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Abstract
Objectives—To investigate whether fluorochrome-conjugated phalloidin can delineate
cavernous smooth muscle (CSM) cells and whether it can be combined with immunofluorescence
(IF) staining to quantify erectile dysfunction (ED)-associated changes.

Methods—ED was induced by cavernous nerve crush in rats. Penile tissues of control and ED
rats were stained with Alexa-488-conjugated phalloidin and/or with antibodies against rat
endothelial cell antigen (RECA), CD31, neuronal nitric oxide synthase (nNOS), and collagen-IV
(Col-IV).

Results—Phalloidin was able to delineate CSM as composed of a circular and a longitudinal
compartment. When combined with IF stain for CD31 or RECA, it helped the identification of the
helicine arteries as covered by endothelial cells on both sides of the smooth muscle layer. When
combined with IF stain for nNOS, it helped the identification that nNOS-positive nerves were
primarily localized within the dorsal nerves and in the adventitia of dorsal arteries. When
combined with IF stain for Col-IV, it helped identify that Col-IV was localized around smooth
muscles and beneath the endothelium. Phalloidin also facilitated the quantitative analysis of ED-
related changes in the penis. In rats with cavernous nerve injury, RECA or Col-IV expression did
not change significantly, but CSM and nNOS nerve contents decreased significantly.

Conclusions—Phalloidin stain improved penile histology, enabling the visualization of the
circular and longitudinal compartments in the CSM. It also worked synergistically with IF stain,
permitting the visualization of the dual endothelial covering in helicine arteries, and facilitating the
quantification of ED-related histological changes.
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Introduction
Visualization of smooth muscle in the penis is usually performed by immunohistochemistry
(IHC) or immunofluorescence (IF) with an anti-smooth muscle actin (anti-SMA) antibody.
For example, Ferrini et al 1 and Yang et al 2 have employed IHC and IF, respectively, with
anti-SMA antibody to visualize the smooth muscle structure in rat penile tissues. Another
commonly used method, the trichrome stain, has the additional benefit of being able to
discriminate between smooth muscle and collagen, and this was previously used by Ferrini
et al 1 to quantify corporal muscle and collagen contents.

Phalloidin is a toxin from the toadstool “Death Cap” (Amanita phalloides), and its
potentially lethal effect was due to its ability to bind actin and prevent actin
depolymerization 3,4. Because of its small size phalloidin can easily penetrate into the
densely packed actin network, and its stabilizing action on actin filaments further makes it
an ideal probe for the detection of actins 5. Thus, several fluorochrome-conjugated
derivatives of phalloidin have been employed for the visualization of cellular actin 6,7. In
particular, the Alexa-conjugated phalloidin derivatives have been shown to yield brightness
and photostability that are superior to all other spectrally similar conjugates 8. For example,
Alexa-488-conjugated phalloidin has been used to generate sharp images of aortic smooth
muscle cells 9.

In the present study we employed Alexa-488-conjugated phalloidin to stain the penises of
rats. The technique allowed us to clearly visualize not only the individual SMC but also their
relationship with the endothelium, nerves, and extracellular components when combined
with IF for these latter structures. As a consequence, we recognized that the CSM is
composed of two layers – circular and longitudinal. We also discovered that small blood
vessels (helicine arteries) within the cavernous tissue are lined with two layers of endothelial
cells – one on the luminal side and another on the abluminal side of the smooth muscle
layer. Finally, we found that the combined phalloidin/IF stain could be used to obtain
valuable information on the histological changes associated with cavernous nerve injury.

Materials and Methods
Animals

All experimental protocols were approved by the Institutional Animal Care and Use
Committee at University of California San Francisco. Sixteen 3-month-old male Sprague-
Dawley rats obtained from Charles River Laboratories (Wilmington, MA) were randomized
into two equal groups and treated as follows. Briefly, under 2% isoflurane anesthesia, a
lower abdomen midline incision was made and the prostate gland exposed. The cavernous
nerves and major pelvic ganglia were then identified posterolaterally on both sides of the
prostate. In the Control (C) group no further manipulation was performed except for closing
the wound. In the Nerve Crush (NC) group the cavernous nerves were isolated and crushed
for 2 minutes per side, using a dedicated needle holder 10. The abdomen was then closed in
two layers. Four months later, erectile function was determined by measurement of
intracavernous pressure (ICP) during electrostimulation of cavernous nerves. All Control
rats had normal ICP while all NC rats had reduced ICP 10.
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Phalloidin and immunofluorescence stain
Rat penises were harvested and fixed in cold 2% formaldehyde and 0.002% saturated picric
acid in 0.1 M phosphate buffer, pH 8.0, for 4 h followed by overnight immersion in buffer
containing 30% sucrose. The specimens were then embedded in optimum cutting
temperature compound (Sakura Finetek USA, Torrance, CA) and stored at −70 C until use.
Fixed frozen tissue specimens 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 incubation with 4′,6-
diamidino-2-phenylindole (DAPI, for nuclear staining, 1 g/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), mouse anti-CD31 (Millipore, Billerica, MA), rabbit anti-Collagen IV (Abcam Inc.,
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
rinsing with PBS, the sections were incubated with Alexa-488 or Alexa-594 conjugated goat
anti-rabbit or goat anti-mouse secondary antibodies (Invitrogen, Carlsbad, CA). After
rinsing 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.

