1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Differentiation. Author manuscript; available in PMC 2017 December 01.

-, HHS Public Access
«

Published in final edited form as:
Differentiation. 2016 December ; 92(5): 306—-317. doi:10.1016/j.diff.2016.03.004.

Mouse hypospadias: A critical examination and definition

Adriane Watkins Sinclairl, Mei Caol, Joel Shenl, Paul Cooke?, Gail Risbridger3, Laurence
Baskinl, and Gerald R. Cunhal#

1 Department of Urology, University of California San Francisco, 400 Parnassus Avenue, Box
A610, San Francisco, CA 94143,

2 Department of Physiological Sciences, University of Florida, Gainsville, Florida 32610.

3 Monash Institute of Reproduction and Development, Monash University, Monash Medical
Centre, Clayton, Victoria, Australia.

Abstract

Hypospadias is a common malformation whose etiology is based upon perturbation of normal
penile development. The mouse has been previously used as a model of hypospadias, despite an
unacceptably wide range of definitions for this malformation. The current paper presents objective
criteria and a definition of mouse hypospadias. Accordingly, diethylstilbestrol (DES) induced
penile malformations were examined at 60 days postnatal (P60) in mice treated with DES over the
age range of 12 days embryonic to 20 days postnatal (E12 to P20). DES-induced hypospadias
involves malformation of the urethral meatus, which is most severe in DES E12-P10, DES P0-P10
and DES P5-P15 groups and less so or absent in the other treatment groups. A frenulum-like
ventral tether between the penis and the prepuce was seen in the most severely affected DES-
treated mice. Internal penile morphology was also altered in the DES E12-P10, DES P0-P10 and
DES P5-P15 groups (with little effect in the other DES treatment groups). Thus, adverse effects of
DES are a function of the period of DES treatment and most severe in the PO to P10 period. In
“estrogen mutant mice” (NERKI, BERKO, aERKO and AROM+) hypospadias was only seen in
AROM+ male mice having genetically-engineered elevation is serum estrogen. Significantly,
mouse hypospadias was only seen distally at and near the urethral meatus where epithelial fusion
events are known to take place and never in the penile midshaft, where urethral formation occurs
via an entirely different morphogenetic process.
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Introduction

In a previous paper the “window of susceptibility” of the developing mouse penis to the
adverse developmental effects of diethylstilbestrol (DES) was analyzed at 10, 15 and 20
days postpartum in the following groups: (DES E12-E18, DES P0-P10, DES E12 to P10,
DES P5 to P15 and DES P10 to P20) (Sinclair et al., 2016a). The rationale of this previous
study was to examine the mouse penis shortly after the last DES injection to define the
effects of DES during developmental periods. Penises of all 5 groups of DES-treated mice
were reduced in size, and the most profound effects were seen in the DES E12-P10, DES
P0-P10, and DES P5-P15 groups, thus defining a DES “programming window” for adverse
effects centered in the early neonatal period. The most mild of effects on penile development
were seen in the DES E12-E18 and DES P10-P20 groups. In the DES E12-P10 and DES PO-
P10 groups adverse effects of DES on the MUMP cartilage and erectile bodies were
observed shortly after the last DES injection persisted as enduring adult abnormalities. In
contrast, in the DES P5-P15 group abnormalities in the MUMP cartilage and erectile bodies
observed immediately after the last DES injection reverted to normality at 60 days
postpartum. Thus, the induction of irreversible effects by DES also exhibited a “window of
susceptibility” in the early neonatal period.

Expanding on our earlier study in which DES effects were examined in the neonatal period
(P10 to P20) shortly after the DES treatment period, the current study follows cohorts of
mice treated with DES developmentally (DES E12-E18, DES P0-P10, DES E12 to P10,
DES P5 to P15 and DES P10 to P20) and analyzed in adulthood (60 days postnatal) to
precisely define the resultant enduring DES-induced penile malformations by morphology
and morphometric analysis. In so doing, a clearer understanding of estrogen-induced mouse
hypospadias has been achieved.

Hypospadias is the second most common urogenital anomaly in boys occurring in
approximately 1:200 to 1:300 male births (Baskin, 2000). The incidence of hypospadias in
the USA has doubled in recent times (Paulozzi, 1999; Paulozzi et al., 1997). While the
etiology of hypospadias in the majority of patients remains undefined, it is thought to
involve both genetic susceptibility and environmental exposure to endocrine disruptors
(Baskin and Ebbers, 2006; Kalfa et al., 2011; Willingham and Baskin, 2007; Skakkebaek et
al., 2016; Wang and Baskin, 2008b). Surgery is the established treatment for hypospadias,
and multiple surgeries are often required for a functionally acceptable reconstruction (Lee et
al., 2013). In this regard, patients with severe hypospadias are at risk for surgical
complications that may lead to life long difficulties with urination, sexual function and
psychological problems. Thus, hypospadias is a significant medical condition that consumes
substantial health care resources.

Hypospadias results from perturbation of normal penile development (Baskin et al., 1998),
and can only be understood in the context of normal penile development. In humans,
hypospadias consists of 3 related anomalies: (a) a urethral defect, (b) a preputial defect and
(c) chordee (abnormal curvature of the penis). The abnormal urethral orifice in human
hypospadias may be situated distally in the glans, at midshaft, or in the perineum (Cunha et
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al., 2015). Associated with the defect in the urethral meatus is local absence or hypoplasia of
the corpus spongiosum (Baskin et al., 1998).

