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ABSTRACT: Physiological aging is a significant risk factor in the on-
set of male erectile dysfunction (ED) and an imbalance in factors that
modulate cavernosal smooth-muscle tone may play a role in these
altered penile hemodynamic mechanisms. To evaluate the association
between aging and male erectile function, we monitored neurogenic
erectile response and its correlation to systemic arterial pressure
changes in old (21–23 months of age) vs young (6–9 months of age)
Brown-Norway (BN) rats. We tested the hypothesis that age-associ-
ated ED is due to unregulated vasoconstrictive tone, contributed in
part by an increased Rho-kinase activity, and that antagonism of Rho-
kinase activity attenuates the age-related decline in male erectile func-
tion. We also examined the hypothesis that a combination of Rho-
kinase antagonism and phosphodiesterase-5 (PDE-5) inhibition has a
synergistic effect in improving the erectile response in these aging
animals. Erectile function in old BN rats was evaluated before and

after intracavernosal injection of a specific inhibitor of Rho-kinase (Y-
27632) alone or in combination with zaprinast, a PDE-5 inhibitor. Erec-
tile capabilities of the young and old BN rat groups were significantly
different in corpus cavernosum pressure response after electrical-field
stimulation of the major pelvic ganglion. Y-27632 administration atten-
uated the aging-related changes in male erectile function seen in BN
rats. Rho-kinase antagonism and PDE-5 inhibition had a synergistic
effect in improving erectile function in old rats. Our data indicate that
aging leads to impairment in the neurogenic erectile response in BN
rats involving a possible derangement in penile hemodynamic mech-
anisms of the erectile tissue. Rho-kinase inhibition may be of value in
treating age-related ED.
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Aging is a well-recognized risk factor for male erectile
dysfunction (ED), a highly prevalent problem that

affects 10% to 52% of men (Feldman et al, 1994). An
age-associated decline in male hormone levels, decreased
nitric oxide (NO) production, increased contractility of
the smooth muscle of the penile corpora, a decreased rel-
ative percentage of smooth-muscle fibers, and increased
collagen content are considered possible etiologic factors
(Andersson, 2003). Normal erectile function is character-
ized by a delicate in vivo balance between vasoconstrict-
ing and vasorelaxing mediators on corporal smooth-mus-
cle tone (Taub et al, 1993). Endothelium-derived NO and
endothelin-1 (ET-1) have been recognized to modulate
erectile function. NO is a key modulator of cavernosal
smooth-muscle relaxation, whereas ET-1 is believed to
maintain penile flaccidity (Saenz de Tejada et al, 1991;
Burnett, 1995). Evidence suggests there are age-related
alterations in the levels of these modulators of erectile
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function (Garban et al, 1995b; Carrier et al, 1997; Dahiya
et al, 1999; Rajasekaran et al, 2002). While most studies
examining the role of aging on erectile function have fo-
cused on the impact of aging on NO signaling pathways,
few studies have examined the role of other regulators in
maintaining penile flaccidity.

Besides the well-established noradrenergic contraction
mechanisms in the penis, an additional mechanism in-
volving increased sensitivity to ionic calcium has recently
been proposed (Chitaley et al, 2001; Wang et al, 2002).
This pathway involves RhoA, a small monomeric G-pro-
tein that activates Rho-kinase. Activated Rho-kinase
phosphorylates the regulatory subunit of smooth-muscle
myosin phosphatase (SMPP-IM). Inhibitory phosphory-
lation of SMPP-IM leads to sensitization of myofilaments
to Ca21 (Somlyo and Somlyo, 2000). An age-related in-
crease in RhoA expression has been documented in rat
vascular tissues and has been felt to be responsible for
age-associated vascular disorders (Miao et al, 2001). A
specific inhibitor of Rho-kinase, (1)-(R)-transB (1-ami-
no-ethyl)-N-(4-pyridyl) cyclohexacarboxamide dihydro-
chloride monohydrate (Y-27632), has been shown to relax
vascular and nonvascular smooth muscle, and intracav-
ernosal injection of Y-27632 in rats has been shown to
induce penile erection (Chitaley et al, 2001). We have
recently demonstrated that hypertension, another vascular
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risk factor for ED, is associated with elevated penile
RhoA levels and that inhibition of Rho-kinase activity
with Y-27632 was beneficial in attenuating the decline in
erectile function in hypertensive rats (Wilkes et al, 2004).
In addition, Rho-kinase inhibition has been shown to be
effective in reversing ED in castrated hypogonadal rats
(Wingard et al, 2003). The impact of Rho-kinase inhibi-
tion in age-related ED has not been explored.