Image analysis and quantification
The stained tissues were examined with Nikon Eclipse E600 fluorescence microscope and
photographed with Retiga 1300 Q-imaging camera using the ACT-1 software (Nikon
Instruments Inc., Melville, NY). Individual images generated from the green, red, and blue
channels were superimposed to generate the composite figures. 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 20× magnification, and the ratio between the phalloidin-stained area (pixel
number of green stain) and the entire corpus cavernosum (pixel number of areas enclosed
within the tunica albuginea) was calculated. To analyze nNOS content, the number of
positively stained dots within dorsal nerves was counted at 200× magnification. To analyze
endothelial or Col-IV content, the integrated optical density of positively stained area was
obtained at 100× magnification.

Statistical analysis
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
Circular and Longitudinal Cavernous Smooth Muscles

Alexa-488-conjugated phalloidin intensely stained smooth muscles in the rat penis,
including the two dorsal arteries, the dorsal vein, and the CSM (Fig. 1A). At higher
magnifications it became clear that the CSM is divided into a circular and a longitudinal
compartment (Fig. 1B &C). The circular CSM, which varies in thickness from 1 to 6 layers
(mostly 2 to 3), is located closer to the connective tissue and distributed along the walls of
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the cavernous sinusoids. The longitudinal CSM, which appears as clusters of SMC in cross
sectional views, runs parallel to the length of the penis. In contrast to its circular counterpart,
the number of cells in the longitudinal CSM clusters varies greatly from a few cells to
several dozens. To illustrate the improved histology with phalloidin stain, a side-by-side
comparison of phalloidin and actin shows that CSM fibers appeared coarse and granular
when stained with anti-SMA antibody (Fig. 1D&E).

The Endothelium
The delineation of smooth muscle by phalloidin stain permitted a clear visualization of the
relationship between smooth muscle and the endothelium - the latter defined by IF staining
with anti-RECA and anti-CD31 antibodies (Fig. 2). Throughout the cavernous sinusoids, all
musculatures are covered with a layer of endothelial cells on their sinusoidal side. In
addition, a few blood vessel-like structures (helicine arteries) can be seen in the vicinity of
the longitudinal CSM (Fig. 2A, C&D). Surprisingly, these vessel-like structures are covered
by two layers of endothelial cells – one on the luminal and another on the abluminal side of
the smooth muscle. It is unlikely that such a dual-endothelium structure is a staining artifact
because dorsal arteries and dorsal vein in the same tissue section as the one in Fig. 2C were
stained positive for RECA only on the luminal side (Fig. 2E).

Nerves
The delineation of smooth muscle by phalloidin stain also permitted the clear visualization
of the relationship between smooth muscle and nNOS-positive nerves (Fig. 3). First, nNOS
protein was primarily localized within the dorsal nerves, which were devoid of phalloidin
stain (Fig. 3A). Second, nNOS protein was also localized in the adventitia of dorsal arteries,
whose smooth muscle was positively stained by phalloidin (Fig. 3B). Finally, nNOS protein
was also localized at a relatively low level to the periphery of CSM bundles (Fig. 3C).

Extracellular Matrix
The cavernous ECM is mainly composed of collagen types I, III, and IV 11. Due to Col-IV's
close association with smooth muscle cells 12, it was examined in the present study by IF
staining in conjunction with the phalloidin stain for CSM. Col-IV was seen surrounding
each longitudinal SMC and sandwiched between circular CSM fibers (Fig. 4A&B). It was
also localized on the sinusoidal side of muscle bundles, seemingly forming the endothelial
basement membrane (Fig. 4A&B). The relationship between this basement membrane-like
structure and the endothelium was further examined by double staining with anti-RECA
antibody (Fig. 4C-F). To ensure specificity, the endothelium and Col-IV were alternately
stained with green and red fluorochromes. The results show that, in regard to the
longitudinal CSM bundles, Col-IV was seen more internally (surrounding muscle cells)
while the endothelium visualized externally (covering the smooth muscle bundle) (Fig.
4C&D). In regard to the vessel-like structures (helicine arteries), Col-IV is located between
the endothelium and the smooth muscle (Fig. 4E&F).

