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1  | INTRODUC TION

The penis is required for erection during copulation that plays funda-
mental roles by regulating the inner blood flow. Male corporal tissue, 
corpus cavernosum (CC), develops in the upper (dorsal) part of penis. 
When CC is filled with bloods, the microvascular complex termed si-
nusoids expands during erection.1 Because of fundamental function 

of CC for erection, various CC- related reproductive abnormalities 
have been known. Currently, 5%- 20% of men in the world suffer from 
moderate- to- severe erectile dysfunction (ED).2 ED is often character-
ized by pathological conditions of penis associated with diabetes mel-
litus, hypertension, and dyslipidemia.3- 6 The potential reasons for the 
above conditions have been suggested as correlated with the “aging” 
society and the worldwide increase of lifestyle diseases.7,8,9 Searching 
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Abstract
Purpose: Erectile dysfunction (ED) is one of the increasing diseases with aging so-
ciety. The basis of ED derived from local penile abnormality is poorly understood 
because of the complex three- dimensional (3D) distribution of sinusoids in corpus 
cavernosum (CC). Understanding the 3D histological structure of penis is thus nec-
essary. Analyses on the status of regulatory signals for such abnormality are also 
performed.
Methods: To analyze the 3D structure of sinusoid, 3D reconstruction from serial sec-
tions of murine CC were performed. Histological analyses between young (2 months 
old) and aged (14 months old) CC were performed. As for chondrogenic signaling 
status of aged CC, SOX9 and RBPJK staining was examined.
Results: Sinusoids prominently developed in the outer regions of CC adjacent to tu-
nica albuginea. Aged CC samples contained ectopic chondrocytes in such regions. 
Associating with the appearance of chondrocytes, the expression of SOX9, chondro-
genic regulator, was upregulated. The expression of RBPJK, one of the Notch signal 
regulators, was downregulated in the aged CC.
Conclusions: Prominent sinusoids distribute in the outer region of CC which may pos-
sess important roles for erection. A possibility of ectopic chondrogenesis induced by 
alteration of SOX9/Notch signaling with aging is indicated.
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and development of drugs to treat ED are considered as one of the 
essential modern medical topics.10,11 Vascular system including micro-
vasculatures is generally affected by these diseases.12 It has been sug-
gested that cellular alterations and histological changes of penises are 
generally correlated with impaired erection in such pathological condi-
tions.13,14 As for histopathogenic conditions of CC, analyses have been 
performed for abnormal CC in case of diabetes for animal models and 
human patient erectile tissues.15 Aged and diabetes patients’ penises 
show various abnormalities related to smooth muscle cells, and the in-
creased level of collagen production has been reported.15,16 However, 
experimental models covering structural parameters of penises and si-
nusoidal structures are still poorly described.

Histological analysis of CC has been mainly performed on patho-
logical conditions including diabetes and aged samples.17 It has been 
suggested that accumulation of fibrosis is reported in such condi-
tions.18 Augmented expression of collagen and other ECM compo-
nents have been reported in case of fibrosis of pathogenic CC.19 
Ectopic fibrosis and adipocyte accumulation are also reported in 
case of reproductive abnormalities.20- 22 Penile fibrosis or abnormal 
chondrogenesis is also indicated in human patients of Peyronie's 
disease.23 Detailed histological studies utilizing electron microscopy 
have been also performed.24 Disorganization of smooth muscle cells 
in castrated animal models by histological studies has been also 
reported.19

Sinusoids are widely distributed inside the CC. In the middle of 
CC, the deep artery delivers blood through helicine artery to the sur-
rounding sinusoids. Such sinusoids are necessary for veno- occlusive 
functions to increase inner pressure of CC for erection.25 However, 
three- dimensional location of sinusoids inside the entire CC struc-
tures has been poorly described due to the lack of suitable technol-
ogies covering such 3D CC structures. Thin sections by H&E staining 
can reveal a part of the sinusoidal structures. However, due to irreg-
ular shapes of each sinusoid unlike regular shaped hepatic sinusoids 
limited the usage of such thin sections by H&E staining to reveal 
the 3D structural images of sinusoids. In order to circumvent such 
difficulties, we performed 3D reconstruction of histological images 
covering sinusoidal structures.

