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Abstract

Objectives—To investigate the effects of the selective Rho-kinase (ROCK) inhibitor azaindole-1
on erectile function under physiologic and pathophysiologic conditions in the rat.

Methods—The effect of intracavernosal (i.c.) injections of azaindole-1 on change in ICP, ICP/
MAP, AUC, and response duration were investigated in the anesthetized rat under control
conditions and when NANC neurotransmission and cholinergic function or sGC were inhibited or
after cavernosal nerve crush injury.

Results—The i.c. injections of azaindole-1 produced dose-related increases in ICP/MAP and
AUC that were long lasting at the highest doses studied when compared with the prototypical
ROCK:-inhibitor fasudil. Erectile responses were not altered by 7-NI and atropine in doses that
reduced the response to cavernosal nerve stimulation by 86%, indicating that they were
independent of NO release by cavernosal nerves or activation of muscarinic receptors in the
corpora cavernosa. Erectile responses to azaindole-1 were not altered by the sGC inhibitor ODQ in
a dose that attenuated responses to the NO donor SNP indicating that they were independent of an
action on sGC. The erectile response to ic injections of azaindole-1 or Y-27632 which was
reported to be NO/cGMP- dependent were not attenuated after cavernosal nerve crush injury.

Conclusions—The present studies indicate azaindole-1 has long lasting erectile activity that is
independent of NO release, muscarinic receptor, or sGC activation or the integrity of the
cavernosal nerves.
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Introduction

The small GTPase RhoA is a member of the Rho family of proteins that regulate cellular
function including vascular smooth muscle contraction[1]. Rho kinases (ROCKS) are
downstream effectors for RhoA that regulate calcium sensitivity of vascular and corporal
smooth muscle. Activation of ROCK promotes vasoconstriction and it has been
hypothesized that ROCK has an important role in maintaining the penis in a detumescent
state by promoting vasoconstriction in small penile arteries and the corpora cavernosa[2]. It
has been reported that ROCK-inhibitors induce penile erection by relaxing vascular smooth
muscle in penile tissue by an NO independent mechanism and that these agents could be
used in the treatment of erectile dysfunction (ED). Although prototypical ROCK-inhibitors
such as Y-27632 or fasudil and analogs have been reported to have potent erectile activity in
the rat, these agents also have inhibitory effects on a number of protein kinases including
PKA that can alter vascular smooth muscle function[2-5]. In the present study we
investigated erectile responses to azaindole-1, a highly selective ROCK-inhibitor with good
pharmacokinetic properties that has little if any inhibitory effect on a large number of
kinases[6, 7]. The results of these studies show that azaindole-1 produces potent, long
lasting increases in erectile activity that is independent of NO released from cavernosal
nerves, activation of muscarinic receptors or activation of sGC in the corpora cavernosa and
that erectile responses to i.c. injection of azaindole-1 are not attenuated by acute cavernosal
nerve crush injury in the rat.

Materials and Methods

The Institutional Animal Care and Use Committee of Tulane University School of Medicine
approved the experimental protocol used in these studies, and all procedures were conducted
in accordance with institutional guidelines. For these experiments, adult male Sprague-
Dawley rats, weighing 334-447 g, were anesthetized with Inactin (thiobutabarbital), 100
mg/Kkg i.p. Supplemental doses of Inactin were given i.p. as needed to maintain a uniform
level of anesthesia. Body temperature was maintained with a heating lamp. The trachea was
cannulated with a short segment of PE-240 tubing to maintain a patent airway, and the left
carotid artery was catheterized with PE-50 tubing for measurement of systemic arterial
pressure. ICP was measured with a 25-gauge needle inserted into the left crura of the penis
connected to PE-50 tubing filled with heparin. Systemic arterial pressure and ICP were
measured with Namic Perceptor DT pressure transducers and a data acquisition system
(Biopac MP 100A-CE, Santa Barbara, USA). ICP, systemic arterial pressure and MAP
obtained by electronic averaging were continuously recorded and were displayed and stored
on a Dell PC. The left jugular vein was catheterized with PE-50 tubing for the systemic
administration of drugs and fluids. A 25-gauge needle connected to PE-50 tubing was placed
in the right crura of the penis for administration of azaindole-1, fasudil, SNP, ODQ and
Y-27632. Maximal ICP in response to i.c. injection of the vasodilator agents or in response
to cavernosal nerve stimulation was measured at the peak of the pressure increase. The AUC
and duration of the increase in ICP were measured to characterize the total erectile response.

