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Abstract
Objectives—RhoA and its main downstream effector, Rho-kinase (ROCK) are important in
maintaining the penis in the flaccid state. The pathophysiology of Sickle cell disease-associated
priapism is not well defined. We hypothesize that RhoA/ROCK vasoconstrictive pathways may be
involved in the development of priapism. Therefore, the objective of this study was to evaluate
molecular changes in RhoA and ROCK in an established transgenic sickle cell mouse model of
priapism.

Methods—Two groups of mice were utilized: 1) wild type (WT; C57BL/6), and 2) transgenic
Sickle cell mice (Sickle). We evaluated RhoA GTPase and total ROCK activities as well as
ROCK1 and ROCK2 protein expression in WT and Sickle mice penes. We also evaluated in vivo
erectile responses to cavernous nerve stimulation (CNS) and the frequency and duration of
spontaneous erections both pre- and post-CNS.

Results—Sickle mice demonstrated significantly (p<0.05) enhanced erectile responses to CNS
and frequency of spontaneous erections both pre- and post-CNS when compared to WT. Sickle
mice penes had a significant decline in RhoA GTPase (p<0.01) and total ROCK activities
(p<0.05) when compared to WT mice. There was a significant (p<0.05) reduction in ROCK2
protein expression in Sickle mice penes when compared to WT mice protein expression. No
change in ROCK1 protein expression was observed in both cohort’s of mice penes.

Conclusion—These data suggest that Sickle cell disease associated-priapism may be contributed
by a lack of RhoA/ROCK mediated vasoconstriction and highlight a novel molecular mechanism
in the pathophysiology of priapism.
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Introduction
Priapism is an erectile disorder in which erection persists uncontrollably and without sexual
purpose.1 In its low-flow or ischemic form the corporal bodies are exposed to intermittent
anoxic events, eventually contributing to progressive erectile dysfunction (ED) and fibrosis
of the penile vascular bed. Ischemic priapism is associated with a variety of disease states
including malignancy, neurological conditions and hematological dyscrasias.1,2 Its
prevalence is particularly high among men with Sickle cell disease (30–45%) in whom the
rate of resultant ED exceeds 30%.2,3

The molecular mechanisms involved in the development of ischemic priapism, both in
general and in men with Sickle cell disease are only beginning to be characterized.
Principally, ischemic priapism represents the imbalance of vasoconstrictive and vasodilatory
mechanisms that govern penile vascular tone. To date, most studies have focused on
vasodilatory mechanisms, mediated primarily by nitric oxide (NO).4 More recently however,
vasoconstrictive pathways, primarily those activated by RhoA and its downstream effector
Rho-kinase (ROCK, existing in two isoforms of ROCK1 and ROCK2), have been shown to
be important in maintaining the penis in a flaccid state.5,6 Furthermore, the RhoA/Rho-
kinase pathway has been shown to be aberrantly activated in states of ED.7–11 In contrast, in
endothelial nitric oxide synthase null (eNOS KO) mice which have an exaggerated erectile
response to cavernous nerve stimulation and display phenotypic changes in erectile function
consistent with priapism, ROCK activity is significantly reduced.12,13 To date, the role of
RhoA/ROCK signaling in Sickle cell disease related ischemic priapism or other priapism-
related disease states has not been explored.

Recently, a transgenic Sickle cell disease mouse model has been developed to study the
pathophysiology of Sickle cell disease-associated priapism.14,15 Here we use this
experimental animal model of Sickle cell disease priapism to examine the status of the
RhoA/ROCK signaling, with the hypothesis that the RhoA/ROCK vasoconstrictive
pathways would be down-regulated and thus contribute to priapism.

Material and Methods
Mouse model of human Sickle cell disease

Transgenic Sickle cell (Sickle) mice (4 to 6 months old; n=8) with knockout of all mouse
hemoglobin genes and expressing exclusively human Sickle hemoglobin were developed at
Lawrence Berkeley National Laboratory.14,16 A breeding colony at the National Institutes of
Health (NIH) generated animals for this study by mating Sickle male mice to hemizygous
females (approximately 15 generations). Because C57BL/6 is one of the background strains
for the transgenic Sickle mice, C57BL/6 was chosen as wild-type (WT) control (n=7). Mice
were pathogen free and received routine NIH rodent chow and water. Studies were approved
by the animal care and use committees of Johns Hopkins University.

