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Spatiotemporal mechanobiology resulting in penile pathologies continues to be investigated using small
scale animals models such as mice. However, species-dependent functional biomechanics of a mouse
penis, is not known. In this study, spatial mapping of a mechanosensitive transcription factor, scleraxis
(Scx), at ages 4, 5, 6 weeks, and 1 year were generated to identify mechanoactive regions within penile

K?)'WOTdS-' ) tissues. Reconstructed volumes of baculum collected using micro X-ray computed tomography illustrated
g‘orr'leChanlcs significantly increased baculum length with decreased porosity, and increased mineral density (p < 0.05)
N?Oclljlsl;menis with age. The bony-baculum was held centrally in the Scx positive corpus cavernosum glandis (CCG),
Elastin P indicating mechanoactivity within the struts in a 6 week old mouse. The struts also were stained positive
Collagen for fibrillar proteins including collagen and elastin, and globular proteins including protein gene product

9.5, and a-smooth muscle actin. The corpus cavernosum penis (CCP) contained significantly (p < 0.05)
more collagen than CCG within the same penis, and both regions contained blood vessels with equivalent
innervation at any given age. Comparison of volumes of flaccid and erect penile forms revealed functional
characteristics of the CCP. Results of this study provided insights into biomechanical function of the CCG;
in that, it is a high-pressure chamber that stiffens the penis and is similar to the human corpus

Mechanobiology

cavernosum.

© 2020 Published by Elsevier Ltd.

1. Introduction

In most mammals, the baculum, also known as the os penis, is a
bony structure that is situated within the glans or septum of the
penis (Burt, 1936; Gilbert and Zevit, 2001; Yilmaz et al., 2013).
Unlike humans, most non-human primates have a baculum that
varies in size and composition (Ankel-Simons, 2007; Brindle and
Opie, 2016; Schultz et al., 2016). However, the function and mor-
phology of the baculum, in general, tends to vary between species
(Herdina et al., 2010; Sharir et al., 2011; Stockley et al., 2013).

From a biomechanics perspective, the mineralized baculum is
hypothesized to predominantly bear loads during copulation, pre-
sumably during function, in comparison to the dynamic load bear-
ing bone of the musculoskeletal system or the alveolar bone of the
dental, oral, and craniofacial masticatory system (DOC-MS). Con-
gruent with passive load-mediated adaptation that occurs during
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development and active load-mediated functional adaptation that
occurs during function mediated growth, at any given age, the min-
eral density of a canine baculum is noticeably lower when com-
pared to its dynamically load-bearing radii (Sharir et al., 2011).
Stiffening of the corpus cavernosum of a mouse penis (CCP)
resulting from nerve stimulation and engorgement during function
allows us to ask: what are the forces that act on the baculum per
se, and what are the forces that the baculum would exert on the
adjacent tissues? The rat baculum, in general, is thought to act as
a piston. As an external force is applied, the baculum is pushed into
the CCP. The internal volume of the CCP decreases, and the intra-
cavernosal pressure and rigidity of the CCP increases enabling
intended organ function (Kelly, 2000). Rodents, additionally pos-
sess an ischiocavernosus muscle, which has been shown to con-
tract and increase the pressure by several hundred millimeters of
mercury within the CCP even after it is filled with blood (Beckett
et al, 1974, 1972; Dean and Lue, 2005; Hanyu et al., 1987;
Phillips et al., 2015). This additional pressure is thought to aug-
ment functional forces by permitting a rigid CCP and an erection
that would facilitate copulation. Despite this noticeable biome-
chanical function, no studies to date have reported on anatomy-
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specific mechanoactive sites within softer tissues and their inti-
mate interfaces with the bony-baculum. Furthermore, the mouse
penis is often used as model for studying diseases such as Pey-
ronie’s disease (PD) (Bivalacqua et al., 2000; Davila et al., 2003;
El-Sakka et al., 1997) and erectile dysfunction (ED) (Kifor et al.,
1997; Martinez-Pifieiro et al.,, 1994; Penson et al., 1997; Piao
et al., 2007). There are several rodent models for studying Pey-
ronie’s plaque formation including TGF B1 injection (El-Sakka
et al., 1997), fibrin (Davila et al., 2003), surgical (Ferretti et al.,
2014), and genetic models (Lucattelli et al., 2008) where the target
tissue is the tunica albuginea of the CCP, which is analogous to the
human corpus cavernosum (CC).

