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Abstract: The development of embryonic external genitalia (eExG) into characteristic male structures, such as 
urethra and penile erectile tissues, depends on 5α-dihydrotestosterone (DHT). Although the corpus cavernosum 
(CC) is well known as essential for erectile function in adults, its developmental process and its dependency on 
DHT have been unknown. To reveal the dimorphic formation of the murine CC from the embryonic stage, we first 
analyzed the production of the protein vascular endothelial growth factor receptor-2 (FLK1) via its expression 
(hereinafter referred as “expression of FLK1”) and the expression of alpha-smooth muscle actin (ACTA2) and 
collagen type 1 (COL1A1) in developing external genitalia. The 5-α reductase type 2 encoded by the SRD5A2 
gene has been suggested to be a crucial enzyme for male sexual differentiation, as it converts testosterone (T) 
into DHT in the local urogenital organs. In fact, SRD5A2 mutation results in decreased synthesis of DHT, which 
leads to various degrees of masculinized human external genitalia (ExG). We further investigated the expression 
profile of SRD5A2 during the formation of the murine CC. We observed that SRD5A2 was expressed in smooth 
muscle of the CC. To determine the role of SRD5A2 in CC formation, we analyzed the formation of erectile tissue 
in the male Srd5a2 KO mice and measured the levels of androgens in the ExG by liquid chromatography-tandem 
mass spectrometry (LC-MS/MS). Intriguingly, there were no obvious defects in the CCs of male Srd5a2 KO mice, 
possibly due to increased T levels. The current study suggests possible redundant functions of androgens in CC 
development.
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Introduction

External genitalia (ExG) are androgen-dependent or-
gans showing prominently sexual differences. Exposure 

to androgens masculinizes the ExG, which is character-
ized as the formation of tubular urethra and corporal 
tissues. Development of the ExG starts from the common 
anlage, the genital tubercle (GT), in both males and fe-
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males. In males, the GT differentiates into the penis 
under androgen actions. In females, the GT develops into 
the clitoris in the absence of androgen. Due to their sen-
sitivity to androgen during ExG development, defective 
androgen production leads to congenital anomalies of 
ExG such as hypospadias and micropenis [1]. Although 
urethral tube formation has been well discussed, the 
development of the penile corpus cavernosum (hereafter 
referred to as the CC) is not understood. The CC is one 
of the major structures in ExG developing at the upper 
(dorsal) part of penis by androgen dependently [2]. It is 
known as the erectile tissue, which contains arterioles, 
sinusoidal spaces composed of endothelial cells, smooth 
muscle, and extracellular matrix (ECM) [3]. The sinu-
soidal spaces in the CC are essential structures for the 
influx of blood vessels during penile erection.

Testosterone (T) and 5α-dihydrotestosterone (DHT) 
are major androgens required for sexual differentiation 
of male reproductive organs. T is required for the devel-
opment of Wolffian ducts and testis descent during the 
fetal period [4, 5] and the production of sperm in the 
seminiferous tubules [6, 7]. DHT is generally described 
as the more potent androgen and is required for the de-
velopment of the ExG and prostate [8]. In humans, 
5α-reductase type 2 deficiency (5α-SRD2) causes under-
masculinized ExG, although it permits Wolffian duct 
development [9]. Thus, the androgen requirement for 
male sex differentiation is dependent on the types of 
organs.

Steroid 5α-reductase isozymes include three members 
(SRD5A1-3). SRD5A1 and 2 are mainly involved in the 
production of DHT from T. SRD5A3 is necessary for the 
conversion of polyprenol to dolichol, which is essential 
for N-linked protein glycosylation. Srd5a3 knockout 
mice die in the early embryonic stage due to open neural 
tubes [10, 11]. In human, the 5-α reductase type 2 en-
coded by the SRD5A2 gene is a crucial enzyme for male 
sex differentiation by converting T into DHT in the ExG 
[12]. In mice, Srd5a2 is expressed in the ventral side of 
the embryonic external genitalia (eExG) during urethral 
formation [13]. However, its expression pattern during 
ExG development has remained unknown [14].