Substantial differences in anatomy and development of the human versus the mouse penis
invariably translate to profound differences in hypospadias in these two species (Cunha et
al., 2015). While obvious abnormalities in the positioning of the urethral meatus are seen on
physical examination in humans, the morphology of murine hypospadias is subtle. Midshaft
malformations similar to human hypospadias have not been observed in mice treated
perinatally with exogenous estrogens (Sinclair et al., 2016a; Blaschko et al., 2013;
Mahawong et al., 2014b; a; Rodriguez et al., 2012) and may be due to the fact that mouse
penile urethral development is substantially different from human penile development.
Indeed, most of the murine penile urethra develops within the embryonic genital tubercle via
canalization of the urethral plate to directly form most of the penile urethra, especially the
midshaft region of the mouse urethra (Hynes and Fraher, 2004a; b; Seifert et al., 2008). In
contrast, the mouse urethral meatus forms via an entirely different mechanism. The urethral
plate of the mouse is not involved in formation of the urethral meatus since the urethral plate
does not extend into the distal aspect of the genital tubercle (Sinclair et al., 2016a;
Mahawong et al., 2014a; Schlomer et al., 2013). Instead, the mouse urethral meatus forms
via fusion of the male urogenital mating protuberance (MUMP) with the MUMP ridge
(Blaschko et al., 2013; Mahawong et al., 2014b; a; Rodriguez et al., 2011; Yang et al., 2010;
Sinclair et al., 2016a). Consequently, estrogen-induced mouse hypospadias is an event
restricted to the distal aspect of the urethra characterized by (a) altered patterning of
elements constituting the urethral meatus, namely the male urogenital mating protuberance
(MUMP) and MUMP ridge, (b) altered patterning of internal penile elements such as the os
penis and urethral flaps relative to the urethral meatus and (c) absence or hypoplasia of the
corpora cavernosa urethrae, the homologue of the human corpus spongiosum (Cunha et al.,
2015). Whether such malformations seen in estrogen-treated mice are also relevant to mouse
penile malformations elicited by other classes of agents (progestins, anti-androgens,
phthalates) remains to be determined.

The current study describes the types of adult penile malformations induced
developmentally by DES (hypospadias) in cohorts of mice treated with DES over the age
range of E12 to P20, but examined in adulthood when enduring malformations are present.

Materials and Methods

Animals

Animal care and research protocols were approved by the Animal Care and Use Committee
of the University of California, San Francisco (UCSF). Adult wild-type CD-1 and C57BL/6
mice (Charles River Breeding Laboratories, Wilmington, MA, USA) and their offspring
were housed in polycarbonate cages (20 x 25 x 47 cm3) with laboratory grade pellet bedding
in the UCSF Pathogen Specific Barrier facility. Mice were given water ad /ibitum and fed
LabDiet 5058 (PMI Nutrition International, P. O. Box 66812, St. Louis, MO 63166), whose
content of phytoestrogen is incapable of eliciting vaginal cornification in ovariectomized
adult mice (Buchanan et al., 1998). The following mutant mice were also used: estrogen
receptor beta knockout (BERKO) (Paul Cooke, University of Florida, Gainsville, FL),
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estrogen receptor alpha knockout (a ERKO) (Paul Cooke, University of Florida, Gainsville,
FL), DNA binding mutation in estrogen receptor-a (NERKI) (Ellis Levin, University of
California, Irvine, CA), and aromatase over-expresser (AROM+) (Gail Risbridger, Monash
University, Melbourne, Australia). For all mutant mice, formalin fixed mouse rear ends
containing the external genitalia were shipped to UCSG for processing. This study is based
upon the analysis of 119 CD-1 and mutant mice.

Hormonal Treatments

Pregnant CD-1 dams were weighed and injected subcutaneously on days 12, 14, 16, and 18
of gestation with DES at a concentration of 200ng/g body weight in ~5ul sesame oil vehicle.
Control group dams were injected with 5pl sesame oil. Separate Hamilton syringes were
used for sesame oil and DES. For postnatal DES treatment, the day of birth was counted as
day 0, and pups were weighed and injected subcutaneously with either DES (200ng /gbw) or
oil (5ul) on days 1, 3, 5, 7, 9 (DES P0-P10 & DES E12-P10), on days 5, 7, 9, 11, 13 (DES
P5-P15) or on days 10, 12, 14, 16, 18 (DES P10-P20).

Specimen Preparation and Analysis

DES- or oil-treated CD-1 mice were euthanized at the postnatal ages specified in Table 1.
Sex was confirmed by gonadal inspection. External genitalia were dissected and fixed in
10% buffered formalin for a minimum of 24 hours. Seven micrometer thick sections were
stained with hematoxylin and eosin as described previously (Sinclair et al., 2016a).

Scanning electron microscopy

Surface details of adult mouse penises were elucidated using scanning electron microscopy
(SEM) as described previously (Blaschko et al., 2013).

Optical Projection tomography

Genital tubercles of mice at 16 days of gestation were fixed in 10% formalin, bleached with
hydrogen peroxide, stained using a whole-mount immunofluorescence protocol (Abcam
EP700Y anti-E-Cadherin monoclonal antibody, Alexa fluor 488 anti-rabbit secondary),
optically cleared in benzyl alcohol and benzyl benzoate, embedded in agarose and imaged
using a Bioptonics OPT scanner 3001M as described (Li et al., 2014). Projected images
from each channel were constructed into 3D voxel data sets with in-house software, which
were then visualized using the Volocity software suite from PerkinElmer.