The present study was designed to monitor age-related
alterations in male erectile function and specifically to
evaluate the role of Rho-kinase pathway in the Brown-
Norway (BN) rat, a sensitive animal model of reproduc-
tive aging. We also examined the hypotheses that antag-
onism of Rho-kinase activity attenuates the age-related
decline in male erectile function and that a combination
of Rho-kinase antagonism and phosphodiesterase-5
(PDE-5) inhibition has a synergistic effect in improving
the erectile response in these aging animals.

Materials and Methods

Animals and Experimental Design
Our Institutional Animal Care and Use Committee approved this
experimental protocol. Male young (age 6–9 months) and old
(21–23 months) BN rats were obtained from the National Insti-
tute on Aging animal facilities and employed as a model for
aging. The rats were anesthetized using an intraperitoneal injec-
tion of a mixture of ketamine (97 mg/kg) and xylazine (13 mg/
kg); an adequate level of anesthesia was maintained by supple-
mental doses of ketamine. Arterial blood pressure (AP) was
monitored by cannulating the carotid artery with Intramedic PE
50 tubing (Becton, Dickinson, and Company, Franklin Lakes,
NJ) connected to a pressure transducer. Corpus cavernosum pres-
sures (CCP) were recorded by cannulating either of the corporal
bodies approximately 3 to 5 mm above the base of the penis.
This cannulation was performed using a 25-gauge IV butterfly
needle filled with 100 U/mL heparinized saline (Vacutainer; Bec-
ton, Dickinson, and Company), which was also connected to a
pressure transducer. Pressures were measured using 2 UFI pres-
sure transducers (UFI, Morrobay, Calif) in series with a UFI
amplifier. The data were acquired by connecting the amplifier to
a PC running Labview (National Instruments Corporation, Aus-
tin, Tex). Pressure transducers were calibrated daily.

The major pelvic ganglion (MPG) was identified by dissecting
the fibrous capsule posterior to the intersection of the lateral lobes
of the prostate and the vas deferens with cotton tips. The MPG
was stimulated with a voltage via 2 platinum electrodes delivered
from a Grass S48 stimulator (Grass-Telefactor, West Warwick,
RI). Stimulus levels of 1.5, 3, and 4.5 V were used for durations
of 1 minute each; the rats were given a 5-minute rest period be-
tween stimulations. CCP levels during stimulation were recorded
directly into a computerized data acquisition program.

T1
MAP 5 P(t)Dt;O

T 0

In this formula, P(t) denotes the pressure wave data as a function

of time and Dt is the time increments between data points. T is
the period of the pressure wave. The S symbol is used to denote
that the pressure data is incremental and not continuous.

We employed 3 protocols to test our hypotheses.
Protocol 1—The impact of aging as well as the correlation of

blood pressure to electrical field stimulation (EFS)-induced erec-
tile response was evaluated in young and old rats by stimulating
the MPG at 1.5, 3.0, and 4.5 V and recording AP and CCP as
described above.

Protocol 2—To test the hypothesis that the specific Rho-ki-
nase antagonist Y-27632 (Calbiochem, San Diego, Calif) atten-
uates the age-related decline in male erectile function, old ani-
mals were subjected to Protocol 1 followed by the intracaver-
nosal administration of Y-27632 (50 nmol). After 10 to 15 min-
utes, Protocol 1 was repeated.

Protocol 3—To test the hypothesis that a combination of Rho-
kinase antagonism and PDE-5 inhibition may have a synergistic
effect in improving the erectile response in old animals, we sub-
jected the old animals to Protocol 1 and then to the intracaver-
nosal administration of the PDE-5 inhibitor zaprinast (Sigma
Chemicals, St Louis, Mo) (100 mg) followed by Y-27632 (50
nmol). After 10 to 15 minutes, Protocol 1 was repeated.

All drug solutions were stored in a freezer in amber bottles;
working solutions were prepared on a frequent basis and kept
cold until injection time. In both old and young animals, the
drugs were administered intracavernosally in small volumes (5
mL) when CCP was at a baseline value. The effect of a single
injection agent on CCP was measured until CCP returned to the
preinjection level. The next injection was made at least 10 to 15
minutes after CCP had returned to a stable baseline. An injection
of 5 mL of saline vehicle had no significant sustained effect on
CCP (Wilkes et al, 2004).

Statistical Analysis
Data were presented as mean 6 standard error of the mean.
Statistical differences were determined by ANOVA followed by
Newman-Keuls multiple comparison test, where relevant, and by
2-tailed unpaired Student’s t test. A P value of less than .05 was
considered significant.

