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INTRODUCTION

ABSTRACT q,-adrenoceptors link via the G-protein Gq/G;, to both Ca®" entry and
release from stores, but may also activate Rho kinase, which causes calcium sensi-
tization. This study aimed to identify the subtype(s) of a,-adrenoceptor involved in
Rho kinase-mediated responses in both rat aorta and mouse spleen, tissues in which
contractions involve multiple subtypes of a,-adrenoceptor. Tissues were contracted
with cumulative concentrations of noradrenaline (NA) in 0.5 log unit increments, be-
fore and in the presence of an antagonist or vehicle. Contractions produced by NA in
rat aorta are entirely o;-adrenoceptor mediated as they are competitively blocked by
prazosin. The o, ,-adrenoceptor antagonist RS100329 had low potency in rat aorta.
The o;p-adrenoceptor antagonist BMY7378 antagonized contractions in rat aorta in a
biphasic manner: low concentrations blocking o;,-adrenoceptors and high concen-
trations blocking a.,g-adrenoceptors. The Rho kinase inhibitor fasudil (10 uM) signifi-
cantly reduced aortic contractions in terms of maximum response, suggesting inhibi-
tion of o,;-adrenoceptor mediated responses. In the mouse spleen, a tissue in which
all 3 subtypes of a;,-adrenoceptor are involved in contractions to NA, fasudil (3 pM)
significantly reduced both early and late components to the NA contraction, the ear-
ly component involving a5~ and a.,p-adrenoceptors, and the late component involv-
ing a5~ and oyx-adrenoceptors. This suggests that fasudil inhibits o,z-adrenoceptor
mediated responses. It is concluded that o,p- and a,g-adrenoceptors interact in rat
aorta and ap, o4~ and o,g-adrenoceptors interact in the mouse spleen to produce
contractions and these interactions suggest that one of the receptors preferentially
activates Rho kinase, most likely the o.,5-adrenoceptor.

tissues in the rat [6,7], the overall role of RhoA/Rho kinase in o~
adrenoceptor mediated contractions has not been established [8].

o,-adrenoceptors link via the G-protein Gq/G,, to both Ca®*
entry and release of Ca”* from stores [1,2], but may also activate
the small GTP binding protein RhoA and thus Rho kinase, which
causes calcium sensitization by phosphorylating myosin light-
chain phosphatase, reducing its function and so withdrawing an
inhibitory input [3-5].

Although calcium sensitization involving Rho kinase is in-
volved in q,-adrenoceptor mediated contractions in at least some

In rat aorta, contractions to both phenylephrine [9] and angioten-
sin II [10] involve Rho kinase. In rat tail artery, cooling increases
contractions to the o,-adrenoceptor agonist phenylephrine at
least partly via Rho kinase [11]. Conversely, in rat aorta, cooling
decreases contractions to phenylephrine, involving inhibition of
Rho kinase [12]. However, in mouse aorta, contractions to the
thromboxane mimetic U46619, but not to phenylephrine involve
Rho kinase, so that not all a,-adrenoceptor subtypes are linked to
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Rho kinase [13]. There is no strong evidence as yet to suggest that
a particular o,-adrenoceptor subtype is preferentially linked to
Rho kinase in vascular contractions, and whether phasic or tonic
contractions rely particularly on this mechanism.

The rat aorta has been widely studied in adrenergic pharma-
cology as a model blood vessel in investigations of contractile
responses, but, surprisingly, there is still uncertainly as to the
a-adrenoceptor subtype or subtypes involved: contractions have
been reported to involve predominantly o,-adrenoceptors and
possibly also oz-adrenoceptors [8]. In mouse (and, indeed, rat)
spleen, contractions to noradrenaline (NA) involve all subtypes
of oy-adrenoceptor in addition to a,-adrenoceptors, and we have
recently delineated the various components of this complex re-
sponse [14,15]. In both rat aorta and mouse spleen, with multiple
receptor subtypes present, there is likely to be at least one subtype
of oy-adrenoceptor that acts primarily through Rho kinase.

