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Abstract

Purpose—We describe the “double zipper” mechanism of human male urethral formation,
where the distal zipper opens the urethral groove through canalization of the urethral plate, and a
second closing zipper follows behind and closes the urethral groove to form the tubular urethra.

Materials and Methods—Anonymous human fetal genital specimens were acquired and
gender was determined by polymerase chain reaction of the Y chromosome. Specimens were
processed for optical projection tomography, stained with E-cadherin, Ki67 and caspase 3, and
imaged.

Results—Eight developing male fetal specimens from 6.5 to 16.5 weeks of gestation were
analyzed by optical projection tomography, and an additional 5 specimens by serial sections.
Phallus length ranged from 1.3 to 3.7 mm. The urethral plate canalized into a groove with 2
epithelial edges that subsequently fused. Ki67 staining was localized to the dorsal aspect of the
urethral plate. In contrast, caspase 3 staining was not observed. The entire process was completed
during a 10-week period.

Conclusions—The human male urethra appears to form by 2 mechanisms, an initial “opening
zipper” that facilitates distal canalization of the solid urethral plate to form the urethral groove,
which involves a high rate of epithelial proliferation (apoptosis not observed), and a “closing
zipper” facilitating fusion of the 2 epithelial surfaces of the urethral groove, and thus extending the
penile urethra distally. Improved knowledge of the molecular mechanisms of these processes is
critical to understanding mechanisms of abnormal urethral development, such as hypospadias.
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Unoerstanoive NOrmal human urethral development is the first step is unraveling abnormal
urethral development, of which the most common anomaly is hypospadias. Hypospadias is
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defined by abnormal location of the urethral meatus, impaired differentiation of the corpus
spongiosum and failure of closure of the ventral foreskin.! The urethral defects result from
failure of fusion of 2 epithelial surfaces of the urethral groove, which forms via canalization
of the solid urethral plate.2-3 Hypospadias results from events that may involve 1) formation
of the urethral plate, 2) failure of canalization of the urethral plate, and thus failure of
formation of the urethral groove, 3) failure of medial growth of the urethral fold (lateral
edges of the urethral groove) or 4) failure of midline fusion of the urethral folds.*>

Previous studies examining urethral development have relied on gross examination, serial
sections and 3D reconstruction of images of serial sections.>~" With the advent of OPT,
whole mount 3D imaging of the developing human urethra can now be realized.8 We
describe the “double zipper” hypothesis of urethral formation, where the “opening zipper”
facilitates formation of the urethral groove distally through canalization of the urethral plate,
and a “closing zipper” follows behind and closes the urethral groove to form the tubular
urethra. Midline epithelial proliferation within the urethral plate is a key feature of
development of the urethral groove, while apoptosis does not appear to be involved in
canalization of the urethral plate.

METHODS

The study was performed after receiving approval from the committee on human research at
the University of California, San Francisco. Anonymous human fetal genital specimens from
elective terminations were acquired, and gestational age was estimated by heel-toe
length.910 Fetal gender was determined by 2 methods, ie visual inspection of internal
genitalia (gonads and wolffian and millerian ducts) using a dissecting microscope, and
polymerase chain reaction for X and Y-chromosomal genes.1! For the latter DNA was
isolated from fetal tissue sample using the QlAamp® DNA Mini Kit. Isolated DNA was
then amplified for specific primers of the X and Y chromosomes.

Optical Projection Tomography

OPT is a technique for volumetric visualization of transparent or slightly opaque objects on
the cellular level up to small organisms.8 The principle of OPT is similar to computerized
tomography, except for the use of visible light instead of x-rays.

Dissected human fetal genitals were fixed in formalin overnight, stored in 100% methanol
and prepared for OPT.8 Samples were immunostained with anti- E-cadherin (diluted 1:100,
BD Transduction Laboratories™) using the secondary antibody (goat anti-mouse diluted
1:100, Alexa Fluor® 488 nm).

Images of the specimens were captured using Bioptonics OPT scanner 3001M (Medical
Research Council Technology, London, United Kingdom), as described previously.8 The
raw data (400 projected images) from each of the 2 channels were reconstructed into a pair
of 3D voxel data sets using in-house reconstruction software. 3D OPT reconstructions were
then loaded into PerkinElmer® Volocity software for visualization and analysis.
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OPT samples were isolated from the agar blocks using the standard Bioptonics OPT
protocol. Once isolated, the specimens were formalin fixed, paraffin embedded and serially
sectioned at 7 microns. Immunohistochemical analysis was carried out as described
previously,? using antibodies to Ki67 (1:100, Leica Microsystems, Inc., Buffalo Grove,
Illinois) to detect cellular proliferation and caspase 3 (1:200, Cell Signaling Technology,
Inc., Danvers, Massachusetts) to detect apoptosis.