Results

Comparison of EFS-Induced Erectile Response in Young
and Old BN Rats
We selected voltages of 1.5, 3, and 4.5 V for the present
evaluations based on our preliminary experiments in BN
rat species; voltages lower than 1.5 V failed to produce
a consistent response. During resting periods in the ab-
sence of stimulation, the baseline CCP remained stable
throughout the experiment. The CCP and CCP/mean ar-
terial pressure (MAP) data are summarized in the Table.
Representative tracings of CCP and MAP in young and
old rats are depicted in Figure 1a and b. The effects of
EFS of the MPG on CCP changes are illustrated in Figure
2a and b.

Our results showed a significant difference between old
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CCP and CCP/MAP changes in young and old Brown-Norway rats*

Species/Treatment

1.5 V

CCP cm H2O CCP/MAP

3 V

CCP cm H2O CCP/MAP

4.5 V

CCP cm H2O CCP/MAP

Young/EFS
Old/EFS
Old 1 Y-27632/EFS
Old 1 ZAP 1 Y-27632/EFS

41.07 6 8.18
27.19 6 6.61†
51.14 6 7.87‡
66.21 6 8.52§

0.806 6 0.138
0.227 6 0.094†
0.678 6 0.123‡
0.85 6 0.01§

64.66 6 5.08
42.33 6 5.74†
64.51 6 1.23‡
84.69 6 10.34§

0.816 6 0.072
0.5384 6 0.065†
0.762 6 0.051‡
0.97 6 0.07§

70.50 6 7.10
33.20 6 4.16†
65.58 6 12.87‡
76.19 6 6.53§

0.875 6 0.082
0.586 6 0.023†
0.852 6 0.050‡
0.95 6 0.03§

* CCP indicates corpus cavernosum pressures; MAP, mean arterial pressure; EFS, electrical field stimulation; and ZAP, zaprinast.
† P , .05 when compared with young group.
‡ P , .05 when compared with untreated old group.
§ P , .05 when compared with untreated old group.

Figure 1. Representative tracings of corpus cavernosum pressures
(CCP) and mean arterial pressure (MAP) changes in response to elec-
trical field stimulation (EFS) of the major pelvic ganglion (MPG) in (a)
young and (b) old Brown-Norway (BN) rat species at 3-V stimulation.
Duration of erectile response (seconds) is indicated in the X-axis and
CCP change (cm H2O) is shown in the Y-axis.

and young rats in ganglionic stimulation-induced CCP
changes. A striking difference in maximum CCP value as
well as in the ratio of CCP to MAP was noticed between
the groups at all stimulation levels (the Table; Figure 2a
and b). At 1.5 V, the young rats achieved about 34%
higher CCP than the old group (41.07 6 8.18 and 27.19
6 6.60 in the young and old groups, respectively; P ,

.05). At 3 V, the mean CCP in the young group was 64.66
6 5.08 when compared with 42.33 6 5.74 cm H2O in old
rats (the young group achieved 35% higher CCP at this
stimulation than their older counterparts; P , .05). Stim-
ulations at 4.5 V showed a more pronounced difference
than the 3-volt stimulation. The mean CCP in young rats
was 53% greater than that in old rats (the CCPs were
70.50 6 7.10 and 33.20 6 4.16 for the young and old
groups, respectively; P , .05) (Figure 2a).

A similar trend was observed for the CCP/MAP index.
The differences in CCP/MAP ratio between young and
old animals were significant (P , .05) at all the indicated
stimulation levels and ranged between 33% and 71% (Ta-
ble; Figure 2b).

Efficacy of Rho-Kinase and PDE-5 Inhibition on
Neurogenic Erectile Response in Aging Rats
The effect of Rho-kinase inhibition on EFS-induced erec-
tile response in old rats as measured by changes in CCP
is illustrated in Figure 3a and b. In old rats, the impact
of Rho-kinase inhibition following intracavernosal Y-
27632 could be seen immediately. A significant improve-
ment in erectile response was observed at all voltage lev-
els of stimulation (Figure 3a; Table). In Y-27632-injected
old rats, at 1.5 V, the CCP was 51.14 6 7.87 and the
mean CCP/MAP was 0.678 6 0.123 as compared with
the predrug stimulation values of 27.19 6 6.61 and 0.227
6 0.094 (P , .05). At 3 V, the Y-27632-treated old rats
achieved a CCP of 64.51 6 1.23 and a CCP/MAP of
0.762 6 0.051 (P , .05 when compared with the predrug
stimulation values). At 4.5 V, the Y-27632-treated rats had
a mean CCP of 65.58 6 12.87 and a mean CCP/MAP of
0.852 6 0.050 (P , .05 when compared with their pre-
drug stimulation values).