Morphometric analysis

Metrics of pertinent key penile morphological features were obtained by counting the
number of serial histologic sections from the distal tip of the adult penis to the beginning of
the morphologic feature of interest as described previously (Schlomer et al., 2013) and
illustrated in figure 5. Since several features are bilateral (e.g., urethral flaps and MUMP
corpora cavernosa [MUMP CC]) and since perfect vertical orientation of the specimen in the
paraffin block is not always possible, right and left features may appear in different closely
associated sections. In this case, section numbers for the right and left elements were
averaged to give the start point for each element pair.
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Corpora Cavernosa Urethrae Index

Statistics

Results

The corpora cavernosa urethrae (CCUTr) are erectile bodies that begin bilaterally in the
urethral flaps within the urethral lumen. As the erectile tissues continue proximally, the right
and left erectile bodies become situated just ventral to the urethra. The CCUTr, circumscribed
by smooth muscle capsules, are closely associated with the urethra, and appear to be
analogous to the corpus spongiosum in humans, which surrounds the urethra. Transverse
sections were viewed, and the status of the CCUr was assessed via 3 criteria: (a) The CCUr
as well-defined erectile bodies with distinct surrounding smooth muscle tunicas. (b) Red
blood cells and/or blood vessel spaces observed within CCUTr. (c) Urethral flaps present and
fused ventrally with the urethra to form the erectile bodies. Each of these 3 observations was
given a score of 0 points if the feature was completely absent, 0.5 if the trait was present but
reduced or poorly developed, and 1 point for normal appearance. Therefore, for each penile
specimen the CCUr index ranged from 0-3.

Comparison of morphological measures was done using either student's T tests, or ANOVA
with Bonferroni correction. A p value < 0.05 was considered significant. A p value of < 0.05
is represented by 4, p < 0.001 by #, and p < 0.0001 by 3.

Gross and histologic effects of perinatal DES on adult penile morphology

Scanning electron microscopy was performed on penises of 9 CD1 mice treated with oil or
DES. Figure 1 depicts adult mouse penises in distal end-on, lateral and ventral views. As
indicated previously (Rodriguez et al., 2011; Weiss et al., 2012; Yang et al., 2010; Phillips et
al., 2015; Blaschko et al., 2013) the untreated or oil-treated adult mouse penis exhibits the
following features: a distally bifid male urogenital mating protuberance (MUMP)
(Rodriguez et al., 2011; Yang et al., 2010; Blaschko et al., 2013; Phillips et al., 2015). The
MUMP is fused to the MUMP ridge and defines a Y-shaped urethral meatus (Blaschko et al.,
2013; Rodriguez et al., 2011; Yang et al., 2010) (Fig. 1A). Peripheral to the MUMP ridge is
a circumferential groove called the MUMP ridge groove (Fig. 1A). The ridge encircling the
MUMP ridge groove is the internal prepuce (Blaschko et al., 2013) (Fig. 1A). The mouse
glans penis is housed within the preputial space defined by the external prepuce (Phillips et
al., 2015; Blaschko et al., 2013; Sinclair et al., 2016b) (Fig. 5B). Overall reduction in length
of the glans penis was observed in all DES treatment groups (not illustrated), which
corresponds to DES-induced reduction of penile length reported previously (Mahawong et
al., 2014b; a; Sinclair et al., 2016a). Treatment with DES from E12 to E18 elicited mild
truncation of the MUMP (Figs. 1H & N) with subtle distortion of the clefts within the
MUMP ridge (Fig. 1B). Mice treated with DES from PO to P10 and E12 to P10 exhibited
profound distortion of external penile surface features. Both treatments elicited severe
truncation of the MUMP, and the MUMP ridge was grossly malformed with a pattern of
clefts and processes not seen in the oil-treated specimens (Figs. 1C, D, I, J, O, P).
Accordingly, the normal Y-shaped urethral meatus was dramatically distorted. A constant
feature of adult penises from the DES P0-P10 and DES E12-P10 (and an infrequent feature
of DES P5-P15 mice) was a frenulum-like ventral tether that connected the ventral surface
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of the penis to the inner surface of the external prepuce (Figs. 1 & 2). The thickness of the
ventral tether, as well as other attachments of the penis to the inner surface of the external
prepuce, were variable (Fig. 2). Mice treated with DES from P5-P15 exhibited mild
truncation of the MUMP and minimal distortion of the MUMP ridge and urethral meatus
(Figs. 1E, K. Q). Mice treated with DES from P10-P20 exhibited penile morphology similar
to oil-treated specimens (Figs. 1F, L, R). SEM of AROM+, a ERKO, and BERKO has been
reported previously (Blaschko et al., 2013). In summary, penises of BERKO and a ERKO
mice exhibited minimal departure from the normal penile surface pattern. In contrast,
penises of AROM+ mice exhibited severe truncation of the MUMP, profound distortion of
the MUMP ridge and urethral meatus and ventral tethering (Fig. 2D) (Blaschko et al., 2013).
Thus, in response to DES, increased severity of malformations of the penis corresponded to
treatments that overlapped the period of PO to P10. In addition, elevation of systemic
estrogen levels associated with over-expression of aromatase in AROM+ mice (Li et al.,
2001; Li et al., 2003) was associated with dramatic alterations of the distal aspect of the
mouse penis (MUMP, MUMP ridge and urethral meatus) and ventral tethering (Blaschko et
al., 2013).

Effects of perinatal DES on the corpora cavernosa urethrae

The corpora cavernosa urethrae (CCUTr) are erectile bodies located immediately ventral to
the mouse urethra and which extend distally into the urethral flaps (Rodriguez et al., 2011)
(Fig. 3A1 & 3A2). Figure 3 illustrates the normal morphology of the adult CCUr from a
prenatally oil-treated mouse (Fig. 3A1 & 3A2). Abnormal CCUr morphology was observed
in mice of the DES E12-P10 and DES P0-P10 groups (Fig. 3B1, 3B2, 3C1, 3C2) and in
adult AROM+ mice (Figs. 3D1 and 3D2). Epiflourescence of H&E stained sections
illuminated by the Cy3 HYQ filter combination is particularly effective in visualizing the
smooth muscle capsules that normally encompass the CCUr (Figs 3A2, 3B2 3C2 & 3D2).
The morphology of the CCUTr of all other treatment groups was normal or near normal (Oil,
DES P5-P15 and DES P10-P20) (not illustrated). In oil-treated mice well-defined CCUr
surrounded by smooth muscle capsules were evident that contained considerable numbers of
red blood cells (Figs. 3A1 & 3A2). In contrast, in the DES E12-P10 and DES P0-P10
specimens (Figs. 3B1, 3B2, 3C1, 3C2) the CCUr were indistinct, lacked smooth muscle
capsules, and red blood cells were not apparent. In adult AROM+ mice, the CCUTr are
evident, but not well demarcated (Figs. 3D1 and 3D2). The CCUr were normal in all other
mutants examined (NERKI, BERKO, aERKO). Urethral flaps are not present in the sections
depicted in figure 3, but were evaluated in more distal sections.