Optical Projection Tomography—Gross Visualization and Morphometrics

A total of 13 human male fetal external genitalia specimens were evaluated following
confirmation of male gender by polymerase chain reaction. Under dissecting microscopy the
entire fetal specimen appeared normal. Eight developing male fetal specimens from 6.5 to
16.5 weeks of gestation were processed for OPT, and the remaining 5 male specimens were
exclusively analyzed by histology.

In the OPT specimens E-cadherin localized to the entire epidermis and urethral epithelial
cells, including the areas of canalization and fusion. Phallus length ranged from 1.3 to 3.7
mm (fig. 1). The urethral meatus progressed from proximal to distal as gestational age
increased, with progression of the urethral meatus (defined as the most proximal location
where the urethra opened into the amniotic cavity) from the scrotal folds at 6.5 weeks to a
terminal position on the glans at 16.5 weeks. The open urethral groove (defined by an open
groove with 2 epithelial edges greater than 200 microns apart) was best seen from 9.5 to 13
weeks, with clear progression of a proximal to distal fusion of the edges of urethral groove
to form the tubular penile urethra. At 13 weeks the urethral groove was located within the
glans penis, with the tubular urethra completely formed within the shaft of the penis. The
epithelial tag appeared at approximately 9 weeks and disappeared by 16.5 weeks. The entire
process of urethral formation was completed during a 10-week period.

Indifferent Stage of Penile Development (6.5 to 7.5-Week Specimens)

In the youngest specimen estimated at 6.5 weeks the urethral plate was not evident at the
distal tip of the genital tubercle, but was for the most part solid, with evidence of
canalization in the penile shaft (fig. 2). The urethral meatus was located at the scrotal folds
with the tubular urethra just proximal. Staining for the proliferation marker Ki67 was
localized to the nuclei predominantly within the dorsal aspect of the urethral plate and in the
mesenchymal condensation representing the forming erectile body. Staining for apoptosis
using caspase 3 was negative. A similar result was found in the 7.5-week specimen, with
absence of the urethral plate in the distal most aspect of the genital tubercle and proximal
canalization of the solid urethral plate (fig. 3). Cellular proliferation based on Ki67 staining
was concentrated on the dorsal aspect of the urethral plate and in the mesenchymal
condensation representing the forming erectile body. Caspase 3 was not detected in any
tissues (not illustrated).
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Early Stage of Penile Development (9.5 and 10.5-Week Specimens)

The 9.5-week penis exhibited increased growth compared to the 2 specimens in the
indifferent stage (fig. 4). The urethral groove was now well developed, extending from the
scrotal folds to the proximal aspect of the glans (coronal sulcus), comprising the entire
length of the penile shaft. The width of the urethral groove was also quite large compared to
the solid urethral plate. The solid urethral plate, now located exclusively within the glans,
exhibited ventral canalization but remained solid dorsally. Cellular proliferation (Ki67) was
localized to the dorsal aspect of the urethral plate. Residual urethral plate, present in the
midline of the urethral groove, also remained highly proliferative.

The notable feature of the 10.5-week penis was the “distal movement” of the wide urethral
groove, whose proximal boundary was located at the mid shaft of the penis and whose distal
boundary had extended into the glans (fig. 5). Between these 2 points a broadly opened
urethral groove was evident. Proximal closure of the urethral groove created a tubular penile
urethra in the penile shaft. Proliferation (Ki67) was localized to the dorsal aspect of the solid
urethral plate within the glans, in the residual urethral plate in the midline of the urethral
groove and in the residual urethral plate in the dorsal midline of the tubular urethra. Within
the open urethral groove there was a consistent decline in proliferative activity from medial
to lateral (edges of the urethral folds). Caspase 3 activity was not observed in either
specimen (data not shown).

Later Stages of Penile Development (12, 13, 15 and 16.5-Week Specimens)

At 12 weeks the proximal aspect of the urethral groove had fused and advanced farther
distally along the penile shaft, while the distal aspect of the wide urethral groove had
advanced into the mid glans (fig. 6). The tubular urethra had advanced to the mid shaft of
the penis. The solid urethral plate was now evident in the distal aspect of the glans, with
associated canalization of the urethral plate at the mid glans. Proliferation (Ki67) within the
urethral plate was again localized dorsally. In the region of the open urethral groove
proliferation was greatest medially and decreased laterally to essentially zero in the edges of
the urethral folds.

At 13 weeks the urethral groove was decreased in length and entirely within the glans (fig.
7). The epithelial tag was still visible on the glans. The tubular urethra was completely
formed throughout the entire penile shaft. Within the glans cellular proliferation (Ki67)
remained active and localized to the dorsal aspect of the urethral plate. More proximally
within the urethral groove and urethral meatus the dorsal aspect of the residual urethral plate
remained active for Ki67 staining but qualitatively less than in the solid urethral plate
distally.