Therefore, the aims of this study were to identify the subtype(s)
of a,-adrenoceptor involved in Rho kinase mediated responses
in rat aorta and mouse spleen. We first confirmed the biphasic
nature, involving two receptor subtypes, of the antagonism by
the a,p-adrenoceptor antagonist BMY7378 of contractions to
NA in rat aorta, and have studied the role of Rho kinase in o-
adrenoceptor mediated contractions in both rat aorta and mouse
spleen. Since both of these tissues contain multiple subtypes of o,-
adrenoceptor involved in smooth muscle contractions, we wished
to identify a specific subtype of a,-adrenoceptor preferentially
linked to Rho Kinase and calcium sensitization. Until now, no
specific subtype of a,-adrenoceptor has been preferentially linked
to Rho kinase.

METHODS
Animals

Male Wistar rats (230-300 g) and male C57-BL6 mice (18-25 g)
were obtained from Envigo. The studies were approved by the
Department of Health and Health Products Regulatory Agency
(HPRA) in Ireland and by the RCSI Research Ethics Committee,
as required. The animals were housed in a controlled environ-
ment with a 12-h light, 12-h dark cycle and were fed a standard
rat diet. The studies were approved by the Department of Health
and Health Products Regulatory Agency (HPRA) (B100/762 and
AE 19127/1185) in Ireland and by the RCSI Research Ethics Com-
mittee (REC 1188 and 1284).

Preparation of isolated rat aorta

Animals were killed by overdose of CO,, cervical disloca-
tion and exsanguination. For removal of aorta, the rib cage was
opened, the heart and lungs removed, and the vena cava lifted
and removed. The descending aorta was then carefully lifted
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by holding the surrounding connective tissue with forceps, and
the connections with the spinal column were cut. The aorta was
transferred to a petri dish in Krebs-Henseleit solution (see below),
and aortic rings of approximately 3 mm in length were cut with a
scalpel. The rings were carefully lifted using fine forceps touching
only the connective tissue, and a threaded hook was then placed
through the lumen for bath suspension of aortic rings. Aortic
rings were mounted between a fine fixed rod, and a transducer
(Grass FT03) to which the thread on the hook was attached under
1 g tension in organ baths at 37°C in Krebs-Henseleit solution of
the following composition: (mM): NaCl 119; NaHCO;, 25; D-glu-
cose 11.1; KCl 4.7; CaCl, 2.5; KH,PO, 1.2; MgSO, 1.0. Cocaine
(3 uM) was additionally present to block the NA transporter
(NET).

Preparation of mouse spleen

Animals were killed by overdose of CO,, cervical dislocation
and exsanguination. The abdomen was opened and whole spleen
was manipulated with a probe, gently freed of connections with
fine scissors and placed in a petri dish containing Krebs-Henseleit
solution of the same composition as above. Using a needle,
threads were placed through top and bottom (long thread to top
and open knot to bottom) of the spleen and tied loosely in a loop
to avoid damage to spleen. Spleens were mounted between a fixed
rod and a hook attached to a transducer (Grass FT03) under 0.5 g
tension in organ baths at 37°C in Krebs-Henseleit solution as de-
scribed above. Cocaine (3 uM) was additionally present to block
the NA transporter (NET).

Experimental protocol

Bathing fluid was changed every 15 min, except during con-
centration response curves. Following 30-45 min equilibration,
and 15 min after changing bathing fluid, tissues were contracted
with NA (10 pM), and washed. Bathing fluid was again changed
every 15 min for the next hour. Tissues were then contracted,
beginning 15 min after last changing bathing fluid, with cumula-
tive concentrations of NA in 0.5 log unit increments, beginning
with 1 nM (rat aorta) or 10 nM (mouse spleen) up to a maximum
of 100 uM. This first, or control, concentration response curve
confirmed the responsiveness of tissues, but was not used in
calculations. Following a 1 h washout, and 1 h in the presence of
antagonist concentration or vehicle, changing bathing fluid every
15 min, concentration response curves to NA were repeated, be-
ginning 15 min after last changing bathing fluid. This second, or
test, concentration response curve was used in calculations, com-
paring the response in the presence of an antagonist concentra-
tion with the response in the presence of vehicle. In all studies, a
single concentration of antagonist or of vehicle was administered
per experiment. For rat aorta, experiments were carried out in 2
groups, resulting in 2 sets of vehicle. Most experiments were car-
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ried out utilising vehicle 1, but fasudil experiments were carried
out with vehicle 2.

