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Abstract

Variation in Penile and Clitoral Morphology in Fo8pecies of Moles

by

Adriane Watkins Sinclair

Doctor of Philosophy in Integrative Biology

University of California, Berkeley

Professor Stephen E. Glickman, Chair

Most eutherian mammals possess sexually dimorpttierreal genitalia. Males have a
penis that is traversed to near the tip by a uaethrscrotum that encloses the testes, and a long
anogenital distance. In females anogenital distamcghort, and the typical clitoris is usually
markedly smaller than the penis, and is frequémtiiernally” situated with the urethra exiting
independent of the clitoris. In addition, the diisois associated with an externally visible vagina
opening (at least during the breeding season)s Jdxual dimorphism is usually associated with
the presence (males) or absence (females) of aemsoduring development of the external
genitalia. Females with naturally “masculinizedktexnal genitalia challenge the typical
mammalian androgen-dependent masculinization thaodyare the focus of this dissertation.
Research as to how they “do,” or “do-not” fit tharent widely accepted theory of sexual
differentiation may reveal novel mechanisms of séxlifferentiation.

Since adult external genitalia are the endpointsexual differentiation, developmental
processes can be inferred from examination of aghaitphology, providing that anatomy of
external genitalia has been (is) accurately desdrdnd interpreted. The first revelation incurred
in my study was that all previous reports on motemal genitalia were in error in regard to the
following terms: penis, clitoris, penile clitoriphallus, prepuce and urethra. Accordingly, by
way of correcting errors of previous literature, rigst task was a detailed anatomic and
morphometric analysis of external genitalia in fapecies of moles. For an even broader
perspective | also reviewed morphology of extergahitalia of mouse, human and spotted
hyena. Accurate morphological descriptions of exdegenitalia are the essential pre-requisite to
a full understanding of the comparative anatomgnofe external genitalia and the potential role
of hormones in development of the external gemitalithese species.
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This dissertation is focused on four species ofasiolll are members of the family

Talpidae, in the order Insectivora. Three of thgsecies defy the conventionally obvious visual
distinctions between males and females in so faheperineal appendage described previously
as “penis” and “penile clitoris” is of similar size males and females. Unfortunately, the visible
perineal appendage in these male and female nm®Ipsepuce. A major question is why the
prepuce is similar in size in males and females @eory is that the ovarian interstitial gland is
capable of producing androgen. Of the three moéeisp with “masculinized” female external
genitalia, broad-footed moleSdapanus latimanus) do not possess an ovarian interstitial gland,
star-nosed molesCfndylura cristata) have an ovarian interstitial gland, and in haaiyed
moles Parascalops breweri) ovarian structure has never been investigatedtifése three mole
species, it is difficult for the casual observedistinguish between males and females during the
non-breeding season, when the vaginal openingmélie moles is “closed.” The fourth species
examined in the present investigation is the Jaggmshrew molelrotrichus talpoides), which
does not possess an ovarian interstitial glandajpanese shrew moles, the distinction between
males and females is obvious, since the male peefumuch larger than the female prepuce,
and the latter does not have a urethra exitingiptsThus, sexual dimorphism of the external
genitalia in Japanese shrew moles appears to feHewypical mammalian pattern.

Intriguing work has been done on mole species qoimgg the ovarian interstitial gland,
its resemblance to testicular tissue, and its tgbtlh produce androgens in relation to the
corresponding presence of a “penile clitoris” im&mole species. However, other mole species
that do not possess this ovarian interstitial glalsd display a “penile clitoris” that is similar i
size and shape to male external genitalia. Of &yungs erroneous discussion of “penile clitoris”
from the literature actually deals with the femptepuce. Discussion of the role of the ovarian
interstitial gland in masculinization of mole extat genitalia, first and foremost requires a
detailed accurate anatomic analysis of the stractaf the so-called “penile clitoris”.
Unfortunately no comparative work has adequatetiresked the role of androgens derived from
the ovarian interstitial gland in development ofezral genitalia in the different mole species.
For the first time, my accurate detailed descriptad mole genital morphology provides the
opportunity to address this question.

The penis and clitoris of typical mammals are stgky different, anatomically complex
organs composed of epithelial tissue, connectsgi#, vascular tissue, nerves, cartilage, and
bone that are organized into specific and precisghological patterns. The common
developmental history, architecture, and compasitibthe penis and clitoris across most
mammalian species allow for multiple features taubed to assess sexual dimorphism of the
various components that constitute male and feexdkrnal genitalia. The size and location of
several key anatomic features were noted with ithefathree-dimensional reconstructions for a
more detailed comparison between the different rapézies. In addition to these internal
anatomical measurements, anogenital distanceit éhatis modulated by androgen action
utero, was used as another measure of “genital maszation”. Measures of prepuce length,
termed “phallus” length in previous publicationere used to investigate the degree of sexual
dimorphism in the external genitalia in my studvarian tissue was examined histologically
for the presence or absence of an interstitialdy{@anpotential source of androgen). | discovered
in the breeding season, Japanese shrew molesyd&fdege glandular tissue structure attached
to the ovary that has never before been reporiée. Japanese shrew mole penis is much larger
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than the clitoris, is vastly anatomically differdram the clitoris, and males have a longer
anogenital distance than females presenting adgymammalian pattern of sexual dimorphism,
presumably based upon the presence versus abdeambeqoiate androgen levels. Broad-footed,
star-nosed, and hairy-tailed moles have notablghabogical variation in the penis and clitoris
between these species as well as between the ddregever, similar to star-nosed moles (that
possess an ovarian interstitial gland), female d#foated moles displayed several masculine
morphological characteristics and an anogenitahdie equal to the males’ despite lacking an
ovarian interstitial gland. This suggests thategitthevelopment of the external genitalia is
partially androgen-independent in these speci@s i@males androgen production may be
coming from another source. Lastly, | comparetediint patterns of external genitalia in
human, mouse, 4 species of mole, and spotted hger&ation to known endocrine profiles, and
mechanisms of morphogenesis/differentiation nogjags in the data.