In this study, we first performed SRD5A2 immunos-
taining analyses during CC formation. We subsequently 
performed a detailed histological analysis of the ExG of 
Srd5a2 mutant mice. We discuss here the function of 
DHT in erectile tissue and a possible compensation of 
androgens for sexually dimorphic organ also by the mea-
surement of local T and DHT levels by LC-MS/MS, 
which has higher sensitivity and specificity for steroid 
measurement [15, 16].

Materials and Methods

Animals
All procedures and protocols were approved by the 

Committee on Animal Research at Wakayama Medical 
University. Srd5a1 KO mice, Srd5a2 KO mice, and Flk1-
GFP BAC Tg mice were utilized in this study [17–19]. 
Srd5a1 and Srd5a2 double knockout (Srd5a1/2 DKO) 
mice were prepared by crossing males and females, 
which were heterozygous for type 1 and homozygous 
for the type 2 [18]. ICR and C57BL/6J mice were utilized 
as controls (CLEA Japan, Inc., Tokyo, Japan). Embry-
onic day 0.5 was defined as noon on the day when a 
vaginal plug was detected.

Histology and immunohistochemistry
ExGs were fixed overnight in 4% (wt/vol) paraformal-

dehyde (PFA) in phosphate-buffered saline (PBS) and 
dehydrated using methanol. Serial sections (6 µm) em-
bedded in paraffin were prepared for hematoxylin/eosin 
staining and immunohistochemistry. For immunohisto-
chemistry after deparaffinization and rehydration, the 
slides were subjected to antigen retrieval using citrate 
buffer (0.1 mM, pH 6.0) at 121°C for 1 min. For vascu-
lar endothelial growth factor receptor 2 (VEGFR2) stain-
ing, EDTA (0.1 mM, pH 8.0) was used as the antigen 
retrieval buffer. The following antibodies were used: 
anti-GFP antibodies (1:500, ab6556, Abcam, Cambridge, 
UK), anti-SRD5A2 antibodies (1:500, ab101896, Ab-
cam), anti-ACTA2 antibodies (alpha-smooth muscle 
actin; 1:1,000, A2547, Sigma-Aldrich, St. Louis, MO, 
USA), anti-VEGFR2 antibodies (1:200, 2479 S, Cell 
Signaling, Danvers, MA, USA), and anti-AR antibodies 
(1:200, sc-815, Santa Cruz, Dallas, TX, USA).

Immunostaining was visualized by fluorescent stain-
ing (1/200, Alexa Fluor 488-conjugated IgG and an 
Alexa Fluor 546-conjugated IgG, Thermo Fisher Scien-
tific, Waltham, MA, USA) and counterstained with 
Hoechst 33342 (1/1,000, Sigma-Aldrich). A Vector® 
TrueVIEW® Autofluorescence Quenching Kit (SP-8400, 
Vector Laboratories, Burlingame, CA, USA) was used 
to eliminate autofluorescence. For visualization of anti-
VEGFR2 antibodies, immunocomplexes were detected 
with diaminobenzidine (DAB) staining. The tissue sec-
tions were counterstained with hematoxylin for 5 min. 
Images were acquired using a standard fluorescence 
microscope (BX51, Olympus®, Tokyo, Japan) and con-
focal microscopes (LSM 900, Zeiss®, Jena, Germany).

Direct androgen measurement by l iquid 
chromatography–tandem mass spectrometry

For the measurement of androgen levels, male eExGs 
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were collected and immediately frozen in liquid nitrogen 
a f te r  d i ssec t ion  (n≥4) .  Tes tos te rone  and 
5α-dihydrotestosterone levels were measured by liquid 
chromatography–tandem mass spectrometry (LC-MS/
MS). The LC-MS/MS measurement protocol was per-
formed as previously described [13].