Contractions are expressed as the cumulative maximum ob-
tained to increasing concentrations of agonist. Concentration-
response curves were plotted as a % of the maximum response to
agonist or as absolute tension (g). NA potency was expressed as a
pD, (pEC,: -log ECy,), a pEC,; and a pEC,; (concentrations pro-
ducing 50%, 25%, or 75% of maximum response, respectively),
from data plotted as a % of maximum by non-linear regression,
constraining curves to between 0% and 100%, using GraphPad
Prism 5.0 for MacIntosh (GraphPad Software).

Antagonist potency was calculated only where the potency
of NA was significantly shifted as compared to NA potency in
vehicle experiments. Antagonist potency was expressed as an
apparent dissociation constant (pKy) from effects of a single an-
tagonist concentration, using the equation pK; = log(DR - 1) -
log [B], where [B] is the concentration (M) of antagonist and DR
is the NA dose ratio produced by the antagonist, or as a pA, from
the effects of a range of antagonist concentrations. The PA, was
calculated as the x intercept of the Schild plot, plotting antagonist
log(DR - 1) for each antagonist concentration, using Graphpad
Prism for Macintosh.

Drugs

BMY7378 (8-[2-(4-(2-methoxyphenyl) piperazin-1-yl)ethyl]-
8-azaspiro[4,5]decane-7,9-dione) (Tocris Bioscience); cocaine
hydrochloride (Sigma Aldrich); fasudil hydrochloride (Aobious);
(-)-noradrenaline bitartrate (Sigma Aldrich); prazosin hydro-
chloride (Sigma Aldrich); RS100329 (5-methyl-3-[3-[4-[2-(2,2,2,-
trifluoroethoxy)phenyl]-1-piperazinyl]propyl]-2,4-(1H)-pyrimi-
dinedione) (Tocris Bioscience). Drugs were dissolved in distilled
water.

Statistics

Values are expressed as mean + standard error of mean (SEM)
from n experiments in brackets. The minimum level for statistical
significance was p < 0.05. Differences between groups and vehicle
in NA potency or maximum contractile response were compared
using the GraphPad Prism programme by Student’s t-test for two
groups, or by one way Anova for multiple groups, and, only when
Anova showed significance of p < 0.05, with Dunnett test for
comparison of anatagonist effects with effects of vehicle or Bon-
ferroni test for comparison of all groups.

RESULTS
Isolated rat aorta

NA potently produced contractions of rat aorta in vehicle ex-
periments with maximum contraction of 0.79 + 0.07 g and pD,
(-logECs,) 0f 7.08 £ 0.13 (n = 7) (Table 1).

Antagonists and inhibitors did not significantly affect contrac-
tions to NA in terms of maximum contraction, except for fasudil
(10° M), which significantly reduced the maximum contraction
(Table 1).

Prazosin (3 x 10~ M) produced a parallel shift in the po-
tency of NA, with a pKj value of 9.14 (Fig. 1, Table 2). The ay,-
adrenoceptor antagonist R$100329 (107 M) produced an ap-
proximately parallel shift in the response to NA but exhibited low
potency in rat aorta, with a pKj of 7.66 (Fig. 1, Table 2), consistent
with antagonist actions at o, - or o, p-adrenoceptors.

The o,p-adrenoceptor selective antagonist BMY7378 had a
complex interaction with NA. BMY7378 (10° M) showed high
potency against contractions to NA, with a pK; of 8.73 for 10
M (Fig. 2, Table 2). However no further shift in NA potency was
obtained until a concentration of 10°M (Fig. 2, Table 2). A Schild

Table 1. Effects of antagonists on concentration response curves to noradrenaline (NA) in rat aorta in terms of maximum contraction (g) (NA

T [g]) and NA potency (NA pEC;,, -log M)