In this study scleraxis-green fluorescence protein (Scx-GFP)
transgenic mice were used. It is hypothesized that the scleraxis
(Scx) transcription factor localizes within biomechanically active
tissues that experience shifts in mechanical strain similar to liga-
ments and tendons of the musculoskeletal system (Schweitzer
et al., 2001) and the DOC-MS (Lee et al., 2015; Scott et al., 2011).
The specific objectives in this study are (1) to map Scx localization
within a mouse penis in relation to the baculum and investigate its
age-related expression level changes in the mechanoactive/respon-
sive tissues, and (2) to colocalize nerves, smooth muscle cells
(SMC), collagen, and elastin (key proteins and cells involved in
penile biomechanics) within different tissues of a mouse penis.

2. Materials and methods

2.1. Micro X-ray computed tomography to map the form of an erect
penis, and structure and mineral density of baculum

A total of fourteen non-sexually active Scx-GFP mice (N = 14)
were used (Lee et al., 2015; Pryce et al., 2007; Scott et al., 2011;
Sugimoto et al., 2013). Twelve Scx-GFP mice of ages 4 weeks,
5 weeks, 6 weeks, and 1year with three mice per age group
(n=3) were used for mineral density and histological analyses.
Two Scx-GFP mice of ages 6 and 9 weeks were used for gross/
macroscale visualization of soft and hard tissue structures using
a micro X-ray computed tomography (micro-XCT) (MicroXCT-
200; Carl Zeiss Microscopy, Pleasanton, CA). General quantitative
morphological differences during flaccid and erect states of penis
were analyzed using AVIZO post-analysis software (Version 9.3.0;
FEI, Hillsboro, Oregon). All experiments were conducted within
the guidelines of the Institutional Animal Care and Use Committee
of UCSF, protocol AN148450. Mice were euthanized and the penis
was dissected, fixed overnight in 10% neutral buffered formalin
(NBF) at 4 °C, washed in 1X phosphate-buffered saline (PBS) twice,
and stored in a 50% ethanol/water solution at 4 °C.

Erection of a mouse penis ex vivo and subsequent imaging of it
using a micro-XCT was performed by injecting 10% NBF into the
CCP of an anesthetized 6 and 9 week old mice (Fig. S1). The penis
was harvested by separating it from the body using a string. These
penile specimens were soaked in 2% w/v iodine in ethanol over-
night followed by 1% w/v phosphotungstic acid (70% ethanol,
pH =2.71) overnight to enhance X-ray contrast (Nieminen et al.,
2015). The tissues were washed twice in 50% ethanol and were
scanned using a micro-XCT at a power of 40 W. 1200 image projec-
tions were collected at 4X magnification (4.5 um/voxel) and were
analyzed using AVIZO. An average mineral density gradient was
evaluated by calculating the mineral density over each virtual sec-
tion along the normalized length of the mineralized baculum as
previously described (Djomehri et al., 2015). For structural analysis
of the baculum, an intensity threshold was applied to digitally seg-
ment the mineralized baculum and the pores from the surrounding
radiopaque and radiotransparent regions.

2.2. Histology and immunohistochemistry of various compartments
and tissue structures within a mouse penis

Following scanning with a micro-XCT, tissues were decalcified
in 0.5 M EDTA (pH =8.0) at 4 °C and were chemically processed
and embeddeded in paraffin from which 6 pm thick sagittal sec-
tions (Fig. S2) were cut from using a microtome. Sections were
deparaffinized and stained using Gills’s hematoxylin number 2
(Hematoxylin Solution, Gill No. 2; GHS216-500ML; Sigma-
Aldrich, St. Louis, MO) and counterstained with eosin Y (H&E)
(Eosin Y Stain; STE0143; American MasterTech, Lodi, CA) to deter-
mine relative localization of cells and matrix proteins, and Mas-
sons’ trichrome (Masson’s Trichrome Stain Kit; 25088-1;
Polysciences Inc, Warrington, PA) for collagen distribution, and
Verhoeff's stain (Verhoeff Elastin Stain Kit; KTVEL; American Mas-
terTech, Lodi, CA) was used for elastin localization.