Statistical analyses
All bar graphs show mean and SEM values. The sta-

tistical differences between groups were analyzed using 
Student’s t-test followed by the F-test. A P-value of less 
than 0.05 was considered statically significant.

Results

Sexual dimorphism of CC formation during the 
development of murine external genitalia (ExG)

The location of major CC is in the proximal parts of 
the mouse ExG (Fig. 1A). The CC contains tunica albu-
ginea at peripheral area (Figs. 1B and C; blue area) and 
sinusoidal spaces (Figs. 1B and C; green area) in mice 
ExG. To understand the formation of the CC, we per-
formed histological analyses by HE staining. The CC 
was formed as mesenchymal condensations at dorsal 
(upper) site of urethra by embryonic day 18.5 (E18.5; 
Fig. 1D; yellow dotted line). At postnatal day 7 (PND7), 
sinusoidal spaces were formed (Fig. 1E; green dotted 
line) and a prospective tunica albuginea structure was 
observed in the outer region of the CC (Fig. 1E; blue 

dotted line). Subsequently, the tunica albuginea thick-
ened, and each sinusoidal space expanded adjacent to 
the tunica albuginea of the CC until PND21, which is 
considered the time of weaning and puberty in mice (Fig. 
1F). In addition to the sinusoidal spaces and tunica al-
buginea, connective tissue developed at the center of the 
CC at PND21 (Fig. 1F; asterisk). These results indicate 
that the main components of CC development occurred 
prominently after birth. The CC was similar between 
male and female at E16.5. However, the size of CC 
showed sexual differences between males and females 
at E16.5 - PND21 (Supplementary Figs. 1A–J).

Next, we analyzed the expression of fetal liver kinase 
1 (FLK1), alpha-smooth muscle actin (ACTA2), and 
collagen type I alpha chain (COL1A1) as markers for 
endothelium, smooth muscle, and collagen-containing 
cells, respectively. We utilized Flk1-GFP BAC trans-
genic mice to monitor the expression of FLK1 during 
CC development [19]. FLK1 was first expressed in both 
the male and female CC at E18.5 (Figs. 2A, B, F, and 
G). FLK1-positive cells were prominently increased in 
the outer region of the male CC after PND3 (Figs. 2C 
and D). Subsequently, the expression of FLK1 was main-
tained at PND21 (Fig. 2E). In the female CC, however, 
FLK- positive cells did not increase after birth (Figs. 
2H–J).

The expression of ACTA2 was not detected in both 
male and female CC until E16.5 (Figs. 3A and F). In the 
male CC, ACTA2-positive cells were slightly observed 

Fig. 1.	 The characteristic structure of the CC during external genitalia development. (A) Lateral whole-mount 
image of wild-type male mouse ExG at PND21. (B, C) A schematic illustration shows the highly magnified 
cross section at the gray line. The region in B enclosed in the black box. (D–F) Images of HE staining at 
E18.5, PND7, and PND21. The yellow dotted line indicates the CC. Blue dotted lines indicate the mouse 
tunica albuginea. Green dotted lines indicate the mouse sinusoidal space. The asterisk indicates connective 
tissue. CC, corpus cavernosum; ExG, external genitalia; HE, hematoxylin and eosin; E, embryonic; PND, 
postnatal day. Scale bar: 500 µm.
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in the peripheral CC at E18.5 (Fig. 3B), and they were 
significantly increased after birth (Figs. 3C–E). In female 
CC, expression of ACTA2 was first observed at PND3 
(Fig. 3H), which was later than in the male CC, but it 
did not increase thereafter (Figs. 3I and J).