A combination of Rho-kinase inhibition with Y-27632
and PDE-5 inhibition with zaprinast resulted in a syner-
gistic improvement in neurogenic erectile response in old
rats (Figure 3a and b). Representative tracings of CCP
changes are shown in Figure 4. This combination pro-
duced a consistent 12% to 27% improvement in erectile
response when compared with the Rho-kinase inhibition



185Rajasekaran et al · Aging and Erectile Dysfunction

Figure 2. (a) The effects of electrical field stimulation (EFS) of the major
pelvic ganglion (MPG) on the erectile response shown as corpus cav-
ernosum pressures (CCP) changes (cm H2O) in young and old rats and
reported as mean 6 standard error of responses (n 5 7–12 experimental
animals/group). Significant differences between young and old rats in
EFS-induced CCP changes were observed at 3- (P , .05) and 4.5- (P
, .05) V stimulations. (b) The effects of EFS of the MPG on the erectile
response shown as the ratio of CCP to mean arterial pressure (MAP)
(cm H2O) changes in young and old rats and reported as mean 6 stan-
dard error of responses (n 5 3–6 experimental animals/group). Signifi-
cant differences in CCP/MAP ratios in young vs old rats were observed
at 1.5-, 3- (P , .01), and 4.5- (P , .01) V stimulations.

Figure 3. Effects of intracavernosal injection of Y-27632 (50 nmol) and
zaprinast (100 mg) on neurogenic erectile response following electrical
field stimulation (EFS) of the major pelvic ganglion (MPG) in old rats
represented as changes in (a) corpus cavernosum pressures/mean ar-
terial pressure (CCP)/(MAP) (mm Hg) and (b) CCP, reported as mean
6 standard error of responses (n 5 7–12 experimental animals/ group).
Significant differences in EFS-induced CCP changes in young vs old rats
were observed at 1.5-, 3-, and 4.5-V stimulations.

alone (Figure 3a and b; Table). The mean increase in CCP
and the index of CCP/MAP were significant at all the
levels of stimulation (P , .05).

Evaluation of Systemic Arterial Pressure Changes
MAP in old rats ranged from 120 to 150 cm H2O, whereas
young rats had a MAP range of 110 to 140 cm H2O.
Changes in MAP following MPG stimulation are illus-

trated in Figure 5a. There was a voltage-dependent de-
crease in MAP in both groups of animals; however, there
was no significant difference in these changes between
the groups at any voltage (Figure 5a). Intracavernosal in-
jection of Y-27632 and zaprinast resulted in a marginal
(20–25 cm H2O) drop in MAP in old rats (not significant;
Figure 5b).

Discussion

The findings in this study demonstrate that aging is as-
sociated with significant impairment of erectile function
in a rat model of reproductive aging. We found 1) that
there are differences in erectile response to ganglionic
stimulation between young and old BN rats, 2) improve-
ment of EFS-induced erectile response after RhoA/Rho-
kinase inhibition, and 3) synergistic potentiation of erec-
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Figure 4. Representative tracings of corpus cavernosum pressures
(CCP) and mean arterial pressure (MAP) changes in response to elec-
trical field stimulation (EFS) of the major pelvic ganglion (MPG) at 3-V
stimulation following the intracavernosal injection of Y-27632 (50 nmol)
and zaprinast (100 mg) in old rats. Duration of erectile response (sec-
onds) is indicated in the X-axis and CCP change (cm H2O) is shown in
the Y-axis.

Figure 5. (a) Mean changes in mean arterial pressure (MAP) from base-
line MAP in response to electrical field stimulation (EFS) of the major
pelvic ganglion (MPG) in young and old rats. Each bar represents the
mean 6 standard error of 7 to 12 individual measurements. (b) Maximal
changes in MAP in response to EFS of the MPG before and after intra-
cavernosal injection of Y-27632 (50 nmol) and zaprinast (100 mg) in old
rats. Each bar represents the mean 6 standard error of 7 to 12 individual
measurements.

tile response following RhoA/Rho-kinase inhibition and
PDE-5 antagonism in old rats.

The impact of aging on male sexual function has been
the focus of several previous investigations (Garban et al,
1995a,b; Carrier et al, 1997; Champion et al, 1999; Da-
hiya et al, 1999; Rajasekaran et al, 2002; Bivalacqua et
al, 2003). These studies suggest that age-related physio-
logical changes in the penis, such as a decline in male
hormone levels, decreased NO production, increased con-
tractility of the smooth muscle of the penile corpora, a
decreased relative percentage of smooth-muscle fibers,
and increased collagen content, may contribute to devel-
opment of ED in this population. While most of the pre-
vious studies on the role of aging on erectile function
have focused on the NO-cGMP pathway, little emphasis
has been placed on other regulators of erectile function.
We were particularly interested in exploring the contri-
bution of a novel calcium-sensitizing RhoA/Rho-kinase
pathway to the aging-related decline in erectile function.