Quantification of ED-related changes
To demonstrate the utility of the improved penile histology afforded by phalloidin stain, we
quantified changes in the penis of a cavernous nerve injury ED model. The results show that
the CSM content (% of total area) was significantly reduced in ED as compared to normal
rats (4.51±0.57 vs. 9.47±0.96, p<0.01). Likewise, the number of nNOS-positive nerves
within dorsal nerves was also significantly reduced in ED when compared to normal rats
(213.8±38.6 vs. 604.3±68.7, p<0.01). Significant reduction in Col-IV content (measured as
integrated optical density) was also found in ED rats (100443.9±21023.7 vs.
140322.8±19012.9, p<0.05). In regard to the cavernous endothelial content (measured as
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integrated optical density), no statistical difference between ED and normal rats was found
(63078.5±4948.5 vs. 70451.2±6742.6, p>0.05) at four months after CN injury.

Discussion
Phalloidin is a small molecule that can penetrate rapidly into the tightly packed
cytoskeleton. This property and its highly specific affinity for actin make it an ideal probe
for actin, and to this end, several fluorochrome-conjugated phalloidin derivatives have been
employed to stain smooth muscle in various organs and tissues 9,13. The staining procedure
is applicable to both frozen and paraffin-embedded tissues 14 and can be completed in 30
min, in contrast to IF, which may require up to 24 h. As shown in the present study,
phalloidin stain works synergistically with IF for various antigens including CD31, nNOS,
and Col-IV. In contrast, double IF requires that two primary antibodies be generated from
two different host species in order to incubate the antibodies together 15,16. We have
observed that double IF staining occasionally produced low-quality histology due to
interference between the primary antibodies and/or between the secondary antibodies.

Phalloidin has been employed for assessing smooth muscle content in a cavernous nerve
ablation rat model 17. However, histological images in this study are not as sharp as what's
shown in the present study. One possible explanation is that the earlier study used
tetramethyl-rhodamine isothiocyanate-conjugated phalloidin, which has been shown to
produce lesser quality images when compared to Alexa-conjugated phalloidin 8. The
exceptionally high optical resolution afforded by Alexa-conjugated phalloidin enabled us to
recognize that the CSM was divided into a circular and a longitudinal compartment -
characteristic structures of tubular organs such as intestines, urinary bladder, and urethra.
Thus, the penile corpus cavernosum can possibly be considered as a multiunit tubular organ
with each unit (sinusoid) consisting of a circular and a longitudinal smooth muscle. The
circular CSM regulates the penile girth while the longitudinal CSM the length during
tumescence and detumescence.

It is well known that each penile cavernous sinusoid is an equivalent of a blood vessel's
lumen with both having a single layer of endothelial cells covering the luminal side of the
smooth muscle layer. The endothelial cells can be easily identified by IF using either anti-
RECA (highly specific for rat endothelial cells) or anti-CD31, as demonstrated in the present
study and in many previously published studies 18,19. However, in the present study we saw
that certain smooth muscle bundles that otherwise resembled the longitudinal CSM
contained centrally located RECA or CD31-positive cells. Based on this observation we
propose that these are helicine arteries entering the cavernous sinusoids; while retaining the
arterial endothelium on the luminal side, they also become covered by the cavernous
endothelium on the abluminal side. Thus, it appears that the vascular and cavernous smooth
muscle cells are “protected” from direct contact with the blood by the endothelium. This
hypothesis is based on experiments in which de-endothelialization leads to platelet
activation and aggregation 20 as well as SMC proliferation 21.

Burnett et al 22 were the first to demonstrate the localization of nNOS-positive nerves in the
penis. They used IHC stain to show that these nerves were mainly localized in the dorsal
nerves and were also visible near the dorsal arteries and in the cavernous tissue. These
findings are confirmed in the present study; additionally, our phalloidin stain enabled the
visualization of the relationship between nNOS-positive fibers and smooth muscles in the
dorsal arteries and the cavernous tissue. Specifically, these nerves were located outside of
the arterial smooth muscle and therefore in the adventitia of the dorsal artery. Furthermore,
their doted appearance in cross sectional view suggests an orientation parallel to the muscle
fibers in the artery as well as in the cavernous tissue.
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The cavernous ECM is mainly composed of collagen types I, III, and IV, with types I and IV
being predominant 11. Although many studies have examined collagen expression in the
penis, few have looked into the specific localization of each collagen type. Five of these
reports, all from the same group of researchers, used IHC to examine differences in Col-III
expression between hypertensive and control animals 23,24. To our knowledge, there has
been no report that examined the localization of Col-IV in the penis. In blood vessels Col-IV
is a major component of the endothelial basement membrane and of the basal lamina
surrounding SMC; it also plays important roles in maintaining the contractile phenotype of
SMC 12. Thus, since the present study's main objective is to utilize the phalloidin stain to
visualize the penile SMC and its surroundings, Col-IV was chosen to represent the
cavernous ECM. Indeed, the results show that Col-IV was localized to the subendothelial
area as well as in the surroundings of individual SMC. Very little Col-IV expression was
found in the rest of the cavernous tissue, which is otherwise the main locale of collagen
expression. That is, Col-IV is primarily associated with the endothelium and CSM while
Col-I and Col-III in the remaining areas of the cavernous tissue.