In addition to the histopathological analyses, examination of 
chondrogenic regulator status was performed in order to get clues 
to understand the potential causes of ectopic chondrogenesis in the 
current study. Sox9 regulates chondrogenesis, and its ectopic ex-
pression was detected in the aged mouse CC. Notch signaling path-
way is essential for bone and cartilage formation.26 It is suggested 
that Sox9/Notch signaling also regulates vascular smooth mus-
cle and mesenchymal differentiation during embryogenesis.27,28 
Disruption of such signaling results in ectopic bone and cartilage 
formation.29 Prominently reduced extent of Notch signaling judged 
by reduced RBPJK expression was detected in the case of aged CC. 
The current work indicates potential involvement of Notch signals 
for the ectopic chondrogenesis of aged CC. Altogether, the current 
work discusses on the utility for the 3D distribution of sinusoids 
with such altered extent of regulators.

2  | MATERIAL S AND METHODS

2.1 | Animals

Male ICR mice (2 months old and 14 months old) were purchased 
from CLEA Japan Inc Several criteria show that 14- month- old mice 
correspond to senescent staged mouse.30,31 All procedures and 
protocols are approved by the committee for animal researches at 
Wakayama Medical University, Wakayama, Japan (approval num-
ber: 867).

2.2 | Corpus cavernosum isolation

The mouse penis consists of corpus cavernosum glandis (CCG), 
which includes baculum, and corpus cavernosum (CC). The CC re-
gion was isolated by microdissection removing the prepuce and CCG 
(Figure 1A).

2.3 | Histological analysis and 3D reconstruction

The mouse corpus cavernosum tissues were fixed overnight in 4% 
paraformaldehyde (PFA) in Phosphate- buffered saline (PBS). After 
the fixation, 6- µm thickness paraffin sections were prepared for he-
matoxylin and eosin (H&E) staining and Masson's trichrome staining 
was performed by standard procedures as previously described.32,33 
The numbers of chondrocytes were counted per 0.1 mm2 region by 
imageJ software.

For 3D reconstruction, serial sections of CC were prepared 
and stained by H&E staining. Three- dimensional reconstruc-
tion using H&E images was performed by Amira 3D software 
(Amira5).34 Video file (MPEG) was constructed from serial sec-
tion image files (JPEG).

2.4 | Immunofluorescence staining

Harvested corpus cavernosum tissues were embedded in OCT 
compound (Sakura Tissue- Tek) after 4% PFA fixation. 20- µm 
thickness cryosections were prepared. Paraffin sections were 
also prepared for staining. The detailed protocols were previously 
described.35 For primary antibody staining, the following antibod-
ies were utilized: anti- CD31 (1/200, AF3628, AB_2161028, R&D 
systems), anti- ACTA2 (1/1000, U 7033, DAKO), anti- NG2 (1/100, 
AB5320, AB_11213678, Millipore), anti- SOX9 (1/1000, AB5535, 
Millipore), and anti- RBPJK (1/300, 2ZRBP2, Cosmo Bio). For sec-
ondary antibody reaction, the following antibodies were utilized: 
Invitrogen goat anti- rabbit IgG Alexa Fluor 488, Invitrogen don-
key anti- goat IgG Alexa Fluor 488, Invitrogen goat anti- mouse IgG 
Alexa Fluor 488, and Invitrogen goat anti- rat IgG Alexa Fluor 546 
(1/200, Thermo Fisher Scientific).
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2.5 | Statistical analysis

For the number of chondrocytes in young and aged mice CC, 
Student's t test followed by the F test was performed (values of 
P < .05 were considered to be significant).

3  | RESULTS

3.1 | The location and structure of the mouse 
corpus cavernosum

To reveal the corpus cavernosum (CC) structure with its cellular 
composition, histological analyses with hematoxylin and eosin 
(H&E) and immunofluorescence staining for cellular markers were 
performed. A schematic illustration is shown for the location and 
structure of the mouse penis of adult mice (Figure 1A). In flaccid 
conditions, the majority of the mouse external penile region cor-
responds to the glans.34 The location of major CC is indicated by 
red lines (Figure 1A).

The images of H&E Staining of CC showed prominently devel-
oped sinusoids, dorsal vein, and dorsal artery (Figure 1B). To reveal 
the distribution of extracellular matrix (ECM) with collagens inside 
CC, Masson's trichrome staining was performed. Collagen- rich ECM 
region was shown by the blue staining (Figure 1C). Several types of 
cells locating in the CC were demonstrated as CD31- positive endo-
thelial cells, ACTA2-  (alpha- smooth muscle actin) positive smooth 
muscle cells, and NG2- positive pericytes locating adjacent to tunica 
albuginea. (Figure 1D- F).