Collection of Tissue Specimens
Penile specimens were obtained following a lethal dose of sodium pentobarbital (80 mg/kg
intraperitoneally). The mouse penis was removed by cutting the crura of the corpus
cavernosum at the point of adhesion to the lower pubic bone, snap frozen in liquid nitrogen,
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and stored at −70° C until processing for molecular analyses. All molecular analyses were
determined under basal conditions.

Physiologic erection studies
In vivo erectile function in response to cavernous nerve stimulation (CNS) was studied in
WT and Sickle anesthetized mice as previously described.14 Induction of anesthesia was
achieved by placing the animal in a jar containing gauze soaked with isoflurane. The mice
were then intubated and placed on a thermoregulated surgical table. The animals were
ventilated with 95% O2/5% CO2 and 2% isoflurane using a custom-designed, constant-flow
mouse ventilator with tidal volume set to 6.7 μl/g at 140 breaths/min. The shaft of the penis
was freed of skin and fascia, and by removing part of the overlying ischiocavernous muscle
exposure of the right crus was performed. A 27-gauge needle filled with 250 U/ml of
heparin and connected to PE-50 tubing was inserted into the right crura and connected to a
pressure transducer to permit continuous measurement of intracavernosal pressure (ICP).
The bladder and prostate were exposed through a midline abdominal incision. The right
major pelvic ganglion and cavernous nerve were identified posterolateral to the prostate on
one side, and an electrical stimulator with a stainless steel bipolar hook was placed around
the cavernous nerve. ICP was measured with a pressure transducer connected to a data
acquisition system (Biopac) for continuous measurement of ICP. The cavernous nerve was
stimulated with a square pulse stimulator (Grass Instruments, Quincy, MA). Each mouse
underwent CNS at a frequency of 15 Hz and pulse width of 30 milliseconds. The application
of 1 and 2 volts was used in the current protocol to achieve a significant and consistent
erectile response. The duration of stimulation was approximately 30 seconds with rest
periods of 2 to 15 mins between subsequent stimulations depending on the prolonged
erections that occurred in the Sickle mice. The frequency of spontaneous erections per hour
was calculated pre and post CNS (2 V) as previously described.12,14 In the present study, we
also calculated the duration (minutes) of the prolonged erections in Sickle mice. This was
defined as the time of onset of spontaneous erections (increase in ICP) from baseline
corporal pressure until corporal pressure returned to baseline levels to the nearest 15 second
time point pre and post CNS (2 V). The erection in this analysis was defined as two times
the baseline corporal pressure.

Western Blot Analysis
Penes were excised and homogenized in a buffer containing 50 mM Tris-HCl (pH 7.5), 2
mM EDTA, 2 mM EGTA, 150 mM NaCl, 50 mM NaF, 10% glycerol, 10 μg/ml leupeptin, 2
μg/ml aprotinin, 10 μg/ml trypsin inhibitor, 1 mM phenylmethylsulfornyl fluoride (PMSF)
and 1 mM Na3VO4. Cytosolic fractions were isolated for Rho-kinase (ROCK) 1 and 2
isoforms Western blot analysis.8,13 Protein concentration was determined by the BCA kit
(Pierce), and equal amounts of protein were loaded to 4–20% Tris-HCl gel (Bio-Rad). After
their separation by SDS-polyacrylamide gel electrophoresis, the proteins were transferred to
polyvinylidene fluoride membranes and incubated with primary antibodies (ROCK1,
ROCK2, and GAPDH from BD Bioscience and Amersham) overnight at 4°C. The
membranes were incubated with a horseradish peroxidase-linked secondary antibody and
visualized using an enhanced chemiluminescence kit (Amersham). The densitometry results
were normalized by GAPDH expression. The intensities of the resulting bands were
quantified by using software Image J 1.43s (NIH).

