concentrations of {+ )-cyclazosin (0.3
and 1 ), however, did net produce any further shift
{Fig. 2C). A slight decrease in the maximal response
{a=89.4+06%, P<005) was produced by (+)
cyclazosin (1 M), The affinity estimate determined from

2-B o]

logygir=1)

leyelazosin] {log M)

Fig. 2. £/[A] curves of phenytepheiae in rat spleen (panel A) and noadrepatine in mouse sphocen (panel C) in the absence (@) or presence of 0.03 (0), 0.1
(O). 03 (MY and | (O) wM (+ }eyelazosin, The corresponding Schild plnt in the rat splecn is shown in panel B, The line superimposed on the data
poinis was determined by vsing parameters obtained from the conslrined model £t
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the rightward shift produced by [0 nM tamsulosin {(pA4, =
8.4 + 0.14, =3 was in good agreement with that of a
previons report {p K = 8.62; Eltze, 1996a).

4. Discussion

In this study, we characterised the potency of the
putative a p-selective antagonist { + )-cyclazosin in lissues
expressing different subtypes of functional «-adrenocep-
tors, The affinity estimate of {4 )-cyclazosin in rat small
mesenteric artery (pKg = 7.78 + 0.04) was in agreement
with the reported binding affinity for o, ,-adrenoceptors in
rat hippocampus, human cloned «,-adrenceeptors and
o, -adrenoceptors {pK,/pKy =7.1-7.7; Giardina et al.,
1996; Kava et al., 1998),

In rat zorta, which is considered to be a {functional
a p-adrenoceptar correlate (Hieble et al., 1995}, the right-
ward displacement of the phenylephrine E/[A] curves by
(+)-cyclazosin was accompanied by a concentration-de-
pendent steepening of the phenylephrine E/[A] curve.
This phenomenon has also been reported for other antago-
nists and is suggested to be due to the expression of two
closely related forms of the o p-adrenoceptor in rat aorta
(Van der Graaf et al., 1996a). The functional potency in rat
aorta of (+)-cyclazosin {p A, = 6.86), however, was within
the range of its affinity for rat cloned « -adrenoceptors
(pK; = 7.5T; Giardina et al., 1996).

On the basis of the high sensitivity to inactivation by
chloroethylclonidine, the receptors mediating contraction
of rat spleen in respoase 1o phenylephrine have been
classified as o 5-adrenoceptors (Han et al, 1987; Burt et
al., [995). However, the p A, value of 7.96 estimaled from
the competitive antagonism displayed by (4 )-cyclazosin
(0.03-0.3 M) is incompatible with its affinity for rat
liver et -adrenaceptors (p K; = 9.68; Giardina et al,, 1996).
This discrepancy with radicligand binding data led us to
study the antagonism of { + }-cyclazosin in mouse spleen, a
tissue where an even better correlation of anfagonist affini-
ties with clened o ,-adrenoceptors has been observed (Burt
et al, 1995, Eltze, 1996a). Suvrprisingly, the rightward
displacement of the noradrenaline E/[A] curve by (+)-
cyclazosin was only small and was not concentration
dependent (Fig. 2C), It should be noted that in our hands
temsulosin, the reference o -adrenoceptor antagonist,
yielded affinity estimates in rat and mouse spleen that
were in accordance with those of previous studies (Elize,
1996a; Noble et al., 1997). Thus, in contrast with the
results of radiotigand binding experiments (Giardina et al.,
1996), {+ )-cyclazosin appears nol o behave as a selective
a jg-adrenoceptor antagonist in functional studies. Whether
this discrepancy has consequences for the classification of
« -adrenoceplors requires further investigation,
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Vasopressin receptors

Characterization of receptors mediating contraction of the rat
isolated small mesenteric artery and aorta to arginine vasopressin

and oxytocin

“YWiro B, Stam, *Pieter H. Van der Graafl & 'Pramod R, Saxena

'"Department of Pharmacology, Facully of Medicine and Health Seiences, Erasmus Universily Rotterdam, £.0. Box 1738, 3000 DR
Rotierdam, The Netherlands and *Leiden/Amsterdam Center for Drug Research, Division of Pharmacology, Sylvius Laboratories,

P.0. Box 9503, 2300 RA Leiden, The Netherlands

t The exact nature of the receplor subtype(s) involved in the action of arg-vasopressin {(AYP) on the
rat aorta and smali mesenteric artery (SMA) is controversial. Therefore, we have studied the eflects of
the seleclive Vi, receplor antagonisis, OPC 21268 and SR 49059, and the oxytocin (OT) receptor
antagonist, alosiban, on the AVP- and OT-induced contractions of the two vessels.

2 AVP and OT displayed similar intrinsic activities in the rat aorta and SMA, but AVP was ~ 130 fold
and ~ 500 fold more potent than OT. respectively. In the rat aorta, Hill slopes (n} were similar for OT
and AVP. However, in rat SMA, the OT concentration-eflecl (Ef[A]) curve was significantly steeper than
the AVP Ej[A] curve {ny. =3.34020, 2.3+0.15; P<0.001).

3 In the aorta OPC 20268, SR 49059 and atosiban competitively anlagonized the AVP and OT E/[A]
curves. Except for atosiban and SR 49059 against AVP, competitive anlagonism wuas also observed in
the SMA. Atosiban caused concentration-dependent steepening of the AVP EfA] curve, whereas
3R 49059 decreased the upper asymptote.

4 Schild analysis yielded affinities indicative of V, receptor involvement in both vessels: pKgf
PA:=920-948, 7.56~7.71 and 6.19-6.48 for SR 49059, OPC 21268 and atosiban, respectively.

5 Neither AVP nor OT relaxed U46619 precontracted aorta or SMA in the presence of SR 49059,
suggesling no interference of a vasedilalory component.

6 Despite predominant involvement of V), receptors in both vessels, the different Hill slopes of AVP
and OT Ef[A] curves as well as the steepening of the AVP E/[A] curves by atosiban are indicative of

receptor helerogeneity in the rat SMA.

Keywords: Aorta, atosiban; GPC 21268; oxytocin; rat; small mesenteric artery; SR 4905%; vasopressin receptors

Introduction

Arg-vasopressin (AVP) is believed (o exerd ils action through
hinding 1o two major classes of receptors: V) (subdivided in
V4 and Vip sublypes) and Vs, receptors (Manning & Sawyer,
1989). In many isolated arteries, in¢luding those from human
{Ltuch er af., 1984: Martin De Aguilera ef al., 1990; Liu er al.,
[994; Marlinez er al., 1994a,b; Bax ef al., 1995; Jovanovic er
al., 1995: Medina et al, 1996; Calo er af., 1997}, rabbit
(Garcia-Yillalon er ai., 1996), dog (Katusic e af., 1984; Myers
ef of., 1989) and the rat (Angus ef al., 1994), vasoconstriction is
mediated by the ¥V, receptor. However, an early study
demonstrated that the potercy order of vasopressin aralogues
on the ral mesenleric arterioles differed [rom that on the rat
aoria, suggesting the involvement of distinet receptors (Altura,
1975). This notioa scems to be substaaliated by the finding
that the selective peplide V; receptor antagoaist, [d{CH}Tyr
(Me)-‘]A\’P, was fen times more potenl on the rat sorta
{pA.=10.84; Anouar ¢f «l.. 1996) than on the rat small
meserteric arlery (SMA; pKe=2.76); the latter affinity value
indicated the involvement of Vi, receplor in the rat SMA
{(Angus ¢r al., 1994). Although Burrell and colleagues (1994)
reported thal the AVP-induced contractions of the ral SMA
were also polently antagonized by the non-peplide V, receplor
amagonist OPC 21268 (Yamamura ef af., 1991), the displayed
antagonism was non-competitive as well as loo potent to
uccount for Vi receptor involvement. These inconsislencics
concerning the action of AVP in the ral SMA and aorta might

* Author for correspondence.

suggest interference by a vasodilator component in the rat
SMA (Walker er al., [982: Malinez e/ al.. 1994a) and/or the
involvement of multiple receptors {Altura, 1975; Angus ef al.,
1994} in the two vessels. In this connectien, oxytocin (OT)
receplors may also be important, since OT receptors are
operative in cardiovascular tissues (Yazawa er al. 1936;
Gutkowska er al., 1997) and AVP and OT can activate each
other’s prmary receptors (Manning & Sawyer, 1984
Jovanovic et al., 1995, 1997).

in the present siudy we aimed to eliminate the incon-
sistencies concerning the receplor subiype(s) involved in the
response to AVP in the rat SMA and aorta. For this purpose,
we analysed the mechanisms involved in the contractile action
of AVP and OT in these vessels, using the non-peplide V,
receptor antagonisis, OPC 21268 (Yamamura et @f., 1991) and
SR 49059 (Serradeil-Le Gal er al.. 1993}, and the peptide OT
receptor antagonist, atosiban (also known as ORF22164,
RWJ 22164,  or l-deamino-[D-Tyr(OEO Thr*Orn*|OT
{dETVT)} {Pettibone er af., 1992). A preliminary accounl of
part ol thess data was presenied to the British Pharmacological
Society (Stam ¢t al.. 1996).

Methods

The rat small mesenteric artery preparation

Male Wistar rals {250-350 g) were anaesthetized (sodiun
pentobarbitone, 60 mg kg~'. i.p.) and killed by cervical
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Chapter b

disfocation and 1he mesentery was removed and placed in ice-
cold modified Krebs-Henselheit solution (KHS) of the
fotlowing composition (mM): NaCl 119.0, NaHCO4 25.0, KC|
4.7, KH.PO, 1.2. MgS0, 1.2, glucose 5.5, CaCl, 2.5. Arlerial
tress were dissected and cleared from surrounding adipose
tissue. From each arterial tree, & ring segment {~2 nun in
length) was mounted in a myograph (J.P. Trading. Aarhus,
Dermark) with separated 6 ml organ baths (thermostaticaliy
controlled at 37°C containing medified KHS and continuousiy
gassed with 95% 0. and 5% CO;) as described previously
[(Mulvany & Halpern, 1977). Tissae responses were measured
continuously as changes in isometric force. Following a 30 min
stabilization period, the internal diameter of each vessel was
sel to a tension equivalent 10 0.9 times the estimated diameter
a1l 100 mmHg effective tramsmural pressure {1y, =200—
300 pm) according 1o the standurd procedure of Mulvany &
Halpern (1977). After a further 30 min stabilization pericd. a
calibration contraction (12.5+ 0,5 mN, #=61) was obtained to
100 gy phenylephrine and the presence of the endotheliuny
confirmed. This procedure was followed by 30 min washing.

The rat isolated aortic ring preparation

The rat aorta was removed and placed in ice-cold modified
KHS of the sume composilion as for the SMA, except [or, the
Ca™" concentration, which was ong tenth of that of standard

KHS in order to eliminate ike spontaseous phasic contractions
seen in slandard KHS (Martin, 1989). The tissue was mounsed
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as 3 mm ring segments in 15 ml organ baths containing KHS
(CaCl-=1.25 mu) aeraled with 95% O, and 5% CQ, and
maintained al 37°C. The ring segnents were allowed to
¢quilibrate at a tension of 20 mN for 60 min and were washed
every 13 min. After equilibration, a calibrasion contraction
(0.90+0.02 g. 2=758) was oblained 10 30 pM S-hydroxyirypta-
mine (5-HT) and the absence of the endothelium was
coafirmed. This procedure was [oflowed by 60 min washing.
Tissue responses were measured corlinupously as changes in
isometric force with a Harvard isomelric transducer.

