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Objective: To assess the morphological changes of penile vascular structures and the
corpus cavernosum area in alloxan-induced diabetic rabbits.
Materials and Methods: Twenty male rabbits (2 months old) were divided into two
groups with 10 rabbits each, the control group (CG) and the diabetic group (DG). The
animals from DG received an intravenous injection of alloxan (100mg/kg) to induce the
diabetes. Ten weeks after the induction of diabetes, all animals were euthanized. Two
fragments of the penile shaft were harvested and samples were processed and paraffin
embedded. Sections (5µm) were cut and stained for histological and immunohistochemical markers.
Results: Nuclear protrusion toward the lumen, and cytoplasmic vacuolization were
observed in the tunica intima of the dorsal artery of the penis in DG. The thicknesses
of the tunica media increased significantly in DG (p = 0.0350). It was also observed a
significant increase in the area of the tunica media (p = 0.0179). There was no significant change in smooth muscle cell density in the tunica media of the dorsal artery of
the penis (p = 0.0855). The collagen fiber pattern of the tunica adventitia of the dorsal
artery of the penis was different between the control and diabetic groups. There was a
significant decrease in the area occupied by the cavernous sinuses in DG (p = 0.0013).
Conclusion: Alloxan-induced diabetes mellitus in rabbits promotes important changes
in penile vascular structures, thereby decreasing blood supply and affecting penile hemodynamics, leading to erectile dysfunction.

INTRODUCTION
The penile erection results from blood
pressure increases, relaxation of smooth muscle, and reduction of venous return (1). Smooth
muscle cells, elastic system fibers, and collagen
fibers are important penile structures involved in
the erection process. These structures also give
required rigidity to the penis when in a flaccid
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state (2,3). Several studies have reported functional and morphological changes that take place during the erection process in different animal models (4,5) and also in humans (6,7).
Patients with diabetes mellitus (DM) have
a high incidence of erectile dysfunction (ED). Several epidemiological studies have assessed the
correlation between DM and ED (8). Evaluation
of animal models demonstrated that neural (9)
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and vascular (10) changes seen with DM may be
associated with ED. Vascular diseases such as
microangiopathy, atherosclerosis, and hypertension are often observed in patients with DM. A
relationship between these vascular conditions
and the occurrence of morphological changes in
the mesenteric artery (11,12) and aorta in rats
(13) has been demonstrated.
Although some morphological changes
in penile elements have been described in rabbits with DM (3), there is no data regarding
morphological changes in penile blood vessels
associated with DM. The rabbit penis is, morphologically, classified as a vascular type and
has a dorsal corpus cavernosum (CC) and a ventral corpus spongiosum (CS), which surrounds
the penile urethra. Both CC and CS are covered
by a dense connective layer, the tunica albuginea, which originates intra-cavernosum pillars
or septa, mainly in the CC (14). There are pronounced resemblances between the rabbit and
human penis in morphological, physiological,
and neurological features (5,15). Therefore, the
rabbit penis is often used as an experimental
model to assess ED (5,14). The rabbit penis is a
more suitable model than the rat penis, which is
classified as a fibro-elastic type (4), with a penile
bone inside and a penile protrusion during mating with little variation in its diameter (16).
The arterial vascularization of the penis
in the New Zealand rabbit was shown to be supplied by the penile artery arising from the internal pudendal artery, and its branches, and the
deep artery and dorsal artery of the penis (17).
The dorsal artery of the penis (DAP) has a longitudinal path in the penis, with few variations,
resulting in accurate transverse cuts by minimizing the bias in histomorphometric analysis.
The DAP can be considered, from a histological
perspective, as a representation of how DM and
other disorders affect the penile arteries, as cited by Qiu et al. (18) and Kovanecz et al. (19).
Additionally, the DAP is important for the homeostasis and function of penile tissues (19). Thus,
the aim of this study was to assess the morphological changes in penile vascular structures and
the area of the corpus cavernosum in diabetes-induced rabbits.

