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a1a-Adrenoceptors mediate contractions to
phenylephrine in rabbit penile arteries

JS Morton', CJ Daly', VM Jackson® and JC McGrath'

! Autonomic Physiology Unit, Institute of Biomedical and Life Sciences, West Medical Building, University of Glasgow, Glasgow, UK
and 2Pﬁzer Global Research & Development, Sandwich, Kent, UK

Background and purpose: Maintained penile erection depends on the absence of a-adrenoceptor (¢-AR) activation and so
can be facilitated by a-blockers. This study seeks the o4-AR subtypes involved in order to inform the pro-erectile consequences
of subtype selective blockade.

Experimental approach: Wire myography was used with dorsal (nutritional supply) and cavernous (erectile inflow) penile
arteries; standard o-AR-selective agonists and antagonists were employed to classify responses.

Key results: In both penile arteries noradrenaline (NA) and phenylephrine (PE, o;-AR agonist) caused concentration-
dependent contractions. Sensitivity to NA was increased by NA uptake blockers, cocaine (3 uM) and corticosterone (30 pM).
PE responses were antagonised by phentolamine (non-selective a-AR: dorsal pKg 8.00, cavernous 8.33), prazosin (non-
subtype-selective o;-AR: dorsal 8.60, cavernous 8.41) and RS100329 (a4 4-AR selective: dorsal 9.03, cavernous 8.80) but not by
BMY7378 (0q1p-AR selective: no effect at 1-100 nM) or Rec15/2615 (a15-AR selective: no effect at 1-100 nMm). Schild analysis was
straightforward in cavernous artery, indicating that PE activates only a;4-AR. In dorsal artery Schild slopes were low, though
a14-AR was still indicated. Analysis using UK 14,304 and rauwolscine indicated an o,-AR component in dorsal artery that may
account for low slopes to a4-AR antagonists.

Conclusions and implications: Penile arteries have a predominant, functional o14-AR population with little evidence of other
a1-AR subtypes. Dorsal arteries (nutritional supply) also have a,-ARs. Thus, a-AR blockers with affinity for oy -AR or a,-AR would
potentially have pro-erectile properties; the combination of these perhaps being most effective. This should inform the design
of drugs to assist/avoid penile erection.
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Introduction

Penile tumescence is brought about by engorgement of the
erectile tissues with blood, and this is caused by vasodilata-
tion of the inflow arteries coupled with relative vasoconstric-
tion of outflow veins. Pharmacological interest has centred
on vasodilators and vasoconstrictors for their respective
effects to improve tumescence, where this is desired to
improve sexual performance, or decrease tumescence, where
the erection is in a pathologically prolonged state known as
priapism. Drugs to treat this condition have been targeted
at manipulation of the physiological regulation of penile
arterial tone. The concept is to modify the vasodilator
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nitrergic and vasoconstrictor adrenergic mechanisms that
respectively cause and terminate tumescence. On the
adrenergic side, a-blockers such as phentolamine have long
been known to cause priapism as a side effect when used for
other therapeutic purposes, and this has been exploited to
treat erectile dysfunction by intra-penile injection (Chin
et al., 1998). Conversely, vasoconstrictor «-adrenoceptor
(2-AR) agonists such as phenylephrine (PE) can be used to
treat priapism, including that to an overdose of phentolamine
(Dougherty et al., 2006). The concept of vasoconstrictor
a2-ARs has also been mooted as an explanation for the pro-
erectile effects of yohimbine originating from traditional
medicine, and yohimbine is still marketed (non-medically)
for this effect.

There are three subtypes of «;-ARs, and a-blockers that are
in clinical use (to treat benign prostatic hyperplasia,
hypertension and, although currently discontinued, heart



failure) vary in their subtype selectivity. It is therefore of
relevance to know which subtypes are involved in vasocon-
striction of penile blood vessels in order to avoid priapism,
or to cause penile erection according to the desired effect.
However, there are currently different opinions on the
matter. Two contributing factors are the poor selectivity of
antagonists used to define functional responses and the
use of strips of erectile tissue rather than preparations of
arteries per se.