The expression of COL1A1 was not detected in both 
male and female CC until E16.5 (Figs. 4A and F). In the 
male, COL1A1-positive cells were detected slightly in 
the center of the CC (Fig. 4B), and they gradually in-
creased from PND3 to PND7 (Figs. 2C and D). Its ex-

Fig. 2.	 Sexually dimorphic expression of FLK1 during CC development. (A–J) The expression of FLK1 in the male (upper panels) and 
female CCs (lower panels) at E16.5, E18.5, PND3, PND7, and PND21. In all immunofluorescent panels, Hoechst 33342 (blue) 
marks nuclei. White dotted lines indicate the outer region of the CC (tunica albuginea). Scale bar: 100 µm.

Fig. 3.	 Sexually dimorphic expression of ACTA2 during CC development. (A–J) The expression of ACTA2 in the male (upper panels) 
and female CCs (lower panels) at E16.5, E18.5, PND3, PND7, and PND21. White dotted lines indicate the outer region of the 
CC (tunica albuginea). Scale bar: 100 µm.

Fig. 4.	 Sexually dimorphic expression of COL1A1 during CC development. (A–J) The expression of COL1A1 in the male (upper pan-
els) and female CCs (lower panels) at E16.5, E18.5, PND3, PND7, and PND21. White dotted lines indicate the outer region of 
the CC (tunica albuginea). Scale bar: 100 µm.
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pression was maintained at PND21 (Fig. 4E). In the 
female CC, COL1A1-positive cells were first observed 
at PND3 (Fig. 4H), which was later than in the male CC, 
and did not increase thereafter (Figs. 4I and J). These 
results suggest that the sexual dimorphism of CC forma-
tion occurs from the embryonic stages.

The expression of SRD5A2 in vascular smooth 
muscle cells of the CC at puberty

To get insights into SRD5A2 function during CC for-
mation, we analyzed the profile of the expression of 
SRD5A2 by immunofluorescent (IF) staining by anti-
SRD5A2 antibody. The expression of SRD5A2 was 
detected at the embryonic stage in the entire fetal CC 
(Figs. 5A and B), and then its expression became gradu-
ally more prominent in the peripheral region of CC after 
birth (Figs. 5C and D). At PND21, SRD5A2 appeared 
to be expressed in the surrounding sinusoidal spaces of 

the male CC (Fig. 5E). To further investigate where 
SRD5A2 was expressed in the CC, we performed co-
immunofluorescent staining with anti-SRD5A2 and 
anti-ACTA2 antibodies at PND21. The expression of 
SRD5A2 was colocalized with ACTA2-positive cells, 
suggesting that it is expressed in vascular smooth muscle 
cells of the CC (Figs. 6A–C).

No obvious histological abnormalities in Srd5a2 KO 
mice ExG

To determine the role of SRD5A2 in CC formation, 
we analyzed ExG of Srd5a2 KO mice. There were no 
obvious defects in embryonic mutant mice (data not 
shown). Thus, we further investigated the adult male 
ExG of Srd5a2 KO mice. Srd5a2 KO male mice were 
morphologically similar with the control males at PND56 
(Figs. 7A and B). The structures of the sinusoid, dorsal 
vein, and dorsal artery showed no obvious histological 

Fig. 5.	 The expression of SRD5A2 during CC development in male mice. (A–E) The expression of SRD5A2 at the 
embryonic stage and after birth. White dotted lines indicate the outer region of the CC (tunica albuginea). 
Scale bar: 500 µm.

Fig. 6.	 The expression of SRD5A2 is localized with ACTA2-positive cells in the CC. (A–C) SRD5A2 is expressed 
with the smooth muscle marker ACTA2. White dotted lines indicate the outer region of CC (tunica albu-
ginea). Scale bar: A, 250 µm; B–C, 500 µm.
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differences between controls and Srd5a2 KO mice (Figs. 
7A–D). Furthermore, the expression of ACTA2, VEG-
FR2 (a marker for endothelium), and COL1A1 in Srd5a2 
KO mice was not different compared with controls (Figs. 
7E–J). To investigate possible compensatory functions 
of SRD5A1 in Srd5a2 KO mice, we analyzed ExG of 
Srd5a1/2 DKO mice. Srd5a1/2 DKO mice showed no 
obvious abnormalities in ExG, suggesting that SRD5A1 
did not play compensatory roles in Srd5a2 KO mice (data 
not shown). These results suggest that masculinization 
of ExG occurs in SRD5a2 KO mice while SRD5A2 is 
expressed during CC formation in normal mice.