MATERIALS AND METHODS
Twenty New Zealand rabbits, 2 months
old, weighing 1.5 to 2.0 Kg, were used in this
study. The study was approved by the Ethics
Committee in Animal Research at the State
University of Rio de Janeiro (CEA 227/2008).
All animals were housed in individual cages at
room temperature. They were provided with a
commercial rabbit feed (120 g/day) and water
ad libitum. The animals were divided into two
groups of 10 animals, the control group (CG)
and the diabetic group (DG). All rabbits were
anesthetized by using xylazine (5 mg/Kg IM)
and ketamine (20 mg/Kg IM). Animals from the
diabetic group received an intravenous injection of alloxan monohydrate (100 mg/Kg) for
the induction of diabetes (20), while the control
group received an intravenous injection of the
same volume of saline.
Blood samples were drawn from the marginal ear vein from all animals for glucose evaluation after a fasting period of 10 hours, and
at 24, 48, and 72 hours post- diabetes induction and weekly thereafter until the end of the
experiment. The measurement of serum glucose
levels was made by using the One Touch Ultra
Glucometer (Johnson & Johnson Company, Rio
de Janeiro, Brazil). Rabbits with serum glucose
levels 126 mg/dL or above were considered diabetic. Ten weeks after the induction of diabetes,
all animals were euthanized by an intravenous
injection of high dose sodium thiopental.
Histological procedures
The penises were histomorphometrically
assessed in both the control and diabetic groups.
The area of the CC sinuses, thickness and area
of the tunica media, and density of the smooth muscle cells of the DAP were measured and
recorded. The tunica adventitia and the tunica
intima of the DAP were qualitatively evaluated.
Two fragments of the penile shaft were collected
and fixed; one was placed in Bouin’s fluid and
another in 10% buffered formalin (pH 7.3). All
samples were routinely processed and embedded
in paraffin. Sections (5µm) were cut for use in
immunohistochemistry and histological staining.
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Hematoxylin and eosin stain and Masson’s
trichrome stain were used for preliminary evaluation of the histological preparations. Picrosirius
red stain, with a polarizing kit adapted to the microscope, was used to assess collagen birefringence in the DAP. The periodic acid-Schiff (PAS) technique was used to evaluate the endothelium (21).
Immunohistochemistry
The immunostaining was used to estimate
the smooth cell density and area of the DAP and
CC sinuses. The avidin-biotin-peroxidase method
was used to identify smooth muscle cells. Briefly, the sections were dewaxed in xylene, hydrated
in a decreasing series of ethanol into water, and
washed in phosphate buffered saline (PBS) for 5
minutes. Sections were then treated at room temperature with a 3% hydrogen peroxide solution
in methanol to block endogenous peroxidase activity. Sections were then washed in PBS (3 x 5
minutes) and incubated with 1% goat serum in a
moist chamber for 30 minutes at 37º C. Sections
were then incubated with anti-alpha actin antibody (1:400, A-2547, Sigma-Aldrich Co, St Louis,
MO, USA) in a moist chamber for 12 to 14 hours
at 4º C. Negative controls were incubated with
PBS instead of the primary antibody. Samples of
a well-known tissue, with the antigen, were used
for the positive controls, as previously described
(4). Finally, the sections were washed in PBS (3
x 5 minutes) and incubated with the biotinylated
secondary antibody (Sigma-Aldrich Co, St Louis,
MO, USA) at 1:100 in a moist chamber for 30 minutes at room temperature, washed and incubated
with the ABC complex (extravidin 1:100) for 30
minutes. The sections were then washed treated
with a 393-diaminobenzidine tetrahydrochloride
solution (Sigma-Aldrich Co, St Louis, MO, USA).
The negative control was done by replacing the
anti-smooth muscle a-actin antibody with PBS
and no sign of staining was observed.
Histomorphometry
Selected images used for measurements
and quantification were obtained using a light microscope (Olympus BX-41 coupled to a Sony CCD
video camera), at magnifications of 4, 40, and 100
x. Three sections from each animal were analyzed

at different histological fields. ImageJ 1.44p (National Institute of Health, Bethesda, MD, USA)
was used to quantify the area DAP wall. The cell_
counter.jar plug-in was used to count the smooth
muscle cells of the tunica media of DAP and of the
trabeculae of the CC.
The percentual of area occupied by cavernous sinuses was obtained by the difference between the CC area and the cavernous sinus area
(mm²). From these values we calculated the individual percentage of area occupied by the cavernous sinus, and then calculated the mean values
for each group, in order to compare them.
Statistics
All results were expressed as mean ± standard deviation (SD). Statistical analysis was performed using the Graphpad Instat software version 3.01 for Windows XP, (GraphPad Software
Inc, San Diego, CA, USA). Student’s t-test was
used to test differences between the measurements
from the control and diabetic groups, a value of p
< 0.05 was considered statistically significant.
RESULTS
Serum glucose
After 72 hours from the intravenous injection of alloxan, serum glucose levels in rabbits
reached 150 mg/dL, and rabbits were then considered diabetic. In subsequent samples, the serum
glucose levels increased in the diabetes-induced
animals. In contrast, the mean serum glucose concentration in the control group remained at 79
mg/dL throughout the experiment. At euthanasia,
10 weeks after the achievement of diabetes, the
serum glucose levels of the diabetic group was approximately 350 mg/dL. Therefore, rabbits in the
diabetic group remained in a hyperglycemic state
throughout the 10-week experimental period.
Morphological changes in the DAP
Nuclear protrusions toward the lumen
and vacuolization of the cellular cytoplasm were
observed in cells of the epithelium of the tunica
intima in the DAP (Figures 1 and 2). The tunica
media of the DAP was observed at high magnification to assess thickness and area (Figures 3
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Figure 1 - Tunica intima of the DAP of a control rabbit. Sections
were stained with PAS stain, and images were taken at 1000x
magnification. Scale bar: 10µm.