A corpora cavernosa urethrae index (as described in the Materials and Methods) was used to
quantify the magnitude of effect of DES on this parameter. The CCUr index score for DES-
treated mice was dependent upon the timing of DES treatment (Fig. 4). Mice treated from
with DES from E12 to E18 as well as from P10 to P20 exhibited an adult CCUr index
statistically similar to that of the oil-treated mice with values between 2.5 and 3. In contrast,
mice treated with DES from PO to P10, E12 to P10 and P5 to P15 exhibited a statistically
significant reduction in the adult CCUr index value. Indeed, in the DES E12-P10 group the
CCUr index value was zero (Fig. 4). The CCUr index of NERKI, aERKO, and BERKO
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mice was indistinguishable from that of oil-treated CD-1 and C57BL/6 mice (~2.3 to 2.8),
while the CCUr index of AROM+ mice was significantly reduced to ~1.4 (Fig. 4).

Morphometric effects of perinatal DES on the adult mouse penis

Estrogens such as DES as well as germline mutations that affect estrogen signaling have
been shown to alter the pattern of external and internal penile features (Blaschko et al., 2013;
Mahawong et al., 2014b; a; Sinclair et al., 2016a; Rodriguez et al., 2012) (Fig. 1). To better
appreciate the types and extent of such malformations, morphometric analysis of penile
structures was carried out in mice treated with DES during a variety of developmental
periods. Figure 5 indicates the types of measures and how they were made. Absolute MUMP
length (tip of the MUMP to distal aspect of the MUMP ridge) was significantly reduced in
all DES treatment groups with the exception of the DES P10-P20 group whose MUMP was
reduced somewhat, but not significantly (Figs. 6A). In all mutant mice, absolute MUMP
length was also significantly reduced relative to CD-1 mice (Fig. 6D). This comparison is
questionable as all mutant mice used in this study are on the C57BI/6 background. When
MUMP length was compared to MUMP length of C57BI/6 mice, significant reduction in
MUMP length was only seen in AROM+ mice with genetically engineered elevation of
systemic estrogen (Figs. 6D). To determine if reduction in MUMP length was simply a
function of overall reduction in penile length, we normalized MUMP length in DES-treated
and mutant mice by two surrogates of penile length, namely (a) penile tip to distal tip of the
os penis and (b) penile tip to the proximal terminus of the internal preputial space as
described in figure 5. For the DES treatment groups the magnitude of CD-1 MUMP length
reduction was attenuated somewhat when normalized to penile length (Bone Depth), but was
statistically significant for all DES treatment groups except the DES P10-P20 group whose
MUMP was reduced, but not significantly (Fig. 6B). Similar reductions in CD-1 MUMP
length were obtained when normalized to the proximal terminus of the internal preputial
space (Fig. 6C). Thus, reduction of MUMP length is partly a function of the overall
reduction in penile length, more importantly is a function of the period of DES treatment.

When MUMP length of the mutant mice was normalized to surrogates of penile length
(penile tip to distal tip of the os penis (Fig. 6E) or penile tip to proximal terminus of the
internal preputial space (Fig. 6F) significant reduction in MUMP length was only seen in
AROM+ mice.

The mouse has two prepuces, an external and an internal prepuce. The external prepuce
forms the prominent elevation in the perineum and creates the voluminous preputial space
housing the penis (Sinclair et al., 2016a). The external prepuce is not homologous to the
human prepuce, which is integral to the penis, while the internal mouse prepuce is
homologous to the human prepuce and has a ventral cleft (Blaschko et al., 2013; Cunha et
al., 2015). Accordingly, we measured absolute length of the ventral cleft in the internal
prepuce (distal aspect of internal prepuce to proximal end of cleft in internal prepuce). In
DES-treated CD-1 mice absolute length of the internal preputial cleft was not affected
statistically irrespective of the treatment periods (Fig. 7A). However, when normalized to
surrogates of penile size, length of the internal preputial cleft was increased statistically in
the DES E12-E18, DES P0-P10 and DES E12-P10 groups (Fig. 7B & C). In the mutant mice
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length of the internal preputial cleft was significantly increased only in AROM+ mice when
normalized to a surrogate of penile length (Fig. 7F).

The distance from the distal penile tip to the distal tips of the urethral flaps (urethral flap
depth) was profoundly affected by DES treatment, and the effect was the same whether
judged as an absolute measurement or normalized to penile length (Fig. 8A-C). For the DES
PO-P10 and DES E12-P10 groups, the urethral flaps were entirely absent and thus a score of
zero was recorded. For the DES P5-P15 groups the distance from the distal penile tip to the
distal tips of the urethral flaps was also reduced significantly (Fig. 8A-C). For the mutant
mice, the absolute distance from the distal penile tip to the distal tips of the urethral flaps
was significantly reduced in AROM+ mice when compared to CD-1, but was significantly
increased when compared with C57BI/6 mice (Fig. 8D). When normalized to surrogates of
penile length distance from the distal penile tip to the distal tips of the urethral flaps was
significantly increased in AROM+ and a ERKO mice (Fig. 8E-F).