In summary, my research provides the first accudsscriptions of the gross and
histologic anatomy of male and female mole extegaalitalia. Also, comparative mouse-mole
studies reported here have validated the remarksibidarity in external genitalia anatomy
between these two species and have led to theussoklthat all previous literature on mole
external genitalia suffers from consistent anataingror. Being able to set the record straight
allows for the first time an accurate definitionmble external genitalia anatomy and its relation
to endocrine parameters.
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Chapter 1: “Masculinization” in Female Moles

A. Introduction:

In 1935, L.H. Matthews described the unusual “memwmiitoris” of the European mole
(Talpa europaea), and speculated that the morphology of this orgas dependent upon
secretion of androgen from an ovarian interstigjind during critical stages of development
(Matthews, 1935). Female European moles displayé@ditional follicular ovary during the
breeding season, but the ovarian interstitial glavith histological characteristics reminiscent of
testicular tissue, displayed a marked expansiaize in the adult female mole during the non-
breeding season. Matthews did not have the oppbrtton observe embryonic tissues in these
moles. However, on the basis of the maintenancadimentary epididymes in female European
moles, Matthews hypothesized that androgenic owvanrstitial tissue was present during fetal
life, as well as in adult females, and that preseoicsuch tissues correlated with the unusual
“masculinization” of the “clitoris” in European masd. Matthews’ suggestion anticipated the Jost
model, as described below, by more than a decade.

Whitworth et al. subsequently confirmed Matthews’ speculation réigay the potential
for androgenic secretion by the ovarian interdtiggand (Whitworth et al., 1999). They
discovered that significantly higher levels of teterone were produced by the ovarian
interstitial gland during the non-breeding seasbantthe ovarian portion througim vitro
incubation of the separated ovarian and ovariaersttial gland portions. Thus, both the
presence of a “penile clitoris” and the simultareoacurrence of this unusual ovarian structure,
were extended to a variety of moles within the tgialpidae (Rubenstein et al., 2003; Zurita et
al., 2003; Carmona et al., 2008). However, in 2G®ensteinet al. reported that although
several North American mole species, including steg-nosed moleQondylura cristata) and
the shrew-moleNeurotichus gibbsii), displayed both an ovarian interstitial gland antpenile
clitoris”, there were several additional North Amcan mole species that possessed a “penile
clitoris” in the absence of an ovarian interstitgland i.e., broad-footed mole$cépanus
latimanus) and Pacific coast mole§&dapanus orarius) (Rubenstein et al., 2003).Therefore, at
this time, there is an apparent paradox in thedlitee: that broad-footed moles and Pacific coast
moles possess a “penile clitoris”, in the abseri@siructure that could account for the secretion
of androgen. In addition, although Wood (1914) miidd a limited array of cross-sections
through the “clitoris” of the European mole (Woanhéds, 1914), and Rubenstetral. presented
preliminary cross-sections through the “penis” aftditoris” of the broad-footed mole
(Rubenstein et al., 2003), there has been no sgsiteanalysis of external genitalia morphology,
and no systematic comparison of penile and clitoraiphology in any mole species. With the
rare exceptions just noted, mole researchers havelymnoted the presence of a large “clitoris,”
with an opening for the passage of urine at theUigfortunately, all previous research on mole
external genitalia has consistently suffered frormomplete misconception of the anatomy of
external genitalia. In a broader sense this endefgman generally inadequate and inaccurate
descriptions of external genitalia morphology irvesal species, especially in “rodent-like”
animals (mouse, rat, and moles). Thus, earlieralitee on the mole external genitalia is
incorrect with regard to the basic definitions @kehis”, “clitoris”, “penile clitoris”, prepuce,
preputial space and urethra. Accordingly, the predessertation will accurately define external
genitalia morphology in mice and in moles and dsscpotential sources of androgen in three
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species of North American moles: broad-footed malts-nosed moles, and hairy-tailed moles

(Parascalops breweri), as well as the Japanese shrew mdletfichus tal poides).

Note that in the discussion above the terms, ‘titp “penis” and “penile-clitoris” are
denoted with quotation marks. This convention v used throughout this dissertation to
denote the erroneous identification of these atinest by virtually all previous investigations of
external genitalia in moles. Accordingly, a majocus of this dissertation is to provide accurate

definitions for the mole penis, phallus, clitonsepuce, preputial space and urethra so that these

structures can the correctly assessed in molested species and related to relevant endocrine
parameters.

B. Previous Misconceptions of External genitalia Aatomy:

Confusion regarding the anatomy of external gaaitad moles is a symptom of general
imprecision more broadly in external genitalia dfher species as well. For example, earlier
descriptions of mouse external genitalia are ingteu Indeed, an illustration from “The
Anatomy of the Laboratory Mouse” website
(http://www.informatics.jax.org/cookbook/figuregftire9.shtml) shows a drawing of the adult
mouse perineum in which the prominent perinealatlen is labeled penis (Fig. 1.1).