3.2 | Three- dimensional (3D) reconstruction of 
histological images for mouse CC

In order to understand 3D structure of CC with sinusoids, 3D re-
construction with approximately 400 H&E serial thin section images 
was performed with Amira5 software (Figure 2A). The obtained 
cross and sagittal images from 3D video showed prominently devel-
oped sinusoids locating adjacent to the outer regions of CC (adjacent 
to tunica albuginea). Figure 2B shows representative of cross and 
sagittal images. Entire 3D video is attached in the Video S1. Such 
images include the pink color regions for sinusoidal spaces, red color 
regions; dorsal artery, blue color regions; dorsal vein, green color re-
gions; nerve bundle and yellow color regions; urethra.

3.3 | Detection of ectopic chondrocytes in the aged 
mouse CC

In order to analyze the histological status of aged mouse CC, the 
H&E staining for young and aged mouse CC was performed. 
Prominent numbers of chondrocytes were observed in the aged CC 
specimens in the region adjacent to tunica albuginea in contrast to 

controls (Figure 3A- C; white dotted line region). In order to further 
analyze chondrogenic status, Masson's trichrome staining for ECM 
detection was performed for young and aged mouse CC specimens. 
Prominently stained ECM regions were shown in aged CC samples 
(Figure 3D and E; white dotted line region).

3.4 | Detection of augmented SOX9 expression 
in the aged mouse CC

Sox9 is a key gene regulating chondrocyte differentiation and car-
tilage formation.37,38 In order to analyze the status of regulator ex-
pression for chondrocytes, Sox9 expression was examined in the 
young and aged mouse CC specimens. Low level of SOX9 expres-
sion was detected in the control young (2 months old) mouse CC 
(Figure 4A). In contrast, augmented SOX9 expression was detected 
in aged (14 months old) mouse CC (Figure 4B; white arrows).

SOX9 was colocalized with chondrocytes in the aged mice CC 
(Figure 4C and D).

3.5 | Possibility of reduced Notch signals in the aged 
mouse CC

In order to examine the possible involvement of regulatory signal-
ing for the ectopic chondrogenesis, immunofluorescence staining of 
Notch signaling was performed. Notch signal is one of the essential 
signals suppressing the chondrogenesis.27,28 Among such Notch sig-
nal regulatory components, Rbpjk is one of the major coregulatory 
genes for Notch signal.39,40 The reduced level of RBPJK expression 
was detected in the aged CC sample in contrast to control CC sample 
(Figure 5A and B; white dotted line). Implications of the reduced level 
of RBPJK expression with aging are discussed below (Figure 5C).

4  | DISCUSSION

Increased number of ED patients is reported recently. To understand 
the basis of such ED related to penile abnormality, analyses are nec-
essary to understand the structure of corporal body (corpus caver-
nosum; CC) and sinusoids in experimental animal models. In order to 
also analyze the status and regulatory molecules of abnormal mouse 
CC, the current work analyzed 3D distribution of sinusoids in CC 
and performed expression analysis of key regulators for CC mesen-
chyme, Sox9, and Notch signal.

4.1 | 3D structure of CC/sinusoids and implications 
for erectile physiology and aging

In the current study, 3D structure of CC with sinusoids is revealed 
for the first time. Significant number of sinusoids was observed 
as locating adjacent to the outer regions of CC which are close to 
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the tunica albuginea. Several histological studies have been per-
formed for CC and sinusoids by utilizing thin sections with H&E 
staining.41,42 Histological analyses with such thin sections of H&E 
staining generally revealed only part of the CC structures thus not 
revealing the entire 3D structures.43- 45 The currently identified 
sinusoid structures showed variations in their sizes revealed by 
reconstructed 3D histological images. It has been reported that 
mouse CC contains collagen- rich prominent trabeculae (“island 
like” central area) adjacent to the deep artery in central region. 
Such peculiar fibrous structure does not contain sinusoids but 
mesenchymal- rich ECM region which presumably contribute to 
erection process for mouse copulation unlike the case of human 
CC.36 The prominently developed sinusoids located adjacent to 

outer of CC may suggest the essential roles of “outer” region for 
erection during contraction and relaxation in contrast to the cen-
tral regions of mouse CC.