RhoA GTPase and ROCK Activity Assay
Penes were homogenized in a buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 1 mM Na3VO4, and 1 μg/ml leupeptin. ROCK activity was analyzed in
the presence of 0.1 mM ATP by a Rho-kinase activity assay kit according to manufacturer’s
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instructions, using a peroxidase coupled anti-phospho-MYPT1 Thr696 monoclonal antibody
(Cyclex). RhoA GTPase activity (Cytoskeleton, Denver, CO) was assayed in whole penile
lysates by 96-well activity assays according to manufacturer specifications and read on a
Molecular Devices M-5 microplate reader. RhoA-GTPase and ROCK activities were
expressed as a percentage of sham ROCK activity as previously described.13

Statistical Analysis
Data are presented as mean ± SEM. Comparisons between baseline variables in WT and
Sickle mice were performed using paired or unpaired t tests, as appropriate. Comparisons
between groups were made using ANOVA analysis with repeated measures and Neumann-
Kuels post hoc test for multiple group comparisons. Statistical calculations were performed
using GraphPad Prism version 5.00 for Windows, (GraphPad Software, San Diego
California USA, www.graphpad.com).

Results
In Vivo Erectile Responses

Erectile responses to CNS were conducted to evaluate in vivo erectile physiology and
determine if the Sickle mice displayed a priapic phenotype (Fig. 1). Sickle mice (n=8) had
elevated resting ICP (p<0.01) when compared to WT mice (n=7) suggesting increased
corporeal perfusion at baseline (Fig. 1A). Compared to WT, Sickle mice displayed priapic
activity (Fig. 1B) and increased erectile responses to CNS at all voltage settings studied
(Fig. 1C). The frequency of spontaneous erections pre-CNS in Sickle mice was 4 fold
greater than their WT counterparts (p<0.01) (Fig. 1B). In addition, erectile frequency post-
CNS (2 V) in Sickle mice was even further increased almost 5 fold compared to WT
(p<0.01; Fig. 1B). Sickle mice were highly responsive to CNS even at low voltages,
achieving significantly increased ICP levels when compared to WT erectile responses at all
voltage settings studied (1 and 2 V; p<0.01; Fig. 1C). We also calculated the duration
(minutes) of prolonged spontaneous erections in Sickle mice both pre- and post-CNS (Fig.
1D). Sickle mice had prolonged spontaneous erections that ranged from 45 sec to 4 mins
pre-CNS and 1.5 mins to 15 mins post-CNS (mean duration 2.4 ± 0.2 mins and 5.2 ± 0.4
mins respectively). WT mice had no spontaneous prolonged erections that met our criteria
for analysis. These data establish in vivo evidence of priapism in Sickle mice and are
consistent with our previous observation using transgenic Sickle cell mice to study the
pathophysiology of priapism.14

Western Blot Analysis of ROCK
ROCK1 (cytosol) and ROCK2 (cytosol) protein expression were measured in penile tissue
of WT and Sickle mice and these data are summarized in Figure 2. ROCK2 protein levels
were significantly lower in the Sickle mice penes when compared to WT (Fig. 2A) while
there was no change in ROCK1 protein expression (Fig. 2A). When ROCK levels were
analyzed by densitometry, ROCK2 protein levels were significantly reduced (p=0.04) in the
Sickle mice penes when compared to WT mice penile expression (Fig. 2C). There was no
change in ROCK1 protein expression as measured by densitometry in the Sickle mice penes
(Fig. 2B).

Activated RhoA GTPase and ROCK Activity
Activated RhoA GTPase and ROCK activity were measured in WT and Sickle mice penes,
and these data are summarized in Figure 3. Penile RhoA GTPase (Fig. 3A) and total ROCK
(Fig. 3B) activity levels were significantly lower (p<0.01 and p=0.03, respectively) in the
Sickle mice penes when compared to WT activity levels (Fig. 3).
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Discussion
The results of the present study confirm that transgenic Sickle mice display a priapic
phenotype, characterized by an increased frequency of erections both pre- and post- CNS as
well as enhanced erectile response to neurogenic stimuli. We further demonstrate that both
RhoA GTPase activity and the activity of its downstream effector ROCK are decreased in
Sickle mice penes. Decreased ROCK activity was associated with a decrease in ROCK2
protein expression while ROCK1 expression remained unchanged. These data suggest that
priapism in transgenic Sickle mice is associated with a lack of RhoA/ROCK mediated
vasoconstriction of the penile vasculature.