At 15 weeks the penis was almost completely formed (fig. 8). The urethral groove was
shorter compared to earlier stages of development. The location of the groove was in the
distal glans close to the final terminal position of the normal urethral meatus. Fusion of the
ventral foreskin was almost complete. Where urethral formation was still active in the distal
glans, cellular proliferation remained active in the dorsal aspect of the urethral plate. In the
completely formed tubular urethra proliferation was equally distributed around the entire
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urethral epithelium. Caspase 3 was rarely detected in these specimens (data not shown). In
the 16.5-week specimen the urethra had reached its normal position on the glans, the
foreskin had fused ventrally and the epithelial tag was no longer present (fig. 1).

DISCUSSION

Our observations regarding the developing human fetal urethra are in agreement with
previous series.3:6.7 OPT confirms a solid urethral plate that canalizes, forming the urethral
groove that progressively advances and fuses to form the tubular penile urethra. The process
starts proximally at the scrotal folds and progresses along the penile shaft to the glans to
form the terminal urethral meatus. There is no evidence of ectodermal intrusion of epidermal
cells that meet the solid and/or canalized urethral plate or urethral groove, consistent with
the endodermal theory of urethral development.2:3

The mechanism of penile urethral formation appears to simulate a “double zipper.” The first
or opening zipper involves the canalization process within the urethral plate to create the
urethral groove. This process is seen in the OPT images initially starting at the scrotal fold/
penile junction (fig. 2, E, H and K) and is visualized in the cross-sectional OPT and
histological sections (fig. 3, C, G and H). During these early stages of development at 6.5
and 7.5 weeks of gestation there is already evidence of canalization of the urethral plate (fig.
2, C, G and I), consistent with subsequent development of the urethral groove between 7.5
and 9.5 weeks of gestation (fig. 4). The “opening zipper,” starting at the urethral meatus,
opens the urethral groove through canalization of the urethral plate and lateral expansion of
the urethral groove, a process that may be facilitated by exceptionally high proliferative
activity in the dorsal aspect of the urethral plate and the residual urethral plate in the midline
of the urethral groove.

Between 9.5 and 15 weeks of gestation the “opening zipper” constitutes the distal leading
edge of the urethral groove, which moves toward and then into the glans to its final terminal
position. The initial zipper leaves behind a wide urethral groove with lateral epithelial edges
(urethral folds) that ultimately fuse together to form the tubular urethra as the “closing
zipper” fuses the edges of the urethral groove and distally extends the tubular urethra.
Between 9.5 and 10.5 weeks the “closing zipper” extends the tubular urethra well into the
penile shaft, with the midline fusion of the epithelial edges of the urethral groove (urethral
folds) well visualized in the OPT images of the developing human penis (fig. 5, D, I, J, M
and N, and fig. 6, E, F, | and L). The process continues through the glans penis (figs. 6 to 8)
in similar fashion, with ultimate fusion of the foreskin ventrally (fig. 8, Gto L).

The mechanism of action of the 2 zippers remains unknown. Our data reveal that cellular
proliferation based on Ki67 immunostaining is an important component of formation and
lateral expansion of the urethral groove (figs. 2 to 8). Pechriggl et al also observed Ki67
staining in the developing human male urethra.12 Proliferation was consistently greatest in
the dorsal aspect of the urethral plate, as well as in the residual urethral plate in the midline
of the urethral groove, with a substantial decline in proliferative activity laterally within the
epithelium of the urethral groove. This pattern is suggestive of a centrally placed
proliferative zone generating post-mitotic epithelial cells that migrate laterally to expand the
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width of the urethral groove in a process somewhat akin to that occurring in intestinal
crypts/villi.

In the opening zipper, which extends the urethral groove distally, cellular proliferation
appears in conjunction with epithelial de-adhesion events that facilitate canalization of the
urethral plate. The process of canalization of the urethral plate does not appear to involve
apoptosis since caspase 3 positive cells were rarely observed throughout penile development
(fig. 2, K). The proximal or closing zipper, in turn, requires adhesion of the epithelial
surfaces of the urethral folds to form the tubular penile urethra. Using a mouse model of
urethral seam fusion, we have demonstrated that the distal aspect of the mouse urethra, and
especially the urethral meatus, forms by fusion of the edges of the urethral folds, resulting in
a midline epithelial seam.513

OPT is an innovative technique for selective staining and visualization of the developing
penile urethra. Our analysis confirms and refines the elegant work of Altemus and Hutchins,
who described development of the penile urethra using gross examination, serial sections
and artistic rendering of human fetal specimens.® We and others have performed molecular
analysis of human urethral development, showing differential expression of cytokeratins,
uroplakins, E-cadherin and mesenchymal markers.3#12.14 Mammalian animal studies have
also defined critical genes, such as Shh, FGF10 and FGFr2-111b, that are required for
urethral development.15:16

Our study has a number of limitations. We assumed based on microscopic examination of
the fetal tissue that the specimens we were analyzing were normal. We were also limited by
the relatively small sample of specimens available for examination.