Table | [stimates (ineans +s.e.mean) of the vpper usymp-
1ote (%), midpoint location (pECs,) and Hill slope {ny)
obtained after fitting the individuals AVP and OT Ef{A]
curves in the rat SMA and zorta o the Hill equation

sS4 % pECy; Hy
AVP 118+3% 9482004 234015 n=1i6
[e1) 126+3%  6.76+0.4% 334020 w=2]
P>005 P<0.001 P<0.001
Aeortu x pECsy, "y
AVP T3i£8% 919404 194010 n=13
oT 53+45% 7.07+0.04*  1.810.10 n=9
£>0.05 P<0.001 P>0.5
*Significandy different from AVP Ej[A] curve.
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Figure 1

{Left pancisy Concentration-ellect curves to AVP and OT oblained on the rut SMA in (he absence or presence of

OPC 21268. The lines superimpaosed on the mean data points were simulated using the Hiil equation. (Right panels) Schild plots lor
the interaction of OPC 21268 with AVP {upper panel) und OT (lower panel). The solid lines superimposed on mean data points
were simulated wsing the parameters obtained from the constrained model fits,
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Removal of endothelinm

It is well known that coatractile responses t¢ s number of
itgonists can be influenced by endothelium-derived fuclors
(Furchgolt & Vaohoutte, [989). Indeed, the contractile
responses to AVP show tachyphylaxis in the rat worta with
intact endothelium (Millette & Lamontlagne, [996). Therelore,
the endethelium of the worla was denuded by gently rubbing
with a poly-ethylene tube. In contrast. the endothelium of the
rat SMA was lefl intact, since its removal turned out to be
technically difficull and was found to be associaled with a
stbstantial decrease of the functional reactivity (enpublished
observation). Fortunalely, the necessity (o 1omove the
endothelium in the rat SMA is not that marked. since five
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repelitive AVP Lj{A] curves could be produced without
tachyphylaxis (Angus et al., 1994),

The integrity of endothelium wus checked with acetylcho-
fine (10 a1, which failed to relux rat aorta segments, but
produced at least 60% relaxation in all segments of the rat
SMA.

Experimentad protocol

Tissues were incubated for 60 mHn with antagoenist or vehicle
and single agonist concenlration-effect (E){A)) curves were
then obtained by cumulative dosing at quarter- or hall-log anit
conceniration increments.
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Figure 2 (Leit panefs) Concentration-effect curves to AVP and OT obtziced on the mi aora in the abseace or presence of
OPC 21268, The lines superimposed on the mean data poinls were siraulated using the Hill equation, (Right panels) Schild piots for
the interaction of OPC 21268 with AVP (upper panel} and OT (lower panel). The solid [ines superimposed on mean data poinis
were simalated using the parameters obtained from the constrained model fits.

Table 2 pHa/pAa values (means +s.e.mean) for SR 49059, OPC 21268 and Atesiban onthe rat SN A and uorta against AVP and OT

and reported pK; values for rat liver Vs recepiors

SAMA
Antagonist AP or
SR 49059 9.2040.13* 9.384+0.06
OPC 21268 7.564+0.11 749+ 0.08
Atosiban 6484011 6.34+0.16

Aorra PR for the rar
AVP or fiver V4 recepror
9.4840.0¢ 9.2940.12* 9.1*
7.6010.07 7.1120.08* 6.5-7.6°
6.1910.06 6.30+0.04 6.7

“pAa. *Serradeil-Le Gal ef of., 1993, *Yamamura ef ul., 1991; Pettibore ef ol., 1992; Burrell ef af,, 1993a,b; Serradeil-Le Gal er of., 1993,

1904; Hirasawa et af., 1999, “Pettibone ef af., 1992,
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Chapter 5

Analysis

Individual agonist curve dalu were fitled to the Hill equation
using an iterative, leust-squares method:

el
ATy + AT

10 provide estimates of midpoint slope (). midpoial location

{[A)s estimaled as a logarithm) and upper asymplote («}. The
effect of drug treatment on Lhese paramelers was assessed by
one-way analysis of variance (ANOVA) or Studenl’s /-test, as
appropriate. Values ol P<0.05 were considered to be
significant.

When the minimum criteriu for compelitive antagonism
were satisfied, that is the antagonist produced parallel
rightward shift of the agenist E/[A] curves with no change in
upper asymplote, antagonist affinity estimates were oblained
by fitting the individual midpoint location values obtained in
the absence (log[Alw) ard presence (log[A}wp) of anlagonist
(B) to the [ollowing derivation of the Schild equation as
described previously (Black et ol., 19852).

10g[d] gz = logldls, + log(1 + (8" /10"8s)

When the Schild plot slope parameter (b} was not significantly
different from unity, then the data were re-fitted with b
constrained 1o unity so that the antagonist dissoctalion
equilibriam constant, K. corld be estimated as log Ky+s.e,
(Jenkinson er of., 1995). When one concentralion of
anfagonist  was lested or the criteria of competitive
anfagonism were notl completely satisfied, an empirical pAs
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value was estimaled using 1he above equation. with b
consirained fo unity.

Componneds

Compounds were obtained from the lollowing sources: 5-
hydroxytryptamine creatine sulphate, acetylcheline chioride,
{— )-phenylephrine hydrochloride, oxytocin, [Arg’]vasopressin
acetate, U46619 (9,11-dideoxy-11x%,9z-epoxy-methanoprosi-
glandin F.,); Sigma Chemicul Company Lid., The Nether-
lands: SR 49059 ({28) 1-[(2R 35)-5-chloro-3-(2-chlorophenyl)-
1-{3.4- dimethoxybenzene - sulphonyl)-3-hydroxy-2.3- dihydro-
| A-indole-2-carbonyl}-pyrrolidine-2-carboxamide) and OPC
21268 (1-{1-[d-(3-acelylaminopropoxy)benzoyl]-4-piperidyl}-
3.4-dihydre-2{] H-benzazepinz]): a gift from Dr D. Nisato,
Sanofi Recherche, Montpellier Cedex, France: Atosiban: a gift
[rom Dr P. Melin. Ferring Pharmaceuticals. Malmd, Sweden.
U46619 was dissolved initially in 20% ethanoi to givea 1 mM
stock solution and further dituted in distilled water. OPC 21268
and SR 48059 were dissolved in dimethylsulphoxide 10 give a
1 m stock solution and further diluted in distilled water. All
other drugs were dissolved in distilled water.

Results
Contractions to AVP und OT

AVP and OT produced concentration-dependent contractions
aof the rat SMA and aorta. The individual curves were fitted 1o
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Figure 3 (Left pancls) Cencentration-effect curves to AVP and OT obtained on the eat SMA in the absence or presence of
SR 49059, The lines superimposed on the mean data points were simulated using 1he Hill equation. (Right panels) Schild plots for
the interaciion of SR 49059 with AVP (upper panel) and OT {lower panel). The solid tines superimposed on mean data points were
simulated using the parameters obtained from the censtrained model fits.
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Figure 4 {Lelt panals) Concentration-effect curves ta AVP and OT oblained on the rat aorta in the absence or presence of
SR 42939, The lines supzrimposed on the mean data points were simulated using the Hill equation. (Right panel) Schild plot for the
interaction of SR 49059 with AVP. The solid lines superimposed on mean data points was simulated using the parameters obtained

Iromn the constrained model fits.

the Hill equation to provide estimales of the midpoint locaticn
(pECs), slope (ng) and wpper asymptole («} (Table 1), The
intrinsic activilies of AVP and OT were nol significantly
different, but AVP was ~ 500 and ~ 130 fold more potent thaa
OT in the SMA snd aorta, respectively. Interestingly, in the
SMA, but not in the aorta, the OT Ej[A] curve was
significantly steeper than the AVP EJ[A] curve.

Effect of OPC 21268 on the response to AVP and OT

The selective V; receptor antagonist OPC 21268 (0.1-3 pM,
#=d-11} behaved as a competilive antagonist of AYP- and
OT-induced contractions of the ral SMA (Figure 1} as well as
aorta (Figure 2). The Schild slope parameters (b} for the
antagonism of OPC 21268 against AVP and OT in the SMA
(b=127+0.15 and 0.8410.14, respectively) and aorta
(h=0.8240.10 and [.04+0.48, respeclively} were not sig-
nificantly difterent from wunity, allowing for the estimation of
pKg values {Table 2).

Effect of SR 49059 on the response to AVFP and OT

In the rat SMA (Figure 3), the other selective ¥V, receplor
aniagenist SR 49059 (3 and 0 ny, #=5) behaved as a
compelitive antagonist of OT (#=0.8640.15; pKe=
9.3840.06; Table 2). In contrast, however, SR 4905¢
produced a small non-concentration refated depression of the
maximum response to AYP. Nolwithstanding this complex
behaviour of SR 49059, the data were fitted 10 the Schild

equalion. The Schild slope parameter was not significantly
different from unity (5=0.97+0.17) and the estimated pA,
value was 9.20+0.13 (Table 2).

In the rat aorta {Figure 4), SR 49059 (330 na, n=13--5)
produced parallel rightward shifts of the AVP and OT E}JA]
curves. Schild analysis yielded a slope parameter not
significantly different from unity (h=1.15:4+0.1) for the
antagonism ol the AVP response (pKg=94840.09; Table
2). pA, value for SR 49059 against OT, obtained after fitting
the data to the Schild equation with b constrained to unity,
was 9.294+0,12 (Table 2).

Effect of atosiban on the response to AVP and OT

In the rat SMA (Figure 5; Table 2), atosiban {0.3-3 uni,
n=4-5) behaved as a competitive antagonist of the OT EjA]
curves, Again, however, the AYP E/[A] curve in the rat SMA
was noi displaced in a paralle] manner, since atosiban (1—
19 gat, #=4) produced a significant concentration-dependent
steepening (Hill slopes: 1.96:+0.01, 2.144:0.10, 2.40-+0.16 and
27304011 for 0, [, 3 and {0 pm atosiban, respeclively,
P <0.05). Notwithstanding this complex behaviour, the data
were fitted to the Schild equation o obtain values of b
(1.06+6.15) and pA, (6.48+0.11; Table 2).

In the rat aorta (Figure 6}, atosiban (0.3—10 pM, n=5-7)
produced parallel rightward shifis of the AVP and OT EffA}
curves. Schild analysis yielded slope parameters nol signifi-
cantly different from unity (#=0.8210.10 and 0.81 .0.14) and
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Figure 5 (Lefl panels) Concentration-effect curves to AVP and OT obtained on the rat SMA in the absence or presence of
ajosiban. The lines superimposed on mean data points were simulated using the Hill equation. (Right panels) Schild plots for the
interaction of atosiban with AYP (upper panel) and OT (lower panel). The solid lines superimposed on mean data points were
simulated using the parameters obtained from the construined medel fits.

pKy values of 6.19 +0.06 and 6.30 £ 0.04 against AVP and OT,
respectively (Table 2).

Relaxant responses to AVP and OT

In order to sludy whether AVP and OT displayed a non-V,,
receptor-mediated vasodilalor response, the rat SMAs and
aoriae were pre-contracied with 100-200 nM and 1030 nn
U46619, respectively, alter selective V4 receptor blockade by
30 min pre-incubation with the SR 48059 (10 ny). After the
contractile response had stabifized (78 + 11% and 734+ 11% of
the calibration comlraction, for the ral SMA and aorta,
respectively} AVP or OT Ef[A] curves were obtained. No
relaxation to AVP and OT was observed in either lissue
(n=4-35, data not shown}. In fact, a slight further contraction
Was seer.