Treatment Number NAT (g) NA pEC;, (-log M)
Vehicle 1 7 0.79 + 0.07 7.08 +0.13
BMY7378 10° M 5 0.65 +0.16 6.36 + 0.15%
BMY7378 3 x 10° M 6 0.63 £0.11 6.24 + 0.16%*
BMY7378 107 M 6 0.69 +0.11 6.36 = 0.13**
BMY73783 x 107 M 6 0.74 +0.13 5.99 + 0.16%**
BMY7378 10° M 6 0.67 +0.12 5.68 + 0.20%**
BMY7378 10° M 4 0.61 £0.16 4.19 + 0.06***
Prazosin 3 x 10° M 4 0.66 +0.14 6.33 + 0.20%*
RS100327 107 M 6 0.76 + 0.08 6.33 + 0.08**
Vehicle 2 5 0.81 +0.12 6.82 + 0.24
Fasudil 3 x 10° M 5 0.70 £ 0.11 6.54 +0.10
Fasudil 10° M 5 0.24 + 0.09* 6.33 £ 0.25

Values are presented as mean + SEM from the number of experiments shown in column 2. Asterisks denote NA parameter in presence of
antagonist significantly different from parameter in vehicle experiments: *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 1. Concentration-response curves to noradrenaline (NA) ob-
tained in rat aorta in the presence of vehicle, the relatively non-
selective antagonist prazosin (3 x 10”° M), the o,,-adrenoceptor
antagonist BMY7378 (10" M) and the a,,-adrenoceptor antagonist
RS100329 (10”7 M). Values are mean + SEM from 4-7 experiments. For
NA potency (pECs,) and antagonist potency (pK;) see Tables 1 and 2.

Table 2. Antagonist pK; (-log M) values by antagonist concentration
inrat aorta

Antagonist Concentration Number pKs
BMY7378 10°M 5 8.73 + 0.09
3x10°M 6 8.27 +0.18
107 M 6 7.63 +0.16
3x107M 6 7.56 +0.18
10°M 6 7.38+0.23
10°M 4 7.89 + 0.06
Prazosin 3x10°M 4 9.14 + 0.24
RS100329 107M 6 7.66 +0.10

Values are presented as mean + SEM from the number of experiments
shown in column 3.

plot was constructed and a pA, of 8.45 and a slope of -0.69 was
obtained for BMY7378 (all concentrations), the shallow slope in-
dicating a non-competitive interaction or more than one receptor
present. Hence, BMY7378 had two separate potency values, sug-
gesting actions at 2 receptors, high potency at o,,-adrenoceptors
(pK; 8.73) and low potency at another adrenoceptor. Since
BMY?7378 produced log (DR - 1) values of 0.73, 0.75, and 0.63
for 10°M, 3 x 10° M and 10”7 M, there was an average shift of
approximately 0.75 log units by action at a,,-adrenoceptors.
However, when only BMY7378 in concentrations of 10" M to 10°°
M were considered, and taking intercept as y = 0.75 (to eliminate
the a,p-adrenoceptor mediated component), a pA, of 6.81 with
slope of -1.12 was obtained at the second, low affinity, receptor
(Fig. 3), and, based on the low potency of RS100329, this is an o;-
adrenoceptor.

Fasudil (3 x 10°°M) did not significantly reduce the maximum
response to NA, but fasudil (10~° M) markedly reduced the maxi-
mum response to NA (Fig. 4). Potency of NA at the pEC;, level
was not significantly altered in the presence of fasudil (Table 1).

Korean J Physiol Pharmacol 2023;27(4):325-331

Fig. 2. Concentration-response curves to noradrenaline (NA) ob-
tained in rat aorta in the presence of vehicle and a range of con-
centrations of the q,,-adrenoceptor antagonist BMY7378: 10°M,
3x10°M, 107 M, 3 x 107 M, 10°M, 10”° M. Values are mean = SEM
from 4-7 experiments. For NA potency (pECs,) and antagonist potency
(pKg) see Tables 1 and 2.
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Fig. 3. Schild plots obtained for the o,,-adrenoceptor antagonist
BMY7378 against contractions to noradrenaline (NA) in rat aorta.
The pA, value is the concentration of antagonist at y = 0 (utilising all
data points, both black and red; text in black). A second apparent pA,
value is shown for the concentration of BMY7378 at y = 0.75 (utilising
only red data points; text in red).