Penis

Scrotal sac Vﬂqmﬂi orifice

Anus

15

andl

Male External Genitalia

Female External Genitalia

Figure 1.1 lllustrations of mouse external geratéitom the website “The Anatomy of the Laboratory
Mouse”. Note in the drawing of the male exterratitplia (left) that the perineal elevation is ineatly

labeled penis. The drawing of the female extereaitglia (right) correctly labels the urethral @, but
fails to indicate that the perineal elevation ia famale is the prepuce.
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This is incorrect. The perineal elevation is theguce. The mouse and mole peare for the
most part an “internal organ” that only projectydied the preuce during urination and matit
Figure 1.2 is a reasonably accurate depiction @fiimtomical relationship of the mouse pen
the prepuce. Another example of the imprecisiorasfier literature of mouse external genit:
anatomy can be found in Figure 1.3A. Note in Muraka figure 1.3A that the mouse penis
depicted as having a urethra opening near thef apbtunt glans peni(Murakami, 198). Figure
1.3B is a scanning electron micrograph of the achdtise penis. Note that the mouse pen
not blunt distally, but instead has a prominentadligrojection called the male urogenital mat
protuberance (MUMP), ahthat the urethra does not open at the tip ofpieis, but instea
opens approximately 1mm from the distal tip of #wult mouse peni(Yang et al., 201;
Rodriguez et al., 2012Veiss et |., 2012; Blaschko et al., 201Fecent studies from the Basl
laboratoy, with which | have been associated for over aykave for the first time provide
accurate comprehensive descriptions of mouse attgemitalia(Yang et al., 201; Rodriguez et
al., 2012; Weiss et al., 201Rlaschko et al., 20). First and foremost, my investigation of m
external genitalia will begin with a description axternal genitalia of a prototyc
rodent/insectivordike animal, namely the mouse, as external genitahatomy of the mou:
serves as the most detailed and accurate modetlent/insectivore external genital

External Prepuce

External Prepuce

Figure 1.2. The overall photo is a side view of dgilt male mousprepuce (labeled External Prepu
with a colorized scanning electron micrograph & genis superimposed in roughly the correct paos
to illustrate that the penis is an “internal orgafhe inset below shows a drawing of the mousereat
genitalia correctly labeled.



A Fetus

Ventral

Figure 1.3. (A) Murakami’'s diagram of the adult meupenis (Murakami, 1987). Note in (A) that the
mouse penis is depicted as blunt distally with dhethra opening near the distal tip. (B) SEM ofladu
mouse penis. Note the MUMP projecting distally. eTurethral meatus (red arrow) forms by closure of
the ventral cleft in the MUMP ridge ~1mm from thp of the penis. Note spines on the surface of the
penis.



C. Definition of External Genitalia Anatomy in Mice and Moles:

Through comparison of the anatomy of mouse and mextiernal genitalia, it is possible
to precisely and accurately define the various camepts of that constitute the external genitalia
of these species and thus revise the misconceptibise mole external genitalia literature.
Accordingly, in this section | propose a logicaldaverifiable anatomy of the penis, clitoris,
phallus, “penile clitoris”, prepuce, preputial spaand urethra and in so doing describe the key
features that distinguish each of these structdnes.following terms have been used incorrectly
in the mole external genitalia literature: penibalfus, clitoris, prepuce, preputial space and
urethra as indicated in Table 1.1.

Table 1.1. Summary of correct and mis-used/incomaatomical terms used by investigators of
mole external genitalia.

Incorrect Mole Terminology Correct Terminology

“Penis” Prepuce

“Clitoris” Prepuce

“Penile Clitoris” Prepuce

“Phallus” Prepuce

Female Urethra Female Urethra and Preputial space
Male Urethra Male Urethra and Preputial space




Figure 1.4.Photograph of the adult mouse penis. Large oppageds denote the boundary between
“internal” body of the mouse penis and the “extérghans, indicated by } and not seen becaust
lies within the preputial space (dotted lin The structure He by the forceps is a corpus cavernosa
contralateral pair alscan be seen. Both are attached to the pubic t




Distal

specialization
Body-glans : '
junction \\ v D5

. Prepuce

Preputial space

Figure 1.5. Mid-sagittal sections of the adult m@penis. Lower section depicts the glans penisinvith
part of the preputial space. Note the proximalchitaent of the prepuce indicated by the opposeatlarg
arrows. In the upper section the prepuce has maoved but its proximal attachment is indicated by
opposed large arrows. The junction between theeriial” body and the “external” glans is indicatsd
the dotted line.

