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Abstract
OBJECTIVE—Hyperlipidemia has been associated with erectile dysfunction (ED). We
investigated structural changes, including possible smooth muscle hyperplasia, in the penis of a
hyperlipidemia-associated ED animal model.

MATERIALS AND METHODS—Hyperlipidemia was induced by high-fat diet. Penile tissues of
normal and hyperlipidemic rats were stained with Alexa-488-conjugated phalloidin and/or with
antibodies against rat endothelial cell antigen (RECA), neuronal nitric oxide synthase (nNOS), and
collagen-IV (Col-IV), followed by image and statistical analyses.

Main Outcome Measures: Corpus cavernosum content of smooth muscle, endothelium, collagen-
IV, and nNOS.

RESULTS—Phalloidin intensely stained all smooth muscle in the penis, revealing the circular
and longitudinal components of cavernous smooth muscle (CSM). CSM content was significantly
higher in hyperlipidemic than in normal rats. Cell numbers in both circular and longitudinal CSM
were significantly higher in hyperlipidemic than in normal rats. Cavernous endothelial content was
significantly lower in hyperlipidemic than in normal rats. nNOS-positive nerves within dorsal
nerves, around dorsal arteries, and in the corpora cavernosa were all significantly lower in
hyperlipidemic than in normal rats.

CONCLUSION—Hyperlipidemia is associated with reduced nNOS-positive nerves, reduced
endothelium, and increased smooth muscle in the penis. The increased smooth muscle is due to
hyperplasia. Together, these structural changes may explain why hyperlipidemic men are more
likely to develop ED.
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INTRODUCTION
Nearly 100 million men in the United States have mean lipid values outside the optimal
ranges [1]. Hyperlipidemic men are more likely to have erectile dysfunction (ED) than
normolipidemic men [2-4]. Current management of hyperlipidemia-associated ED calls for
PDE5 inhibitors as the first-line treatment despite the lack of validated evidence
demonstrating their efficacy [5]. Even when combined with cholesterol-lowering drug
atorvastatin, PDE5 inhibitor sildenafil was unable to fully restore erectile function [6]. Thus,
alternative treatment options need be explored and such efforts require a better
understanding of the pathological process [5, 6].

In 2003 we published a study in which a hyperlipidemia-ED rat model was established for
the experimental treatment with vascular endothelial growth factor (VEGF) and brain-
derived neurotrophic factor (BDNF) [7]. In the penile corpus cavernosum of these rats we
observed a reduced nerve content and fewer endothelial cells - features consistent with
decreased erectile function. However, we also observed an increased cavernous smooth
muscle (CSM) content, which may indicate a better erectile function. In 2010 we published
another study in which the same rat model was used for experimental stem cell therapy [8].
Although this time the rats were induced to develop hyperlipidemia and examined by a
different investigator (Huang versus Gholami), the same histological changes as those in the
2003 study were observed. Thus, an increased CSM content appears to be a consistent
feature in hyperlipidemic rats and this observation prompted us to further examine whether
the CSM increase is due to hyperplasia or hypertrophy.

In a recent study we found that, by using Alexa-488-conjugated phalloidin, which binds
specifically to F-actin, individual smooth muscle cells could be clearly visualized (Lin et al.,
submitted). Furthermore, by combining phalloidin stain with immunofluorescence (IF) stain
for neuronal nitric oxide synthase (nNOS), rat endothelial cell antigen (RECA), and type IV
collagen (Col-IV), we were able to visualize the microanatomical relationship between
smooth muscles and each of these three components. In the present study we demonstrate
how this improved penile histology can be used to obtain quantitative data pertaining to ED-
associated changes in the cellular and extracellular compartments. Specifically, we report
that the increased CSM content in the hyperlipidemia-ED rats is due to smooth muscle
hyperplasia.

MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and Use Committee at our
institution. Twenty 3-month-old male Sprague-Dawley rats were obtained from Charles
River Laboratories (Wilmington, MA). They were randomized into two groups: The normal
diet group received a standard rat chow while the high-fat diet group received a diet
consisting of 2% cholesterol and 10% lard (Zeigler Brothers, Gardner, PA). After 6 months,
hyperlipidemia and erectile dysfunction developed in the high-fat diet group as reported
previously [7, 8]. All animals were sacrificed with bilateral thoracotomy and their penises
harvested for histological analysis

Penile samples were fixed in 2% formaldehyde and 0.002% picric acid in 0.1M phosphate
buffer for 4 h, followed by overnight immersion in buffer containing 30% sucrose. The
specimens were then embedded in Optimum Cutting Temperature Compound (Sakura
Finetek, Torrence, CA) and stored at -70 °C until use. Sections were cut at 5 μm, mounted
onto SuperFrost-Plus charged slides (Fisher Scientific, Pittsburgh, PA) and air dried for 5
min. To stain F-actin, tissue sections were incubated with Alexa-488-conjugated phalloidin
(1:100 in 1% BSA, Invitrogen, Carlsbad, CA) for 20 min at room temperature, followed by