Cavernosal nerve stimulation was carried out as previously described in the literature[3]. For
nerve stimulation, the bladder and prostate were exposed through a midline abdominal
incision. The cavernosal nerve was identified posterolateral to the prostate on one side, and a
stainless steel bipolar stimulating electrode was placed on the nerve. The cavernosal nerve
was stimulated with square wave pulses at a frequency of 10 Hz at 5V with a pulse width of
5 ms and a duration of 60 seconds with a Grass Instruments SD9 Stimulator. A rest period of
at least 15 minutes was allowed between nerve stimulation trials.
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The experiments in this study were designed to (i) characterize increases in ICP in response
to i.c. injection of a wide range of doses of the ROCK-inhibitor azaindole-1, (ii) to compare
responses to i.c. injections of azaindole-1 with responses to the prototypical ROCK-inhibitor
fasudil and the NO donor SNP, (iii) to investigate the role of muscarinic receptor activation
and nNOS in mediating increases in ICP in response to i.c. injection of azaindole-1 and
fasudil, (iv) to investigate the response to the ROCK-inhibitors when sGC was inhibited
with ODQ and (v) to investigate the effect of azaindole-1 and Y-27632 on the response to
cavernosal nerve stimulation after acute cavernosal nerve crush injury.

In the first set of experiments responses to i.c. injections of azaindole-1 (1-100 pg/kg),
fasudil (1-100 pg/kg) and SNP (0.1-10 pg/kg) were compared and changes in ICP, the ratio
of ICP/MAP at maximum ICP, the duration of the increase in ICP and AUC were measured.
I.c. injections of the vehicle for azaindole-1, fasudil, or SNP into the right crura had no
significant effect on ICP.

In the second set of experiments, the effects of the nNOS inhibitor 7-NI and the muscarinic
receptor antagonist atropine on the response to cavernosal nerve stimulation at 10 Hz and
the ROCK-inhibitors were investigated. The cavernosal nerve was stimulated before and 15
minutes after administration of 7-NI, 10 mg/kg i.v., and then atropine, 1 mg/kg i.v., was
administered and the nerve was again stimulated to evaluate the combined effect of
muscarinic receptor antagonism and nNOS inhibition on the response to cavernosal nerve
stimulation at 10 Hz. Responses to i.c. injections of azaindole-1 and fasudil 30 pg/kg were
investigated after treatment with 7-NI and atropine.

In the third set of experiments the effects of the sGC inhibitor ODQ on responses to the
ROCK-inhibitors and SNP were investigated. In these experiments i.c. injection of SNP 1
pa/kg was given before and after i.c. administration of ODQ 2 mg/kg to assess the effect of
the sGC inhibitor on the response to the NO donor. The effects of i.c. injection of
azaindole-1 30 pg/kg and fasudil 30 pg/kg were determined in these animals before and
after treatment with ODQ.

In the last set of experiments the effects of azaindole-1 and Y-27632 on the erectile response
after acute cavernosal nerve crush injury was investigated. The nerve was crushed with three
15 second applications of a 3 inch forcep 5 mm distal to the major pelvic ganglion.

The use of a chronic model of cavernosal nerve injury may be more relevant to the clinical
situation where structural changes in the corpra cavernosum may occur. However the use of
an acute model can provide information on the effect of removal of tonic nerve activity on
the response to the Rho kinase inhibitor.

Azaindole-1 (6-chloro-N4-{3,5-difluoro-4-[(3-methyl-1H-pyrrolo[2,3-b]pyridin-4-yl)oxy]-
phenyl}pyrimidine-2,4-diamine) was obtained from Dr. Johannes-Peter Stasch of the
Institute of Cardiovascular Research, Pharma Research Centre, Bayer, Wuppertal, Germany,
and was dissolved in Transcutol-Cremophor EL-0.9% NaCl solution (10:10:80). ODQ was
also dissolved in the Transcutol-Cremophor vehicle. Fasudil and Y-27632 were dissolved in
0.9% NaCl solution. 7-Nitroindazole was dissolved in DMSO (Sigma-Aldrich). For i.c.
injections the doses of agents were prepared in a 200 .l volume and were injected through
the 25 gauge needle in the right crura. The data are expressed as mean + SE and were
analyzed using a one-way ANOVA followed by a Dunnett’s post hoc test or a two-tailed
student’s t-test for paired data. A pvalue of less than 0.05 was the criterion for statistical
significance.
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Results

Erectile responses to azaindole-1 and fasudil

Erectile responses to the ROCK-inhibitor azaindole-1 were investigated in the anesthetized
rat and i.c. injections of azaindole-1 and fasudil in doses of 1-100 pg/kg produced dose-
related increases in ICP, ICP/MAP, AUC, duration and decreases in MAP (Fig. 1).
Responses to i.c. injections of azaindole-1 were rapid in onset (20-40 seconds) and long in
duration (6598 seconds at the highest dose studied). Representative tracings showing an
increases in ICP in response to i.c. injection of azaindole-1 30 pg/kg are shown in figure 1A
and erectile responses to azaindole-1 and the prototypical ROCK-inhibitor fasudil are
compared (Fig 1). The increases in ICP/MAP in response to i.c. injections of azaindole-1
and fasudil were similar whereas the AUC and duration of the ICP change in response to
azaindole-1 were significantly greater when compared to fasudil (Fig. 1). Both ROCK-
inhibitors produced similar decreases in MAP when injected i.c. (Fig. 1B).