Penile vasculature and erectile tissue are densely inner-
vated by adrenergic nerves (Tamura et al., 1995), which cause
contraction of the smooth muscle of corpus cavernosum
trabecular tissue and penile arteries to initiate and maintain
detumescence. Contraction of human and animal erectile
tissue and vasculature has been shown to be predominantly
mediated by o;-ARs (Saenz de Tejada et al., 1989; Traish et al.,
1995; Recio et al., 1997; Sato and Kawatani, 2002). Expres-
sion of mRNA for all three o;-AR subtypes, 14, 21 and oqp,
has been demonstrated in human (Dausse et al.,, 1998;
Goepel et al., 1999), rabbit (Peng et al, 1998) and rat
(Veronneau-Longueville et al., 1998) corpus cavernosum
tissue. Few studies, however, have attempted to identify
o1-AR subtypes involved in adrenergic contractions of the
erectile tissue and the results, so far, are contradictory. One
of the main events leading to the initiation of an erection is
an increase in arterial inflow to the erectile tissue. This relies
greatly on vascular control of the main inflow arteries, the
dorsal and cavernous penile arteries. Most studies so far have
concentrated on the investigation of contractile responses of
strips of penile corpus cavernosum, which contain a variety
of cell and tissue types that incorporate many different and
potentially conflicting pathways, and so may not faithfully
represent the properties of inflow arteries. However, this is
the only evidence available on o;-AR subtypes in the erectile
tissues. In summary, in rabbit and rat, major mRNA
expression is suggested to be o;p-AR (Peng et al., 1998), but
functional receptors to be either the «;5-AR (Furukawa et al.,
1996) or the oq4-AR (Furukawa et al., 1996; Tong and Cheng,
1997; Peng et al., 1998).

The aim of the present study was to characterize o;-ARs
underlying PE-induced contractions in rabbit isolated genital
arteries. To clarify the mechanisms of adrenergic contraction
important to normal sexual function, arteries central to the
erectile response were investigated. Dorsal arteries primarily
supply the glans penis and prepuce while having an
additional role in the supply of blood to the corpus
cavernosum. The dorsal artery functions to maintain an
uninterrupted supply of nutrients and oxygen to the penile
tissue. Meanwhile, cavernous arteries comprise the main
arterial inflow to cavernous tissue, inflow that is greatly
increased during sexual arousal. During the flaccid state, an
increased level of sympathetic nerve activity maintains
contraction of the cavernous arteries and trabecular tissue
and prevents onset of the erectile response (reviewed by
Andersson and Wagner, 1995). Therefore, an understand-
ing of the vascular function of both dorsal and cavernous
arteries is critical to our understanding of sexual function in
general. Both dorsal and cavernous artery preparations were
studied to gain an insight into functional mechanisms of the
penile tissue.
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Methods

Tissues

Penile tissue was obtained from male New Zealand White
rabbits (2.5-3.5kg) killed by an overdose of pentobarbitone
(Euthatal, Rhéne Merieux, UK) injected into the ear marginal
vein. Experiments were carried out in compliance with UK
legislation. Further tissue dissections were carried out in
ice-cold physiological saline solution, composition (mwm)
NaCl 119, KCl 4.7, CaCl, 2.5, MgSO,4-H,0 1.2, KH,PO4 1.2,
NaHCOj3; 24.9, glucose 11.1, EDTA 0.023 and pH 7.3. Dorsal
and cavernous penile arteries, internal lumen diameter
181+1um (n=33) and 150+2um (n=35), respectively
(measured under conditions of zero pressure), were isolated
from the erectile tissue. Arterial rings, approximately 2 mm
in length, were mounted on two 40 yum wires attached to a
wire myograph (DMT, Copenhagen, SV, Denmark) to allow
isometric tension recordings. The optimal isometric tension
for maximal contraction in response to PE (10uM) was
predetermined using a range of resting tensions from Oto 1g
and set at 0.25g for all experiments. Vessels were bathed
in physiological saline solution at 37°C and oxygenated
with 95% O,, 5% CO5.

Protocols

Vessels were allowed to equilibrate under resting tension for
30 min following which a reproducible maximal contraction
to noradrenaline (NA) (10uM) was determined before
experimental protocols were begun. The mean NA maximal
contraction for each vessel was used to compare experi-
mental responses. Endothelium integrity was confirmed by
assessing the ability of acetylcholine (ACh) (3 uM) to relax NA
(10 uMm) pre-contracted vessels.

During the evaluation of antagonists, first curves to PE
were performed with an absence of antagonist in all
preparations. PE was added cumulatively in half-log incre-
ments from 1nM to 300 uM. Vessels were incubated with an
antagonist for 30 min before the second PE concentration—
response curves (CRCs). The antagonists prazosin, RS
100329, Rec 15/2615, BMY 7378 and rauwolscine were
tested at concentrations of 1-100 nM, concentrations known
to be selective for the appropriate adrenoceptor subtypes and
in line with published data. Owing to a lack of effect at
concentrations of 1 and 10nM in the dorsal arteries,
phentolamine was tested at an additional concentration of
1 uM. All protocols included a parallel control vessel that was
studied in the absence of antagonist during both the first and
second curves.