Figure 2 - Tunica intima of the DAP of a diabetic rabbit,
showing cytoplasmic vacuolization (arrows) and nuclear
protrusions (arrow heads) in the endothelium. Sections were
stained with PAS stain, and images were taken at 1000x
magnification. Scale bar: 10µm.

Figure 3 - Immunostaining of the smooth muscle in the tunica
media of the DAP of rabbits from the control group. Sections
were stained with the anti-alpha-actin antibody, and images
were taken at 400x magnification. Scale bar: 50µm.

Figure 4 - Immunostaining of the smooth muscle in the tunica
media of the DAP of rabbits from the diabetic group. Sections
were stained with the anti-alpha-actin antibody, and images
were taken at 400x magnification. Scale bar: 50µm.

and 4). There were significant changes in the thickness and area of DPA wall (Table-1). The values
of DPA wall thickness were 35.012 ± 3.177μm in
CG and 44.330 ± 8.434μm in DG (P = 0.0350). The
mean DPA wall area was 12070.675 ± 2938.2μm²
and 18221.298 ± 6861.9μm² in control and diabetic groups, respectively (P = 0.0179).
There was no significant change in smooth muscle cell density in the tunica media of the

DAP between the groups. The ratio of nucleus per
unit area was 0.007154 ± 0.001954 nuclei/μm² in
CG and 0.004808 ± 0.002069 nuclei/μm² in the
DG (P = 0.0855).
The collagen fibers of the tunica adventitia of the DAP were different between the control and diabetic groups. An orange birefringence
and increased fiber thickness was observed in the
control group. In the diabetic group, the birefrin-
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Table 1 - Morphological measurements of the DAP tunica media in control and diabetic rabbits. Data are presented as mean ± SD.
Parameter

Control group

Diabetic group

P

Thickness

35.012 ± 3.177μm

44.330 ± 8.434μm*

0.0350

12070.675 ± 2938.2μm²

18221.298 ± 6861.9μm²*

0.0179

0.007154 ± 0.001954 nuclei/μm²

0.004808 ± 0.002069 nuclei/μm²

0.0855

Area
Nuclear density

* Statistically significant (p value < 0.05).

gence was greenish and the fibers were thinner
(Figures 5 and 6).
Morphometric analysis of CC sinuses
There was a significant decrease in the
mean area of the CC sinuses in the diabetic group
compared to the control group (Figures 7 and 8).
The values of the mean area in CG and DG were
60.76 ± 7.883 % and 37.93 ± 9.986 %, respectively
(P = 0.0013).
However, there was no significant difference in the cellular density in the CC sinuses between the control and the diabetic groups.

Figure 5 - Collagen arrangement in the tunica adventitia of
the DAP of rabbits from the control group. Sections were
stained with Picro Sirius red stain, and images were taken
using polarized light at 400x magnification. Scale bar: 50µm.

DISCUSSION
The smooth muscle of both the CC and arterial wall of the DAP play an important role in
penile erection (1). DM is associated with microand macrovascular diseases, which cause several
morphological changes in the vascular wall (22).
Wang et al. (23) demonstrated a high prevalence
(> 75%) of penile arterial insufficiency in diabetic
men with erectile dysfunction, using duplex ultrasound after intracavernous injection of prostaglandin E1. Hyperglycemia in diabetic New Zealand rabbits has been shown to be associated with
a reduction in the number of smooth muscle cells
and increased cellular density when compared to
normal rabbits, suggesting that hyperglycemia
can lead to permanent changes in the dynamics of
smooth muscle cell proliferation (24).
Diabetes can cause arterial wall thickening, as reported in the mesenteric artery, renal
artery, and aorta (11,12,25). However, this has not
been previously described in penile arteries. The
mechanism of arterial wall thickening associated

Figure 6 - Collagen arrangement in the tunica adventitia of
the DAP of rabbits from the diabetic group. Sections were
stained with Picro Sirius red stain, and images were taken
using polarized light at 400x magnification. Scale bar: 50µm.
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Figure 7 - Area of the CC sinuses of rabbits from the control
group. Binarized image taken at 40x magnification. Scale
bar: 200µm.