Discussion

To date the receptor subtype involved in the AVP-induced
contraction of the rat SMA has been controversial. The
peptide V, receptor antagonist [d(CH,): Tyr{Me)JAVP defined
the receptor involved as Vi (Angus er 4f., 1994). However, the
data obtained with OPC 21268 in the rat SMA were
inconsisterd with the involvement of a V| receptor (Burrell of
al., 19943, Furthermore, the potencies of AVP receptor agonis{
as well as antagonist peplides differed for the rat aorta and
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mesenteric resistance arteries (Altura, 1975; Angus et al., 1994
Ancuar et al.. 1938). This supgests regional differences in the
receplor subtype(s) involved in the response to AVE.

[n the present study, AVP and OT produced concentration-
dependent contractions of the rat SMA and aorta, with AVP
being aboul 500 and 130 times, respectively, more potent than
OT. The estimated antagonist affinities of OPC 21268 (7.49-
7.71). SR 49059 (9.2-9.5) and atosiban (6.19-6.48) were
similar with respect to the agenists {AVP and O1) and vessels
(SMA ard aorla) studied. Since these aflinity values are in
accordance with the reporled binding affinities for Vi,
receptors on 1he ral liver membranes (Table 2} and SR 49059
displays only a 1077 s affinity for the OT receptor (Serradeil-
Le Gal er «f, 1993}, it is tempting to conclude that the
functional responses to both AVP and OT in the rat SMA and
aorta are medialed via a single receptor thal can be classified as
Via. However, the analysis of the action of AVP suggests a-
more complex situation in the cat SMA. The Hill slopes of the’
AYP and OT E{[A] curves {ng=2.3, 3.3, respectively) differed’
significantly, In case of a homogeneous receptor population,’
different Hill slopes would be expected only il the intrindic’
aclivities of the agonists were different (Black et al,, 1985h),
This was not the case as the upper asymptotes of the AVP and
OT E/[A] curves in the rat SMA were similar (see Table [).

Studying «j-adrenoceplor responses in the rat aeria, Vap
der Graaf and colleagues have modelled that the differences in
Hill slope values of agonists with similar intrinsic aclivity are
best accounted by assuming multiple receptors (Van der
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Figure 6 (Left paneds) Concentration-effect curves 10 AVP and OT obtained on the rat gorta in the ubsence or presence of
atosiban. The lines superimposed on the mean data points were simulated using the Hill equation. {Right panels) Schild plats for the
interaction of atosiban with AVP {upper panel} and OT (lower panel). The solid lines superimpased on the mean data points were
simulzted using the paramelers ebtained from the constrained model fis.

Graal et al., 1995). The concentration-dependen! stecpening
of the AVP EJ[A] curve by atosiban in the rat SMA
subslantiates the significance of the difference in Hill slope
parameler belween OT and AVP E/[A] curves. Interestingly,
atosiban caused the Hill slope parameler of the AVP Ef[A]
curve to shift towards that of the OT E}[A] curve (sce Table
13. in other cases also, the anlagonist-induced changes of the
Hill slope parameter proved to be a more sensilive indicator
of receptor helerogeneily than the Schild plot slope parameter
(Van der Graaf er al., 1996; Prentice & Hourani, 1997). Thus,
in the present study, the contraction of the SMA by AVP is
likely to involve a heterogensous (V. and non-V,,) receplor
population. Receplor heterogencity does not readily explain
the failure of SR 49059 to satisfy the crileria for compeiitive
aptagonism of the AVP-induced contraction in the SMA, The
compound exhibits slow dissocialion kinetics due te its high
affinity (D. Nisato, personal commuaication). Indeed,
incubation of the rat SMAs with SR 49059 decreased the
E‘]’z‘., of the AVP E/[A] corve (Figure 3). However, the
decrease in En,. was small and independent of the
concentration used. A similar small decrease in AVP E_.,. in
the rat SMA has also been observed with peptide antagonists
{Angus er al., 1994).

Interestingly, in contrast to the non-compelitive nature of
SR 49059 and atosiban in the rat SMA with intact
endothelium, both compounds behaved as competitive
antagonists in (he ral aorta, where endothelium had been
removed (see Melheds). Thus, it is possible that vasodilator
responses elicited by AVP due to a release of endothelium-

derived fuctors (Katusic er al., 1984 Myers ef al., 1989; Russ &
Watker, [992: Martinez et af.. 1994b: Suzuki et af., [994) may
interfere with its contractile responses in the rat SMA, Since, in
addition. AVP can also elicit endothelium-independeat
vasodilatalion (Martinez o1 ql., [994a.b), we studied the effects
of AVP as well as OT on both vessels after pre-coniraction
with the thromboxane-mimetic agent, U46619 in the presence
of SR 49059. Both agonists, however, failed to relux gither (he
rat SMA or the rat worta. The lack of vasodilator wsponses
with AVP and OT strengthens the notion that the AVD-
induced contraction of the rat SMA scems to involve
heterogeneous receplors.

We would like to point cut that our results with respect 1o
the competilive antagonism displayed by OPC 21268 in the rat
SMA (pA.=17.56) differ [rom those reported in an earlier study
(Burrell e al., 1994). Burrell and colleagues (1994) demon-
strated that OPC 21268, at a concentration of oniy 10 nu,
almost completely blocked the AVP-induced contraction of the
rat SMA. Although the authors did not discuss this
observation, the antagonism of OPC 21268 suggested either
a non-cempelitive action or the co-existence of an underlying
refaxant response (not observed in the preseml study). We
cannot explain the discrepancy. However, lhe pA; values
obtained by us are in agreement with the reported pK; values
in the ral liver {see Table 2). Morcover, a parallel rightward
shift of the AVP-induced pressor response in (he ral by
OPC 21208 (Yamamura ef al., 1991} is also in accordance with
our findings in the rat SMA, which is generally believed to
represent a resistance vessel (Fenger-Gron e al., 1997).
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In summury, the results of the present study show that AVP
and OT contract the rat worta and SMA and. according 1o
mosl criterii the data are consistent with the response being
predominanily mediated by a V, receptor. However, the non-
competilive antagonism of the AVP-induced contrisction ol the
rat SMA by atoesiban and SR 49059 as well as the Hill slope
difference between AVP and OT EffA] curves indicale receplor
heterogeneily in the rat SMA, In this respect, it is of interest to
note that Heinemann er of {I1998) have suggested the
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Interaction of vasopressin and noradrenaline

Interaction of arginine vasopressin and horadrenaline in the rat
isolated small mesenteric artery

Summary
The interaction between arg-vasopressin {AVP) and noradrenaline in rat small mesenteric artery
{SMA) was investigated and the data analysed according to a theoretical two-receptor:one-transducer

model,

Noradrenaline produced congentration-dependent contractions of SMAs (pEC;=6.50+0.08,
ny=2.6240.23). In the presence of AVP-induced threshold contractions (5.3+0.2%, 12.4+0.7% and
28.3%1,5% of the calibration contraction), noradrenaline concentration-cffect (Ef{A]) curves were flattened
{n,=1.05+0,08, p<0.0t; 0.86+0.03, P<0.001 and 0.78+0.03, P<0.001, respectively) and potentiated
(pEC,= 6.89+0.14; 7.19+0.09, P<0.0001; 7.17+0.12, P<0.0001, respectively). The maximumresponse
to noradrenaline, however, was not affected by the presence of AVP.

The potentiation and flattening of the noradrenaline E/fA] curves by AVP was abolished by SR 49059
(2 nM), indicating involvement of the V,, receptor.

AVP produced concenfration-dependent contfractions (pEC;,=9.7140.16, n,=2.3120.57). In the presence
of noradrenaline-induced threshold contractions (5.8+0.9%, 10.9+0.7% and 23.8+1.5% of the calibration
coniraction) AVP E/[A] curves were flattened (n,=1.08+0,07; 0.86+0.09 and 0.86+0.03, respectively)
and potentiated (pEC;;=9.95+0.09; 10.2140.11; 9.86+0.12, respectively), but the maximum response

remained unaffected.

After treatment with phenoxybenzamine, noradrenaline behaved as a weak partial agonist
(pBC,=4.87+0.04, n,,=1.80+0.12 and 0/=10.5+3.8% of the calibration contraction}. Under thesc
conditions, AVP (0.38+0.10 nM) not only produced a significant potentiation (pEC.=5.594£0.11) and
flattening {n,;=1.11£0.17) of the noradrenaline E/{A] curve but also significantly increased the maximum
response more than 4-fold (0=43.4+6.2% of the calibration confraction).

A two-receptor:one-transducer model could satisfactory fit all experimental data and the slope of the
common fransducer pathway was found to be steep (n3=5.4), In conclusion, we have demonstrated that
the interaction between AVP and noradrenaline on rat SMA follows the theoretical
two-receptor:one-transducer model, with the slope-dependence residing in the common transducer
pathway.

Introduction

Agonist-agonist interactions have been studied for
many years which has resulted in a wealth of
theoretical as well as experimental reports (see
Scaramellini et. al., [997). Synergistic interactions
between agonists are particularly intriguing
because of their clinical implications. For example,
a synergistic interaction between

S5-hydroxytryptamine (5-HT, serotonin) and
noradrenaline has been suggested to play arole in
the actiology of hypertension [1]. Moreover, the
antihypertensive effccts of ketanserin and captopril
was suggested [o be at least partially based upon
reversal of synergistic interaction of 5-HT and
angiotensin 11, respectively, with noradrenaline [1]
[2]. Additionally, MaasscnVanDenBrink and
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colleagues {3] suggested that a thromboxane
A,-induced enhancement of the contractile
response of human coronary arteries to the
anti-ntigraine drug, sumatriplan, may be involved
in the chest symptoms observed with the drug.
Several studies have reported amplification
(the response to the combination of two agonists
exceeding the sum of their individual effects) and/
or poteatiation (increase in pEC,,) of responscs
clicited by agonists acting at two different
receptors, including 5-HT and noradrenaline {4-
6], angiotensin 1l and noradvenaline [7, 8],
melatonin and noradrenaline [9], thromboxanc A,
and 5-HT [3, 10, 11] as well as arg-vasopressin
(AVP) and noradrenaline [ 12, 13]. Although most
studics on the interaction between two agonists are
merely of a descriptive nature, for one type of
agonist-agonist interaction, namely two receptors
connected with one transducer pathway, a
theoretical model has been developed [[4].
According to the geometry of the agonist EfA]
curve, this two-receptor:one-transducer medel
accounted for phenomena like threshold
amplification and potentiation, and predicted the
conditions under which they will occur [15] [10]
[5]. Rccently, this model was extended to allow
for the interacting agonists to have E/[A] curves
with different slopes [16]. Interestingly, this model
provides a framework by which agonist-agonist
interactions can be interpreted and predicted.
Accordingly, in the present investigation in rat
small mesenteric arteries (SMA), we studied the
interaction between A VP and noradrenaline, which
cause coniractions via predommantly V,, [17] and
o, adrenergic receptors, respectively 18] [19].