Perinatal DES also affected the depth of the internal preputial space. Absolute depth of the
internal preputial space was significantly decreased in the DES P0-P10 and DES E12-P10
groups (Fig. 9A). However, depth of the internal preputial space was increased in several
DES treatment groups (DES E12-E18, DES P0-P10, DES E12-P10 and DES P5-P15) when
the data were normalized to overall penile length based upon bone depth (Fig. 9B) due to the
overall global reduction in length of the glans penis of the mouse. For all mutant mice
absolute depth of the internal preputial space was not significantly altered (Fig. 9C), but
when normalized to bone depth or depth of the internal preputial space was significantly
increased in AROM+ mice (Fig. 9D).

Status of the urethral plate at 16 days of gestation

In our recent papers (Cunha et al., 2015; Sinclair et al., 2016a) we have annunciated the idea
that development of the mouse penile urethra occurs in two phases through vastly different
mechanisms. Most of the mouse penile urethra forms by direct canalization of the urethral
plate during embryonic periods (Hynes and Fraher, 2004b; Seifert et al., 2008). However,
subsequently during the neonatal period the distal aspect of the urethra and especially the
urethral meatus forms via a series of fusion events (Blaschko et al., 2013; Sinclair et al.,
2016a; Cunha et al., 2015). The critical observation in support of this duality of
developmental mechanism concerns the proximal-distal extent of the urethral plate within
the genital tubercle, that is, whether the urethral plate extends all the way to the distal aspect
of the developing genital tubercle or not. To elucidate this issue, we carried out OPT on
genital tubercles at 16 days of gestation (Fig. 10). Figure 10A is a surface rendering of the
day E16 genital tubercle. Transverse OPT sections 10a-h are shown, and the positions of the
transverse sections are indicated on the OPT wholemount images (Fig. 10A-C). The tubular
urethra and the urethral plate extend only to the approximate position of section 10e. The
solid urethral plate does not exist in sections (Fig. 10a-d) and instead a ventral groove is
present, which we have reported previously in the mouse genital tubercle at birth
(Mahawong et al., 2014a; Sinclair et al., 2016a).
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Discussion

Human hypospadias is a congenital malformation of penile development that involves an
abnormal urethral meatus, a ventral defect in the prepuce and chordee (curvature of the
penis). The abnormal urethral meatus may be located distally in the glans, at midshaft or in
the perineum. Associated with the abnormal urethral meatus is a deficiency in the corpus
spongiosum, which normally provides bulk to the urethral wall. Thus, in human hypospadias
the anatomical defects consists of an absence of the ventral wall of the urethra, a deficiency
in the corpus spongiosum, a deficiency in human penile skin at the site of the abnormal
urethral meatus and distally and a deficiency in the prepuce (Cunha et al., 2015; Sinclair et
al., 2016a). Estrogenic endocrine disruptors have been suggested as a potential cause of
human hypospadias (Vilela et al., 2007; Wang and Baskin, 2008a). Indeed, the incidence of
human hypospadias is elevated in DES sons, who were exposed in utero to this potent
estrogen (Klip et al., 2002; Jouannic and Benifla, 2005; Palmer et al., 2005; Pons et al.,
2005). Of course, the cause of hypospadias is multifactorial and may involve a spectrum of
hormonal agents (estrogens, anti-androgens, progestins) as well as genetic alterations
(Cunha et al., 2015).

In mice treated perinatally with DES and other estrogens we have never observed midshaft
or perineal urethral malformations based upon the analysis of 239 mice in 5 separate papers
(Kim et al., 2004; Mahawong et al., 2014b; a; Blaschko et al., 2013; Sinclair et al., 2016a),
which may mean that midshaft, proximal shaft or scrotal perineal urethral malformations are
not possible in mice. Perinatally DES-treated and AROM+ mice (having elevated serum
estradiol) exhibited malformations of the distal aspect of the penis that included severe
truncation of the MUMP as well as malformation of the MUMP ridge that forms the urethral
meatus. Other mutant mice examined (« ERKO, BERKO and NERKI) exhibited a normal
urethral meatus (Blaschko et al., 2013). Accordingly, the common feature for an abnormal
urethral meatus is elevated estrogen.

The striking morphological differences between human hypospadias and the penile
malformations seen in perinatally estrogen-treated mice is due to substantial differences in
the morphogenesis of the penile urethra in these two species. In humans, a solid urethral
epithelial plate forms on the ventral aspect of the genital tubercle (embryonic phallus) that
extends from the perineum to the distal aspect of the genital tubercle. The urethral plate
subsequently canalizes via an “opening zipper” to form a broadly open urethral groove. The
edges of the urethral groove (urethral folds) then approach each other and fuse in the midline
(“closing zipper”) to form the human penile urethra. This fusion process begins proximally
and extends distally to complete urethral development to its terminus in the glans (Li et al.,
2014). Human hypospadias presumably occurs as a result of (a) failure of formation of the
urethral plate, (b) failure of urethral plate canalization, or (c) failure of fusion of the urethral
folds.

In mice the mechanism of penile urethral development appears to occur via two very
different morphogenetic mechanisms (Cunha et al., 2015; Hynes and Fraher, 2004b; Seifert
et al., 2008). As in humans a solid urethral plate forms in mice which extends distally, but
not all of the way to the distal terminus of the genital tubercle as seen in figure 12
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(Mahawong et al., 2014a) and in figure 10 of the current paper. Most of the mouse penile
urethra forms by direct canalization of the embryonic urethral plate and detachment of the
urethral plate from the overlying epidermis, a process that occurs prenatally in mice (Seifert
et al., 2008; Hynes and Fraher, 2004b). This mechanism cannot account for formation of the
distal aspect of the penile urethra (and especially the urethral meatus) because at 16 days of
gestation (Fig. 10), birth and thereafter the murine urethral plate is not present in the distal
aspect of the genital tubercle as reported previously (Sinclair et al., 2016a; Mahawong et al.,
2014a). Instead at 16 days of gestation and at birth a ventral groove is present on the distal
aspect of the mouse genital tubercle whose edges fuse in the midline to form the distal
aspect of the mouse penile urethra and the urethral meatus (Mahawong et al., 2014a; Sinclair
etal., 2016a).