For immunolocalization of various proteins using DAB and flu-
orescent probes, sections were blocked with 5% normal goat serum
(S-1000; Vector Labs, Burlingame, CA) in 2.5% bovine serum albu-
min (9048-46-8; Millipore Sigma, St. Louis, MO) for 1 h, then incu-
bated with either the primary rabbit anti-¢z smooth muscle actin
(«-SMA) antibody (1:200; ab5694; Abcam, Cambridge, MA) or
anti-protein gene product 9.5 (PGP) antibody (1:200; ab108986;
Abcam) overnight at 4 °C. Sections immunolocalized for the PGP
antigen were stained with a secondary antibody kit (Vectastain
Elite ABC HRP Kit, PK-6101, Vector Laboratories, Inc.) and DAB sub-
strate kit (ImmPACT DAB peroxidase (HRP) substrate; SK-4105;
Vector Laboratories, Inc.) prior to staining with modified Mayers
hematoxylin (HXMMHPT; American MasterTech, Lodi, CA). Sec-
tions immunolocalized for the «—SMA antigen were incubated with
a secondary fluorescent antibody Goat Anti-Rabbit IgG H&L (Alexa
Fluor 555) (1:200; ab150078; Abcam) for 90 min and cell nuclei
were counterstained using Hoeschst 3342 (DAPI) (0.1 pg/mL;
H3570; Molecular Probes, Eugene, OR) for 1 min (see Fig. S3 for
blank control). Histomorphometric analysis was performed on
light micrographs collected from serial sections using a light
microscope (Zeiss Axio Observer.Z1; Carl Zeiss Microscopy). All
sections were viewed on an inverted microscope and images were
captured with Zen (Version 2.3; Carl Zeiss Microscopy) data acqui-
sition software. Fluorescent images were captured with a 1 s expo-
sure. Images were exported to Image] Fiji Edition Version 2.0
(continuous release version; NIH, Bethseda, MD) to subtract back-
ground fluorescence. The resulting images were overlaid with
brightfield images to illustrate co-localization of proteins within
tissue structure. The same sections were additionally viewed under
a field emission - scanning electron microscope (SIGMA 500-VP
Field Emission Electron Microscope - Scanning and Transmission;
Carl Zeiss Microscopy) at 1keV in order to detect erythrocytes
within the corpus cavernosum glandis (CCG) and CCP.

Elastic orientation was identified by rotating the images until
the baculum was parallel to the horizontal axis. The region of inter-
est (ROI) within the CCG was selected to evaluate elastin orienta-
tion using Orientation] plug-in (Fonck et al., 2009; Piispdki et al.,
2016). The density of elastin, collagen, and smooth muscle cells
were determined for the 12 Scx-GFP mice (3 mice per age group,
and 4 ages) by using 4 slides per mouse with 4 sections per slide,
totaling 16 sections per age. Statistical analysis was performed to
highlight significant differences in elastin orientation with age.

2.3. Statistical analysis

Results were expressed as mean =+ standard error of the mean
(SEM). Pearson’s correlation tests were used to determine if signif-
icant correlation existed between two variables using a variety of
statistical and graphical packages within R (Auguie, 2016; Harrel
and Dupont, 2017; R Core Team, 2017; Wickham, 2016). Welch’s
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Fig. 1. Mineral density and porosity illustrate continuous growth of baculum at the proximal end past sexual maturity. (A) 3D reconstruction of the baculum (left) at each age
group accompanied with 3D coronal sections of the baculum illustrate the internal structure (right). Images on the right show the medullary canal and porous nature of the
bone specifically at the proximal end of the baculum. Mineral density is represented in grayscale from 0 to 1600 mg/cc. (B) Average mineral density gradients from distal to
proximal ends along the normalized length of each baculum illustrate a mineralizing proximal region (length = 1). (C) Spatial distribution of pores within baculum with the
color map represent pore radius from O to 20 um. Big pores such as the medullary canal were not selected for analysis. (D) Bar graphs of the average mineral density and
porosity of the baculum of each age group illustrate significant differences with age. *p < 0.05; **p <0.01; ***p <0.001. P: proximal end. D: distal end.
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Flaccid