Methods

The rat small mesenteric artery preparation
Male Wistar rats (250-350 g) were anacsthetised
(sodium pentobarbitone, 60 mg kg™, i.p.) and killed
by cervical dislocation. The mesentery was
removed and placed in ice-cold modified
Krebs-Henseleit solution {KHS) of the following
composition (mM): NaCl 119.0, NaHCO, 25.0,
KCl 4.7, KH,PO, 1.2, MgSO, 1.2, glucose 5.5,
CaCl, 2.5 and EDTA 0.020. Arterial trees were
dissected and cleared from surrounding adipose
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tissue. From each arterial tree, aring segment (~2
nmun in fength) was mounted in @ myograph (J.P.
Trading, Aarhus, Denmark} with separated 6 ml
organ baths (thermostatically controtled at 37°C)
containing modified KHS and continuously gassed
with 95% O, and 5% CO,), as described previously
[20]. Tissue responses were measured
continuously as changes in isometric force.
Following a 30 min stabilisation period, the intemal
diameter of each vessel was sct to a tension
equivalent to 0.9 times the estimated diameter at
100 mm Hg effective transmural pressure
(1,00=200 - 300 pm) according to the standard
pracedure of Mulvany & Halpern {1977). Aftera
further 30-min stabilisation period, the preparations
were challenged five times with neradrenaline
(10 uM) with washouts after each challenge. The
integrity of the endothelium was confirmed after
the first challenge with 10 pM of methacholine,
which preduced at least 60% relaxation in all vessel
segments. After a first noradrenaline E/[A] curve,
cach vessel segment was washed for 30 min and
equilibrated for 45 min. Subsequently, we aimed
to induce a threshold contraction by either AVP or
noradrenaline that amounted about 5%, 10% or
25% of the maximal contraction of the first
noradrenaling B/[A] curve, After the threshold
contraction to AVP or noradrenaline had stabilised,
a second noradrenaline or AVP E/[A] curve,
respectively, was produced. Responses were
expressed as percentage of fifth noradrenaline
chailenge, which served as calibration contraction
(13.4 £ 04 mN,n=31)L

In onc set of experiments, it was
investigated whether the potentiation of the
noradrenaline E/[A] curve was mediated via the
V. teceptor.  Therefore, after the AVP-induced
threshold contraction reached its maximum,
SR 49059 (2 nM), a sclective V, receplor
antagonist [21], was added followed by a second
noradrenaline E/[A] curve.

In another set of experiments, the
interaction between AVP and noradrenaline on the
contraction of rat SMA was assessed after partial
inactivation  of  a-adrencceptors by
phenoxybenzamine. After the 5 challenges with
noradrenaline {10 pM), phenoxybenzamine (3 nM)
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was added to vessel segments for 5 min,
Subsequently, the segments were washed 8 times
during a 30-min period and equilibrated for 45 min.
A control noradrenaline E/[A] curve was obtained
and, afier washing and equtlibration, a threshold
contraction to AVP (~10 %) was induced. Upon
stabilisation of the threshold contraction to AVP,
a second noradrenaline Ef[A] curve was produced.
In one set of experiments BHT-933 was used as
agonist to observe possible involvement of
¢ ,-adrenoceptors. After washing and equilibration,
a third noradrenaline E/[A] curve was produced.

In all experiments, a mixture of cocaine
{30 uM), timolol (6 M) and SCH-23390 (R(+)-
7-chioro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-IH-3-benzazepine
hydrochloride; 10 nM) was added during the
equilibration period to block neuronal uptake, B,/
B,-adrenoceptors and Dy receptors, respectively
[22].

Analysis
Individual agonist curve data were fitted to the Hill
equation using an iterative, least-squares method

_ax[AI"
E"[A};’HA]"" 2

to provide estimates of midpoint slope (ny),
midpoint location {[A],, estimated as a logarithm}
and upper asymptote {«). The effect of drug
treatment on these parameters was assessed by
one-way analysis of variance (ANOVA) or
Student’s t-test, as appropriate. Values of P<0.05
were considered to be significant.

Application of the two-receptor one-transducer
model

Experimental data were fitted to the
two-receptor:one-transducer model derived by
Scaramellini and colleagues (1997).

nl
\ n3
M ——®E

n2

VAL RI— AIR]

A2+ R2e AZR2

The model describes the interaction between two

interacting agonists, Al and A2, which occupy
different receptors (R1 and R2), to produce a
commen itracellular mediator, M, leading to a
pharmacological effect, E. The separate and
common elements of the transduction pathway
have the algebraic form of the Hill equation with
nl and n2 as stope factors for the separate parts
and n3 for the conimon part. The production of M
by Al and A2 is described by the following
cquations:

oy s[4
[ﬂ’[},ﬂ o K]”l-{-[A]]n] (2)

PR #[ 4,1
[AI]AZ - KZMZ +{A2],,2 (3)

(M) =[M 1y +[M],, (4)

In which ml and m2 are the maximal
concentrations of M that Al and A2 can produce,
respectively,, and K1 and K2 are the midpoint
location parameters of the functions. The tofal
concendration of M is given by

and the pharmacological effect is related to [M],,,
as follows:

7w A4 n3
E = ’E'n; [A[]IOI — (5)
K" [M]

tat
where E,, is the maximum effect in the system and
K is the value of [M],, for half E,,.

The AR module (derivative-frec, non-linear
regression) of the BMDP statistical software
package [23] was used for the fitling procedures.
At first instance we applicd a graphical method {see
Results section) to deduce the slope parameter, n3,
corresponding to the common part of the transducer
pathway. Subscquently, the noradrenaline control
E/[A] curves (n=19) and the phenoxybenzamine
treated E/[A] curves {n=7), both produced in the
absence of AVP, were simultancously fitted to
equation 5 to obtain estimates of Em, pK1 (that is
-log K1) and nt and individual estimates of mi,
Subsequently, the noradrenaline E/[A] curves
obtained in the presence of an AVP threshold
contraciion (n=26), either with or without previous
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Figure 1. Left panel: E/A] curves of noradrenaline in rat SMA In the absence or presence of
threshold contractions of AVP (Ea ). The lines superimposed on the mean data points were simulated
using the Hill equation. Right panel: The refationship between the Hill slope parameter and threshold

contraction of AVP (Eq).

inactivation by phenoxybenzamine, and AVP E/
[A] curves (n=17) in the absence or presence of a
noradrenaline-induced threshold contraction, were
simultaneously fitted to equation 3, to obtain
estimates of m1, m2, n2 and pK2. For the sake of
simplicity, the midpoint location (K) of the E/[M],,
relation was constrained to unity in the present
analysis.

Compounds

[Arg®]vasopressin, mcthacholine bromide,
l-noradrenaline hydrochloride, phenoxybenzamine
hydrochloride and timolol maleate (purchased from
Sigma, The Netherlands); BHT-933 (azepexole,2-
amino-6-cthyl-4,5,6,7-tetrahydro-6H-oxozalo-
{5,4-d)-azepindihydrochloride), SCH-23390 and
{purchased from Research Biochemicals
Incorporated, U.S.A); SR 49059 {(2S} [-[(2R
38)-5-chloro-3-(2-chlorophenyl)-1-(3,4-
dimethoxybenzene-sulfonyl)-3-hydroxy-
2,3-dihydro-1H-indole-2-carbonyl]-pyrrolidine-
2-carboxamide; a gift from Dr. D. Nisato, Sanoh
Recherche, Montpellier Cedex, France).
Neradrenaline was dissolved in stoichiometric
ascorbic acid solution. Methacholine and
phenoxybenzamine were dissolved in ethanot,
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SR 49059 was dissolved in dimethylsulfoxide to
give a | mM stock solution and further diluted in
distilled water. All other drugs were dissolved in

distilled water.

Results

Effect of AVP threshold contractions on
noradrenaline-induced contraction of rat SMA
Noradrenaline produced concentration-dependent
contractions of SMAs (Fig. [} and the individual
E/[A] curves (n=8) were fitted to the Hill equation
to provide estimates of midpoint location
(pEC,,=6.50+0.08), Hill slope (n;=2.62+0.23) and
upper asymptote (a=110%1% of the fifth
noradrenaline calibration contraction). Threshold
conftractions that amounted 5.3+£0.2%, 12.420.7%
and 28.3+1.5% of the calibration contraction were
induced by 0,1320.05, 0.16+0.09 and
0.17+0.08 nM AVP (n=4-8}, respectively. The
three threshold contractions to AVP caused a
flattening of the noradrenaline E/A] curves
{n,=1.05+0.08, p<0.01; 0.86+0.03, P<0.001 and
0.78+0.03, P<0.001, respectively; see Fig. 1)
together with a leftward shift which became
significant at a threshold of 12.4% (pEC,~
6.89+0.14; 7.191£0.09, P<0.0001; 7.17+0.12,
P<0.0001, respectively). The maximum response
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obtained with noradrenaline was not affected.

Effect of noradrenaline threshold contractions on
AVP-induced contraction of rat SMA

Subsequently, we investigated the reciprocal
interaction between a fixed concentration of
noradrenaline and variable concentrations of AVP.
AVP produced concentration-dependent
contractions of rat SMA (Fig. 2). Hill parameters
of the control AVP E/[A] curves (n=4) were;
PEC,=9.71£0.16, n,, 2.3120.57 and =94£5% of
the fifth noradrenaline {10 pM) calibration
contraction. Threshold contractions amounting
5.820.9%, 10.9+£0.7% and 23.8+1.5% of the
noradrenaline calibration contraction were induced
by 0.08+0.02, 0.08+0.02 and 0.21+0.03 pM
noradrenaline {n=4-5), respectively, The three
threshold contractions to noradrenaline caused a
flattening of the AVP E/[A] curves (n,~1.08£0.07;
0.86+0.09 and 0.8640.03, P<0.001, respectively;
see Fig. 2 insert). There was also a leftward shift
{(PEC,,=05.95+0.09; 10.21+£0.11; 9.86+0.12,
respectively), which was significant at a threshold
of ~10.9% (p<0.05). The maximum response

obtained with AVP was not affected.

Effect of SR 49059 on potentiation of
noradrenaline vesponse by AVP

Since the AVP-induced potentiation of
o,-adrenergic pressor responses in the perfused
mesentery was reported not to be mediated via a
vasopressin V, receptor [24], we investigated
whether this was also the case in the SMA. Aftera
control  noradrenaline  E/[A] curve
(PEC;=6.3[+0.08, n=2.38+0.36 and a=1114+2%
of the calibration confraction, n=4), a threshold
contraction was induced by AVP (0.02-0.06 nM)
that resulted in 4127% of the calibration
contraction. Addition of a V. -selective
concenfration (2 nM) of SR 49059 produced a
complete reversal of the AVP contraction within
seconds. Furthermore, the subsequent
noradrenaline E/{A] curve was identical to the first
control  noradrenaline  E/[A]  curve
{(PEC;;=0.45£0.10, 1,=2.04+0.32 and a=107+1%
of the calibration contraction), indicating that V,
receptors mediated the potentiation of the
noradrenaline E/[A] curve,
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Effect of partial inactivation of a-adrenoceptors
with phenoxybenzamine on polentiation of the
noradrenaline response by AVP
After pre-treatment with phenoxybenzamine (3
nM) for 5 min, noradrenaline behaved as a weak
partial agonist {(pEC;~4.87x0.04, n,=1.80+0.12
and ¢=10.5£3,8% of the calibration contraction).
Under these conditions, a threshold contraction
(10.6£0.5%) with AVP (0.38+0.10 nM) not only
produced a  significant potentiation
{(pEC;;=5.59+0.11) and flattening (n,=1.11£0.17)
of the noradrenaline E/[A] curve but also
significantly increased the maximum response
more than 4-fold (a=43.4+6.2% of the calibration
contraction),
This increase in o proved to be highly significant
after subtraction of the AVP threshold contraction
{P<0.002). Following washout, a third
noradrenaline E/[A] curve did ot differ from the
first (pEC;,;=4.75+0.06, n,=1.62+0.14 and
a=13.145.4% of the noradrenaline calibration
contraction}.