Qiu et al. Page 2

BJU Int. Author manuscript; available in PMC 2013 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubation with 4’,6-diamidino-2-phenylindole (DAPI, for nuclear staining, 1 μg/ml, Sigma-
Aldrich, St. Louis, MO). For immunofluorescence stain, tissue sections were placed in 4%
paraformaldehyde for 10 min, washed twice in PBS for 5 min and incubated with 3% horse
serum in PBS/0.3% Triton X-100 for 30 min at room temperature. After draining this
solution from the tissue section, the slides were incubated at 4 °C with mouse anti-RECA
(ABD SEROTEC, Raleigh, NC), rabbit anti-Collagen IV (Abcam, Cambridge, MA), or
rabbit anti-nNOS (Santa Cruz Biotechnology, Santa Cruz, CA). Control tissue sections were
similarly prepared except no primary antibody was added. After rinses with PBS, the
sections were incubated with Alexa-594 conjugated goat anti-rabbit or goat anti-mouse
secondary antibodies (Invitrogen). After rinses with PBS, the slides were further stained
with DAPI. When indicated, the immunostained tissues were also stained with Alexa-488-
conjugated phalloidin as described above before the DAPI stain.

The stained tissues were examined with a Nikon Eclipse E600 fluorescence microscope and
photographed with a Retiga 1300 Q-imaging camera using the ACT-1 software (Nikon
Instruments, Melville, NY). Computerized histomorphometric analysis was performed using
Image-Plus 5.1 software (Media Cybernetics, Bethesda, MD). To analyze CSM content, the
corpus cavernosum was photographed at 20x magnification, and the ratio between the
phalloidin-stained area (pixel number of green stain) and the entire corpus cavernosum was
calculated. To analyze cell number in the longitudinal CSM and fiber number in the circular
CSM, the corpus cavernosum was photographed at 1000x magnification, followed by
counting positively stained cells and fibers. To analyze nNOS content, the number of
positively stained dots within dorsal nerves, around dorsal arteries and in corpus cavernosum
was counted at 200x magnification. To analyze endothelial or Col-IV content, the integrated
optical density (IOD) of positively stained area was obtained at 100x magnification.

Data were analyzed with Prism 4 (GraphPad Software, San Diego, CA). Analysis of
variance (ANOVA) was used to determine the difference between the means of different
treatment groups, followed by paired T test. Difference was considered significant when
p<0.05. All data are shown as mean ± standard deviation (SD).

RESULTS
Alexa488-phalloidin intensely stained all smooth muscles in the rat penis, including the two
dorsal arteries, the dorsal vein, and the CSM (Fig. 1). The CSM content was significantly
higher in hyperlipidemic than in normal rats (Fig. 1A&B; Table 1). At higher magnification
it became clear that the CSM was divided into a circular and a longitudinal compartment
(Inserts in Fig. 1C-H). The cell number in the longitudinal CSM was significantly higher in
hyperlipidemic than in normolipidemic rats (Fig. 1E&F; Table 1). The fiber number in the
circular CSM was also significantly higher in hyperlipidemic than in normolipidemic rats
(Fig. 1G&H; Table 1).

The cavernous endothelium, identified by IF staining with anti-RECA antibody, covers the
sinusoidal side of CSM (Fig. 2). Under identical staining and photographic conditions, the
endothelium was found thinner in hyperlipidemic than in normolipidemic rats (Fig. 2A&B).
Furthermore, while the endothelium in normolipidemic rats was a continuous lining that
wraps around CSM bundles, that in hyperlipidemic rats was discontinuous (Fig. 2C&D).
Both the thinning and discontinuity of the endothelium in hyperlipidemic rats are reflected
in a significantly lower endothelial content (Table 2).

Col-IV, identified by IF staining with anti-Col-IV antibody, was localized between the
endothelium and CSM as well as surrounding each CSM cells (Fig. 3). Under identical
staining and photographic conditions, Col-IV was found more abundantly expressed in
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hyperlipidemic than in normolipidemic rats. However, this difference was offset by the
difference in CSM content (Tables 1&2).

nNOS-positive nerves were identified by IF staining with anti-nNOS antibody. The numbers
of these nerves were significantly lower in hyperlipidemic than in normolipidemic rats (Fig.
4; Table 3) as seen within the dorsal nerves (Fig. 4A&B), around dorsal arteries (Fig.
4C&D), and in the cavernous tissue (Fig. 4E&F).

DISCUSSION
ED is usually associated with a reduced CSM content, for example, in arteriogenic [9] and
neurogenic ED [10, 11] ED rat models. However, in 2003 we reported that rats with
hyperlipidemia-associated ED had increased CSM content [7], and this has been
independently confirmed in two separate studies by Ryu et al [12] and Ryu et al [13]. Most
recently, in an experimental stem cell therapy for hyperlipidemia-associated ED we again
observed an increased CSM content in hyperlipidemic rats [8]. Thus, it appears that
increased muscularity occurs not only in blood vessels [14] but also in the corpus
cavernosum. Since, increased muscularity in blood vessels is known due to hyperplasia, this
study was intended to discern whether smooth muscle hyperplasia also occurred in the
corpus cavernosum.