Erect

Fig. 2. Micro X-ray computed tomography images of a flaccid and an artificially erect penile forms. Top: 3D reconstructions illustrate flaccid (left) and erect mouse penile
forms (right). The red rectangles indicate the location of subsequent 2D virtual sections (bottom images). Bottom: Bottom images are virtual histology sections of the flaccid
(left) and erect (right) penile forms. These slices are taken from the middle portion of the baculum as indicated in the above images (red box). The yellow dotted line
represents the location of the CCP. The blue line represents the body junction. Please refer to Fig S4 for a better understanding of the 3D spatial arrangement of this organ. P:
proximal end. D: distal end. U: urethra. OP: os penis or baculum. M: MUMP. PP: internal and external prepuce. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

independent t-tests for collagen CCG and CCP analyses and two-
way analysis of variance (ANOVA) with Tukey post-hoc tests for
SMC, elastin, and intra-tissue collagen analyses were also per-
formed. All results were considered significant if p<0.05 on a
two-tailed significance test.

3. Results
3.1. Form/shape, mineral density, and porosity of baculum with age

Reconstructed tomographic volumes illustrated a spoon-shaped
baculum with a broader proximal (P) and thinner distal (D) region
(Fig. 1A). The baculum at the proximal end is an active mineraliz-
ing region in younger mice (4-6 week) compared to other regions
of the baculum based on mineral density gradients along the
length of the baculum (Fig. 1B). The mineral density of the proxi-
mal region of a developed baculum (1 year) also was lower in com-
parison with other regions of the bone, including the central region
(Fig. 1B). The mean mineral density of a 1 year old baculum was
significantly higher (p <0.001) than baculum from a 6 week old
mouse. The internal structures included hollow bony regions with
a long medullary canal running through the thin and distal part of
the bone. A giant cavity in the proximal region with bony-fingers
resembling osteophytes or bony spurs also were observed. The
pores within the baculum were primarily situated at the base of
the bone and in the distal region, and were comprised of microvas-

culature (Fig. 1C). A significant correlation between average min-
eral density with age was observed (r = 0.908, p < 0.001). Mineral
density was significantly different at all ages except for baculum
from 5 and 6 week old mice (p = 0.94) (Fig. 1D). Porosity was inver-
sely proportional with age (r = —0.853, p < 0.001) with the porosity
in the 1 year old baculum being significantly different from 4, 5,
and 6 week old baculum respectively (p=0.002, 0.015, 0.021
respectively) (Fig. 1D).

3.2. Penile structures under flaccid and erect forms ex vivo

Micro-XCT scans of the flaccid and erect penile forms illustrated
various concentric tubes. The virtual section from the micro-XCT
scan of the flaccid penis was at the body-penis junction line
(Cunha et al., 2015) (proximal end of the prepucial sheath)
(Fig. 2, Fig. S2). The virtual section from the micro-XCT scan of an
erect penis illustrated the baculum farther away from the body-
penis junction (Fig. 2), and the CCP was longer. The CCP, addition-
ally, was wrapped around the proximal end of the baculum like a
sling. The male urogenital mating protuberance (MUMP) ridge,
and the space between the CCG and the MUMP, increased as a
result of the baculum being pushed further out.

3.3. Co-localization of scleraxis and elastin within the CCG and CCP

The CCG from respective 6 week and 1 year old mice was posi-
tive for Scx and its presence was not observed in the CCG of 4 and
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Fig. 3. Histomorphometric analyses and mechanoactive regions within a mouse penis. (A) Fluorescent and light microscopy images of the corpus cavernosum glandis (CCG)
and corpus cavernosum penis (CCP) stained for scleraxis (Scx) and elastin (Verhoeff's Elastin). Scx images were counterstained with DAPI (cell nuclei) and overlaid on
brightfield images to illustrate its localization within the tissue. Black arrows point to the developing MUMP ridge of the mouse penis. (B) Higher magnification image
illustrates the relationship between elastin fibers in the CCG with the baculum and MUMP. The green arrows and 0 represent the orientation of elastin fibers calculated in (C).
All scale bars represent 200 um. (C) Average orientation of the elastin fibers relative to the baculum with age are shown. An angle of 0° would indicate that the elastin fibers
were parallel to the baculum. (D) Elastin content, represented as a percentage of the whole tissue, within the CCG with age are shown. No significant expression of elastin
within the CCP. **p <0.01. ***p <0.001 was observed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