Drugs

All drugs used were of analytical grade and were purchased
from Sigma-Aldrich, ACh, NA, PE, prazosin, phentolamine,
S-methylurapidil, BMY 7378 (8-(2-[4-{2-methoxyphenyl}-1-
piperazinyl]ethyl)8-azaspiro[4,5]decane-7,9-dione dihydro-
chloride), corticosterone; Roche Bioscience (Palo Alto,
CA, USA), RS 100329 (N-[(2-trifluoroethoxy)phenyl],N'-(3-
thyminylpropyl) piperazine hydrochloride) and L-NAME
(N®-nitro-L-arginine methyl ester hydrochloride); Tocris
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(Bristol, UK), rauwolscine and UK 14304 (5-bromo-6-(2-
imidazolin-2-ylamino)quinoxaline); or manufactured in
house, Rec 15/2615 (1-(4-amino-6,7-dimethoxy-2-guinazoli-
nil)-4-[2-[2-metoxy-6-(1-methylethyl)phenoxy]acetyl]piper-
azine hydrochloride). Stock solutions were made from
powder form using de-ionized H,O with the exception of
NA, which was dissolved in 23 uM EDTA, and all further
dilutions were made in de-ionized H,O, and UK 14 304 and
Rec 15/2615, which were made up as stock solutions in
dimethylsulphoxide.

Data analysis

Data, acquired using Chart v4.1.2 (PowerLab, ADInstru-
ments Ltd, Chalgrove, Oxfordshire, UK) were analysed using
Prism v3.0 software (GraphPad Software Inc., San Diego, CA,
USA) and expressed as mean+s.e.m. Where shown, n
indicates the number of animals used. Contractions are
expressed either as force in g, a percentage of the vessel
response to NA (10 uM), or a percentage of the maximum
contraction (Ep,x) achieved during a CRC. Agonist responses
were expressed using pECs, values; the inverse log of the
effective concentration producing 50% of the maximum
response. In cases where an antagonist caused a parallel shift
of an agonist curve, a Schild plot of log(concentration ratio —
1) versus log(antagonist concentration) was constructed, and
a pA, was calculated from the x-intercept of this plot. If the
slope of the Schild plot was equal to 1, then pA,=pKp and
was indicative of competitive binding. Where a pA, could

Table 1 Agonist profile in the dorsal and cavernous arteries

not be calculated, a pKp was calculated instead using the
equation

pKp = log(concentration-ratio — 1) — log(B],

where pKp is the negative logarithm of the dissociation
constant Kz and [B] is the concentration of antagonist.
Individual pKjp values were determined for each experiment
at each antagonist concentration. Mean +s.e.m. of total data
is quoted to provide a pKjp value for a specific tissue.

Hill slopes, pECso values and maximal responses were com-
pared using a one-way analysis of variance with a Bonferroni
post-test. Statistical significance was taken as P<0.05.

Results

Agonist profiles
The o4-AR agonist PE and the non-selective «-AR agonist NA
both caused concentration-dependent contractions in dorsal
and cavernous arteries from rabbit penile tissue (Table 1). In
dorsal arteries, rhythmic activity was often observed in
response to agonist stimulation (Figure 1). Where rhythmic
activity occurred, the mean tone of the vasoconstriction
response was calculated, using Chart v4.1.2 software, over a
period of activity where a stable maximum and minimum
tone was evident.

Maximal contractions to NA in dorsal arteries exceeded 2 g
force with responses to NA>PE (P<0.01). In the dorsal
artery, responses to NA (10uM) demonstrated an initial

Dorsal artery

Cavernous artery

N Enmax (9) (s.e.m.) pECso (s.e.m.) n Ermax (9) (s.e.m.) PECso (s.e.m.)
NA 6 2.01 (0.04) 5.85 (0.06) 6 0.969 (0.03) 6.14" (0.08)
NA plus L-NAME 6 2.47° (0.08) 6.57° (0.08) 5 1.06 (0.07) 6.28 (0.15)
NA plus uptake blockers 6 1.84 (0.11) 6.75° (0.19) 5 1.15 (0.01) 6.84 (0.04)
PE 6 1.56° (0.03) 5.70 (0.03) 6 0.939 (0.06) 6.129 (0.01)
PE plus L-NAME 6 2.02% (0.08) 6.20% (0.09) 5 1.14 (0.08) 6.18 (0.22)
UK 14 304 6 0.81° (0.18) 8.14 (0.10) 7 0.44¢ (0.07) 8.04¢ (0.06)
UK 14 304 plus L-NAME 6 1.78° (0.18) 8.01 (0.13) 5 0.53 (0.13) 8.00 (0.09)

Abbreviations: L-NAME, N“-nitro-L-arginine methyl ester hydrochloride; NA, noradrenaline; PE, phenylphrine.

Summary of Enax and pECsq of NA, PE and UK 14 304 (controls and in the presence of L-NAME or NA uptake blockers).
2p<0.05, PP<0.01, P<0.001 versus NA control, 9P<0.001 versus PE control, ©P<0.01, versus UK 14 304 control, /P<0.05, 9P<0.001 versus dorsal artery.