The RhoA signaling pathway, through activation of
Rho-kinase leading to inhibition of myosin phosphatase
resulting in an increase in myosin light chain (MLC)
phosphorylation and force in smooth muscle, has been
recognized to play a role in several vascular disorders
(Chrissobolis and Sobey, 2001; Mukai et al, 2001). In-
hibiting the RhoA/Rho-kinase pathway has been shown
to cause erection in rats (Chitaley et al, 2001; Mills et al,
2001). Y-27632 has been shown to selectively inhibit the
contractile activity associated with RhoA/Rho-kinase
without stimulating vasorelaxation directly (Mills et al,
2002). NO has recently been shown to inhibit RhoA-me-

diated vasoconstriction and produce an erectile response
in rats, possibly through inhibition of RhoA migration
into the smooth muscle (Mills et al, 2002). Lower bio-
availability of NO in the aging penis would lead to a
reduction in RhoA migration to the membrane as well as
cGMP-mediated Rho-kinase inactivation. The net result
would be an increased penile smooth-muscle tone, which
may be responsible for the impaired erectile response seen
in the aging rats. Inhibition of the RhoA/Rho-kinase path-
way has been shown to improve erectile function in rat
models associated with other ED risk factors such as hy-
pertension and hypogonadism. We have recently demon-
strated that inhibition of Rho-kinase activity with Y-
27632 was beneficial in attenuating the decline in erectile
function in hypertensive rats (Wilkes et al, 2004). Win-
gard et al (2003) have shown that Rho-kinase inhibition
was effective in reversing ED in castrated hypogonadal
rats. An age-related increase in RhoA expression has been
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recently documented in rat vascular tissues, and this has
been implicated in age-associated vascular disorders
(Miao et al, 2001). Our results in the present study con-
firm these observations on the role of the Rho-kinase
pathway in male erectile function and further suggest that
Rho-kinase inhibitors could be of benefit in the treatment
of age-related ED.

As aging is known to be associated with alterations in
the NO-cGMP pathway as well as the Rho-kinase path-
way (Garban et al, 1995b; Carrier et al, 1997; Miao et al,
2001; Rajasekaran et al, 2002), we extended our studies
to examine whether a combination of PDE-5 inhibition,
which would prevent cGMP degradation, and Rho-kinase
antagonism, which would reduce the penile smooth-mus-
cle tone, could result in a synergistic improvement of
erectile response in aging BN rats. Furthermore, recent
evidence suggests interplay between the NO-cGMP-
cAMP and RhoA/Rho-kinase pathways (Kim et al, 2000;
Abdel-Latif, 2001; Sauzeau et al, 2000; Sakai et al, 2003).
Sakai et al (2003) reported that accumulation of cAMP
in cells inhibited the RhoA activation in tracheal smooth
muscle. Using vascular smooth-muscle cells, Sauzeau et
al (2000) demonstrated that cGMP inhibited RhoA-de-
pendent calcium sensitization. This inactivation of the
RhoA/Rho-kinase pathway has been proposed to be me-
diated via cyclic nucleotide-dependent protein kinases
through phosphorylation of RhoA (Sauzeau et al, 2000;
Abdel-Latif, 2001). These observations suggest that in-
teractions between cyclic nucleotide signaling systems
and the Rho-kinase pathways may be responsible for the
observed drug synergism between zaprinast and Y-27632.
These results further suggest that this combination war-
rants exploration for its potential to improve the erectile
response in severe cases of ED, where a modest 41%
improvement has been reported with PDE-5 inhibition
alone (Jarow et al, 1999). In addition, Rho-kinase inhi-
bition may be explored as an alternate form of therapy
for patients to whom PDE-5 inhibitors cannot be admin-
istered; for example, those on antihypertensive medica-
tions such as nitrites. This novel experimental drug Y-
27632 has a significant potential to evolve as an alter-
native medication to oral medications, such as Viagra, for
a distinct segment of the large, aging-ED patient popu-
lation.

In conclusion, the BN rat strain may serve as an ideal
animal model for the evaluation of age-associated ED in
humans. Rho-kinase inhibition may be a novel therapeutic
target in age-related male ED. Combination therapy with
PDE-5 and Rho-kinase inhibition also merits therapeutic
exploration.
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