Several studies implicated the physiological importance of outer 
CC region adjacent to tunica albuginea.46 Stem- like cells have been 
suggested to locate in such region shown by the slow cell cycle la-
beling to detect immature type of cells.47,48 As for the connection 
of such outer region and central region of CC, helicine artery is sug-
gested to deliver blood from deep artery to sinusoidal structures. 
The storage of blood during erection in sinusoids veno- occlusion 
by tunica albuginea has been also described as essential for blood 
storage.25 Hence, the current observation of the prominent outer 
sinusoidal structures may suggest the potential importance of such 

F I G U R E  1   The structure of normal 
mouse corpus cavernosum (CC). (A) 
A schematic illustration showing the 
location and structure of the mouse 
penis in the lower part of adult mice. 
Dotted square indicates the location of 
penis in the lower part of mouse. Red 
lines indicate mouse CC. ExG. external 
genitalia. (B) The images of hematoxylin- 
eosin staining of CC. (C) The images 
of Masson's trichrome staining of CC 
showing the collagen- rich regions. (D- F) 
The images of immunofluorescence 
staining for the following type of cells. 
(D) CD31- positive endothelial cells, (E) 
ACTA2-  (alpha- smooth muscle actin) 
positive smooth muscle cells, and (F) 
NG2- positive pericyte. Scale bar 100 
µm [Colour figure can be viewed at 
wileyonlinelibrary.com]

(A)

(B) (C)

(D) (E) (F)

www.wileyonlinelibrary.com
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sinusoids. Further studies are necessary to examine such sinusoid 
including the possibility of “mature” sinusoids in the outer region of 
CC.

Previous study on penile aging processes suggested the im-
portance of outer regions of CC.49 Abnormal cellular composi-
tion such as chondrocytes has been suggested in mouse with 
augmented androgen production.31,50 The detection of ectopic 
chondrocytes was reported in such mouse models. Detection of 
fibrosis has been also suggested to occur in the outer region of 
CC in case of aged animal models.51 In some human clinical stud-
ies, reduced number of smooth muscle cells and tissue abnormal-
ity adjacent to the tunica region (outer region of CC) has been 
suggested in certain form of ED. Such organic ED has been also 

suggested as correlated with reduced veno- occlusive functions 
in the region adjacent to tunica albuginea. In the case of other pe-
nile abnormalities, Peyronie's disease shows curved penis caused 
by mesenchymal abnormality.23 Previous report indicated abnor-
mal mesenchyme defects in peri- tunica region including the ap-
pearance of chondrocyte.23 Hence, ectopic chondrogenesis can 
be associated with various tissue abnormalities such as ED and 
Peyronie's disease. Onset of such abnormal structures may be 
due to the sensitivity of prominent or mature sinusoids in the 
above regions. Further studies with 3D sinusoidal analyses with 
pathological and aged conditions are necessary. Examination of 
the pathological conditions with a status of critical signaling was 
subsequently performed (as below).

F I G U R E  2   Three- dimensional (3D) 
reconstruction of images covering normal 
mouse CC sections. (A) The schema 
showed the 3D reconstruction process 
by Amira software with approximately 
400 serial cross sections of mouse CC. 
White dotted line indicates CC. (B) The 
3D images were reconstructed from 
serial H&E stained sections. The regions 
corresponding to proximal and distal 
end of external genitalia are indicated. 
Prominently developed sinusoids were 
detected adjacent to the outer regions of 
CC (tunica albuginea). Pink color regions 
indicate sinusoidal spaces. Red color 
regions indicate dorsal artery. Blue color 
regions indicate dorsal vein. Green color 
regions indicate nerve bundle. Yellow 
color regions indicate urethra [Colour 
figure can be viewed at wileyonlinelibrary.
com]

(A) (B)

F I G U R E  3   Detection of ectopic chondrocytes in aged mouse CC. (A) The H&E staining images of young (2 months old) mouse CC 
shown by cross sections. Scale bar: 20 µm. (B) The H&E staining images of aged (14 months old age which is regarded as senescence) 
mouse CC. Dotted line indicates the accumulation of ectopic chondrocytes. Scale bar: 20 µm. (C) The bar graph shows increased number 
of chondrocytes in the aged mice CC. The number was calculated by 0.1 mm2 area. *indicates P < .05. (D) The Masson's trichrome staining 
images of young mouse CC. Scale bar: 20 µm. (E) The Masson's trichrome staining images of aged mouse CC. Dotted line indicates the 
location of ectopic chondrocytes. Scale bar: 20 µm [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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4.2 | Detection of ectopic chondrogenesis with 
altered expression of SOX9 and RBPJK in the aged CC

In order to examine the conditions of aged sinusoids, H&E 
staining analysis was performed in normal and aged mouse CC. 
Chondrogenic cells were mainly observed in the region adjacent to 
tunica albuginea (Figure 3A and B). In order to examine the chon-
drogenic conditions of such regions, ECM staining by Masson's 
trichrome was performed in both specimens. Prominent chon-
drogenic cells with production of collagen fibers were detected 
(Figure 3C and D). In order to examine the cellular conditions asso-
ciated with such states during aging, the expressions of essential 
chondrogenic regulators were examined.