AN AN AN AN AN ANA

N AN AN AN AN AN A

10 mins

Figure 1 Non-equilibrium activity observed during a CRC in dorsal penile arteries. (a) Agonist-induced, rhythmic activity was observed more
often in dorsal arteries; in this example, the agonist was PE (0.3-300 uMm, arrows). (b) Rhythmic activity remained in the presence of prazosin

(0.1 um).
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transient contraction before decreasing to a sustained
plateau. This fall was unaffected by the inclusion of NA
uptake blockers, cocaine (3uM, uptake 1 blocker) and
corticosterone (30uM, uptake 2 blocker) in the bathing
medium. Uptake blockers did, however, increase the sensi-
tivity, but not the E,,,, of NA responses in both dorsal
(P<0.001) and cavernous (P<0.05) arteries. In the presence
of L-NAME (100 uM), maximal contractions to NA and PE
were significantly increased in dorsal arteries (P<0.001).

In cavernous arteries, maximal contractions to NA and PE
were of a similar magnitude and were approximately 50%
of NA-induced responses in dorsal arteries (P<0.001).
Responses were generally well maintained over a 6-min
period. In cavernous arteries, maximal contractions to NA
and PE were unaffected (P>0.05) by incubation with
L-NAME (100 um).

o1-AR subtypes in the dorsal artery

Two sequential control curves with no antagonist were
created in each individual experiment (i.e. time controls). In
dorsal arteries, no significant change in sensitivity to PE from
first (pECsp 5.74+0.06) to second (pECso 5.65+0.09) CRC
was observed (P>0.05, n=27). The mean PE E,x decreased
18% from 1.86+0.02¢ to 1.52+0.01g (P<0.001, n=27).
This decrease occurred uniformly across all second curves,
with or without antagonist pre-incubation, regardless of
concentration, and so it was not considered indicative of
antagonism. However, because of this decrease in E,x, the
effect of antagonists was investigated by comparison of
second phenylephrine concentration-response curves (PE
CRCs) using paired preparations with an absence or presence
of antagonist.

To determine the o;-AR subtype/s mediating vasoconstric-
tion in dorsal arteries, non-subtype- and subtype-selective
o1-AR antagonists were tested against responses to the a;-AR
selective agonist PE (Table 2). Phentolamine, a non-selective
o-AR antagonist, caused a parallel rightward shift of the PE
CRC with pKg of 8.00+0.16 (1= 10). Schild plot analysis for
phentolamine gave a pA, of 8.32 (95% confidence interval
(CI) 7.34 to 10.31) with a slope not significantly different
from unity (0.72+0.19).

The non-subtype-selective o;-AR antagonist prazosin
caused a parallel rightward shift of the PE CRC (Figure 2).
Schild analysis of the data demonstrated a shallow regression

Table 2 Antagonist profile in the dorsal artery
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slope of 0.41+0.16 while pKp calculation demonstrated a
progressive decrease in potency with increasing concentra-
tions: 9.344+0.29 at 1nM (n=4), 8.64+0.23 at 10nM (n=7)
and 8.14+0.17 at 100nM (n=7).

An «;4-AR selective antagonist RS 100329 (Williams et al.,
1999) caused a parallel rightward shift of the PE curve at
concentrations of 1 and 10 nM (Figure 2). RS 100329 has been
shown to be a potent antagonist at «14-ARs with a pA,/pKp of
between 9.2 and 9.6 (Williams et al., 1999; Choppin et al.,
2001; Cleary et al., 2003). Pre-incubation with 100nMm RS
100329 caused no further rightward movement of the PE
response in dorsal arteries, and a pKp of 9.03+0.07 (n=6)
was determined from 1 and 10nM antagonist data. A Schild
plot of the total data demonstrated a relationship with
a shallow slope, 0.43+0.11, which was skewed by data
obtained using 100 nM RS 100329. Excluding these data gave
a slope not significantly different from unity, 0.74+0.11,
with an apparent pA, of 9.22 (95% CI 8.82 - 9.84).

The «;5-AR selective antagonist Rec 15/2615 (Testa
et al., 1997) caused no shift of the PE CRC at concentra-
tions of 1 to 100nM (Figure 2). Concentration ratios were
between 1.01+0.19 and 1.50+1.18 (n=4) demonstrating
that the antagonist was ineffective at the concentra-
tions tested.