Penis. The penis of mice and moles is an “internal otdgpically not seen in external
views of the perineum. In the resting state theofithe penis is situated within the preputial
space a considerable distance from the tip of tpyze (Figs. 1.2, 1.4 & 1.5) (See chapter 2 for
mole data). One defining feature of the penis & its external surface is a stratified squamous
epithelium adorned by penile spines in mice (Fi§B) and without spines in the case of moles.
The penile surface epithelium is devoid of hailiétés in both species. The penile urethra is
completely surrounded by penile stroma and tragetiseough the penis to open at the urethral
meatus into the preputial space (Figs. 1.5, 18,217). Another unique feature of the penis is
the presence within its substance of well-definegttde bodies in mice and moles (Fig. 1.6).
The mouse and mole penises are appropriately divite an external portion that projects from
the body wall housed within the preputial spacevalt as an internal portion deep to the body
surface, namely the attachments of the corporarcasa to the pubic bones (Fig. 1.4) and the
attachment of the corpus spongiosum to the undésicgiof the urogenital diaphragm (human)
(Fig. 1.10). Phallus is a generic term for the pelmuring mating the penis projects outward
beyond the prepuce, thus depositing semen inteama. While the specific details of urination
are unknown in mice and moles, urine is expellg@ceither from the penile urethral meatus into
the preputial space or (b) the penis is first edédibeyond the opening of the prepuce so that
urine can exit cleanly from the penile urethra bel/ohe prepuce. None of the features of the
penis are shared with the prepuce.



Mouse

Figure 1.6. Sections of the adult mouse (A) andtiimoted mole (C) clitoris and adult mouse (B) and
broad-footed mole (D) penis. The clitoris of bahecies is defined by an inverted U-shaped clitoral
epithelial lamina with the urethra partly withiretkonfines of the clitoral lamina and partly vehtoathe
clitoral lamina. In contrast, the penis of both@ps is oval to circular in contour, and the urattesides
completely within the substance of the penis. Tarigpof the mouse and certain mole species (broad-
footed and hairy-tailed moles) contains an os pélaiseled bone) and well-defined erectile bodies
(double-headed arrows =corpus cavernosum glandislr€ corpus cavernosum urethrae). In the case of
the mole penis (D) the erectile body (appropriatailed corpus cavernosum glandis consists of blood
filled spaces as indicated by the arrows. Note thiddral stroma is confluent with ventral stromal

(double-headed arrows).
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Male prepuce The male prepuce is a circumferential fold ahskith epithelium on
both inner and outer surfaces that in mice and sralerounds and houses the external portion of
the penis (Fig. 1.7). In mice and moles, the prepiscanatomically quite different in extent
relative to the human male prepuce, which merelyero the distal aspect of the external
(pendulous) portion of the penis (Figs. 1.10 & ).The external prepuce of the male mouse and
the prepuce of the male mole forms a prominentatien in the perineum whose external
surface is covered by a stratified squamous epidebearing hair follicles (Figs. 1.2, 1.4, 1.7,
2.4, 210, 2.11, 2.16, 2.17). The inner surfaceghef male mouse and mole prepuce, which
defines the preputial space, is lined by a glabrusn-hair-bearing) stratified squamous
epithelium, which proximally reflects onto the pensurface and thus is continuous with penile
surface epithelium at the internal-external pepitection (Figs. 1.5 & 1.7). A defining feature of
the male mouse and mole prepuce is the compleaeb®f erectile bodies (Figs. 1.7, 2.4, 2.10,
2.11, 2.16, 2.17). The ducts of the right and pedputial glands open on the inner surface of the
prepuce near the preputial meatus (not illustratédy unlikely (but unknown) that the mouse or
mole prepuce enters the vagina during mating. Asbeaseen, the prepuce and the penis of mice
and moles are distinctively different anatomicalistures.

Male preputial space The space defined by the inner epithelium of ghepuce. The
penis lies within the preputial space (Figs. 1.6, 1.7, 2,2, 2.7, 2.11, 2.13, 2.14, 2.17).

Female prepuce The prominent elevation in the female perineuanial to the vaginal
meatus of both mice and moles is the female prefftigs. 1.1, 1.8A, 2.3, 2.4, 2.10) and not the
clitoris, which like the penis is an “internal orga(Fig. 1.8). Examination of serial sections of
the perineal elevation of female mice and molegasva histology virtually identical to that of
the male prepuce (Fig. 1.7). The outer surfacgh@female prepuce (called the “penile clitoris”
in the mole literature) is a stratified squamouglepnis bearing hair follicles (Fig. 1.7). The
inner surface of the female prepuce, which defithespreputial space, is lined by a glabrous
(non-hair-bearing) stratified squamous epitheliudg( 1.7). The ducts of the right and left
preputial glands open on the inner surface of émeale prepuce near the preputial meatus. The
female urethra opens into the preputial space hdaidescribed below. Both male and female
prepuces are devoid of erectile bodies in miceraakks (Fig. 1.7).
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e Prepuce

-
b T

Female Prepuce Mal

Mouse

Mole

Figure 1.7. Sections of prepuces of adult femAleajnd male (B) mice and adult female (C) and male
(D) broad-footed moles. In both sexes and bothispebe skin covering the surface of the prepuce is
stratified squamous and hair-bearing (double-heaaleows denote a stromal layer containing hair
follicles). The preputial space is lined by a sfied squamous glabrous epithelium and contains the
penis. The wall of the prepuce lacks erectile bmdiote in (D) the urethra opening into the preguti