In the presence of a threshold contraction

[Noradrenaline] {logyoM)

Figure 3. E/{A] curves of noradrenaline in raf
SMA after receplor alkylation with
phenoxybenzamine (3 nM for 5 min) in the
ahsence or presence of a threshold contraction
of AVP. The fines superimposed on the mean
data points were simulated using the Hill
equation.
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to AVP the selective o,-adrenoceptor agonist
BHT-933 (0.01-100 M) did not induce any
contraction {data not shown).

Application of the two-receptor:one-transducer
model
To further analyse the data in a quantitative manner
we applied the two-receptor:one-transducer model
as developed by Scaramellini et al. (1997). As
described in detail by these authors the slope ratios
(the quotient of the E/[A1] curve obtained in the
presence and absence of A2) depend purely on the
slope of the comnion transducer pathway, n3.
Interestingly, the slope ratios of AVP and
noradrenaline (assigned to represent Al and A2 in
the model described in the Methods section,
respectively) E/f{A} curves plotted against the
contractite effect of the corresponding agonist
overlap (Figure 4), consistent with expectations for
a reciprocal interaction via a common (ransducer
pathway [16]., Since an algebraic relationship
between slope ratio and n3 was found to be
intractable [16], a set of standard curves was
produced by Scaramellini et al, (1997) that
displayed the relationship between slope ratios <1
and n3 (Figure 3, left panel). We employed this
data set (kindly provided by Clare Scaramellini,
AstraZeneca, Loughborough) to estimate n3 for
noradrenaline and AVP inrat SMA via a graphical
method. We found that linear regression of the
semi-logarithmically plotted data yiclded lines that
displayed a strong (>0.98) and highly significant
{P<0.001) correlation (Figure 5, middle panel).
Interestingly, a subsequently performed linear
regression of the intercepts of these lines (Figure
5, right panel} yielded another line (intercept =
-0,112808*n3 + 1.1579) that showed an almost
perfect correlation (1=0.99) with the corresponding
slope parameter, n3. Additionally, the line obtained
by lincar regression of the noradrenaline and AVP
slope ratios from our experimental data (Figure 5,
middle panel; Slope ratio =-0.1560705 Log [A2]
+0.546693) also displayed a significant correlation:
{r=0.49, p=0.0036}. Accordingly, the intercept of
this line corresponded with an estimate for n3 of
5.4 {Figurc 5, right panel).

In order to obtain the model parameters for
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respectively) versus the threshold contraction of
the interacting agonist (K ).

noradrenaline in the SMA, the control
noradrenaline E/[A] curves (n=19) and the
noradrenaline E/[A] curves produced after
phenoxybenzamine treatment (n=7), both obtained
in the absence of [AVP], were simultaneously fitted
to the two-receptor:onc-transducer model {equation
2-5 with {M],=[M],,) to estimate the parameters
of the noradrenaline E/{A] curve: EM (108.48),
pKl1 (5.58), nl (0.59). The individual estimates
of ml were averaged to obtain M1 (5.06 £ 0.30).
It should be noted that in this fit the converge
criteria were not met (standard errors are lacking).
However, since the parameters that were estimated
with the smallest sum of squares appeared realistic,
we used these for further analysis. Subsequently,
the noradrenaline E/[A] curves {either with or
without previous inactivation by
phenoxybenzamine), obtained in the presence of
an-AVP-induced threshold contraction (n=26) and
AVP E/[A] curves (n=17) in the absence or
presence of a noradrenaline-induced threshold
contraction, were simultaneously fitted to
two-receptor: one-transducer model (equation 2-5)

to obtain estimates of m!l (5.04 £0.32}, m2 (1.88
+ 0,14), n2 (0.48 + 0.03) and pK2 (9.25 £ 0.08).
Some examples of the bwo-receptor:one-transducer
model fit are shown in Figure 6, where parameter
estimates were used to simulate the curves shown
superimposed on the experimental data.

Discussion

Recently, Scaramellini and co-workers (1997)
presented a theoretical model which considers the
interaction between two agonisis occupying two
different receptors to produce a common
intracellular mediator leading to a pharmacological
effect. This theoretical model, which extended an
earlier version [14] by taking info account a
possible rofe of the scparate parts of the pathway,
predicts a wide variety of possible location and
stope changes of E/{A] curves upon interaction of
two agonists [16], Briefly, the location of the
slope-dependence of the agonist E/[A] curve, in
either the separate (n1) or common pathway {n3),
determines the geometry and location of the agonist
E/[A 1] curve interacting with a fixed concentration
of the second agonist [A2]. When n3>1[, E/[Al]
curves are potentiated and flatten with increasing
[A2] and, if Al is a partial agonist, the E/[A ] curve
will also be amplified (the response to the
combination exceeds the sum of the individual
effects of Al and A2). When n3<l1, EfA 1] curves
are right shifted and steepen with increasing [A2}.
Although nl contributes to the location and shape
of the control E/AL] curve, its impact on agonist
interaction, other than quantitative changes, is
rather insignificant {16]. Thus, the [A2]-induced
relative changes in the slope of the E/{A1] curve
depend totally on n3. Although there have been
many reports considering agonist-agonist
inferactions, only few studies have examined their
observations accordingto this model or to its carlier
version [14] [25][15] [3]. As a conscquence, the
applicability of this model to predict
agonist-agonist interactions lacks thorough
experimental backup.

In the present study, we interpreted the
interaction between AVP and noradrenaline in rat
SMA using this model as a framework,
Noradrenaline and AVP mutually potentiated the
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contraction elicited by the other (Figures [ and 2).
The initial teftward (potentiation) aird subsequent
rightward shift with higher threshold contraction
was in accordance with the theoretical model,
assuming that the slope dependence of the observed
agonist E/fA] curve lies in the common transducer
pathway (113} {16]. The dependence of curve shape
on the common transducer pathway was further
strengthened by the predicted and the observed
flattening of the noradrenaline and AVP Ef[A]
curves caused by the threshold contractions
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Figure 5. Upper left panel: Dependence of slope
rafio on the commuon fransducer pathway. FPlot
was reproduced for n3>1 with the theoretical
data obtained from Scaramelfini et al. 1'%, Upper
right panel: Semilogaritmic plot of the slope
ratios versus the threshold contraction of the
interacting agonist (E,,); experimental data from
the present study (=} are shown together with
the theoretical data. Lines were produced by
linear regression. Lower left panel: In order fo
estimate n3 from the experimental dala, the
intercepts of the lines oblained with the
theorelical data (upper right panel) were plotted
versus n3. The solid line was oblained by linear
regression of these data. The dashed line
displays the projection of the intercept (0.55) of
the line fitted through the experimenial data
(middie panei), thus the n3 for the inferaction
between AVP and noradrenaline was found to
be 5.4.

induced by the interacting agonist, Thus, the steep
slopes of both AVP and noradrenaline E/fA] curves
(ny=2.31 and 2.62, respectively) depend on a
commonly shared transducer pathway for which
we also estimated a steep slope (n3=5.4, Figure 5,
right panel). Moreover, the dependence of the steep
stopes of the AVP and noradrenaline E/[A] curves
on the shared transducer pathway was confirmed
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by the interaction of noradrenaline and AVYP after
partial inactivation of w-adrenoceptors by
phenoxybenzamine. The E/[A] curve fo
noradrenaline, now behaving as a less efficacious
partial agonist, was potentiated, flattened and
amplificd (see Figure 3), again fully consistent with
the model predictions for n3>1 [16]. Interestingly,
a similar interaction as described in the present
study was observed previously in the rabbit femoral
artery for noradrenaline and angiotensin II, which
mutually potentiated and amplified each other’s
effect obtained after partial receptor inactivation
via cither an irreversible or a non-competitive
antagonist [7, 8].

From the interaction experiments, model
parameters could be derived that could satisfactory
describe all data (see Figure 6). 1t should be noted
that this good fit was obtained with a K value for
noradrenaline (5.58#) that were very similar to
previously reported functional agonist affinity
constants in rat SMA (pK, = 5.04-6.18; [26]
Furthermore, , the K, model parameter for AVP
(9.25) was in good agreement with the binding
affinity reported for the cloned rat V,, receptor
(pK, and pKi = 9,17 and 8.73; [27]). This
substantiates the validity and physiological
relevance of the theoretical two-receptor-one
transducer model to describe the interaction
between AVP and noradrenaline in rat SMA.
Interestingly, in branches of the superior inesenteric
artery, the contraction induced by endogenous
(nerve released) as well as exogenous noradrenaline
was also potentiated by low concentrations of AVP
[12]. Though the interaction was neither analysed
nor  interpreted  according to  the
two-receptor-one-fransducer modecl, the figures in
the original paper clearly show that, in accordance
with our study, the AVP-induced potentiation
accompanies a flattening of the noradrenaline E/
[A] curve.

Previously, we have demonstrated the
AVP.induced contraction of rat SMA is
predominantly mediated by the V,, receptor,
although there was some indication for the
co-involvement of an atypical receptor [17]. The
SMA is generally considered as model of a
resistance vessel [28]. Nevertheless, the
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AVP-induced potentiation of methoxamine
responses in the perfused rat mesentery was
reported (o be mediated via an atypical vasopressin
receptor, not antagonised by SR 49059 [24].
However, in contrast to this perfused assay system,
the V,, receptor antagonist SR 49059, at a
concentration {2 nM) selective for the V,, receptor
[21}, blocked the AVP-induced potentiation of
noradrenaline in the SMA. In previous studics,
we demonstrated that the noradrenaline-induced
contraction of rat SMA is mediated via
o, -adrenoceptors [18, 19], without involvement
of «,-adrenoceptors [29]. Other studies
demonstrated that o,-adrenoceptor-mediated
contractions could be uncovered in the presence
of a threshold contraction to U46619 [30, 31].
However, AVP did not uncover any contractile
response to the ¢ -adrenoceptor agonist BHT-933
in the SMA. Therefore, we feel confident that the
interaction between AVP and noradrenaline is
mediated by the V, receptor and ¢, adrenoceptor,

The theoretical model used to analyse our
data does not consider the molecular entities
involved in the fransducer pathway. However, it
is likely that the common transducer pathway
involves the activation of phosphelipase C,
followed by  the  production of
inositol-1,4,5-triphosphate (IP,) and diacylglycerol,
release of Ca® and activation of protein kinase C
[32]. The contraction of vascular smooth muscle
via o -adrenoceptors s mediated via the second
messengers [P, and DAG [33, 34]. Although the
exact nature of the adrenoceptors in rat SMA is
not clear [18], the o, -adrenoceptors in rat vas
deferens as well as the cloned o ,-adrenoceptor
expressed in cell-lines display a similar
pharmacological profile [18] [35, 36] and are
coupled to [P, [35, 36]. Similarly, the V , receptor
has been shown to couple to this second messenger
system {37]. Therefore, the hydrolysis of inositol
phospholipids might be the physical representative
of the common transducer pathway. Since the
steepness of the AVP and noradrenaline E/[A]
curve resides in the transducer pathway, a similar
interaction profile is predicted between all agonists
which couple to the same transducer pathway in
the SMA. Interestingly, 5-HT as well as U46619
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both produced steep E/[A] curves in rat SMA via
5-HT, and TP receptors, respectively [38, 39].
Since, both these receptors couple to the inositol
phosphate pathway [40, 41], a similar pattern of
interaction can be expected for the interaction
between these agonists and with noradretaline and
AVP, Although not studied intensely enough for
definite conclusions, the potentiation and flattening
of the noradrenaline E/{A] curve by U46619
(PEC;;=5.92 and 6.65; 1n,=3.1 and 1.4 in the
absence or presence of U46619) is in accordance
with the interaction pattern between AVP and
noradrenaline [18].