In a recent study we demonstrated an improved penile histology by the use of phalloidin
stain (Lin et al., submitted). Specifically, we reported the finding that the CSM was
comprised of a circular and a longitudinal component, and we also reported the visualization
of individual CSM cells. In the present study we took advantage of the phalloidin stain and
demonstrated that both the circular and longitudinal CSM compartments were affected by
hyperlipidemia, and the resulting increases were due to hyperplasia. Thus, similar to the
situation with the vascular smooth muscle (VSM) cells in blood vessels [14], increased CSM
cellular proliferation occurred as a response to hyperlipidemia.

It has been shown that hyperlipidemia causes the destruction of the endothelial barrier,
thereby exposing the VSM directly to blood circulation [14]. This leads to increased VSM
cellular proliferation due to the presence of growth factors in the blood, particularly those
derived from the platelets [14]. In our previous studies [7, 8] and present study we also
observed a damaged cavernous endothelium as well as a lowered cavernous endothelial
content in hyperlipidemic rats. Similar findings have also been reported in hyperlipidemic
mice by Ryu et al [15]. Thus, hyperlipidemia-associated CSM hyperplasia was likely due to
increased exposure of CSM to growth factors in the blood. Furthermore, similar to the
situation with the VSM, hyperplasia in the CSM is probably associated with decreased
contractility as the cells transit from a quiescent contractile phenotype to a proliferative
synthetic phenotype [14].

The cavernous ECM is mainly composed of collagen types I, III, and IV, with types I and IV
being predominant [16]. While Col-I and Col-III are primarily localized to the non-muscle
non-endothelial areas of the corpus cavernosum, Col-IV is closely associated with the
endothelial basement membrane and the smooth muscle basal lamina (Lin et al, submitted).
In blood vessels Col-IV is also closely associated with the endothelium and smooth muscle,
and plays important roles in maintaining the contractile phenotype of vascular SMC [17]. In
the penile corpus cavernosum, reduced Col-IV level has been associated with psychogenic
ED [18]; however, the overall importance of Col-IV in erectile function remains unknown.
In the present study we found an increased level of Col-IV in the corpora cavernosa of
hyperlipidemic rats. However, relative to the increased number of CSM cells, the Col-IV
level was slightly lower in the hyperlipidemic rats.
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In our 2003 paper we reported that the penile dorsal nerves of hyperlipidemic rats had a
remarkable decrease in the number and size of nonmyelinated axons [7]. In our 2010 paper
we reported that the penile dorsal nerves of hyperlipidemic rats had significantly fewer
nNOS-positive fibers [8]. In the present study we confirmed the latter study’s finding, and
additionally we observed that the reduction of nNOS-positive nerves also occurred around
the dorsal artery and in the corpora cavernosa. Thus, hyperlipidemia appears to cause an
overall reduction of nNOS-positive nerves in various parts of the penis.

Reduced nNOS-positive nerves and endothelium can both negatively affect erectile function
due to the reduced bioavailability of nitric oxide. The diminished endothelium also causes
the CSM to lose contractility as the cells become synthetic. Together, these structural
changes can possibly explain why hyperlipidemic men are at higher risk of having ED.
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Figure 1.
IF stain with Alexa488-phalloidin for comparison of cavernous smooth muscle
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Figure 2.
IF staining with anti-RECA antibody for comparison of cavernous endothelial content
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Figure 3.
IF staining with anti-Col-IV antibody for comparison of Col-IV content
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Figure 4.
IF stain with anti-nNOS antibody for Comparison of nNOS-Positive Nerves
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Table1

Comparison of cavernous smooth muscle content and cell number

CSM content
(% Total area)

Longitudinal CSM cells
(Number/area)

Circular CSM fibers
(Number/thickness)

N 9.24±0.01 214.62±23.16 3.40±0.55

H 12.8±0.01a 321.22±20.01b 6.60±0.89b

CSM: cavernous smooth muscle; N: Normal rats; H: Hyperlipidemic rats

a
P<0.05 compared with N

b
P<0.01 compared with N
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Table 2

Comparison of endothelium and collagen-IV in corpora cavernosa

RECA
(IOD)

Collagen-IV
(IOD)

N 66873.4±4859.9 135805.0±2301.9

H 44423.2±4448.5a 159015.0±2407.5a

IOD: Integrated Optical Density; N: Normal rats; H: Hyperlipidemic rats

a
P<0.01 compared with N
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Table 3

Comparison of nNOS content

Within dorsal nerve
(Number of dots)

Around dorsal artery
(Number of dots)

In corpora cavernosa
(Number of dots)

N 578.6±52.6 56.9±6.3 50.2±5.5

H 433.4±41.3a 41.8±5.4a 32.4±4.9b

N: Normal rats; H: Hyperlipidemic rats

a
P<0.05 compared with N

b
P<0.01 compared with N
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