While the association between priapism and Sickle cell disease is well established, little is
known about the molecular mechanisms contributing to the development of Sickle cell
disease-associated priapism. Previous investigations in experimental animal models have
demonstrated that priapism may be caused by phosphodiesterase type 5 (PDE5)
dysregulation, NO imbalance, and adenosine overproduction.12–15,17,18 In eNOS KO mice,
an animal model with phenotypic in vivo evidence of priapism similar to transgenic Sickle
mice, chronic NO deficiency is associated with PDE5 downregulation and unchecked cGMP
accumulation allowing for uncontrolled penile vasodilation.12,13 Further studies in these
mice revealed that ROCK activity was reduced, offering the first in vivo suggestion that
decreased vasoconstriction contributes to priapism.13

The RhoA/ROCK signal transduction pathway has been shown to influence erectile function
in vivo through an array of mechanisms, including vasoconstriction of the penile vasculature
via smooth muscle contraction and regulation of eNOS.5,6,8 RhoA, a member of the Ras low
molecular weight of GTP-binding proteins, mediates agonist-induced activation of ROCK.19

The exchange of GDP for GTP on RhoA and translocation of RhoA from the cytosol to the
membrane are markers of its activation, and enable the downstream stimulation of various
effectors such as ROCK1 and ROCK2, protein kinase N, phosphatidylinositol (PI) 3-kinase
and tyrosine phosphorylation. There are three major classes of regulators of the Rho family
of GTPases: guanine nucleotide factors (GEFs), GTPase-activating proteins (GAPs), and
guanine nucleotide dissociation inhibitors.19 ROCK exerts a contractile effect on smooth
muscle by calcium independent promotion of myosin light chain (MLC) phosphorylation
(via phosphorylation of the myosin light chain phosphatase targeting subunit (MYPT1) and
subsequent inhibition of myosin light chain phosphatase. In the present study, we have
demonstrated that both RhoA GTPase and total ROCK activities are significantly reduced in
the Sickle mice penes suggesting that alterations in penile vascular tone and reduced
corporal smooth muscle contraction predispose enhanced corporal smooth muscle dilation to
any degree of erectogenic stimuli which results in priapism in vivo. The putative molecular
event which causes a decrease in RhoA GTPase in the Sickle mouse penis remains unknown
at this time but may be a result of GEF and GAP expression in the Sickle penile vasculature.

In Sickle mice penes we found a selective decrease in ROCK2 protein expression. ROCK1
and ROCK2 share 65% homology and have similar tissue distribution.20 Both isoforms are
expressed in the penis and both have been implicated in penile vasoconstriction however
isoform specific roles of ROCK are not well established.6,8,9 Recent in vitro work by Wang
et al. demonstrates that ROCK2 is the predominant isoform regulating vascular smooth
muscle contraction. Interestingly the authors found that inhibition of ROCK2 by RNA
interference increased ROCK1 expression and vice versa suggesting close interplay between
the two isoforms.21 The present study results demonstrate that ROCK2 protein expression as
well as total ROCK activity declines in Sickle mice penes highlighting for the first time a
molecular mechanism of Sickle cell disease-related priapism which is associated with
decreased vasoconstrictor activity in the penis. Further studies are warranted to determine
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phosphorylation states of MLC in Sickle mice penes in order to support the hypothesis that
less smooth muscle contraction may be a mechanism of priapism in Sickle cell disease.