Another type of interaction in isolated
vessels has been described for 5-HT, acting via the
5-HT,, receptor negatively coupled fo adenylyl
cyclase, and U46619, acting via TxA, receptor
coupled to inositol phospholipids [10, 31, 42]. A
threshold contraction by U46619 uncovered S-
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General discussion

Functional affinity states: a general feature
of ct-adrenoceptors ?

In the classical receptor concept an antagonist is
devoid of efficacy and its interaction with a distinct
receptor subtype is governed solely by its binding
affinity. This binding affinity is considered to be
system and agonist independent. These
characteristics have made antagonists very valuable
tools for the classification of receptor subtypes.
Throughout history novel receptor subtypes were
initially defined by the construction of a
‘fingerprint' of antagonist affinities. Via this
method the existence of an u, -adrenoceptor
subtype was proposed in functional studies.
Initially, through the displayed low affinity values
for prazosin and subsequently by its low affinity
for the selective o ,-adrenoceptor antagonist, RS-
17053 (sec Chapter 1). Despite its recognised
potential as a drug target in a cloning era, intensive
cloning has thus far failed to identify a gene coding
for this ‘novel’ subtype. This led several
investigators to the belief that the o, -adrenoceptor
might not cxist as a separate entity. It was
postulated that the ¢, -adrenoceptor might be a low
affinity state of the o ,-subtype { 1]. Evidence for
this belief has been provided in pharmacological
experiments with cells expressing o ,-
adrenoceptors. o, ,-Adrenoceptors, displayed high
binding affinities for prazosin, R§-17053, WB
4101 and 5-Mu (pKi = 9.9, 9.3, 9.8 and 9.2,
respectively), yet the functional estimated affinities
were about one log unit lower, whereas that of
others (tamsulosin, inderamin and Rec [5/2739)
remained unchanged [1]. Furthermore, in
radioligand binding studies the expressed o -
adrenoceptor gene product could display, govemed
by environmental factors, cither an o 4- or o -
adrenoceptor profile [2], However, the estimated
affinities for RS-17053 in those cellular
experiments conld not cover the range of functional
affinities that have been estimated in isolated ‘or -
tissues’ (see Chapter 1),

In the last two decades, molecular biology, in

particular, has put severe pressure on the classical
receptor concept (see paragraph inverse agonism
below). Thus far, however, the classical theory
has proven to be adequate for explaining the
displayed pharmacology of most receptors in ‘non-
genetically modified’ systems, We cuvisaged the
O, -adrenoceptor controversy as a possible
challenge to the classical receptor concept {see
Chapter 1}, It is particularly interesting this
challenge originates in native tissue, Because of
its possible impact, it was our ambition to gain a
better insight in this controversy, As a modef we
used rat SMA.

In Chapter 2 we demonstrated that the o, -
adrenoceptor subtype was invelved in
noradrenaline-induced contraction of rat SMA,
without any co-involvement of an e, s-adrenoceptor
subtype. The displayed o, -profile proved to be
relatively stable, since we were unable to identify
environmental factors that could induce an affinity
swifch for RS-17053 (Chapter 2), Furthermore,
the o, ~-adrenoceptor did not display any variable
affinity for an agonist (noradrenaline, Chapter 3},
Apparently, in a tissue system (SMA) the
o, -conformation is more stable than in a celiular
assay [2]. As a consequence we weie unable to
prove the hypothesis that the « ,-adrenocepior
could present itself functionally as different affinity
states. Hewever, the possibility of affinity states
is still a valid hypothesis. Moreover, fromthe data
in this thesis and those reported clsewhere we belief
that affinity states might be a general fecature among
the class of o -adrenoceptor instead of unique for
¢t ,-adrenoceplors. 1 believe that for all three
o, -adrenoceptor subtypes the existence of
‘receptor affinity states’ should be considered as a
serious possibility. Fora,,- and o ;-adrenoceptors
the reasoning for this stand can be summarised as
follows.

ag-adrenoceptors: A discordance between
radioligand binding and functional studies was
noted for the interaction of {(+)-cyclazosin with
o,g-adrenoceptors, similar to  that of
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o, ,-adrenoceptors (Chapter 4). The high binding
affinity in rat liver (pK=9.68) initially designated
(+)-cyclazosin as a selective o g-adrenoceptor
antagonist [3]. However, the functional pA, value
(7.96) for (+)-cyclazosin estimated in rat spleen
was clearly incompatible with this binding affinity
{Chapter 4). Furthermore, in the mouse spleen,
another ‘o g-tissue* [4, 5], (+)-cyclazosin did not
behave as a competitive antagonist. Thus, apart
from the discordance between binding and
functional assays (1)-cyclazosin does not behave
homogeneously in different functional o, z-assays.
This substantiates earlier reports with spiperone and
risperidone. Initially, radioligand binding studies
identified spiperone and risperidone as selective
o ;p-adrenoceptor antagonists that display a 13-and
120-fold higher affinity, respectively, for binding
to rat o,,-adrenoceptors than for o adrenoceptors
16]1,[71, [8, 9]. However, the functional selectivity
of spiperone was only 2-5 fold and even more
remarkable risperidone functionally behaved as
moderate sclective (10-fold) antagonist of
o, ,-adrenoceptors |5, 10].

Therefore, as proposed for the o, ,-adrenoceptors
{1] it is tempting to speculate that the
o p-adrenoceptor can present itself as different
affinity states.

a,-adrenoceptors: In the rat aorta, which is
considered to be a functional ¢,y-adrenoceptor
correlate [11], the rightward displacement of the
phenylephrine E/{A] curves by (+)-cyclazosin was
accompanied by a concentration-dependent
steepening of the phenylephrine E/fA] curve
(Chapter 5). This phenomenon was also reported
for other antagonists, and has been suggested to
be duc to the expression of two closely-related
forms of the o,,-adrenoceptor in rat aorta [12].
Analysis of agonism provided more evidence that
o,-adrenoceptors in rat aorta do not operate as a
homogenous onc-receptor-one-transducer system

[13].

In the absence of molecular evidence in support of
additional o -adrenoceptor subtypes, I believe that
multiple receptor states should be considered for
all ¢t -adrenoceptor subtypes as an explanation for
these observations. It should be noted that evidence
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provided from molecular pharmacology in recent
years (as discussed below) supports such a stand.

Functional receptor affinity states: what is the
mechanism?

Splice variants

Splice variants of the o, ,-adrenoceptor have been
considered as a possible explanation for affinity
states of o, -adrenoceptors. However, although
four functionally active splice variants of o;,-
adrenoceptors were defined, their pharmacological
profiles were similar [14] [15]. Interestingly, a
recent study identified additional splice variants
that led to truncated receptors lacking a
transmembrane domain [16]. Though thesc
truncated isoforms were incapable of ligand
binding and signal transduction co-expression with
functional isoforms diminished the number of
prazosin binding sites, Prazosin affinity was not
affected by the interaction with truncated isoforms,
but the cell surface trafficking of the co-expressed
original seven transmembrane o ,-adrenoceptor
was inhibited. At present splice variants do not
offer a direct explanation for low affinity subtypes,
but should be considered as a regulatory pathway
for o, ,-adrenoceptors.

Localisation

It was demonstrated that o, ,-adrenoceptors localise
predominantly intraceliular, whereas most of the
o p-adrenoceptors localise on the cell surface. This
subtype-specific celtular distribution rather than the
receptor structure determined the sensitivity for
CEC inactivation of «-adrenoceptors [17, 18]
Recent studies reported that all o-adrenoceptor
subtypes display a degree of cellular distribution
and are localised at the plasma membrane as well
as intracellularly [19, 20]. Interestingly,
o, ,-adrenoceptors display a different, more
at,, -adrenoceptor-like, pharmacological profile
when treated as whole cells in contrast to an
o, 4-adrencceptor profile in membranc preparations
[1]. Possibly, differences in subcellular localisation
of o, -adrenoceptors among tissucs may explain the
different affinity states that are observed. Indeed,
MacKenzie and colleagues speculated on the basis
of their observations that the ability to penetrate
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cells might influence ligand affinity for
¢ -adrenoceptors [20]. However, this hypothesis
is only conceivable on the condition that these
intracellular receptors do actually transduce signals,
Signal transduction by intracellular receptors has
not been demonstrated yet. Lipophilicity of ligands
would be the most likely physicochemical property
that enables or disabies cellular penetration.
Interestingly, RS-17053 is a highly lipophilic
ligand. Tn contrast, however, Rec 15/2739 which
is another example a highly lipophilic ligand did
not display a discriminatory potency for o, - or
oy -adrenoceptors similar to that of RS-17053 [1].
Apparently, lipophilicity is not the crucial factor
that explains the ¢, -profile, Furthermore, it should
be noted that the two subtypes could not be
discriminated by their agonist profiles [1]. Some
variation between agonist profiles would have been
expected in case physiochemical properties of
ligands would be of crucial importance,

Another interesting feature that should be
considered is the ligand-induced redistribution of
o,-adrenoceptors.  Mc Cune ef al. [19]
demonstrated that prazosin caused a redistribution
of o, y-adrenoceptors from an intracelluiar
localisation to the cell membrane. Consistent with
other reports {see [21]), the authors suggest that
this receptor redistribution is associated with
ligands that displayed negative intrinsic activity at
o p-adeenoceptors.  However, redistribution of
receptors is novmally studied, and likely requires,
a presence of the inverse agonists over a longer
time period (>24h) than in our experiments [19,
21]. Nevertheless, the concept of inverse agonism
offers other directions for explaining affinity states,

fnverse agonism

In the classical concept the only relevant parameter
which accounts for an antagonist’s capability to
recognise a receptor and form a complex with it is
its binding affinity, This affinity is agonist and
system independent. Consequently, affinity values
for antagonists are not expected to differ between
functional assays and binding studies and this
makes antagonists suifable fools for receptor
characterisation. However, in recent years a
concept developed which redefines agonism and

antagonism and introduced terms like constitutive
activity, neutral antagonism and inverse agonism
(see[22,237). ‘The concept postulates that receptors
exist in a variety of conformational states, some of
which are spontancously active. These
spontancously active conformations can inferact
with the effector mechanisms in the absence of a
ligand and explain constitutive activity, In the
simplest model, the two-state model (see Figure),
receptors are proposed to exist in equilibrium
between two conformations, an active form (R')
and an inactive form (R). Agonists act by
preferentially binding to and enriching the active
conformation, thereby increasing effector activity,
whereas inverse agonists bind preferentially to the
inactive (R} conformational state, leading to a
reduction of constitutive activity. Neutral
antagonists bind equally well to R and R’, and
therefore do not alter the equilibrium and
constitutive receptor activity. Thus antagonists do
not simply block the action of an agonist but can
also posses efficacy, ranging from negative
antagonism to neutral antagonism.

AR AR

The equilibrium between the two states is
conirolled by the equilibrium constant L in the
absence of a ligand. The interaction of an agonist
{A) with the receptor alters the equilibrium between
the two states according to its dissociation
equilibrium constants at the two receptor states,
namely K, and K',. In this concept the action of
an antagonist in a given tissue depends first on its
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negative or neutral efficacy but also on the basal
R:R’ ratio which is determined by the constant L,
It is not unlikely that L and consequently the basal
R:R’ ratio might vary among tisstes and thereby
introducing a system dependency which will
influence the affinities of non-neutral antagonists
estimated in functional studies. Thus for negative
antagonisis the affinity values estimated in
fimctional assays may not be comparable witlh those
obtained in binding experiments. Furthermore, the
functional affinities of negative antagonists may
differ amongst tissues, according to the allosteric
parameter L.