The o;p-AR selective antagonist BMY 7378 produced no
shift of the PE CRC in the dorsal artery at concentrations
of 1 to 100nM (Figure 2). Concentration ratios lay between
1.02+0.38 and 1.914+0.67 (n=6). BMY 7378 is a well-
characterized «;p-AR selective compound that has been
shown to be potent at o;p-ARs in various tissues with pA,/
pKpg's of 8.3 t0 9.6 (Kenny et al., 1995; Satoh et al., 1999; Daly
et al., 2002; Tanoue et al., 2002; Deighan et al., 2005).
Therefore, 100 nM should be expected to produce a signifi-
cant shift of approximately 50-fold of an «;p-AR-mediated
response even at the insensitive end of this spectrum.

o1-AR subtypes in the cavernous artery

As in dorsal arteries, no significant change in sensitivity to
PE between the first (pECsp 6.25+0.01) and second (pECsg
6.214+0.02) CRCs was observed in cavernous arteries
(P>0.05, n=26). A significant decrease in mean Ep,x
(P<0.001, n=26) of 6% from 1.02+0.01 to 0.96+0.01¢
occurred to a uniform extent across all second curves,
including those with antagonist pre-incubation. Again, the

Antagonist n PKg (s.eem.)  pA; (95% ClI) Schild slope (s.e.m.) Concentration ratio (s.e.m.)

1 nm 10nm 100 nm Tum
Phentolamine 10  8.00 (0.16)  8.32 (7.34-10.31) 0.72 (0.19) 0.80 (0.18)  4.75(3.75) 21.97 (14.56)  191.39 (161.27)
Prazosin 7 8.60 (0.16) 9.71 (8.13-19.94) 0.41 (0.16) 2.79 (0.97) 8.63 (2.39) 21.84 (7.42) ND
RS 100329 6 9.03(0.07) 9.22(8.82-9.84) 0.43 (0.11) 2.44 (0.04) 9.79 (2.48) 14.94 (6.21) ND
Rec 15/2615 4 ND ND ND 1.03 (0.28)  1.50 (1.18) 1.01 (0.19) ND
BMY 7378 6 ND ND ND 1.91 (0.67)  1.02 (0.38) 1.47 (0.50) ND
Rauwolscine 4 ND ND ND 2.86 (1.49) 3.53(1.47) 3.18 (1.34) ND

Abbreviations: Cl, confidence interval; ND, not determined; PE CRC, phenylephrine concentration-response curves.
Summary of pK5's, pA;'s, Schild slopes and concentration ratios of o 1- and o-AR antagonists versus PE. Where antagonists did not cause a rightward shift of the PE

CRC, pKs, pAz and Schild plots could not be determined.
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Figure 2 PE-induced vasoconstriction in the dorsal artery in the absence or presence of 1, 10 or 100 nM prazosin (non-selective antagonist,
n=7), RS 100329 («14-AR antagonist, n=6), Rec 15/2615 (o15-AR antagonist, n=4) or BMY 7378 (1 p-AR antagonist, n=6). A rightward shift
of the PE CRC was observed at 1 and 10 nm RS 100329, but no further rightward shift occurred at 100 nm. All PE response data were taken from

second CRCs in the absence or presence of antagonist.

Table 3 Antagonist profile in the cavernous artery

Antagonist n pKg (s.e.m.) PA; (95% Cl) Schild slope (s.e.m.) Concentration ratio (s.e.m.)

1 nm 10 nm 100 nm Tum
Phentolamine 8 8.33 (0.09) 8.55 (8.09-9.12) 0.81 (0.08) 1.35 (0.09) 5.48 (1.42)  22.21 (6.23) 170.78 (83.18)
Prazosin 8 8.41 (0.15) 8.42 (7.66-9.85) 0.99 (0.25) 0.65 (0.16) 6.76 (3.11)  52.77 (19.21) ND
RS 100329 7 8.80 (0.09) 8.98 (8.5-9.61) 0.83 (0.10) 2.13 (0.33) 10.22 (3.14)  45.85 (6.70) ND
Rec 15/2615 4 ND ND ND 1.06 (0.47) 2.14 (0.72) 3.00 (2.06) ND
BMY 7378 8 ND ND ND 0.86 (0.33) 1.83 (0.69) 1.30 (0.53) ND
Rauwolscine 4 ND ND ND 1.13 (0.22) 1.17 (0.08) 1.36 (0.45) ND

Abbreviations: Cl, confidence interval; ND, not determined; PE, phenylphrine; PE CRC, phenylephrine concentration-response curves.
Summary of pKg's, pA;'s, Schild slopes and concentration ratios of o 1- and ,-AR antagonists versus PE. Where antagonists did not cause a rightward shift of the PE

CRC, pKs, pAz and Schild plots could not be determined.

effect of antagonist incubation on PE CRCs was determined
by a comparison of second CRCs in the absence or presence
of antagonist.

Phentolamine caused a parallel rightward shift of the PE
curve in cavernous arteries with a pKp of 8.33+0.09 (n=38,
Table 3). Schild analysis of the data gave a pA, of 8.55 (95%
CI 8.09-9.12) with a slope close to unity of 0.81+0.08. This
indicates an effect at a-ARs.