Possible redundancy of local testosterone in eExG 
of Srd5a2 KO mice

To investigate a possible redundancy of testosterone 
(T) in loss of SRD5A2 function, we measured the local 

androgens (T and DHT) in male Srd5a2 KO and control 
eExG at E17.5 using liquid chromatography-tandem 
mass spectrometry (LC-MS / MS). The level of DHT 
was significantly reduced in eExG of Srd5a2 KO mice 
and was 18% of that of control (Fig. 8A). On the other 
hand, the T level was increased in eExG of Srd5a2 KO 
mice (404% higher than that of control; Fig. 8B). These 
results suggest that redundantly increased T may mas-
culinize mouse eExG instead of DHT.

Androgen receptor (AR) signaling is activated by 
binding androgen and translocating from the cytoplasm 
into the nuclei in external genitalia [20–22]. To confirm 
the activation of AR signaling in the CC of Srd5a2 KO 
mice, we performed immunofluorescent staining with 
anti-AR antibodies. There were no obvious differences 
in its expression between Srd5a2 KO male mice and the 
control at PND56 (Fig. 8C). AR was located in the nuclei 

Fig. 7.	 Histological and immunofluorescence analysis of ExG 
between controls and Srd5a2 KO mice. (A, B) Gross ob-
servation of ExG at PND56. (C, D) HE staining images 
for control and Srd5a2 KO mice. (E–J) Immunofluores-
cence assays of the CCs of control and Srd5a2 KO mice 
at PND56 with ACTA-2 antibody, VEGFR2, and COL1A1. 
White dotted lines indicate the outer region of the CC 
(tunica albuginea). Scale bar: 100 µm.

Fig. 8.	 Measurement of androgens in ExG and the expression of 
AR in Srd5a2 KO mice. (A) Concentrations of DHT and 
(B) T in the CC of ExG at E17.5 measured by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). (C) 
Merged high-magnification images show the nuclear lo-
calization of AR in the control and Srd5a2 KO mouse CC 
at PND56. AR is present in the nucleus in both the control 
and Srd5a2 KO mouse sections. Scale bar in C: 100 µm. 
ExG, external genitalia; AR, androgen receptor; CC, corpus 
cavernosum; E, embryonic. Error bars represent the SEM. 
*P<0.05.
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of sections from Srd5a2 KO mice similarly with WT 
mice, indicating that AR signaling is activated in the CC 
of Srd5a2 KO mice.

Discussion

The male corporal tissue, penile corpus cavernosum 
(CC) plays fundamental roles for erection. During erec-
tion, sinusoidal relaxation, arterial dilation, and venous 
compression occur [23]. Penile erection requires well-
coordinated interactions between vascular endothelial 
cells (ECs), smooth muscle cells, and neuronal cells, and 
ECM [24]. Thus, defective formation and maintenance 
of the CC cause erectile dysfunction (ED) [25, 26]. Re-
cently, its prevalence significantly increased with the 
aging populations and increased as lifestyle diseases 
[27–30]. Nevertheless, the developmental process of CC 
formation is still unknown. In the current study, we first 
revealed the onset of CC formation based on histological 
and immunohistological analyses. Endothelial cells, 
smooth muscle cells, and collagen deposition already 
started to develop in the late embryonic period and 
showed marked sex differences after birth. Intriguingly, 
such sex differences were observed in the late embry-
onic period. The current study is the first report for the 
developmental processes of the CC along with angio-
genesis and collagen synthesis, which show sexual di-
morphism.