Several lines of evidence support the notion that the mouse urethral meatus forms via fusion
of the MUMP and MUMP ridge (Blaschko et al., 2013; Mahawong et al., 2014b; a;
Rodriguez et al., 2011; Yang et al., 2010; Schlomer et al., 2013). The normal adult MUMP
ridge (forming most of the urethral meatus) has a series of characteristic clefts that we
believe are manifestations of developmental fusion events seen in untreated, oil-treated,
aERKO, BERKO and NERKI mice (Blaschko et al., 2013). The pattern of processes and
clefts in the MUMP ridge are profoundly abnormal in DES E12-P10, DES P0-P10, DES P5-
P15 and AROM+ mice, suggesting an estrogenic etiology to these malformations. Given the
importance of fusion events in formation of the human urethra and formation of the urethral
meatus in mice, it is likely that common molecular mechanisms may be involved in both
species in these areas.

The penile malformations induced perinatally in mice with DES merit the descriptor,
hypospadias for several reasons: (a) Perinatally DES-treated adult mice exhibit an abnormal
urethral meatus (Blaschko et al., 2013; Mahawong et al., 2014b; a; Sinclair et al., 2016a). (b)
The corpora cavernosa urethrae (homologues of the human corpus spongiosum) are
hypoplastic and exhibit a dramatic reduction in the corpora cavernosa urethrae index
(Mahawong et al., 2014a; Sinclair et al., 2016a; Cunha et al., 2015). (c) The external and
internal prepuces are malformed (Mahawong et al., 2014b; a). (d) Ventral tethering of the
penis to the inner surface of the external prepuce is diagnostic of an abnormality of penile
skin (Blaschko et al., 2013; Mahawong et al., 2014a; Sinclair et al., 2016a). All of these
features of mouse hypospadias have counterparts in human hypospadias (Cunha et al., 2015;
Sinclair et al., 2016a) and are indicative of a global disturbance in the patterning of external
and internal penile features in regions of the mouse penis whose development involves
fusion events similar in a general sense to those occurring in human penile development.

One of the striking differences between mouse and human external genitalia is that the
mouse has 2 prepuces and the human has 1 prepuce (Blaschko et al., 2013; Sinclair et al.,
2016b). The mouse external prepuce forms a voluminous space housing the penis and forms
the prominent perineal appendage (Sinclair et al., 2016b). The mouse internal prepuce is
homologous to the human foreskin since in both species these skin flaps are integral to the
penis (Blaschko et al., 2013; Sinclair et al., 2016b). In the course of mouse penile
development, the penile stroma is surrounded by the external preputial lamina which has a
ventral gap through which penile stroma is continuous with preputial stroma (Mahawong et
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al., 2014b; a; Sinclair et al., 2016a). During normal delamination of the external preputial
lamina (which occurs over an extended period and is completed at ~30 days postnatal) the
continuity of stroma between the penis and the external prepuce is obliterated resulting in a
penis freely mobile (untethered) within the preputial space (Blaschko et al., 2013;
Mahawong et al., 2014a; Sinclair et al., 2016a; Mahawong et al., 2014b). Indeed, normally
the penile surface epithelium is continuous with inner preputial epithelium only proximally
where penile surface epithelium reflects onto the inner preputial epithelium in the depth of
the preputial space. However, in DES P0-P10, DES E12-P10, AROM+, and some DES P5-
P15 mice, the continuity of penile and preputial stroma is maintained along the shaft of the
penis as a frenulum-like connection between the ventral aspect of the penis and the inner
preputial wall, signifying an abnormality in ventral penile skin (Blaschko et al., 2013;
Mahawong et al., 2014a; Sinclair et al., 2016a). The consistent finding of ventral tethering of
the penis in AROM+ mice indicates that physiological elevation in endogenous estradiol is
sufficient to elicit this malformation. At 4 months postnatal AROM+ male mice have
dramatically elevated serum estradiol levels (98-225pg/ml), whereas in wild-type male mice
serum estradiol is below the detection level (Li et al., 2001). Thus, estrogen-induced ventral
tethering of the penis is not unique to synthetic estrogens such as DES, but appears to be a
general aspect of elevated estrogen. The ventral tether frequently extends distally to the
urethral meatus and completely or partially abrogates the ventral cleft in the MUMP ridge
and the ventral cleft in the internal prepuce thus distorting the urethral meatus (Fig. 1).

The ventral tether seen consistently in perinatally DES-treated male mice (DES P0-P10,
DES E12-P10 and to a lesser extent in DES P5-P15) poses severe problems for these mice.
Initially such DES-treated mice have a persistently wet urine-stained perineum.
Subsequently, retention of urine in the preputial space results in subsequent crystallization of
preputial stones (Mahawong et al., 2014a), which can become large hard foreign bodies
causing erosion of the distal aspect of the penis (Warner et al., 1979). This suggests that
urination in mice normally involves extension of the penis beyond the preputial meatus so
that urine can be expelled cleanly beyond the prepuce. The presence of a ventral tether
appears to restrict penile mobility and impair projection of the penis beyond the preputial
meatus during urination and presumably also during mating.