space.
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Clitoris. The clitoris of mice and moles is an “internagam” (Fig. 1.8A) defined
along most of its extent by an inverted U-shapethelmal lamina (Figs. 1.6, 1.8C & D, 1.9D,
2.6, 2.7, 2.12, 2.15) even though the distal aspkttte clitoris is more complicated anatomically
(Figs. 1.8B & E, 1.9A-C). For the most part, theus® and mole clitoris is a stromal organ
whose shape is defined by an inverted U-shapeataliepithelial lamina which is stratified, but
non-cornified (Figs. 1.6, 1.8, 1.9, 2.6, 2.7, 2.2215). Although the clitoral stroma is highly
vascular, distinct erectile bodies are not presentnice, while in moles a distinct corpus
cavernosum is present though it is less well dgeglathan in male moles (Figs. 1.6, 1.8, 1.9,
2.6, 2.7, 2.12, 2.15). The female urethra oper tiné preputial space (Figs. 2.6, 2.12, 2.15).
Along its entire proximal-distal extent the femalesthra is associated with the clitoral stroma
(Figs. 1.6, 1.8B-D, 2.6, 2.7, 2.12, 2.15). Distale mouse and mole clitoral lamina and the
urethra epithelium are fused into a common striec(krg. 1.8E). Proximally, the clitoral lamina
and the urethral epithelium are separate entitiés tve urethra partially within the confines of
the U-shaped clitoral epithelial lamina (Fig. 1.BE-Thus, the female urethra is associated with
clitoral stroma dorsally, but not ventrally (Fidls6, 1.8, 2.6, 2.7, 2.12, 2.15). More proximally
(that is deeper into the body) the female uretlepads ventrally from the clitoral lamina and
thus is no longer associated with clitoral stroiig.(1.8B-E).

Female urethra. Urine passing down the urethra from the bladdtar traversing the
urethra enters the preputial space and hence txteeor onto the surface of the female prepuce
(Figs. 1.6, 1.7, 1.8, 1.9, 2.6, 2.7, 2.12, 2.15n¢k, the female urethra and female preputial
space are continuous with each other (Fig. 1.8Bg @&xternal meatus of the female prepuce,
from which urine emerges, is definitely preputiplhse defined by the hair-bearing prepuce
externally and the glabrous stratified squamoughepum internally (Fig. 1.7A & C, 1.9A-C).
The point where the urethra merges into the prapsgiace is difficult to discern, as there is no
defining landmark. Taking a logical approach, wepmse that the mouse and mole urethra is
appropriately a stand-alone tubular structure libgda non-cornified urethral epithelium (Figs
1.6A, 1.6C, 1.8D. 1.9D). As the stand-alone uretxtends distally the urethral epithelium fuses
with the clitoral lamina (Figs. 1.8E, 1.9A-C), whidistally merges with the well-defined
stratified squamous, cornified, inner preputialtlegiium (Fig. 1.7). Based upon this line of
reasoning, we suggest that the dividing line betwtde female urethra and preputial space
occurs at the point where the urethral epithelismdmpletely separate from the clitoral lamina
(Figs. 1.8D & 1.9D).
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B distal clitoris

U-shgd\ clitoris ;— r\’)\/

Preputial space

Figure 1.8 (A) Side view of the female mouse prepwith a three dimensional reconstruction of the U-
shaped clitoral epithelial lamina superimposed. @istal tip of the U-shaped clitoral epithelial lza
lies ~80(um from the distal tip of the female prepuce. (B)aBing of the female mouse external
genitalia. The urethra in yellow is ventral to theshaped clitoris proximally, but from the dottedel
distally (red arrow) the urethra lies partly withitre concavity of the U-shaped clitoral lamina gadtly
ventral to the U-shaped clitoral lamina. The Ugsdth clitoris extends distally into the prepuce as a
narrow epithelial defined structure (green). (C-Bjsociated histological sections illustrate the
morphology at the positions indicated by the arrows
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Figure 1.9. Serial sections through the junctiothef preputial space (PS) (A-C) and the urethrg @r
an adult female mouse (D). The sections read froomimal to distal (A to D). Note that the urethgaa
“stand alone” structure, not attached to otherhetita only in (D), while in more proximal sectiof-C),
the epithelium defining the urethra is attachedofas) to the emerging U-shaped clitoral lamina,chitis
also a “stand alone” structure in (D) only.
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Concluding comments The anatomical concepts enunciated above haae fibade

possible through knowledge of the detailed mougereal genitalia anatomy that has emerged
over the last few years from studies in the Baskin to which | am significant contributor and
co-author (Blaschko et al., 2013) as well as insaterable data included in this dissertation.
Comparative mouse-mole studies have validated éh®rkable similarity in external genitalia
anatomy between these two species and have lé@ toonclusion that all previous literature on
mole external genitalia suffers from consistenttamécal error. Being able to set the record
straight allows for the first time an accurate digiton of mole external genitalia anatomy and its
relation to endocrine parameters.