5 week old mice (Fig. 3A). The CCP also contained Scx, but it was
localized to the edges of the tissue and was not orientation specific
(Fig. 3A). The CCG also contained an abundance of elastin that was
orientated at an angle of 18 + 2° relative to the baculum in devel-
oping and functionally active mice (6 week) and this orientation
was also observed at 1 year of age (Fig. 3C). Elastin was also pre-
sent within the CCG of younger mice with a higher average orien-
tation over a wider range (larger standard deviation) (Fig. 3C) and

was heavily localized along collagenous struts and the collagenous
outer layer of the CCG (Figs. 3A and 4A). A moderate correlation of
elastin with collagen contents was observed with age (r=0.62;
p <0.0001) (Fig. 3D). Elastin was limitedly expressed in the CCP.
There was also a noticeable difference in the structure of the
MUMP ridge as the penis developed (Fig. 3A). The ridge appeared
open and a gap was visualized as an increased surface area
between the CCG and the MUMP appeared.
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Fig. 4. Collagen and smooth muscle cell (SMC) concentration within the corpus cavernosum glandis (CCG) and corpus cavernosum penis (CCP). (A) Fluorescence and light
microscopy images of CCG and CCP stained for collagen (Masson’s trichrome) and «-smooth muscle actin («-SMA) with age are shown. «-SMA sections were also stained with
DAPI (cell nuclei) and were correlated with structure by overlaying with bright field images. Scale bars represent 200 um. (B) Higher magnification images of the CCG and CCP
of a 1 year old mouse penis stained for «-SMA (red fluorescent). The sections were counterstained with DAPI (cell nuclei) and were overlaid with bright field images. (C)
Percentage of collagen variation within the CCG and CCP as well as overall average, and (D) percentage of «-SMA within the CCP with the overall mouse average with age are
shown. No significant expression of a-SMA was observed for the CCG. *p < 0.05; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

3.4. Spatial localization of collagen, smooth muscle, and nerves within
a mouse penis

The Scx positive collagen within the CCG appeared primarily in
oblique struts. Collagen also lined the external aspect of the CCG.
The CCP also contained a significant amount of wavy collagen that
resembled the structure of an accordion. Collagen occupied area
within the CCG was statistically less than that observed in the
CCP for any given age (p < 0.05) (Fig. 4C). The CCG collagen content
was positively correlated with age (r=0.33, p = 0.0203), whereas
the CCP was not (p > 0.05). Bundles of collagen in the CCP formed
into rows as the penis developed (Fig. 4A).

Immunolocalization of biomolecules indicated limited amounts
of «-SMA(+) SMC in CCG with age albeit its existence within blood
vessels (Fig. 4). Quantifiable amount of «-SMA(+) SMCs with an
overall average of 3 + 0.4% was observed in the CCP (Fig. 4D). No
correlation between «-SMA(+) SMC with age was observed
(p > 0.05); however, «-SMA(+) SMCs within the CCP were dispersed

throughout collagen and were associated with sinusoidal space
(Fig. 4B). Field emission - scanning electron microscopy of a
6 week old mouse penis revealed erythrocytes within the CCG
and CCP (Fig. 5A). Immunolocalization of PGP 9.5 revealed nerves
within the CCG and CCP, and in the outer layer of the CCG (black
arrows in Fig. 5C). The nerves on the outside of the CCG wrapped
around the entire erectile tissue in multiple bundles. The caver-
nosum nerve was also identified on the outside of the CCP (red
arrow in Fig. 5C).

4. Discussion

The overall objective of this study was to map in space and time
the structure and biochemical composition of various tissues
within the penis of a mouse, and thereby postulate biomechani-
cally active sites within a penis of a Scx-GFP transgenic mouse
model. Spatio-temporal maps using various imaging modalities
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C PGP

Fig. 5. Nerve and erythrocyte distribution within the corpus cavernosum glandis (CCG) and corpus cavernosum penis (CCP). (A) Field emission - scanning electron
microscopy images of a 6 week mouse penis CCG and the CCP illustrated erythrocytes within the tissue. Colored boxes indicate the location of higher magnification images in
the bottom row. BC: red blood cell. (B) Light microscopy images of the CCG and CCP stained for protein gene product 9.5 (PGP) with age are shown. Scale bars represent
200 pum. (C) Higher magnification of a 6 week old CCP (left) and 1 year old CCG (right) and mouse penile tissue stained for PGP. Black arrows indicate location of nerves and
the red arrow denotes the cavernosal nerve. Scale bars represent 200 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

illustrated that (a) the baculum continues to grow in length past
pre-pubescent age of a mouse; (b) the CCG is equivalent to the cor-
pus cavernosum (CC) in humans and common denominators
include SMCs, nerves, collagen, and elastin; and (c) correlate the
above two objectives to highlight the relevance of structure and
function of CCG, CCP, and baculum toward overall functional
biomechanics of a mouse penis.