However, fasudil (10° M) but not fasudil (3 x 10°M) significantly
shifted the potency of NA at the pEC; level (vehicle: 6.14 + 0.22;
fasudil 3 x 10" M: 5.95 + 0.18, non-significant; fasudil 10~ M: 5.35
+0.18,p<0.05;alln = 5).

Mouse spleen

NA produced contractions of mouse spleen in vehicle experi-
ments with a maximum contraction of 0.113 + 0.006 g and pD,
(-logECs,) of 7.06 + 0.16 (n = 4) (Fig. 5). Fasudil (3 x 10°° M) did
not significantly affect the maximum response to NA, with a
maximum of 0.107 £ 0.016 g (n = 6) (Fig. 5).

Fasudil (3 x 10°M) shifted NA potency in a biphasic manner,
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Fig. 4. Concentration-response curves to noradrenaline (NA) ob-
tained in rat aorta in the presence of vehicle and the Rho kinase
inhibitor fasudil (3 x 10° M and 10~ M). Values are mean + SEM from
5 experiments. For NA potency calculations, see Table 1.

with shifts in potency at both low (NA pEC,; values: vehicle, 7.64
+0.15, n = 4; fasudil, 7.18 + 0.12, n = 6; p < 0.05) and high (NA
pEC,; values: vehicle, 6.51 + 0.17, n = 4; fasudil, 5.75 + 0.22, n = 6;
p <0.05) concentrations of NA (Fig. 5).

DISCUSSION

The main objectives of this study were to identify components
of contractions to NA involving Rho kinase in both rat aorta and
mouse spleen and the subtype(s) of a,-adrenoceptor involved. We
have recently published a study of the o,-adrenoceptor subtypes
involved in components of contractions to NA in mouse spleen
[14]. Hence, in the present study, firstly, the components of con-
tractions to NA were investigated in rat aorta. Other authors have
reported complex interactions between antagonists and compo-
nents of the contractions to NA in rat aorta.

It is necessary to consider the selectivities of antagonists
used in the present study. BMY7378 has high potency at ayp-
adrenoceptors (published results: average of 8.60, -log M), but
low potency at o,,- and oy-adrenoceptors (average of 6.55 and
7.07, respectively) [8]. RS100329 has high potency (average of 9.40)
at oy ,-adrenoceptors, but low potency (average of around 8.15) at
other o,-adrenoceptor subtypes [8]. While relatively non-selective,
prazosin has higher potency at the o;- and a,,-adrenoceptors
than the o ,-adrenoceptor [8].

Prazosin has high potency in rat aorta with a pK; of 9.14 in the
present study, and high potency in a range of published studies [8].
Since prazosin in increasing concentrations produces concentra-
tion-dependent parallel shifts in NA potency with no evidence of
a resistant component [8], this suggests that all receptors involved
in contractions to NA in rat aorta are o,-adrenoceptors. More-
over, this also suggests that prazosin has similar potency at all

www.kjpp.net
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Fig. 5. Concentration-response curves to noradrenaline (NA) ob-
tained in mouse spleen in the presence of vehicle and the Rho
kinase inhibitor fasudil (3 x 10°°M). Values are mean + SEM from 4-6
experiments. For NA potency calculations, see Results.

receptors present, and that these receptors must therefore be oy ;-
or o, p-adrenoceptors, or both [8].

BMY?7378 in low concentrations (10° M) produced shifts in
the potency of NA in rat aorta with a pK; value of 8.73, but it took
concentrations of 10° M and above to produce further shifts in
NA potency. Since low concentrations of BMY7378 produced
a shift in NA potency of approximately 0.75 log units, a base-
line of 0.75 units was taken on the y-axis, and a second potency
level with a pA, of 6.81 was obtained for high concentrations of
BMY7378. BMY7378 also showed two potency levels against
the agonist phenylephrine in rat aorta [16]. Hence, it is clear that
BMY7378 acts with high affinity at an o ,-adrenoceptor and with
low affinity at a second receptor, and this is most likely to be an
oyg-adrenoceptor since the low potency of RS100329 (pK;, of 7.66)
would rule out an o, ,-adrenoceptor.

In rat aorta, chloroethylclonidine, an agent that alkylates par-
ticularly o 5-adrenoceptors, makes isometric contractions to NA
biphasic [17]. This effect also suggests that o z-adrenoceptors me-
diate a component of contractions to NA in rat aorta.