D. Comparison of anatomy of male external genitalisn mouse and human:

The terminology describing the mouse and humarnspenquite different and must be
thoroughly understood to avoid confusion and miseptions. In both mouse and human, part of
the penis lies below the body surface (internat) part projects from the body wall (external).
In humans the internal portion of the penis is cosaal of the proximal attachment of the
corpora cavernosa to the pubic bones and the pabattachment of the corpus spongiosum to
the under surface of the urogenital diaphragm. &tternal or pendulous portion of the human
penis is called the shaft or body of the penis,cWwhiontains the corporal body and corpus
spongiosum (Fig. 1.10A-B). The distal portion o thuman penile shaft is called the glans and
is the distal expanded portion of the corpus spmswgn (Fig. 1.10A), which is small relative to
size of the shaft (Clemente, 1985). In the mousdriternal portion of the penis is unfortunately
called the body of the penis and contains the gatpoody and its attachments to the pubic
bones (Fig. 1.10C). The external portion of the sgopenis lies within the preputial space, is
called the glans (Rodriguez et al., 2011), and aiostseveral erectile bodies as well as the os
penis (Figs. 1.4, 1.5, 1.6B). The penile projectfimm the murine body wall, namely the glans,
is situated within the preputial space, is reldyiveng with a shaft proximally, and a specialized
distal region comparable to the human glans (Figs& 1.5) (Rodriguez et al., 2011; Weiss et
al., 2012; Blaschko et al., 2013). Thus, the maglaas is homologous to the pendulous human
penile shaft as both are external projections etibdy wall.
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Figure 1.10Drawings of human penis (A) in n-sagittal view and (B) in transverse section tostitate
germ layer derivation aéxternal genitalicomponents. The urethra (blue) is derived from dedn. The
skin (yellow) is derived from ectoderm. Note theéoglern-endoderm junction in the urethral meatus.
structures circumscribed in red and shaded flestr @e derived from mesoderm and include ere
bodies, connective tissue, blood vessels, and $muoascle. (C) Photograph of the adult mouse p
Large opposed arrows denote the boundary between therfielt body of the mouse penis and
“external” glans, indicated ly—_1and not seen because it lies within the prepupaks (dotte

lines).
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Preputial anatomy also differs markedly in micesusrhumans. The external portion
of the mouse penis (called the glans) resides migim extensive preputial space (Figs. 1.11B)
defined by the attachment of the prepuce to thesglavhich occurs proximally near the
internal/external or glans/body junction in the meyFig. 1.5). Distally the mouse prepuce is
represented as the prominent hair-bearing elevadtiothe perineum (Figs. 1.2, 1.4, 1.11B)
(Rodriguez et al., 2011). This terminology makessseas the space created by this “external
prepuce” houses the penis. In contrast, the hupnepuce is attached to and covers only the
distal aspect of the penis, namely the glans (Eig1C). Thus, the hair-bearing “traditional
mouse prepuce” is clearly not homologous to the durmrepuce. Recent study of the adult
mouse penis revealed a series of ridges encirttieglistal aspect of the glans penis. The distal
projection of the mouse glans, the MUMP, is fusethe circumferential MUMP ridge to define
the urethral orifice (Figs. 1.2, 1.3B, 1.11A) (Rigdez et al., 2011). Proximal to the MUMP and
MUMP ridge is another circumferential ridge, théemmal prepuce (originally called the glanular
ridge) (Rodriguez et al., 2011), which is integm@land encircles the glans penis (Figs. 1.3B,
1.11A) (Blaschko et al., 2013). The internal prepotthe mouse has remarkable morphological
homology with the human prepuce in so far as ihtegral to the distal aspect of the glans and
encircles and covers the glans penis (Fig. 1.1i)sTthe mouse actually has 2 prepuces: (a) the
“traditional mouse prepuce” now called externalpoiee and the internal prepuce (Fig. 1.11).
The male mole prepuce, which forms an elevatiothenperineum (Figs. 2.4, 2.10, 2.11, 2.16,
2.17) is homologous to the external prepuce ofntfoeise. The function of the internal mouse
prepuce (like that of the human prepuce) is presunte be male and/or female sexual
stimulation. Animals built low to the ground, suak the mouse and mole, appear to need an
extensive protective (external) prepuce to mainfsnile cleanliness and protect the sensitive
penis from foreign matter on the ground. Thus, fibais of mice and moles is housed deep
within an extensive hair-bearing skin flap, thetéeral) prepuce. Clearly, the mole prepuce and
external mouse prepuce are very different anatdiyitam the human prepuce.
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Figure 1.11. Re-evaluation of penile terminologyettablish mouse-human homology. (A) SEM of the
adult mouse penis. The penile glans lies withiregiensive preputial space beginning at the opeoing
the preputial space distally in the hair-bearingppice (a prominent elevation in the perineum labele
external prepuce in (B) and ending proximally nda glans-body junction (See also Figs. 4 & 5).
Drawings of mouse (B) and human (C) morphology destrating the homology of the human prepuce
and the mouse “internal prepuce” (both red) inasoals both are integral to the distal penis andr@dac
the glans. (From Bschko et al., 2014).

E. Comparison of anatomy of female external genita in mouse, mole and human:

The clitorises of mice, moles and humans are ordadden from view, although to
vastly different degrees. The human clitoris lieghim the vaginal vestibule, which is
demarcated by the labia minora and is in turn sunded by the labia majora. Mice and moles do
not have either labia minora or labia majora. Trei@l aspects of the human labia minora are
attached to the glans clitoris, which is surroundedsal-laterally by the prepuce of the clitoris
(the homologue of the human penile prepuce) (CleeelB85) (Fig. 1.12). These details of
human clitoral anatomy have little counterpart lie imouse (or mole). Indeed the mouse and
mole clitoris is properly called an “internal orgdying a considerable distance deep to the hair-
bearing perineal elevation, which is the female seo(or mole) prepuce (see Figs. 1.8A, 2.6,
2.12, 2.15).



18

Mons pubis

Anterior labial
commissure

Prepuce of
clitoris
Clitoris

Labium minus
Vestibule

Labium Urethral orifice

majus

Hymen Vaginal orifice

Posterior

labial

commissure
"

Frenulum of
labia minora

Central
perineal
point

Anus

Figure 1.12. Drawing of humaexternal genitali from Grays Anatomy Glemente, 19€). Note the
prepuce of the clitoris.