Responses when nNOS is inhibited and muscarinic receptors are blocked

Responses to i.c. injections of azaindole-1 and fasudil were investigated in experiments in
which nNOS was inhibited by 7-NI and muscarinic receptors were blocked with atropine.
The i.v. injection of 7-NI 10 mg/kg and atropine 1 mg/kg reduced the response to cavernosal
nerve stimulation at 10 Hz by 86 % (Fig. 2A). After the response to cavernosal nerve
stimulation was significantly reduced by treatment with 7-NI and atropine the i.c. injection
of azaindole-1 or fasudil at a dose of 30 g/kg produced increases in ICP, ICP/MAP and
AUC that were not significantly different than responses to the two ROCK-inhibitors under
control conditions (Fig. 2B).

Effect of ODQ

The effect of the sGC inhibitor ODQ on erectile responses to SNP, azaindole-1 and fasudil
was investigated in the anesthetized rat. The i.c. injection of SNP 1 pg/kg produced a
significant increase in ICP, ICP/MAP, and AUC (Fig. 3A). Following treatment with ODQ
in a dose of 2 mg/kg i.c. the increases in ICP, ICP/MAP and AUC in response to i.c.
injection of SNP are significantly decreased (Fig. 3A). Following administration of ODQ the
increases in ICP, ICP/MAP and AUC in response to i.c. injections of azaindole-1 or fasudil
30 pg/kg were not different than responses obtained under control conditions (Fig. 3B).

Response to azaindole-1 after cavernosal nerve crush injury

The effect of azaindole-1 and Y-27632 on erectile function after acute cavernosal nerve
injury was investigated and these data are summarized in figure 4. Acute nerve injury
induced by forcep compression of the cavernosal nerve decreased the response to electrical
stimulation of the cavernosal nerve. The increase in ICP in response to cavernosal nerve
stimulation at 10 Hz was reduced by 89 % and the response to cavernosal nerve stimulation
did not return to control value over the 2 hour period experiments were carried out (Fig.
4A). The i.c. injection of azaindole-1 30 pg/kg or Y-27632 30 pg/kg produced an increase
in ICP that was not significantly different from the response observed in control animals
(Figs. 1 and 4). The increase in response to i.c. injection of azaindole-1 30 j.g/kg or
Y-27632 30 pg/kg during cavernosal nerve stimulation at 10 Hz following nerve crush
injury produced an increase in the erectile response that was not significantly different than
the algebraic sum of the responses to nerve stimulation at 10 Hz and i.c. injection of
azaindole-1 30 pg/kg or Y-27632 30 pg/kg separately (Fig. 4B and 4C). The observation
that the algebraic sum of the erectile response to i.c. injection of azaindole-1 or Y-27632 and
cavernosal nerve stimulation at 10 Hz are similar indicate that the increases in ICP are
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additive and that the Rho-kinase inhibitors do not enhance the nerve mediated erectile
response.

New findings in this study are that the selective ROCK-inhibitor, azaindole-1, had potent
long lasting erectile activity that is independent of NANC neurotransmission, muscarinic
receptor or sGC activation and that the response to i.c. injection of azaindole-1 was not
attenuated after acute cavernosal nerve injury. The present results show that i.c. injections of
azaindole-1 produced dose-related increases in ICP in the anesthetized rat that were similar
to responses to the prototypical ROCK-inhibitor fasudil when doses were expressed on a pg/
kg basis, however the AUC and duration of the increase in ICP were greater for azaindole-1
than for fasudil. Both ROCK-inhibitors were less potent than the NO donor SNP and had a
longer duration of action than SNP.

The role of NO release from cavernosal nerves and of muscarinic receptors in mediating the
increase in ICP in response to the ROCK-inhibitors were investigated and responses were
not altered by treatment with the nNOS inhibitor 7-NI or atropine which attenuated the
increase in ICP in response to cavernosal nerve stimulation by 86%. These data indicate that
the increases in ICP in response to azaindole-1 and fasudil are independent of an effect on
NO released from the cavernosal nerves or activation of muscarinic receptors in the corpora
cavernosa. These data are consistent with studies in the literature showing that the response
to Y-27632, the first widely studied ROCK-inhibitor, are not modified by treatment with the
nonselective NOS inhibitor L-NAME[4].