In Chapter 3 we have demonstrated a highly
significant correlation between the affinity and
efficacy for noradrenaline in the SMA, which
traditional pharmacology views as independent
parameters. We offered the plausible explanation
that this correlation is a statistical phenomenon,
However, alternatively this correlation could be
interpreted to support the existence of multiple
receptor states in rat SMA. In the multiple state
receptor model efficacy is the consequence of
affinity [14, 23, 24). Since the relative affinity for
either R or R’ determincs the efficacy of the system.
This concept of mverse agonism and system
dependent equilibria between R:R’ offers a
framework for speculation about the observed
discrepancies in antagonist affinitics among
fimctional assays and between radioligand binding
studies and functional assays. Recently it became
clear that prazosin, 5-Mu, WB- 4101, indoramin,
but not Rec15/2739 displayed negative intrinsic
activity at wild type o, -adrenoceptors [25].
Furthermore, all of the aforementioned antagonists
were inverse agonists at wild type o;-
adrenoceptors.  Additionally, RS-17053,
tamsulosin as well as (H)-cyclazosin behaved as
inverse agonists at constitutively active mutant o,
and o g-adrenoceptors. Similarly, for o g-
adrenoccptors; BMY 7378, phentolamine, 5-Mu
and prazosin have been identified as inverse
agonists [19, 26], Moreover, soon a report will be
published which suggests the presence of a
constitutively active o, ,-adrenoceptor population
in rat aoria (Gisbert R. et of. JPharmacol. Exp.
Ther. 295(2) (2000)). Clearly the ingredients for
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multiple affinity states are present within the class
of u-adrenoceptors, However, a straightforward
quantitative and qualitative account for our
observations cannot be provided yet. Particularly,
since antagonists like (+)-cyclazosin and indoramin
were characterised as inverse agonists at
o, s-adrenoceptors [25] but their functional
oy -adrenoceptor profile is similar to the binding
affinitics at o, ,-adrenoceptors, Furthermore, many
antagonists display negative efficacy at
o,g-adrenoceptors though functionally only for
{(+)-cyelazosin a discrepancy with binding affinities
was reported (Chapter 4). One of the problems is
that a two state model is clearly too simple to
explain the experimental data. In a two-state model
differences amongst tissucs between the R:R’ ratio
should have been expressed as levels of constitutive
activity. However, constitufive fissue activity or
loss of it by RS-17053 or (+)-cyclazosin was neither
observed in our experiments, nor has it been
reported elsewhere, Obviously, a two-state model
is a too simplistic model to offer a completely
satisfactory explanation for ‘antagonist affinity
states’. Interestingly, a three state model containing
two active receptor states has been proposed in
order to explain the phenomenon that the same
receptor, when coupled to different G protein
effector pathways, can display different affinity/
efficacy patterns also designated as ‘agonist
trafficking’{23]. In fact it was suggested that this
feature might partially account for the
incompatibility of o,-adrenoceptors in rat aoria
with a one-receptor-one-transducer system [13].
Though the validity of the above-described
mechanisms is well established in genetically
engineered systems, they do not offer clear-cut
explanations for our chservations in native tissue.
Nevertheless, molecular pharmacology has
identified concepts that offer useful directions for
further thinking and studying the inconsistencies
of «,-adrenoceptors with traditional receptor
theory.

Does the rat small mesenteric artery
represent.a resistance vessel?

Isolated SMA assays have been used widely as
models of resistance vessels {27]. Since small
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mesenteric arteries (SMAs; internal diameter
100-300 pm) contribute substantially to vascular
resistance in rat [27-29], these vessels are believed
to posses regulatory potential and consequently
have predictive value for the blood-pressure
response {30]. However, this belicf was challenged
by the lack of effect of idazoxan in SMA, a partial
o -adrenoceptor agonist that increases biood
pressure in pithed rat [31].

Our data question the predictive value of the SMA
for pressor responses within the mesenteric
circulation. In the perfused mesentery the selective
o s-adrenoceptor antagonist, RS-17053,
antagonised the noradrenaline induced pressor
response displaying high affinity (pA,=9.9; [32]).
This pharmacological profile confirmed the
resistance in the perfused mesentery is determined
by u,-adrenoceptors [32). However, the affinity
of RS-17053 in the rat SMA was 35-fold lower
(PKy=28.3-8.4; Chapter 2), Therefore, it appears
that o, ,-adrenoceptors mediate the pressor
response in rat perfused mesentery, whereas the
contraction in rat SMA is mediated by a
o, ~adrenoceptor,

Also comparisen of our AVP experimental data in
the SMA {Chapter 5} with reported data in the
perfused mesentery argues against the SMA being
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Summary and conclusions

Summary and conclusions

In Chapter 1 we provided an overview of the
histarical aspects of the classification of
u,-adrentoceptors, The official nomenclature now
recognises o .-, - and o y-adrenoceptor
subtypes which all display high affinity for
prazosin. However, functional experiments have
suggested the existence of another
o -adrenoceptor subtype that displays a low
affinity for prazosin, The controversy over the
existence of an o -adrenoceptor subtype appears
to focus on tissues that were initially characterised
as functional o ,-tissues like, for example, rat
mesenteric resistance vasculature, The range of
estimated  affinities  of the selective
o ,-adrenoceptor antagonist, R§-17053, in
functional “a,,-tissues” substantiates the
discordance with the official o -adrenoceptor
nomenclature. Alsoin Chapter 1, the nomenclature
of vasopressin and oxytocin receptors was
reviewed more briefly. Subsequently, the aims and
outling of the thesis are described. In the absence
of a molecular correlate, we envisaged that the
o, -adrenoceptor could bear a challenge to the
traditional receptor concept. Given the possible
impact of this subfect it was our primary ambition
to clarify the nature of the o, -adrenoceptor
subtype.

In Chapter 2 we characterised the o, -adrenoceptor
subtype involved in noradrenaline-induced
contractions of rat SMA. This adrenoceptor
subtype was designated o, because it displays a
low affinity for prazosin and RS-17053. Since, it
has been suggested that the o -adrenoceptor
represents a conformational affinity state of the
o, ,-adrenoceptor we elaborated on the nature of
the o, -adrenoceptor pharmacology. In brief, the
pharmacological «,, -adrenoceptor profile was
agontst independent and we were unable to define
environmental Factors that influenced this profile.
Therefore we did not obtain evidence for the
hypothesis that the ¢ -adrenoceptor represents an
affimty state of the o, ,-adrenoceptor. Furthermore,
a co-existing o, -adrenoceptor in rat SMA is

unlikely.

Variable receptor affinity, rather than different
receptor subtypes, has been suggested to account
for the variation in estimated agonist affinities in
functional studies on o,-adrenoceptors. In case of
a variable affinity for agonists, it is not
unteasonable to assume that this phenomenon
would also manifests itself for other ligands like
antagonists and could account for the
o, -adrenoceptor profile in rat SMA. In Chapter 3
we have studied the agonism of noradrenaline in
rat SMA by analysis of receptor inactivation
experiments using the operational model of
agonisnt. The main finding of the study was that
the operational model of agonism yielded highly
variable and correlated estimates of affinity and
efficacy. The correfation of affinity and efficacy
is inconsistent with the basic assumption that these
parameters are independent. Interestingly,
introducing randoin noise on simulated 'perfect’
control and PBZ treated noradrenaline E/[A] curves
yielded affinity and efficacy estimates that
displayed not only a similar degree of variation as
experimentally obtained estimates, but also a highly
significant correlation. This suggests that a
statistical rather than a pharmacological
phenomenon accounts for the large variability and
correlation of affinity and efficacy estimates.
Therefore, the ¢, -adrenoceptor in rat SMA does
not display variable affinity for noradrenaline,

Although the prefercntial susceptibitity to
irreversible inactivation by CEC has been used to
subclassify o, g-adrenoceptors, an o z-adrenoceptor
sclective competitive antagonist has not been
available for quantitative characterisation of
functional o y-adrenoceptors. In Chapter 4 we
characterised the functional pharmacological
profile of (+)-cyclazosin, a selective competitive
o g-adrenoceptor antagonist as defined in
radioligand binding studies, We used rat SMA,
rat aorta and rat and mouse spleen as representants
of functional ¢, O - and o,z-adrenoceptors
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respectively. The functional potency of
(+)-cyclazosin for ¢, ,,, -and o -adrenoceptors was
in accordance with radioligand binding affinity for
these subtypes. However, the functional
antagonising potency of (+)-cyclazosin in rat and
mousc spleen was much lower than its affinity for
o g-adrenoceptors in radioligand binding studies.
Furthermore, {(+}-cyclazosin displayed a different
pharmacology at mouse and rat o z-adrenoceptors,
Thus, a discordance between radioligand binding
and functional studies was noted for the interaction
of (+)-cyclazosin with o g-adrenoceptors, similar
to that of ¢, ,-adrenoceptors.

In Chapter 5 we addressed the inconsistencies
between various reports concerning the functional
pharmacology of vasopressin in rat SMA and aorta,
In order to illuminate these discrepancies we
studied the effects of the selective V, receptor
antagonists, OPC 21268 and SR 49059, and the
oxytocin receptor antagonist, atosiban, on the AVP-
and oxytocin-induced contractions of the two
vessels. AVP and oxytocin contracted rat SMA
and aorta without any vasodilatory component.
The antagonist affinities indicated predominant
involvement of V,, receptors in both vessels.
However, the concentration-dependent steepening
of AVP E/[A] curves by atosiban and the Hill slope
difference between oxytocin- and AVP E/[A]
curves could indicate receptor heterogeneity.
Therefore, despite predominant involvement of
V, 4 receptors, receptor heterogeneity should be
considered in the SMA.

Because interactions between agonists arc the in
vive reality, we aimed to analyse the interaction
between o, -adrenoceptors and vasopressin
receptors i rat SMA (Chapter 6). We used the
previocusly described theoretical
two-receptor:one-transducer madel as a framework
for the design and analysis of the experiments. This
model predicts, by taking into account separate and
commeon parts of the transducer pathway, a wide
variety of possible location and slope changes of
E/fAT curves upon interaction of two agonists.
Threshold contractions by either AVP or
noradrenaline potentiated and flattencd the E/[A]
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curves of the interacting agonist without affecting
maximum responses. Also the response to
noradrenaline, which behaved as a partial agonist
after phenoxybenzamine treatment was potentiated,
flattened and the maximum response was increased
by an AVP-induced threshold confraction. All
observed characteristics {potentiation, flattening
and the increased maximumy) of agonist E/[A]
curves by threshold contractions of the interacting
agonists are predicted by the
two-receptorione-transducer model, assuming a
steep common transducer pathway. Indeed a steep
slope (n=5.4) was estimated for the common part
of the transducer pathway and together with the
other derived parameters the theoretical
two-receptor:one-transducer model could
satisfactory fit all experimental data, In conclusion,
we have demonstrated that interaction between
AVP and noradrenaline, which involves the
V., receptor and o, -adrenoceptor, respectively,
follows the theoretical two-receptor:one-transducer
model, with the slope-dependence residing in the
common transducer pathway.

In Chapter 7 the nature of the «, -adrenoceptor is
further discussed. From the data in this thesis and
those reported elsewhere it is proposed that affinity
states might not be unique for o, ,-adrenoceptors,
but are a common feature of the o,-adrenoceptor
class. Though the nature of the affinity states in
native tissue is not established, molecular
pharmacology has identified concepts like inverse
agonism that offer useful directions for further
thinking and studying the inconsistencies of
o, -adrenoceptors with traditional receptor theory.
Finally, we questioned the validity of the rat SMA
as a resistance vessel, which has a predictive value
for pressor responses, since our findings with
o,-adrenocepiors and vasopressin in the SMA
differ from those in the perfused mesentery.