The non-subtype selective «;-AR antagonist prazosin was
shown to cause a parallel rightward shift of the PE CRC with
a pKp of 8.41+0.15 (n=8, Figure 3). The corresponding
Schild plot gave a pA, of 8.42 (95% CI 7.66-9.85) with a
slope that was close to unity, 0.99+0.25, confirming the
competitive nature of prazosin in this tissue.

The o34-AR selective antagonist RS 100329 caused a
parallel rightward shift of the PE curve with a pKgp of
8.80+0.09 (n=7, Figure 3). A Schild plot of the data
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demonstrated a relationship with a slope close to unity,
0.83+0.10, giving a pA, of 8.98 (95% CI 8.51-9.61).

As with the dorsal arteries, the «;5-AR selective antagonist
Rec 15/2615 (n=4) and the o;p-AR selective antagonist BMY
7378 (n=8) caused no shift of the PE curve in cavernous
arteries (Figure 3). Concentration ratios ranged from
1.0640.47 to 3.004+2.06 for Rec 15/2615 and from
0.8640.33 to 1.834+0.69 for BMY 7378.

o2-AR responses in the dorsal artery

In a follow-up to the observed shallow Schild slopes of PE
responses in the dorsal arteries, investigations were made
into the involvement of «,-ARs. Rauwolscine produced small
rightward shifts of the PE CRC in dorsal arteries but the
change in ECso was not significant (P>0.05, Figure 4). There
was no shift in cavernous arteries (Figure 4).



Both dorsal and cavernous arteries demonstrated vasocon-
strictor responses to the o,-AR agonist UK 14 304 that were
smaller in magnitude and greater in potency than responses
to NA (P<0.001, n=6-7, Table 1). Similar to previous results
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using NA and PE, incubation with L-NAME (100 uM)
significantly increased maximal responses to UK 14304 in
the dorsal (P<0.01, n=6), but not cavernous (P>0.05, n=35)
arteries.

RS 100329
1005 e Control
A 1nM
754 v 10nM
% o 100 nM
uJE 50
ES
25
0 -
r T T T T 1
-8 -7 -6 -5 -4 -3
log [PE]
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log [PE]

Figure 3 PE-induced vasoconstriction in the cavernous artery in the absence or presence of 1, 10 or 100nM prazosin (non-selective
antagonist, n=7-8), RS 100329 (x714-AR antagonist, n=5-6), Rec 15/2615 (x15-AR antagonist, n=3-4) or BMY 7378 (x1p-AR antagonist,
n=26). All PE response data were taken from second CRCs in the absence or presence of antagonist.
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Figure 4 PE (top) or UK 14 304-induced (bottom) vasoconstriction in the dorsal (n=4-7) and cavernous (n=4) arteries in the absence or
presence of 1, 10 or 100 nM rauwolscine (non-selective o,-AR antagonist). All agonist response data were taken from second CRCs in the

absence or presence of antagonist.
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Figure 5 UK 14 304-induced (0.1-30 nM) vasoconstriction in the
dorsal artery followed by addition of 1-1000 nm rauwolscine (rauw,
non-selective o,-AR, n=35), prazosin (praz, non-selective «;-AR,
n=25) or BRL 44408 (BRL, x,4-AR selective, n=6) compared to a
decrease in tone with the time control (time, n=4).
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CRCs to UK 14304 were not significantly shifted at the
ECsp by rauwolscine (1 to 100nM) in either penile artery
(P>0.0S5, Figure 4). However, responses were smaller in the
presence of 1 and 100nM rauwolscine at some concentra-
tions of agonist, particularly in the dorsal artery (0.1-1 uM,
P<0.05). This trend was investigated further by assessing the
ability of antagonists to decrease UK 14 304-induced vaso-
constriction. Following the establishment of UK 14 304-
induced tone during a partial CRC (0.1-30 nM), antagonists
were added cumulatively in log steps from 1nM to 1uM
(Figure 5). Rauwolscine significantly reversed UK 14 304-
induced tone, causing a maximal reduction in tone of
97+ 6% (n=35) compared to a 37+5% (n=4) loss of tone
with time (P<0.001). In addition, the o;5-AR antagonist BRL
44408 was demonstrated to be equipotent to rauwolscine at
causing a maximal, 97 +7% (n=8), reduction in UK 14 304-
induced tone (P<0.01). The non-selective o;-AR antagonist
prazosin demonstrated a non-significant trend in decreasing
UK 14 304-induced tone by 67+6% (P>0.05, n=35). These
results indicate that an o,-AR-mediated response can be
demonstrated in the dorsal artery. A similar analysis applied
to cavernous artery showed the same trends but did not
reach statistical significance (data not shown).