One striking feature of human hypospadias is hypoplasia of the corpus spongiosum in and
around the abnormal urethral meatus. In similar fashion, DES elicits abnormality of the
corpora cavernosa urethrae, the mouse homologue of the human corpus spongiosum
(Mahawong et al., 2014a; Sinclair et al., 2016a; Cunha et al., 2015). As in humans,
hypoplasia of the corpora cavernosa urethrae is an event that is restricted to the distal aspect
of the mouse glans penis that is easily recognized in histological sections and manifested as
a substantial reduction in the corpora cavernosa urethrae index (Fig. 4). Malformation of the
urethral flaps (the distal extension of the corpora cavernosa urethrae) as well as the corpora
cavernosa urethrae themselves is most severe when the timing of DES exposure overlaps
into the PO to P10 time period, thus reinforcing the “window of susceptibility” to DES
reported earlier (Sinclair et al., 2016a). One aspect of DES-induced malformation of the
corpora cavernosa urethrae is the absence of well-defined smooth muscle capsules
surrounding the vascular spaces. Goyal has demonstrated estrogen-induced impairment of
smooth muscle differentiation in penises of rats treated neonatally with DES, an effect

Differentiation. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sinclair et al.

Page 12

mitigated by co-administration of the ICI anti-estrogen (Goyal et al., 2005; Okumu et al.,
2012).

A key point regarding mouse hypospadias is that it is important to diagnose it in adulthood
as some of the estrogen-induced (and finasteride-induced) malformations seen
developmentally represent retardations in development which resolve to normality after
discontinuation of drug treatment (Sinclair et al., 2016a; Kim et al., 2004; Iguchi et al.,
1991). When penile malformations are observed late in gestation in hormonally-treated or
mutant mice, the tacit (but unproven) assumption is that embryonic genital tubercle
malformations are irreversible and will progress to enduring adult penile malformations.
Without allowing embryonic penile malformations to progress to adulthood (as is the case
for many papers), it is impossible to know whether embryonic genital tubercle defects are
indicative of enduring adult malformations or are merely reversible developmental
retardations. Obviously, enduring adult malformations elicited by perinatal DES treatment
have developmental counterparts, which require detailed analysis to know which neonatal
penile malformations endure into adulthood and which resolve to normality following
discontinuation of DES treatment (Sinclair et al., 2016a). Enduring adult penile
malformations are obvious and easily identified, and thus analysis in adulthood is highly
recommended.

Morphometric analysis confirms that DES affects the patterning of internal and external
features in the mouse penis, increasing or decreasing certain morphometric measures.
Whether a penile element is increased or decreased in size is dependent upon the timing of
DES treatment, whether the data are expressed as absolute distance or normalized to a
surrogate of penile length, and perhaps also on differential sensitivity of an element to
exogenous estrogen. MUMP length (Fig. 6) and distal MUMP tip to urethral flaps length
(Fig. 8) were reduced in several DES-treated groups absolutely and also when normalized to
penile length. Length of the internal preputial cleft (Fig. 7) showed no effect when expressed
as absolute length, but showed significant increases in the DES E12-E18, DES P0-P10 and
DES E12-P10 groups when the data was normalized to overall reduction in penile length. A
similar trend was seen in the AROM+ mouse. In the case of depth of the internal preputial
space (Fig. 9) this parameter exhibited absolute reduction in length, but when normalized to
surrogates of penile length this parameter was increased. This means that these two
measures (penile length and depth of the internal preputial space) are differentially affected
by perinatal DES treatment. Taken together our morphometric studies emphasize the idea
that DES as well as elevated serum estrogen (AROM+) affects the overall patterning of
external and internal penile elements. In some cases the reduction in an individual element
occurs in concert with overall DES-induced reduction in penile length. In other cases, the
change in the value of an individual element may be greater or lesser proportionally than the
overall reduction in penile length noted developmentally in pre- and neonatally DES-treated
mice at 5 days postnatal (Mahawong et al., 2014b; a; Sinclair et al., 2016a) as well as in
adulthood (60-days postnatal, this paper). Reductions in overall penile length as well as
other measures may be due to DES-induced reduction in proliferative activity or apoptosis,
although neither of these possibilities was examined in the current paper. Many effects seen
in response to synthetic (DES) were also seen in AROM+ mice in which natural estrogens
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(estradiol) are elevated. Whether this is true for other types of agents (anti-androgens,
progestins, phthalates, etc) remains to be determined.

In conclusion, hypospadias in humans and mice is substantially different owing to
differences in the developmental mechanisms of formation of the penile urethra. The
generally accepted morphogenesis of hypospadias in humans is solidly based upon failure of
fusion of the urethral folds to convert the urethral groove into the penile urethra. In the case
of the mouse fusion events (similar to those in the developing human penis) are observed
only in the distal aspect of the penile urethra and especially manifest in the formation of the
urethral meatus. It is these distal estrogen-induced penile malformations in the mouse that
constitute mouse hypospadias. It remains to be determined whether other hormonally active
agents elicit similar penile malformations in the mouse penis. Given the many chemicals in
the environment having estrogenic properties (McLachlan, 1981), an important (but
unresolved) question is whether the burden of environmental estrogens are a factor in human
hypospadias. Dose-response studies over a broad concentration range in mice may shed light
on this question.
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Figure 1.
Scanning electron micrographs of adult (60 day) mouse penises treated with oil vehicle and