The present results show that increases in ICP in response to azaindole-1 and to Y-27632 are
not altered by acute cavernosal nerve crush injury. These results are consistent with a
previous study in which responses to Y-27632 were not modified by inhibition of NANC
function but are not in agreement with studies in which the response to Y-27632 was
reduced in in-vitro preparations from diabetic or L-NAME treated animals[8].

The effect of inhibition of sGC with ODQ on erectile responses was investigated and
following treatment with ODQ, the increase in ICP in response to i.c. injection of SNP was
reduced by 87 %. ODQ had no significant effect on the increase in ICP/MAP or AUC in
response to i.c. injection of azaindole-1 or fasudil. These data provide support for the
hypothesis that erectile responses to azaindole-1 and fasudil are independent of activation of
sGC in rat penile tissue. These data are consistent with results showing that ODQ did not
alter relaxation responses to the ROCK-inhibitors H-1152 and Y-27632 in phenylephrine
precontracted rat corpora cavernosal strips[9]. ODQ has been reported to inhibit the
response to NO by oxidizing the heme iron on the B subunit sSGC[10]. ODQ has been shown
to inhibit the activation of sGC by NO in a large number of isolated tissue studies and to
inhibit responses to NO donors in a few in vivo studies[11-14]. NO binds to the reduced
form of sGC and increases the conversion of GTP to cGMP promoting vascular and
cavernosal smooth muscle relaxation and penile erection. When sGC is oxidized by ODQ
the response to NO is decreased and vasorelaxation and the erectile response are inhibited.

The present results and previous studies provide support for the concept that ROCK-
inhibitors would be useful in the treatment of ED caused by impaired NO release, impaired
muscarinic receptor activation or impaired activation of SGC by NO[15-18]. Penile erection
involves a complex interaction between the central nervous system and local mediators[19].
Although it has been hypothesized that peptides such as CGRP and VIP play a role in
erection NO is now considered to be the main mediator of penile erection[20, 21]. The
release of NO from the nerves innervating penile tissue and the endothelium mediated by
muscarinic receptors activates sGC, increasing cGMP levels. This results in vascular and
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cavernosal smooth muscle relaxation and erection[20]. Agents or disease processes that
impair NO formation, release, or bioavailability and NO-sGC-cGMP signaling induce ED
and agents that improve NO-sGC-cGMP signaling improve erectile function [22, 23]. The
ability of the ROCK-inhibitors to improve erectile responses when NO formation, release or
signaling are impaired or cavernosal nerve injury has occurred in disease states such as
hypertension, diabetes or atherosclerosis or after surgical procedures suggest that these
agents may be useful in the treatment of ED[3, 24, 25].

A number of studies suggest that ROCK is involved in the pathogenesis of a variety of
cardiovascular diseases including those associated with ED[4, 26, 27]. Much information
has been learned from studies with Y-27632 or fasudil which has been approved for the
treatment of cerebral vasospasm in subarachnoid hemorrhage[28, 29]. Although fasudil and
Y-27632 have been useful in defining the role of ROCK in physiologic and
pathophysiologic processes, these agents have nonspecific inhibitory effects on other kinases
such as PKA which can alter vascular smooth muscle function[5]. Azaindole-1 is a highly
selective, orally effective ROCK-inhibitor which has little if any effect on a number of
kinases involved in smooth muscle function and has been shown to have a favorable effect
in a number of cardiovascular disorders[7, 30]. The results of the present study indicate that
azaindole-1 has potent, long lasting erectile activity in the rat and suggest that it may be
useful in the treatment of ED.

The results with azaindole-1 are similar to data with SAR407899 another novel Rho-kinase
inhibitor without NO-cGMP dependence that has recently been shown to exert long lasting
erectile responses in animals after oral administration and did not lose efficiacy in diabetic
or hypertensive animals[8]. The results with potent long lasting Rho-kinase inhibitors such
as azaindole-1 or SAR407899 suggest that these agents may be useful in the treatment of
patients with severe ED. However the potential to induce priapism with the use of long
acting ROCK inhibitors should be considered.