Figure 8 - Area of the corpus cavernosum sinuses of rabbits
from the diabetic group. Binarized image taken at 40x magnification. Scale bar: 200µm.

with DM is not clear, because smooth muscle cells
of the tunica media may increase in size as a result of hyperplasia or hypertrophy. Hyperplasia of
the neointima associated with DM has been shown to result from smooth muscle cell proliferation in the tunica media and subsequent migration
to the tunica intima, leading to vascular stenosis
(26). This migration process did not occur in the
current study, and there was no disruption of the
internal elastic layer. However, we demonstrated
increased smooth muscle area and thickening
of the DAP wall in diabetic rabbits, but with no
change in the cellular density, suggesting hypertrophy of the smooth muscle cells in the tunica
media. This finding agrees with Vranes et al. (11),
who reported hypertrophy of the smooth muscle
cells in the tunica media of thickened mesenteric
arteries in diabetic rats. The relationship between DM and smooth muscle hypertrophy has also
been demonstrated in the urinary bladder (27).
Hypertrophic remodeling in the DAP tunica media
can increase vascular resistance and impair the
myogenic response, which is a key component of
autoregulation of blood flow and stabilization of
capillary pressure (22).
In this study, vascular remodeling associated with DM reached the tunica adventitia, chan-

ging the pattern of collagen fibers and reducing
their thickness from that seen in the control group
(orange birefringence), to thinner fibers (greenish
birefringence). Changes in the pattern of collagen
fibers have been previously demonstrated in the
mesenteric artery of streptozotocin-induced diabetic rats (11). Rearrangement of collagen fibers
in the extracellular matrix, in both the wall of
the DAP and periarterial region, suggests that it
occurred simultaneously to vascular hypertrophy
associated with DM. In this study, we also found
nuclear protrusions toward the lumen and endothelial cytoplasmic vacuolization in the tunica intima. Hadcock et al. (25) have also reported cytoplasmic vacuolization in endothelial cells in the
aorta of alloxan-induced diabetic rabbits. In cells
from the umbilical cord, this vacuolization has
been shown to be correlated with an increase in
mitochondrial area (28). Mitochondrial and nuclear changes are indicators of the reversible injury
mechanism, vacuolar degeneration (29). Chemically induced hyperglycemia may also cause oxidative stress leading to cellular vacuolization (25).
An increase in glucose promotes a small
proliferative effect in the smooth muscle cells of
coronary arteries. However, chronic hyperglycemia intensifies the response to growth factors
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such as platelet derived growth factor (PDGF) and
transforming growth factor-β1 (TGF-β1) (30). The
hypertrophy associated with DM in smooth muscle cells seen in the wall of the mesenteric artery
could be associated with Na/H equilibrium (31).
The Na/H channels of smooth muscle cells are
sensitive to intracellular pH reductions that occur due to the ketoacidosis DM-related (29), which
leads to higher activation of the Na/H exchanger.
This Na/H exchanger activation may be a response
to higher amounts of glucose or to increased concentrations of the growth factors associated with
DM, which can lead to hypertrophy (12).
The causes of vascular complications associated with DM are multifactorial, but glyco-oxidative stress has been shown to be a key factor
among the several DM disorders (22). Advanced
glycation endproducts (AGEs) play an important
role in the decrease of vascular distensibility. The
biochemical production of AGEs has been shown
to be increased in DM, because of the chronic oxidative stress caused by hyperglycemia (32). In the
current study, vascular impairment observed in
the DAP associated with DM was not limited to the
arterial wall. There was a decrease of 36% in the
area of the CC sinuses, compared to control rabbits. This decrease in the sinus area can be explained by the increasing density of smooth muscle
in the CC septa, thus enlarging the septal area (3).
In conclusion, experimentally induced DM
by alloxan injection in rabbits resulting in 10 weeks of hyperglycemia causes important changes in
the vascular structures of the penis, promoting alterations in the tunica intima, media, and adventitia, as well as significant decreases in the area of
the CC sinuses. These changes decrease the blood
supply and affect the hemodynamics of the penis,
thus leading to ED.
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