4.1. The bony-baculum continues to grow in length past pre-pubescent
age of a mouse

Male mice typically reach sexual maturity at 6-8 weeks, and
begin breeding around 6 weeks of age (Engle and Rosasco, 1927;
Kirkham, 1920). This means that the penis is functional at 6 weeks;
however, the baculum is not fully grown and ossified as is observed
by lower mineral density at the proximal end (Fig. 1). Endochon-
dral bone growth at the proximal end of the baculum
(Murakami, 1986; Murakami and Mizuno, 1984) continues past
the age of sexual maturity as denoted by the higher porosity and
lower mineral density (Fig. 1D) of the 6 week mouse baculum.
When comparing the morphological details of baculum from
6 week and 1 year mice respectively, a noticeable size difference
in relation to the length (Fig. 1) of the baculum, but proportional
to size of the mammal was observed.

Baculum continues to grow with age (Fig. 1). Similar to skeletal
bone in most mammals, the developmental and functional elonga-
tion of the baculum occurs at the growth plate which is located at
the proximal end of the baculum and was observed in rats

(Vilmann and Vilmann, 1983). In comparison to the mineral densi-
ties of cortical and trabecular bone of mouse and rat femurs at 9
and 20 weeks of age, the baculum’s mineral density at 5 weeks
and older (Fig. 1D) was significantly greater (Oftadeh et al., 2015;
Verdelis et al., 2008). The mouse baculum has a similar mineral
density to that of the human alveolar bone, and this result contra-
dicts previous thoughts that the baculum was lower in mineral
density as compared to load-bearing organs (Sharir et al., 2011).
While the baculum is typically non-load bearing, during copula-
tion, it does bear a certain load via pressures from within the penis
as well as vaginal pressure. In analyzing the mineral density along
the normalized length, the highest mineral density was at the dis-
tal to the center of the baculum; the region farthest from the CCP
(Fig. 1B, Fig. S2).

4.2. The CCG is equivalent to CC in humans and common denominators
include SMCs, nerves, collagen, and elastin

Rodents are often used as models to study the mechanisms of
various penile pathologies such as erectile dysfunction and Pey-
ronie’s disease. Often, pathologies are dependent on the stiffness
of the ECM, cell differentiation, cell arrangement, and biomolecular
localization within tissues; thus, they can promote changes in local
tissue mechanics that permit overall penile biomechanics and
function. For this reason, it is important to note the relative expres-
sions of proteins that contribute to the biomechanics of the ECM
(elastin, collagen, and functional aspects of SMCs with nerves) in
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Stimulus

5=

Erect

Fig. 6. Schematic of biomechanical forces acting within the mouse penis during an erection and how it influences the adjacent tissues. (A) A general schematic represents
flaccid (left) and erect penile forms (right). Arrows indicate the direction of the forces. The red dots in the erect state represent blood. Fccs is the force from the corpus
cavernosum glandis (CCG) pressure. Fccp is the force from the pressure within the corpus cavernosum penis (CCP). (B) Cylindrical piston schematic illustrating the stress and
strain on the CCG due to the internal hemodynamic pressure. 6y and €y represent the hoop stress and strain respectively and 6,4, and €, represent the axial stress and
strain. The green lines indicate collagenous struts that counteract the hoop stress. The Fccp acts on the proximal end of the cylinder resulting in horizontal displacement for
both bodies. CCS: corpus cavernosum spongiosum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a mouse and how the expressions of the biomolecules change with
age.