The interaction of ROCK and endogenous NO was also investigated in experiments in
which the response to cavernosal nerve stimulation and i.c. injection of the ROCK-inhibitors
were compared when the interventions were administered separately or together. These
results suggest that responses to the ROCK-inhibitors and cavernosal nerve stimulation are
additive. These results are consistent with studies in which Y-27632 was injected i.c. and L-
NAME was used to inhibit NOS in the rat [4]. The present data are not in agreement with
experiments in which the fasudil analog H-1152 was injected i.p. and the response to
cavernosal nerve stimulation was enhanced at stimulus frequencies of 1-4 Hz[9]. The reason
for the difference is uncertain but may involve differences in experimental design, route of
administration or the ROCK-inhibitor used in the study[9].

Conclusions

In summary, the results of the present study show that azaindole-1, a selective ROCK-
inhibitor, had potent long lasting erectile activity in the anesthetized rat. Erectile responses
to azaindole-1 were independent of NO released from nerves innervating penile tissue or the
effect of muscarinic receptor stimulation or SGC activation in the corpora cavernosa. These
data show that the erectile response to azaindole-1 is not impaired after acute cavernosal
nerve crush injury. These data suggest that azaindole-1 may be useful in the treatment of ED
when NANC or cholinergic innervation is impaired, the NO-sGC-cGMP signaling pathway
is inhibited or cavernosal nerve injury has occurred.
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Figure 1.

Representative tracing showing changes in ICP, MAP, systolic and diastolic BP following
intracavernosal injection of azaindole-1 30 pg/kg (A). Line graphs comparing changes in
ICP (B), peak changes in MAP (C), absolute values for ICP/MAP (D), AUC (E) and
response duration (F) in response to intracavernosal injection of a wide range of doses of
azaindole-1, fasudil and sodium nitroprusside (SNP). n indicates number of experiments.
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Figure2.

Bar graphs comparing changes in ICP, absolute values for ICP/MAP and AUC (A) in
response to cavernosal nerve stimulation at 10 Hz before and after administration of 7-NI 10
mg/kg iv and atropine 1 mg/kg iv. Bar graphs comparing changes in ICP, absolute values for
ICP/MAP and AUC (B) in response to intracavernosal injection of azaindole-1 and fasudil
30 pg/kg before and after treatment with 7-NI1 10 mg/kg iv and atropine 1 mg/kg iv. n
indicates number of experiments, * indicates p < 0.05 when compared to control using a
two-tailed Student t test. NS indicates no significant difference using a two-tailed student t
test.
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Figure 3.

Bar graphs comparing changes in ICP, absolute values for ICP/MAP and AUC (A) in
response to intracavernosal injection of SNP 1 pg/kg before and after treatment with ODQ 2
mg/kg i.c. Bar graphs comparing changes in ICP, absolute values for ICP/MAP and AUC
(B) in response to intracavernosal injection of azaindole-1 30 pg/kg and fasudil 30 pg/kg
before and after treatment with ODQ 2 mg/kg i.c. n7indicates number of experiments, *
indicates p < 0.05 when compared to response under control conditions using a two tailed
student t test, NS indicates no significant difference with two tailed student t test.
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Figure4.

Bar graphs comparing increases in ICP in response to cavernosal nerve stimulation at 10 Hz
before (open bar) and at 15, 30, 60 and 120 mins after acute nerve crush injury (black bar)
(A), * indicates p < 0.05 using a One way ANOVA with a Dunnett’s post hoc test
comparing all values to control, n indicates number of experiments.

Bar graphs comparing the changes in ICP, absolute values for ICP/MAP, and AUC in
response to cavernosal nerve stimulation (10Hz) in the control period (open bar), following
nerve crush injury (black bar), i.c. injection of azaindole-1 (30 pg/kg) (hatched bar), the
algebraic sum of response to azaindole-1 and nerve stimulation at 10 Hz following crush
injury (checked bar) and the combined response to simultaneous nerve stimulation following
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crush injury at 10 Hz and i.c. injection of azaindole-1 (30 pg/kg) (slanted bar) (B), n
indicates number of experiments, * indicates p < 0.05, using a One way ANOVA with a
Dunnett’s post hoc test comparing all values to control.

Bar graphs comparing changes in ICP and absolute values for ICP/MAP in response to
cavernosal nerve stimulation (10 Hz) in the control period (open bar), following nerve crush
injury (solid bar), i.c. injection of Y-27632 (30 pg/kg) (vertical hatched bar), the algebraic
sum of response to Y-27632 and nerve stimulation at 10 Hz following crush injury (slanted
bar), and the combined response to simultaneous nerve stimulation following crush injury at
10 Hz and i.c. injection of Y-27632 (30 pg/kg) (squared bar) (C), n indicates number of
experiments, * indicates p < 0.05, using a One way ANOVA with a Dunnett’s post hoc test
comparing all values to control.
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