Recent pre-clinical evidence in established mouse models of priapism have identified a role
for NO/cGMP as well as RhoA/ROCK signaling in the pathophysiology of priapism.12–14,17

In the penis, vascular smooth muscle cells are continuously subjected to vasodilatory action
of basally released NO from the vascular endothelium and vasoconstrictor factors such as
RhoA/Rho-kinase.4 Endothelium-derived NO can regulate the vascular tone in the penis by
controlling downstream targets of NO (cGMP, protein kinase G, or PDE5) as well as
regulating other signaling pathways (RhoA/ROCK). Previously, we demonstrated that
recurrent priapism is a manifestation of defective PDE5 regulatory function in the penis,
resulting from altered endothelial nitric oxide/cGMP signaling in the organ and the
unchecked accumulation of cGMP.12 We also demonstrated that chronic endothelial NO
deficiency in eNOS KO mice influences other signaling molecules in the penis, in particular
the RhoA/ROCK pathway.13 In the current investigation we show that reduced RhoA and
ROCK activities may contribute to the susceptibility of corporal tissue to excessive
relaxation via less contractile effects of ROCK in the corpora cavernosa during episodes of
Sickle cell disease-associated priapism.

Conventional treatment of priapism is usually administered after an acute episode has
occurred. As such, therapies have been primarily reactive rather than preventive. Novel
pharmacotherapies which prevent Sickle cell disease-associated priapism are currently being
evaluated in men with stuttering ischemic priapism.22–24 However, a large proportion of
men still need emergent treatment of their ischemic priapism. Our data indicate that a lack of
vasoconstriction may contribute to priapism in men with Sickle cell disease. As such, direct
intracavernous injection of RhoA/ROCK activators may represent a novel therapeutic
approach to treat Sickle cell patients who present with ischemic priapism.

It is worth noting a couple of limitations of this study. Sickle mice demonstrate a wide
spectrum of hematologic findings that are similar to those found in the human phenotype but
there are differences.16,25 Therefore, the changes in RhoA/ROCK signaling in the Sickle
mouse penis may not represent human Sickle cell pathology that governs penile
hemodynamics and ultimately priapism. Also, we have only investigated molecular changes
in RhoA/ROCK signaling at one time point (4–6 months) in the Sickle mouse penis with
relatively small sample numbers. It is plausible that changes may be occurring either earlier
or later in the lifespan of the mouse that may contribute to development of priapism and
influence end organ damages that occur in the Sickle cell mouse penes (fibrosis) and
eventual erectile failure.14 Also, we have previously shown that in eNOS KO mice penes
there is less total ROCK activity with no change in RhoA activity.13 Unlike eNOS KO mice,
RhoA GTPase activity are significantly decreased in the Sickle mice penes. The difference
may reflect species differences and method used to measure molecular alterations of penile
RhoA in the eNOS KO and Sickle mouse. We believe that the results of the present study
are a better representation of human Sickle cell disease since they are found in a mouse
model of human Sickle cell disease pathology.

Conclusion
The priapic phenotype of Sickle cell disease can be faithfully recapitulated in vivo using a
transgenic Sickle cell mouse model. In these mice, RhoA activity, and the activity of its
downstream effector ROCK are decreased. The decline in total ROCK activity can be
attributed to a reduction in ROCK2 protein expression. These data indicate that Sickle cell
disease associated-priapism may be contributed by a lack of RhoA/ROCK mediated

Bivalacqua et al. Page 6

Urology. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



vasoconstriction and suggests a role for activators of this pathway in the treatment of this
disease process.
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Figure 1.
(A) Baseline resting intracavernous pressure (ICP); (B) bar graph demonstrating the
frequency of spontaneous erections (erections/hr) pre- and post- cavernous nerve stimulation
(CNS; 2 V) in WT and transgenic Sickle cell (Sickle) mice; (C) voltage dependent erectile
responses to CNS showing peak ICP; (D) duration (mins) of spontaneous prolonged
erections in Sickle mice. n = number of experiments; * p<0.05 vs WT. For all panels, data
expressed as mean values ± SEM.
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Figure 2.
(A) Western blot analysis demonstrating expression of ROCK1, ROCK2 and GAPDH
protein in penes of WT (lanes 1–3) and Sickle (lanes 4–6) mice. Densitometry analysis of
the ratio of ROCK1 (B) and ROCK2 (C) to GAPDH protein expression in WT and Sickle
mice penes. n indicates number of tissue samples; * p<0.05 when compared to WT.
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Figure 3.
(A) Activated RhoA GTPase and (B) ROCK activity in WT and Sickle mice penes. n
indicates number of tissue samples; * p<0.05 when compared to WT.
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