The CCP in mice has been used to model Peyronie’s disease and
erectile dysfunction as it is the anatomically equivalent tissue to
the human CC; however, our results illustrated large differences
in collagen and SMC contents within the CCP and CCG in a mouse.
These results concur with studies by others, in that, the human CC
contains a lower percentage of collagen and a higher percentage of
SMC as compared to the mouse and rat CCPs respectively (Piao
et al,, 2007; Pinheiro et al., 2000). Our study showed that the
CCG has a lower collagen content (58 + 1%) and was consistently
significantly lower than that observed in the CCP. The CCG resides
within the glans of the mouse penis, which is external to the body
and is a circular body of erectile tissue that surrounds the urethra,
baculum, and corpus cavernosum spongiosum (Phillips et al.,
2015) (Fig. S4). Furthermore, the CCG contains trabeculae that
are coated with elastin (Fig. 3A), similar to the collagenous struts
in the human CC and shows an increase in collagen with age
(r=0.33; p=0.02) (Brock et al., 1997; Ferrer et al.,, 2010). The
CCG also contained SMCs around blood vessels; however, there
was not enough tissue to quantify the amount of SMCs within
the CCG because these biochemical assays were performed under
flaccid conditions and at different sectioning angles.

Blood vessels containing erythrocytes visualized using FE-SEM
and immunolocalized nerves were found between the collagenous
struts (Fig. 5A) indicating that this tissue is filled with blood during
normal function, as would be expected in an erectile tissue. Nerve
bundles were identified on the proximal end of the CCG in the col-
lagenous outer layer localized near the SMC in blood vessels. The
stimulation of the cavernosal nerve (red arrows in Fig. 5C) within

the CCP causes the SMC within the CCP to relax and prompts an
erection of the penis in a rodent (Piao et al., 2007); however, it is
unknown if this nerve connects directly to the bundle of nerves
in the CCG. The function of a few nerves observed in the distal, col-
lagenous outer layer of the CCG is yet to be determined.

4.3. Structure and function of CCG, CCP, and baculum toward the
overall biomechanics of a mouse penis

Scx is a basic helix-loop-helix transcription factor that is
expressed in tendon and ligament cells and is a strong transactiva-
tor (Cserjesi et al., 1995; Espira et al., 2009). Scx is a mechanosen-
sitive marker for tendons, ligaments, and other developing
connective tissues in musculoskeletal system that are continuously
subjected to forces as they grow and/or when in function
(Schweitzer et al., 2001).

Scx is expressed in the collagenous struts of the CCG indicating
their mechanosensitivity likely during native erection (relative to
sexually active mice). The 4 and 5 week old mice penises didn’t
express Scx due to the lack of native erections. In rats, copulatory
ability is acquired between 45 and 75 days which corresponds to
roughly 6 week, and rat erections can be induced via volatile odors
from nearby female rats (Hull and Dominguez, 2007; Plant et al.,
2016). Additionally, elastin is an important ECM fibrillar protein
that readily deforms and facilitates structural changes to meet
functional demands. As such, it is conceivable that a change in elas-
tin content and associated matrix protein expressions could lead to
changes in mechanical integrity of respective tissues. Therefore,
resulting hemodynamic pressure increase during a native erection
will cause circumferential strain (ey) (the shape of a penis can be
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approximated to be a cylinder) which must be balanced by elastin-
rich collagenous struts (Fig. 6B). Further, if the baculum and MUMP
“jet” out from a capsule (the glans), as it is pushed by the expand-
ing CCP (Fig. 2), the angle of the elastin fibers (0) relative to bacu-
lum could change. Additionally, the increase in elastin with age
(Fig. 3D) could be indicative of increased function and/or age. Pre-
vious studies have identified that the mouse CCP expands and
maintains a higher pressure due to increased blood flow
(Mizusawa et al.,, 2001; Piao et al., 2007; Sezen and Burnett,
2000) indicating the need for collagen interspersed with elastin.

The radially arranged collagenous struts within the CCG may act
as support beams specifically when in function (Brock et al., 1997).
Similarly, the CCP also fills with blood and maintains a high inter-
nal pressure so as to push the glans of the penis further out thereby
straightening the penis resulting from pressure on the proximal
end of the baculum. Based on this proof-of-concept study, the
CCG serves as the primary erectile tissue that keeps the penis stiff
following blood flow. However, in silico simulations studies are
warranted to specifically highlight the effect of the observed over-
all form including the internal architecture on penile function.
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