In rat aorta, the Rho kinase inhibitor fasudil greatly reduced
the contractile response to NA, reducing the maximum response
with little effect on NA potency, demonstrating a largely non-
competitive interaction, except that the highest concentration
of fasudil shifted the pEC,; for NA. Fasudil has previously been
shown to relax contractions to the Rho kinase activator NaF, as
well as phenylephrine, in rat aorta [9]. These marked actions of
fasudil suggest that the receptor linked to Rho kinase is probably
the oyz-adrenoceptor, since the relatively small a,,-adrenoceptor
mediated component to the response occurs predominantly to
low concentrations of NA.

In mouse spleen, contractile responses to low concentrations
of NA involve oy-, oyp-» and a,,-adrenoceptors, and to high con-
centrations of NA, responses involve a,;- and a,,-adrenoceptors
and an g, ,-adrenoceptor mediated component [14]. The respons-
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es to both low and high concentrations of NA were significantly
inhibited by fasudil. In contrast, the a,,-adrenoceptor antagonist
BMY?7378 shifted potency of NA only at low NA concentrations
and the o, 4-adrenoceptor antagonist RS100329 shifted potency of
NA only at high NA concentrations [14]. Hence, fasudil appears to
block both the o,,- and a,p-adrenoceptor mediated components,
or to block the o;-adrenoceptor mediated component which oc-
curs at both low and high concentrations of NA. In rat portal vein,
contractions are mediated by both a,,- and oy5-adrenoceptors,
with no evidence for a,p-adrenoceptors, and the mainly o -
adrenoceptor mediated tonic contraction involves Rho kinase [18].
The evidence links particularly o,;-adrenoceptors to Rho kinase,
with a,p,-, and possibly oy, ,-adrenoceptor mediated responses, be-
ing affected by interactions at the post-receptor level.

Rat aorta expresses all 3 o,-adrenoceptors (proportion of
mRNA: oy, 79.1%; oy 5.6%; o, 15.3%) [19], and similar expres-
sion was true for mouse aorta (proportion of mRNA: o5, 72.9%;
oup 19.8%; o4 7.3%) [20] and human aorta (proportion of mRNA:
oup 59%; oup 30%; oy, 11%) [21]. Mouse spleen and human spleen
express all 3 subtypes [21-23]. Hence, both rat aorta and mouse
spleen express all 3 subtypes of o,-adrenoceptor, but the propor-
tion of each subtype expressed would be unlikely to match the
components of the contractile response, due to uncertainly as to
function of expressed receptors, differences in coupling to con-
traction and even affinity of NA for the receptor.

In a recent review of o,-adrenoceptor subtypes, it was sug-
gested that a specific o,-adrenoceptor subtype may be linked to
Rho kinase, and although the o,;-adrenoceptor looked the most
likely suspect, the evidence was not sufficient to identify the o-
adrenoceptor as linked to Rho kinase [8]. Studies in whole blood
vessels or organs are much more problematic that those in cell
lines or membranes, so that, to our knowledge, this is the first
study that identifies the a,-adrenoceptor preferentially linked
to Rho kinase mediated contractions in intact smooth muscle.
Furthermore, this study suggests that the involvement of multiple
subtypes of o,-adrenoceptor in smooth muscle contractions may
be more widespread than previously thought.

In conclusion, in the mouse spleen and rat aorta, multiple
subtypes of a,-adrenoceptor are involved in contractions to NA
(spleen: o ,-, auyp-, and ayp-adrenoceptors; aorta: oyp- and oyp-
adrenoceptors). In both these tissues and in rat portal vein (o ,-
and o z-adrenoceptors) [18], a component of contractions to NA
is sensitive to fasudil and so involves Rho kinase. Combining
all these findings and comparing effects of fasudil with effects
of subtype selective o,-adrenoceptor antagonists, it would seem
most likely that o,-adrenoceptors are preferentially involved in
Rho kinase mediated responses. Further work is necessary to
confirm this novel suggestion that o, ;-adrenoceptors are particu-
larly linked to Rho kinase in smooth muscle.
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