We have previously published a rat ED model that simulates post-prostatectomy nerve
injury 10. The penile tissue samples of this study were used in the present study for the
purpose of demonstrating the utilization of the phalloidin stain. The results show that the
CSM and nNOS nerves were significantly reduced in rats with cavernous nerve injury while
no statistical difference was found for the endothelium at 4 months after injury. In regard to
Col-IV, while the absolute amount of Col-IV was lower, the relative amount to CSM was
actually increased.

In addition to nerve injury, we have found that the phalloidin stain to be useful for the
evaluation of other types of ED including diabetes-associated ED 25 and hyperlipidemia-
associated ED 26.

Conclusions
Phalloidin stain improves penile histology, enabling the visualization of the circular and
longitudinal arrangements of CSM. It also provides synergism with IF stain, enabling the
identification of helicine artery's two-layer endothelium and the quantification of ED-related
histological changes in the penis.
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Fig. 1.
Smooth Muscles in Rat Penis. Rat penis was stained with Alexa-488-conjugated phalloidin,
which specifically detected smooth muscles (green stains) in dorsal arteries (DA), dorsal
vein (DV), and cavernous tissue (CSM). Boxed areas in panels A and B are enlarged in
panels B and C, respectively. These tissue sections were co-stained with DAPI for the
visualization of cell nuclei (blue). The seemingly “missing nuclei” (phalloidin-stained cells
without DAPI) is due to tissue sectioning at an angle or plane that missed the nuclei. Panels
D and E are consecutive sections stained with phalloidin and anti-SMA, respectively. Inserts
are images enlarged digitally from the boxed areas.
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Fig. 2.
Endothelium in Rat Penis. Rat penis was stained with Alexa-488-conjugated phalloidin and
with Alexa-594-conjugated anti-RECA (A-C) or anti-CD31 antibody (C). These stains
provide visualization of smooth muscle in green and the endothelium in red. Boxed areas in
panel A are enlarged in panels B and C, respectively. Arrows in Panels C and D point to the
internal and external endothelia (red) of helicine arteries. Panel E shows the dorsal arteries
and vein that were stained positive for RECA (red) in the luminal side but not the abluminal
side of smooth muscle (green). All tissue sections were co-stained with DAPI for the
visualization of cell nuclei (blue).
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Fig. 3.
nNOS-Positive Nerves in Rat Penis. Rat penis was stained with Alexa-488-conjugated
phalloidin and with Alexa-594-conjugated anti-nNOS. These stains provide visualization of
smooth muscles in green and nNOS-positive nerves in red. (A) A representative dorsal nerve
stained positive for nNOS but negative for smooth muscle. Blue stains are Schwann cell
nuclei. (B) A representative dorsal artery with its smooth muscle stained positive by
phalloidin. Red stains surrounding the smooth muscle are nNOS-positive nerves. Blue stains
encircling the lumen are endothelial cell nuclei. (C) A representative CSM bundle with a
few nNOS-positive nerves innervating at its periphery.
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Fig. 4.
Collagen-IV in Rat Penis. Panels A and B are rat penis stained with Alexa-488-conjugated
phalloidin and with Alexa-594-conjugated anti-Col-IV antibody. For enhanced clarity, Col-
IV expression was shown in the absence of phalloidin stain in Panel A. For visualizing the
relationship between Col-IV and SMC, phalloidin-stained image was added in Panel B.
Panels C and E are rat penis stained with Alexa-488-conjugated Col-IV (green) and with
Alexa-594-conjugated anti-RECA (red). Panels D and F are rat penis stained with
Alexa-488-conjugated anti-RECA (green) and with Alexa-594-conjugated anti-Col-IV (red).
Note that Panels E and F show a helicine artery in the center. All tissue sections were co-
stained with DAPI for the visualization of cell nuclei (blue).
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