Conclusions with reference to our predefined

aims

¢ The o -adrenoceptor mediating noradrenaline-
induced contractions in rat SMA displays a
distinet ¢, -adrenoceptor pharmacology.

¢ There is no co-existing o, -adrenoceptor in
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the rat SMA.

Environmental factors that might affect the
pharmacological profile for antagonists of the
o -adrenoceptor could not be defined.
Furthermore, the considerable variation of
functionally estimated agonist affinities within
the SMA was not based on variable affinity
of the &, -adrenoceptor. Therefore, we did not
obtain evidence for the hypothesis the
¢ -adrenoceptor represents an affinity state
of the u, ,-adrenoceptor.

{(H)-Cyclazosin does not behave as a selective
¢, g-adrenocepfor antagonist in functional
tissues. This could suggest that the
o, ,-adrenoceptor is not the only subtype
within the o -adrenoceptor class that displays
a heterogencous pharmacological profile.
The interaction between noradrenaline and
AVP follows the theoretical
two-receptor:one-transducer model assuming
a steep common transducer pathway.,
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Samenvatting

Samenvatting

Binnen de klasse van o-adrenerge receptoren
onderscheidt nien nu officicel 3 subtypen: o, o
en . Yoor deze 3 subtypen zijn moleculaire en
farmacologische bindings- en functionele data met
elkaar in overcenstenmming., Functionele studies
hebben echter aanwijzingen geleverd voor het
bestaan van een vierde subtype. Deze
o, -adrenerge receptor, kenmerkte zich in eerste
instantic door een lage affiniteit voor prazosine.
De affiniteit voor prazosine was gemiddeld een
log-cenheid lager dan die voor de andere subtypen,
welke prazosine zonder onderscheid met hoge, sub-
nanomolaire, affiniteit herkent in zowel functionele
als bindingsstudies. Later is gerapporteerd dat RS-
17053, een selectieve ¢, ,-receptor antagonist, een
groter onderscheidend vermogen heeft en dat het
o, -subtype in verschillende weefsels een range
van affiniteiten lijkt te hebben voor RS-17053,
Echter, ondanks het huidige moleculair biologische
tijdperk is een coderend gen voor dit o, -subtype
‘nog’ niet geidentificeerd. Dit is opmerkelijk
omdat de «,; -adrenerge receptor toch als een
potentiéle “drug-target” gezien wordt. Om deze
reden wordt aan het bestaan van de o, -adrenerge
receptor als separate identiteit getwijfeld. Als
alternaticve verklaring is de hypothese geopperd
dat de o, -adrencrge receptor een affiniteitsvorm
is van dec o,,-adrenerge recepter. De
affiniteitsvorm waarin de o, ,-adrenerge receptor
zich presenteert wordt volgens deze hypothese
bepaald worden door omgevingsfactoren. Dit zou
ook verklaren waarom de affiniteiten voor
prazosine en R8-17053 bepaald in bindingsstudies
verschillend zijn van die in functionele studies,
terwijl die van andere antagonisten niet
verschilden.

Volgens de traditionele receptor theorie is de
bindingsaffiniteit de enige parameter van belang
voor de antagonist-receptor interactie. Bovendien
is deze bindingsaffiniteit onafhankelijk van
omgevingsinvloeden. Duidelijk is dat de
traditionele receptor theorie geen ruimte laat voor
affiniteitsvormen van receptoren. Ook zijn grote
cn selectieve verschillen in affinitciten voor

antagonisten tussen radioligand bindingsdata en
functioneel verkregen data niet te verwachten,
Moleculaire biologische bevindingen hebben al
behoorlijke druk is vitgeoefend ap de traditionele
receptor theorie en zelfs aanleiding gegeven tot de
formulering van nieuwe concepten. Echter,
dergelijke druk vanuit genetisch ongemodificeerde
systemen is veel zeldzamer. Om inzicht te krijgen
in de mogelijke implicaties was het primaire doel
van dit onderzock om de aard van de o -adrenerge
receptor op te helderen. In hoofdstuk 2 hebben we
de o ,-adrenerge receptor in de kleine mesenteriale
vaten gekarakteriseerd als een o, -subtype, met een
lage affiniteit voor de antagonisten, prazosine en
RS-17053. Er konden geen omgevingsfactoren
worden geidentificeerd die van invloed waren op
de affiniteit van de receptor voor RS8-17053.
Bovendien was co-aanwezigheid van een
o, ,-subtype onwaarschijnlijk. In Hoofdstuk 3
hebben we het agonisme van noradrenaline
bestudeerd in de kleine mesenteriale vaten.
Middels het operationele model voor agonisme
hebben we de parameters affiniteit en intrinsieke
activiteit van noradrenaline geschat. De correlatic
van deze parameters, die volgens de theorie
onafhankelijk zijn, leck geen mechanistisch, maar
eerder ecn statistisch fenomeen te zijn, De
befangrijkste nitkomst met betrekking tot onze
doelstelling was, dat hoewel de geschatte affiniteit
voor noradrenaline in de verschillende
experimenten met dit preparaat sterk varieerde,
deze variabiliteit niet berustte op een variatie van
de affiniteit van de receptor. Samenvattend blifkt
uit hoofdstuk 2 en 3 dat het affiniteitsprofie] van
de o, -adrenerge receptor stabiel is voor zowel een
antagonist als een agonist, Hoewel beide studies
geen bewijs leverden voor het bestaan van
fenotypische affiniteitsvormen van de
o, 4-adrenerge receptor is dit nog steeds een valide
hypothese. Op basis van de resultaten voor
o p-adrenerge receptoren (hoofdstuk 4) en
gegevens it de literatuur dient men het bestaan
van affiniteitsvormen mijns inziens voor de gehele
klasse van o -adrenerge receptoren als sericuze
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mogelijkheid te beschouwen (algemene discussie).
Inn hoofdstuk 4, karakteriseren we het functionele
farmacologische profiel van (+)-cyclazosine. In
radioligand bindingsstudics werd (+)-Cyclazosine
gedefinieerd als een selectieve o z-adrenerge
receptor antagonist. Echfer, wanneer de functionele
respons van ¢ p-receptoren (contractie van de milt
van een rat en muis) bestudeerd wordt komt er cen
totaal ander farmacologisch profie] naar voren. In
de rattenmilt gedraagt {+)}-cyclazosine zich
weliswaar als cen competitieve antagonist, maar
met een bijna 100* lagere affiniteit dan in
bindingsstudies. In de muizenmilt gedraagt (+)-
cyclazosine zich zelfs niet als een competitieve
antagonist. De functionele gemeten affiniteit voor
O a- €N O p-adrenerge receptoren kwam wel
overeen met die gemeten in radioligand
bindingsstudies. Evenals voor de o, ,-adrenerge
receptor lijkt er nu ook voor de o p-adrenerge
receptor cen discrepantie te bestaan voor de
affiniteit gemeten in radioligand binding studies
en in functionele studies.

In aanwezigheid van (+)-Cyclazosine nam de
helling van de phenylefrine curve in de rattenaorta
(crp-adrenerge receptoren) op een concentratie-
afhankelijke mantier toe. Deze bevinding bevestigt
eerdere resultaten van een uitgebreidere analyse in
rattenaorta, welke de aanwezigheid van 2
nauwverwante receptor subtypen suggercerde.
Met de huidige resultaten voor de interactie van
{H)-cyclazosine en o p-en o p-adrenerge receptoren
en eerder verschenen studies betoogt algemene
discussie onder andere dat het bestaan van
affiniteitsvormen voor de totale klasse van
a,-receptoren cen serieus te nemen optie is. Met
name omdat er genetisch géén aanwijzingen zijn
voor extra subtypen, Vanuit de moleculaire
biologie zijn er wel concepten als affiniteitsvormen
en invers agonisme gedefinieerd. Hoewel deze
concepten niet direct vertaald kunnen worden om
onze waarnemingen te verklaren, kunnen zij wel
richting geven aan verder filosoferen over en
onderzoek naar een verklaring.

In hoofdstuk 2 tot en met 4 hebben we ons
onderzoek gericht op de farmaceologische analyse
van één receptor subtype. In de in wive situatie
zijn er verschillende vaatverwijdende en
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vaatvernauwende stoffen aanwezig die allen
verschillende receptoren stimuleren. De
uiteindelijke respons van een bloedvat vormt de
resultante wvan alle receptorinteractics.
Synergistische interacties zijn met name interessant
vanwege de klinische implicaties. Om deze reden
wilden we de interactie tussen vasopressine
receptoren en o, -adrenerge receptoren in de kleine
mesenteriale vaten onderzoeken. Om drie redenen
werd gekozen voor vasopressine: (1) vasopressine
is een zeer potente vasoconstrictor en is daardoor
waarschijnlijk al in fage concentraties betrokken
bij interactics, (2) vasopressine is mogelijk
hetangrijk in pathologische situaties zoals hartfalen
en (3) de interactie tussen vasopressine receptoren
en o, -adrenerge receptoren is nog niet vitgebreid
onderzocht. Atvorens we deze interactic
daadwerkelijk onderzochten was het noodzakelijk
om voorafgaand de receptor{en) betrokken bij de
vasopressine respons te karakteriseren (hoofdstuk
5). Met name omdat de literatuur hierover in de
mesenteriale vaten niet eenduidig was,
Vasopressine en oxytocine {beiden zijn agonist
voor zowel vasopressine als oxytocine receptoren)
gaven een contractie van de mesenteriale vaten en
rattenaorta zonder aanwezigheid van een
vasodilatoire component. De gemeten affiniteiten
voor antagonisten suggereerden dat met name V
receptor de confractic medieerde, Echter, in de
kleine mesenteriale vaten was er enige indicatie
voor betrokkenheid van meer receptor typen.
Vervolgens hebben we in hoofdstuk 6 de agonist-
agonist interactic van noradrenaline met
vasopressine onderzocht. In de literatuur zijn
diverse interacties tussen agonisten beschreven, De
verschillende onderzoeken hebben echter niet
gestrecfd naar het classificeren van het type van
interactie. Daartegenover staat dat er één type van
interactic met name als theoretisch model
heschreven. Dit twee-receptor:één-transducer
model beschrijft de interactie tussen twee receptor
typen die uitcindelijk koppelen aan { transductie
systecermn en voorspelt een variéteit aan vorm en
locatie van agonist curves bij een interactie. Lage
contracties van vasopressine of noradrenaline
gaven ccn potentiering en afvlakking van de
concenfratie respons curve van de interacterende
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agonist (noradrenaline of vasopressine
respectievelijk). De maximale respons van de
agonisten wijzigde niet door de interactie. Echter,
na inactivatie van o,-adrenerge receptoren nam de
maximale respons van noradrenaling, welke zich
nu gedroeg als een partiéle agonist, wel toe door
een drempelcontractie van vasopressine. Al deze
observaties zijn verklaarbaar door het twee-
receptor:één-transducer model mits de
hellingsparameter  van  het  gedeelde

transductiesysteem groter is dan 1. Via cen
grafische methode werd deze hellingshoek
inderdaad geschat op 5.4. Vervolgens bleck dat
met deze hellingshoek en andere berekende
parameters de totale datasef goed te simuleren was
met het twee-receptor:één-transducer model.
Concluderend, kan gesteld worden dat de interactie
tussen o,-adrenerge en vasopressine receptoren
in kleine mesenteriale vaten verloopt volgens het
twee-receptor:één-fransducer model.
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Adrenoceptor
Arg-vasopressin
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