The clitoris of mie and mols is defined by an inverted §haped epithelial lamina (fs.
1.6A & C, 1.D, 2.6, 2.7, 2.12, 2.), even though the distal tip of the mouse clitasisnore
complicated anatomicallyFig. 1.8B (Weiss et al., 2012)While the urethra is complete
separate from the humatitoris, in the mous@and molethe urethra resides partially within t
confines of the Wshaped clitoral lamina (Fs. 1.6A & C, 1.81.9D, 2.6, 2.7, 2.12, 2.).

F. Dissertation Prospectus:

Throughout thisdissertatio the previous erroneous use of the terms mole “pel
“penile clitoris”, “clitoris” and “phallus” will be designated in “quadton marks”.Three species
of mole (star-nosed, haitgiled, and broe-footed moles) have been described as haa large
“penile clitoris,” which is not present iJapanese shrew molgSarmona et al., 20(). Literature
on sex and species differences in clitoral andlpanorphology of moles is limitc and mostly
inaccurate. Accordingly detailed description cmole genital morphology is an essential -
requisite to a full understanding of the role ofrhones n development of thexternal genitali.
The Baskin lab harecently presented morphometriccomparison of male and femzexternal
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genitalia in the laboratory mouse based on seeei@ans and 3-dimensional reconstructions
(Weiss et al., 2012; Schlomer et al., 2013). Basedhe procedures outlined by We&sl., a
morphometric analysis of sex differences in theeexdl genitalia morphology of moles is
presented for the first time in this dissertation.

The literature review, that constitutes the nexdtiea of this chapter, begins with an
account of the current theory of sexual differerdia of the urogenital system and the essential
evidence that underlies the Jost theory. Researtten introduced on four mammalian species
that do not appear to conform to this generallyepted theory. Finally | will discuss the
research of this dissertation, as well as the copteary literature concerning this subject for
each of the four species of mole under investigatio

The second chapter is the investigation of penild elitoral morphology in the four
species of moles cited above. This was accomplisttedugh detailed morphometric
comparisons of clitoral and penile morphology. Tied and final chapter is a discussion of the
implications of these results for moles, mice atitltomammals. The discussion summarizes the
similarities and differences between male and fenmbles of the same species, as well as
variation among other species (mice, spotted hyanashumans), and correlates the level of
penile or clitoral “masculinization” with existingvidence of androgen production.

G. Contemporary Understanding of Sexual Differentision and Development of the
External genitalia: The Jost Model

The developing fetus of eutherian mammals pasgsesidh a common indifferent stage
before anatomical and physiological differentiatioto the male or female phenotypes. Work by
French embryologist Alfred Jost in the 1940’'s arf8b's established the primary theory of
mammalian sexual differentiation (Jost, 1947, 1958hile the Jost model has subsequently
been confirmed, expanded, and refined, the majmtppresented by Jost have remained central
to our contemporary understanding of sexual devety (Wilson et al., 1981b). The Jost model
states that chromosomal sex elicits sexual difteaean of the gonadal primordia.
Contemporary molecular data indicate that the Sex{determining region Y) gene on the Y
chromosome initiates a cascade of gene interacti@misietermine whether the indifferent gonad
develops into a testis (Wilhelm et al., 2007; Selatid Lovell-Badge, 2009)

In males, anti-Mullerian hormone (AMH) secretedthg fetal testes is responsible for
the regression of the Mdullerian ducts. Secretiortestosterone by the testes at specific times
during fetal development is responsible for develept of the Wolffian ducts into the
epididymes, vas deferens, and seminal vesicles, davelopment of the prostate from the
urogenital sinus. Testosterone and it's conversmrbo-dihydrotestosterone (DHT) in target
tissues causes the development of the genital digbénto a penis and causes the genital
swellings to fuse and develop into the scrotumrhmsé animals that possess a scrotum (Yamada
et al., 2003).
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In females, the absence of testosterone secredguits in regression of the Wolffian
ducts, while the absence of AMH allows the Millariducts to persist and develop into the
oviducts, uterus, cervix and upper vagina. In theeace of androgens, the genital tubercle
develops into the clitoris, while the urogenitald® and swellings develop into the minor and
major labia that border the vaginal opening (huntore and Persaud, 2003). Based on this
theory the female external genitalia develop asréiselt of the absence of gonadal cues during
sexual differentiation leading to the view that #den development is a passive process.
However, passive development is impossible, anérniefy to feminine development as
“passive” is simply a statement of ignorance.

H. Evidence for the Jost Model:

Fetal or Neonatal GonadectomyIn his work, Alfred Jost employed fetal gonadecgom
to eliminate the presence of androgens in the dpusy fetus and demonstrated that if XX and
XY rabbit fetuses were castrated utero before sexual differentiation, they proceeded to
develop ducts and external genitalia with the fem@ienotype (Jost, 1947, 1953). Subsequent
neonatal mouse castration studies have led todheept that fetal testicular androgens specify
penile identity and then subsequently elicit persfeecific morphogenesis (Rodriguez et al.,
2012).