Discussion

Dorsal and cavernous arteries demonstrated contractile
responses to both NA and PE, an «;-AR selective agonist,
with sensitivities in the normal range for adrenergically
innervated rabbit arteries (Dunn et al., 1991; Naghadeh,
1996). Sensitivity to standard antagonists phentolamine and
prazosin was also within the normal range for rabbit arteries
(Naghadeh, 1996). However, there are some detailed phar-
macological issues that need to be explained. In the dorsal
artery, prazosin did not show straightforward characteristics
of competitive antagonism of PE responses; affinity estimates
decreased with increasing concentrations of prazosin and the
corresponding Schild plot had a shallow slope. In addition,
pKp estimates for prazosin in both dorsal and cavernous
arteries were lower than 9; considered to be an indicator of
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a low-affinity «;-AR (Flavahan and Vanhoutte, 1986; Ford
et al., 1997). However, low-affinity estimates for prazosin
versus PE are not unusual in rabbit vasculature: estimated
PA2's of 8 in the lateral saphenous vein (Naghadeh, 1996),
8.7 in the mesenteric and carotid arteries, 8.8 in the thoracic
aorta (Muramatsu et al., 1990) and 8.7 in the pulmonary
artery (Docherty, 1988) have been demonstrated previously.
Therefore, quantitatively, the o;-AR/x,-AR agonist and
antagonist pharmacology of these arteries is consistent with
that of other rabbit arteries.

To characterize «;-AR subtype/s involved in PE responses,
three o;-AR-subtype selective antagonists were tested. In the
cavernous artery, pharmacological analysis of these antago-
nists was clearcut. RS 100329, selective for the oq5-AR
subtype (Williams et al., 1999), inhibited PE responses
potently and competitively. The high potency and Schild
compliance of RS 100329 indicated that there is no need to
invoke participation from other o;-AR subtypes. In addition,
antagonists selective for the «;5-AR subtype (Rec 15/2615)
and the «;p-AR subtype (BMY 7378) were ineffective when
tested against PE. Rec 15/2615 has been previously shown to
be selective for the o,3-AR subtype (Testa et al., 1997) and has
been used in two recent in vivo studies of adrenoceptor
pharmacology of genital tissues (Sironi et al., 2000; Kim et al.,
2002) in rabbits, rats and dogs. Its lack of effect in the
cavernous arteries argues against an involvement of the
o1-AR subtype. BMY 7378 is a tried and tested o;p-AR
antagonist and was used at concentrations of 1-100nM,
covering its known affinity for the o;p-AR (pKp ~8.7, Kenny
etal., 1995; Satoh et al., 1999; Daly et al., 2002; Tanoue et al.,
2002; Deighan et al., 2005) while avoiding its affinity at the
o14-AR (pKp ~6.6; Lachnit et al., 1997; Zacharia et al., 2004;
Deighan et al., 2005). As no effect on the PE response
was observed over this range of concentrations, it would
be reasonable to conclude that the o;p-AR subtype is not
the predominant functional subtype in cavernous penile
arteries.

Pharmacological analysis of the dorsal artery was a little
more complicated. Similar to the cavernous artery, the
potency order of antagonists pointed to «;4-AR, but the
low Schild slopes did not confirm competitive antagonism.
Both NA, and to a lesser extent, PE (Brown et al., 1988), at
high concentrations can act at «,-ARs. Rabbit penile tissue,
specifically corpus cavernosum strips (Gupta et al., 1998), has
been demonstrated to possess functional post-junctional o,-
ARs in addition to the predominant o;-ARs. In the present
study, analysis with the a,-AR agonist UK 14304 and the
o-AR antagonist rauwolscine demonstrated the presence of
o2-ARs in the dorsal arteries. Additional support for the
hypothesis of a mixed o4- and o,-AR population in the
dorsal arteries comes from a greater maximum response
to NA, a non-selective adrenoceptor agonist, than to the
o1-AR selective agonist PE; suggesting an additive effect
of responses mediated by u,-ARs. Determining subtypes of
o>-ARs using selective antagonists is more difficult than
for a;-ARs. However, one compound, BRL 44408, believed
to be a relatively selective antagonist for the azs-AR
(Uhlen et al., 1995) was as potent as rauwolscine against
UK 14304, favouring the presence of o4-AR in the
dorsal artery.



A further complicating factor in the dorsal, but not
cavernous, artery was that blockade of nitric oxide synthase
by L-NAME potentiated responses to NA, PE and UK 14 304.
This indicated either constitutive or agonist-induced release
of endothelial nitric oxide in the course of the construction
of agonist CRCs; further suggesting that the conditions for
equilibrium responses to PE were compromised in this artery.
In functional terms, this is an interesting issue as nitrergic
and adrenergic influences are considered to be physiologi-
cally antagonistic in erectile arteries, and both are areas of
therapeutic interest. The present data show that the dorsal
artery is more subject to nitrergic influence than is the
cavernous artery, even in the absence of specific nitrergic
activation. In a comparison with cavernous artery and
arteries from female erectile tissue, dorsal artery showed
endothelium-mediated vasodilatation that was almost ex-
clusively mediated by nitric oxide whereas the other vessels
had a substantial endothelial-derived hyperpolarizing factor
(EDHF) component. The interaction between nitric oxide
metabolism and adrenergic mechanisms may, therefore, be
of particular importance in regulating the nutritional supply
to erectile tissue (Morton et al., 2007).