CONCLUSIONS

We define the ontogeny of human male urethral development by OPT and document 2
mechanisms for further study. The first is an opening zipper that facilitates distal
canalization of the solid urethral plate to form the urethral groove, which involves a high
rate of epithelial proliferation dorsally within the urethral plate. The process of canalization
of the urethral plate apparently does not involve apoptosis. The other mechanism is the
closing zipper that facilitates fusion of the 2 epithelial surfaces of the urethral groove and
thus extends the penile urethra distally. Improved knowledge of the molecular mechanisms
of these processes is critical to understanding mechanisms of abnormal urethral
development, such as hypospadias.
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Development of the Human Male Urethra
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Figure 1.
OPT of male urethral development from 6.5 to 16.5 weeks of gestation. Note progression of

urethral meatus (green arrows) from scrotal folds at 6.5 weeks to terminal position on glans
at 16.5 weeks. Wide open urethral groove (red arrows) is best seen from 9.5 to 13 weeks,
with clear progression of proximal to distal fusion of edges of urethral groove to form
tubular urethra (yellow arrows). At 13 weeks urethral groove is within glans penis with
tubular urethra completely formed within shaft of penis, consistent with endodermal theory
of urethral development. No evidence of ectodermal intrusion is evident in any specimen.
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Figure2.
Ato F, OPT of 6.5-week penis at indifferent stage of development stained with E-cadherin.

G to K, histological sections correspond to horizontal lines in gross OPT specimen. G and H,
note extensive proliferation (Ki67) along urethral plate (UP), urethral meatus (UM) and
areas of urethral plate canalization (Canal), ie “opening zipper.” | and J, high power images
of G and H. K, caspase 3 was not expressed, in contrast to Ki67 in I and J, supporting role of
cellular proliferation over apoptosis as means of urethral plate/groove development. EB,
erectile body.
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Figure 3.
Ato F, OPT of 7.5-week penis at indifferent stage of development stained with E-cadherin.

G and H, histological sections correspond to horizontal lines in gross specimen. D, E, G and
H, note canalization (Canal) of urethral plate (UP) and cellular proliferation (Ki67)
localized to dorsal urethral plate (opening zipper). EB, erectile body. UG, urethral groove.
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Figure4.
Ato E, OPT of 9.5-week penis in early stages of development. B and F to I, urethral groove

(UG) is now well developed comprising length of penile shaft (red arrows), and canalization
(Canal) of urethral plate (UP, arrowheads) and cellular proliferation (Ki67) localized to
dorsal urethral plate (opening zipper). EB, erectile body.

J Urol. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal.

Figurebs.

10.5 week Fetal Penis

Epithelial Tag Open Urethral Groove

—/

Urethral Meatus

Ny

Urethral Plate

Scrotal
Folds N

a— Tubular Urethra
500 pm

500 pm

Ki67.at Urethral
Meatus (E)

&

Ki67 at Open-Uirethral ...

Page 12

Ato F, OPT of 10.5-week penis in early stages of development with epithelium stained for

E-cadherin. Continued proliferation (Ki67) in urethral plate (UP, opening zipper, G and H,
high power kand L), open urethral groove (UG, red arrows) and fusion of urethral groove (I

and M) to form tubular urethra (J and N). EB, erectile body. UM, urethral meatus.
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Figure®6.
Ato F, OPT of 12-week penis in mid stages of development. Note that proximal urethral

groove (UG) has fused (closing zipper) and advanced to distal aspect of shaft of penis, and
distal groove (opening zipper) has advanced into glans (red arrows). Canal, canalization. EB,
erectile body. UM, urethral meatus. UP, urethral plate.
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Figure7.
Ato F, OPT of 13-week penis in late stages of development. Urethral groove (UG) is

contained within proximal glans and is shorter compared to earlier specimens (red arrows).
EB, erectile body. ET, epithelial tag. PE, preputial epithelium. UM, urethral meatus. UP,
urethral plate.
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Ato F, OPT of 15-week penis in late stages of development. Note urethral groove is
contained within distal glans and is shorter compared to earlier specimens (red arrows). In A
prepuce has fused ventrally (G, H, J, K). Asterisk indicates fusion of preputial folds. EB,
erectile body. TU, tubular urethra. UM, urethral meatus. UP, urethral plate.
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