Sexual dimorphism of the size of the ExG becomes 
significant after birth and is induced via the androgen-
Wnt/β-catenin signaling pathway [2]. It has been re-
ported that Dkk2, which encodes an extracellular an-
tagonist of canonical Wnt/β-catenin signaling, is 
expressed dominantly in female CC compared with the 
male CC at E16.5, leading to sexually dimorphic activa-
tion of β-catenin signaling [2]. A previous paper suggests 
that endothelial β-catenin signaling is a promoting factor 
in angiogenesis [31]. In addition to being an angiogenic 
factor, it has been also reported that β-catenin is involved 
for collagen synthesis [32, 33]. Further analyses on 
Wnt/β-catenin signaling will reveal molecular mecha-
nisms of CC formation under androgen signaling.

Androgens play an important role in maintaining the 
erectile tissue architecture, smooth muscle, endothelium, 
and connective tissue matrix [34]. The major circulating 
androgen, testosterone (T), is locally converted into 5a-
dihydrotestosterone (DHT) by SRD5A2. In human, 
SRD5A2 is expressed in the prostate, genital skin, epi-
didymis, seminal vesicle, liver, and corpus cavernosum 
[35–38]. In this study, we observed that SRD5A2 was 
expressed in the CC from the embryonic to adult stages. 
Of note, SRD5A2 was expressed in smooth muscle cells 

surrounding sinusoids.
Regarding the possible interaction with DHT and 

paracrine factors for vascular cells, a recent study sug-
gests that DHT can induce endothelial cell growth 
through a paracrine mechanism that is mainly mediated 
by VEGF in prostate cancer cells [39]. In addition to 
such a paracrine system, the autocrine and lumicrine 
manner of DHT and secreted factors may be essential 
regulator for the maintenance of reproductive organs 
[40]. SRD5A2 is expressed in vascular smooth muscle 
cells (VSMCs) isolated from the rat aorta and in both 
endothelial and smooth muscle cells of cerebral arteries 
[41, 42]. Further analysis will provide insights into the 
mechanisms of androgen-regulated angiogenesis in the 
CC.

Srd5a2 KO mice showed no obvious abnormalities in 
both embryonic and adult ExG. Although the local DHT 
level was dramatically reduced, the T level was increased 
in Srd5a2 KO mice ExG compared with the controls. 
These results indicate whether a small amount of rem-
nant DHT or redundantly increased T may be sufficient 
for masculinization of the mouse external genitalia. 
Androgens drive the development and maintenance of 
male characteristics by binding to androgen receptor 
(AR). DHT is generally considered to be more potent 
than T because it binds more tightly to AR [43]. It has 
also been reported to be approximately 10-fold more 
potent in the stimulation of AR target genes [44]. Ki-
netic experiments have shown that T at high concentra-
tions interacts with AR similarly to DHT [45]. Thus, our 
data suggest that T may be redundant for DHT function 
in masculinization of the mouse external genitalia. The 
current study suggests the first functional redundancy 
effect of T on DHT in the reproductive organs.

There is a significant discrepancy between the current 
phenotypes in Srd5a2 KO mice and symptoms in 
5α-SRD2 patients. In human 5α-SRD2 patients, the phe-
notypic variability of genitalia ranges from perineal 
hypospadias, a clitoris-like phallus to an isolated micro-
penis [46]. Several publications have shown that some 
mutations of SRD5A2 gene exons result in different 
phenotypes, but not all are correlated [9, 46–48]. Srd5a2 
KO mice did not show any obvious phenotypes due to 
the possible compensation via elevated T levels in local 
tissues. It has been discussed that T may accumulate in 
mouse ExG due to low levels of 17β-hydroxysteroid 
dehydrogenase enzyme activity, which converts T into 
less potent androgenic androstenedione in the dog pros-
tate [18, 49–51]. Further analyses are necessary to in-
vestigate the possible differences in its enzymatic activ-
ity between species. Although there are phenotypic 
differences between mice and humans, the current mouse 
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model is expected to provide insight into the roles of 
androgen signals in local tissues.
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