DES at the ages specified. (A-F) = end on views, (G-L) = lateral views, (M-R) = ventral
views. Severe truncation of the MUMP (green arrowheads in | & J), malformation of the
urethral meatus with abnormal clefting patterns in the MUMP ridge (C & D) and the ventral
tether (purple arrowheads in I, J, O, & P) are seen in the P0-P10 and E12-P10 groups. Other
treatment groups show less severe malformation or minimal departure from the oil treated
specimens. IP = internal prepuce, MR = MUMP ridge, MRG = MUMP ridge groove, VC =
ventral cleft in MUMP ridge.
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Figure 2.
Histologic transverse sections exhibiting ventral tethering (arrows) of the ventral penile

surface to the inner aspect of the prepuce. Such abnormal attachments are only seen in the
treatment groups depicted. UR = urethra, B = bone, C = MUMP cartilage.
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Figure 3.
Transverse histologic sections at the level of the corpora cavernosa urethrae (arrows). In Al

and A2 (oil-treated) the corpora cavernosa urethrae are well demarcated. In the DES E12-
P10 (B1-B2) and DES P0-P10 (C1-C2) groups the corpora cavernosa urethrae are indistinct.
In AROM+ mice (D1-D2) the corpora cavernosa urethrae are less well defined. Ur = urethra.
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Figure 4.
Corpora cavernosa urethrae index as described in the Materials and Methods. Note reduction

in the corpora cavernosa urethrae index in the DES P0-P10, DES E12-P10, DES P5-P15 and
AROM+ groups. Corpora cavernosa urethrae index was significantly altered relative to oil
controls. When these symbols are depicted in blue, the data was normalized to values in
CD-1 mice. When these symbols are depicted in red, the data was normalized to C57BL/6
mice. # = p <0.001 and * =p <0.0001
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Figure 5.
(A) Diagram indicating the positions of internal and external structures within the mouse

penis with histological sections (a-f) at the position specified. In section (a) the arrows
indicate the proximal terminus on the epithelium defining the internal preputial space, whose
position is indicated by the red arrow meeting the yellow line. In section (b) the arrows
indicate the urethral flaps. In section (c) the arrows denote the distal aspect of the MUMP
ridge with the MUMP located dorsal to the MUMP ridge. Section (d) the arrow denotes the
fusion of the ventral cleft in the internal prepuce and thus stromal confluence across the
midline. The red arrow indicates the position of this event on the diagram. The double-
headed arrows indicate the internal prepuce. Section (e) denotes the fusion of the ventral
cleft in the MUMP ridge and thus stromal confluence across the midline. The red arrow
indicates the position of this event on the diagram. The doubleheaded arrows indicate the
MUMP ridge. Section (f) depicts the bifid tips of the MUMP. In all cases the red arrows
indicate where sections (a-f) are located on the diagram. (B) Photographs of penises of 60-
day untreated mice in lateral and ventral views showing how the morphometric measures
were made. (a) MUMP length = distance from MUMP tip to where the MUMP joins the
MUMP ridge. (b) Depth of the internal preputial space was measured from the most distal
section containing the internal prepuce proximally to the last section containing epithelium
of the internal preputial space. (c) Internal preputial cleft length was measured from the most
distal section containing the internal prepuce proximally to the proximal end of the cleft in
the internal prepuce. The last measure (not illustrated) is distal penile tip to urethral flaps,
that is, distal most section containing the tip of the MUMP to the first section containing
urethral flaps. In the lateral view “Proximal Terminus of Internal Preputial Space” and
“Bone Depth” indicate the surrogates of penile length used to normalize data. The upper
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image in (B) shows the external prepuce and the os penis (bone) superimposed. Yellow
dotted lines indicated the full extent of the external prepuce, and the yellow arrows denote
the reflection of the epithelium of the external prepuce onto the penile surface. Green arrows
denote the point where the outer skin of the external prepuce becomes continuous with
abdominal skin.
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Figure 6.

Morphometric analysis of MUMP length in perinatally DES-treated and mutant mice
expressed as absolute length (A & D) or normalized to surrogates of penile length (B, C, E,
F). Significance symbols (*, # and +) when depicted in blue indicate normalization to CD-1

mice and in red when normalized to C57BL/6 mice. + =p <0.05,# =p <0.001 and k=p <

0.0001.
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Figure 7.

Morphometric analysis of internal preputial cleft length in perinatally DES-treated and
mutant mice expressed as absolute length (A & D) or normalized to surrogates of penile
length (B, C, E, F). Significance symbols (* and +) when depicted in blue indicate
normalization to CD-1 mice and in red when normalized to C57BL/6 mice. + =p <0.05

and %= p < 0.0001.
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Urethral Flaps/Penis Size
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Figure 8.

Morphometric analysis of distal penile tip to urethral flap length in perinatally DES-treated
and mutant mice expressed as absolute length (A & D) or normalized to surrogates of penile
length (B, C, E, F). Significance symbols (*, # and +) when depicted in blue indicate
normalization to CD-1 mice and in red when normalized to C57BL/6 mice. + = p <0.05, #
=p <0.001 and %= p < 0.0001.
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Figure 9.
Morphometric analysis of internal preputial space depth in perinatally DES-treated and

mutant mice expressed as absolute length (A & D) or normalized to surrogates of penile
length (B, C, E, F). Significance symbol (*) when depicted in blue indicate normalization to

CD-1 mice and in red when normalized to C57BL/6 mice. %= p < 0.0001.
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b M

distal proximal

Figure 10.
Optical project tomography (OPT) images of the genital tubercle of a 16-day embryonic

male mouse stained with anti-E-cadherin to reveal epithelium. (A) is a surface rendered
lateral view. (B) is a semi-transparent dorsal-ventral view. (C) is a semi-transparent dorsal-
ventral view. Note that the distal aspect of the genital tubercle is very faint in (B) and (C).
OPT sections (a-h) organized in distal (a) to proximal order (h) indicate the morphology at
the positions specified. Note the absence of the urethral plate in sections (a-d) where the
ventral groove (Gr) is present. The urethral plate (Up) (with or without canalization) is seen
in sections (e-h). Ur = urethra. Position of section (e) highlighted in yellow indicates the
distal terminus of the urethral plate.
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Table 1

Treatment Groups and Age of Analysis.

Treatment Group

Treatment Period

Prenatal DES

E12-E18 (N=10)

Postnatal DES

P0-P10 (N=12)

Prenatal + Postnatal DES

E12-P10 (N=6)

Postnatal DES

P5-P15 (N=7)

Postnatal DES

P10-P20 (N=7)

QOil

All of the above groups (N=39)

E= embryonic, P= postnatal
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