Sox9 is one of the Sox family genes, transcription factor 
which possess high- mobility- group (HMG) domain.52,53 Sox9 has 
been suggested as one of the central genes regulating chondro-
genesis.37,38 Many reports have indicated that it is expressed in 
chondrocyte precursors regulating its differentiation and carti-
lage formation.54 It is also suggested that its abnormal expression 
induces ectopic chondrogenesis. Prominently augmented SOX9 
expression was detected in the aged mouse CC compared with 
normal CC (Figure 4A and B). These data suggest the ectopic chon-
drogenesis may adapt the augmented chondrogenic programs 
containing Sox9.

Human penis is known as not including penile bone (baculum). 
Unlike human penises anatomy,55 numerous numbers of mamma-
lian species contain baculums which are necessary for copulation 

processes in addition to CC.56 Hence, the coexistence of bone and 
chondrogenic structure inside the erectile tissues such as CC is an 
intriguing topic from evolutional and comparative biological view-
points.57 Ectopic chondrogenic cells detected in aged mouse model 
might be associated with the existence of penile bone in mouse. 
Further studies are necessary to compare human and mouse patho-
genic conditions and mesenchymal developmental programs in 
terms of ectopic chondrogenesis of CC.

In order to examine the status of regulatory signals for such 
ectopic chondrogenesis, the expression of chondrogenic regula-
tors was examined. Notch signaling is one of the essential signals 
regulating chondrogenesis.27 In the case of vascular smooth mus-
cle progenitor cells, sustained Notch/Jag1 signaling suppresses 
the expression of chondrogenic genes including Sox9.28 It has 
been also reported that RBPJ/Notch intracellular domain (NICD) 
complex represses Sox9 transcription.58 When such cascades 
are aberrated, detection of ectopic chondrocytes has been re-
ported.29 Therefore, the correlation between Notch signaling and 
chondrogenesis is reported in case of animal models and cell line 
experiments.59- 61

To get implications for ectopic chondrogenesis in CC, one of 
the key components for Notch signaling pathway, RBPJK, was 
examined. Reduced level of RBPJK expression was detected in 
aged CC samples with ectopic chondrogenesis. RBPJK protein 
binds DNA to modulate downstream transcription by protein- 
protein interaction regulating Notch signaling activity.62 Because 
of key roles of RBPJK protein for the regulation of Notch signal 

F I G U R E  4   Detection of ectopic SOX9 
expression in the aged mouse CC. (A) Low 
level of SOX9 expression in the control 
young (2 months old) mouse CC. Scale 
bar: 100 µm. (B) Ectopic SOX9 expression 
in the aged (14 months old) mouse CC. 
Dotted lines indicate part of the outer 
region of CC (tunica albuginea) in the 
aged mouse CC. White arrows indicate 
augmented SOX9 expression. Scale bar: 
100 µm. (C) Magnified H.E staining image 
of aged mice CC. The section locates 
adjacent to SOX9 immunostaining section 
(D) in the range of 300 µm. Black arrows 
indicated chondrocytes. Scale bar: 20 µm. 
(D) Magnified SOX9 staining image of 
aged mice CC. The section is adjacent to 
magnified H&E staining section (C) in the 
range of 300 µm. White arrows indicated 
chondrocytes. Scale bar: 20 µm [Colour 
figure can be viewed at wileyonlinelibrary.
com]

(A) (B)

(C) (D)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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pathway, the current expression data suggest the involvement of 
such signaling for the ectopic chondrogenesis in aged conditions 
(Figure 5C). It has been suggested that reduced level of Notch 
signaling is detected in aged vasculature animal model.63 Thus, 
aging conditions might directly or indirectly modulate Notch sig-
nal content in various biological processes. Such age- related con-
nections between modulated Notch signal and androgen content 
should be considered and analyzed in the future. Modulation of 
the Notch signal pathway such as inducing Notch signaling path-
way might be considered to treat ectopic chondrogenesis in aged 
CC. Further examination using the 3D structural analysis for CC 
and detailed analyses of such signaling are necessary to explore 
ectopic chondrogenesis and aging of CC.
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