The physiological significance of these findings would be
to suggest that the predominant functional receptor in the
penile arteries is the o;5-AR. The presence of wja-ARs in
erectile tissues is supported by two studies in cavernous
tissue strips (Tong and Cheng, 1997; Peng et al., 1998) and
by an in vivo study (Sironi et al., 2000). However, this is the
first study to demonstrate the presence of functional o;a-
ARs in isolated genital arteries. Increased sympathetic
activity and concomitant release of NA during detumes-
cence and flaccidity could lead to activation of «;4-ARs and
vasoconstriction of cavernous arteries thereby decreasing
arterial inflow. While this study has concentrated on
responses to exogenous agonists, the physiological validity
of our conclusions could be further investigated using a
study of nerve-induced responses. Responses to NA (10 uM)
demonstrated that over a 6-min period, vasoconstriction
was well maintained in cavernous but not dorsal arteries.
In addition, dorsal arteries had a lower sensitivity to NA
(P<0.05) and PE (P<0.001) than cavernous arteries. Less
complete vasoconstriction of dorsal arteries, because of
lower sensitivity to agonists and less well-maintained
vasoconstriction, would allow a residual blood flow for
nutritional and oxygenation purposes without initiation of
an erectile response.

NA responses were significantly potentiated by the
combination of uptake blockers, cocaine and corticosterone
in both dorsal and cavernous arteries; demonstrating that
NA uptake mechanisms were active in these tissues. This
would be particularly relevant when in relation to erectile
dysfunction brought about by illegal drug abuse with
pro-adrenergic compounds, such as cocaine and indirect
sympathomimetics related to amphetamine. It would be
expected that acute potentiation of transmission by cocaine
would lead to erectile dysfunction owing to an increased
sensitivity of tissues to NA. However, long-term cocaine use
has been reported to cause priapism (Dougherty et al., 2006).
Chronic dosage of cocaine may lead to failure of adrenergic
transmission either through depletion of NA stores in
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adrenergic neurons or downregulation of «;4-ARs, each
compromising the ability of the erectile tissues to oppose
vasodilatation with consequent erection.

Pharmacological antagonism of penile o;4-ARs could be
utilized to aid the erectile response in male erectile dysfunc-
tion sufferers by reducing vasoconstriction of the penile
arteries, in particular, the cavernous artery. Dorsal and
cavernous arteries are central to normal sexual function.
Maintained vasoconstriction of the cavernous artery during
the flaccid state is vital to prevent initiation of an erectile
response. Consequently, attenuation of this vasoconstriction
is equally important when an erection is required. A more
subtle control of the vasoconstrictor/vasodilator state of the
dorsal arteries is fundamental in preserving the viability of
erectile tissues. Hence, knowledge of the contractile path-
ways affecting the function of these arteries is vital to allow
the selection of potential pharmacological targets for
therapies aimed at the treatment of sexual dysfunction.
Regarding selectivity of antagonists for facilitating erection,
the ideal combination indicated by the current data would
be a combination of u;4- and a,-AR antagonism, a selectivity
profile for which we know of no compound. However, the
non-selective a-blocker phentolamine would achieve both
actions, perhaps explaining why it remains the drug of
choice for intracavernous injection, despite the availability
of more selective compounds. The same argument would
apply to yohimbine, which is only marginally selective for
az- over o1-AR and would be likely to block both at an
effective dose. Of course, the similarity of the pharmacolo-
gical profile of the penile arteries to those of all other arteries
carries the risk of cardiovascular and other autonomic side
effects on systemic administration.

In conclusion, this study demonstrated that the predo-
minant «;-AR subtype involved in vasoconstriction of both
dorsal and cavernous penile arteries to exogenous PE was
the a;4-AR. No evidence was found for the involvement of
oqp- Or a1p-AR subtypes; clarifying an area of investigation
previously complicated by conflicting evidence for all three
o-AR subtypes and improving the basis from which to study
pharmacological targets in the treatment of erectile dys-
function. The effects of the selective «;-AR antagonists,
taken together with the clear effect of the non-selective
(between o4-AR and ¢-AR) antagonist phentolamine and
the antagonism of UK 14304 by rauwolscine and BRL
44408, suggest that dorsal arteries have a mixed receptor
population composed of «;4 and o, (potentially the o;5-AR
subtype)-ARs.
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