Exposure to Androgens During Sensitive Periods of &elopment Female mammals
that were exposed to androgens, such as testostpropionate (TP), during critical stages of
gestation exhibited “masculinized” external gemdgtalThe magnitude of this shift toward the
male phenotype varies by species, timing, and amotiandrogen administration. Prenatally
androgenized females may exhibit any or all of fiiowing features: an enlarged clitoris, an
increased anogenital distance, an absence of analagipening, and occasionally a
pseudoscrotum. Such “masculinization” has beenrgbden a variety of species, including the
rat (Rhees et al., 1997; Wolf et al., 2002; Welslale 2008), mouse (Gandelman et al., 1979;
Yucel et al., 2003), sheep (Clarke et al., 1976;,0&/and Foster, 1998; Jackson et al., 2008;
Roberts et al., 2008), primate (Wells and van Wagei956; Goy et al., 1988; Herman et al.,
2000), and guinea pig (Phoenix et al., 1959). Womigin congenital adrenal hyperplasia (CAH)
are exposed to endogenous androgengero and exhibit some degree of “masculinization” of
the external genitalia (Merke and Bornstein, 2005).

Whereas treatment with an androgen such as TP glugestation results in
masculinization of the external genitalia of femadammals, it is &dihydrotestosterone (DHT)
that is required for the virilization of the extafrgenitalia and urogenital sinus (UGS). In the
developing genital tubercle and UGS testosterorenserted locally to DHT by the enzyme-5
reductase. Exposure of male rats and miceutero to inhibitors of &B-reductase causes
hypospadias, a cleft prepuce, and a reduced artafdistance (Imperato-McGinley et al., 1985;
Anderson and Clark, 1990; Iguchi et al., 1991; Klatral., 1993). Human males (XY) witlu-b
reductase deficiency have testes that produce &reutinable to convert T to DHT in the target
tissues. These males have epididymes, vas deferetseminal vesicles due to the actions of T
in stabilizing and virilizing the Wolffian ducts,ubare born with ambiguous external genitalia



21
having more of a female than a male phenotype. Wicgly, most b-reductase deficient
infants have been raised as females (Moore ¢915; Imperato-McGinley, 1984).

Administration_of Anti-Androgens During Sensitive Periods of Development.in
other studies, anti-androgens have been administer@regnant females to block androgenic
activity during fetal sexual differentiation resoli in demasculinization of the external genitalia
of the male offspring with little to no change toetfemale offspring. The demasculinizing
effects of the anti-androgen varies by speciesatdur, and amount of treatment, and produces
effects ranging from males with a fully female appeg external genitalia to males with
hypospadias, decreased penis size, underdevelop&dr, failure of preputial separation from
the glans penis, and reduced anogenital distanas. as been shown in a variety of species
such as: rats treated with finasteride (Imperat@sMtey et al., 1992; Bowman et al., 2003),
mice treated with flutamide (Silversides et al.989Kojima et al., 2002), sheep treated with
flutamide (Jackson et al., 2008) primates treatéd flutamide (Herman et al., 2000), primates
treated with finasteride (Prahalada et al., 199d)nea pigs treated with cyproterone acetate
(Goldfoot et al., 1971; Thornton et al., 1991) aabbits treated with finasteride (Kurzrock et al.,
2000).

Androgen-receptor mutant animals. Tfm mice are insensitive to androgens due to a
mutation in the gene encoding the androgen recdpteret al., 1990) and exhibit completely
feminized external genitalia (Weiss et al., 20M23le Tfm mice have testes, normal or elevated
serum testosterone and produce AMH. Consequentéy tack both the Wolffian duct and
Mullerian duct derivatives, and develop female exdé genitalia with a blind-ending vagina
(Lyons and Hawkes, 1970; Cunha, 1975a). Thesengsdin the Tfm male mouse have been
confirmed in the male AR null mouse (Rodriguezlgt2012). Androgen receptor mutations and
their effects in mice are similar to the human Argém Insensitivity Syndrome (Quigley et al.,
1995; Ahmed et al., 2000).

|. Naturally “Masculinized” Females: Challenging Jost’'s Model:

Some female mammals exhibit varying degrees ofrakaggenital “masculinization.” If
the Jost Model is true, androgens must have beenlaiing during critical stages of sexual
differentiation/development to produce “masculitiza’” of females. Such female
“masculinization” has been observed in the ringethilemur, the spotted hyena, and various
moles, which are the focus of this dissertation.

Prosimians. In several species of Prosimian primates, femad@e lan elongated erectile
clitoris, fully or partially traversed by the ure#t and resemble the male penis in size and
appearance. Also, an imperforate vagina may beepteturing non-breeding seasons or until
puberty (Hill, 1953; Dixson, 1998). At the presdéimie, only the external genitalia morphology
of the ring-tailed lemurl(emur catta) has been studied in detail. These lemurs do awve la
pseudo-scrotum, and the vaginal opening is impatéountil puberty and thereafter remains
open. Males have greater phallic length and widthagreater anogenital distance than females.
Males are generally heavier than females, but thersize monomorphism in other bodily
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measurements. The clitoris is traversed by fusag@ota cavernosa, like the male, and is
encapsulated bytanica albuginea. The urethra opens on the ventral surface of ldwesgclitoris,
and there is no corpus spongiosum. An os cliterigrésent that is smaller than the male os penis
(Drea and Weil, 2008).

Female lemursl( catta) play as vigorously as males and engage in scerkingaand
territorial defense like males. Females are mogressgive than males in intergroup encounters,
and there is strict female social dominance ovelesn@lolly, 1966; Drea, 2007). It has been
found that seasonal increases in female aggress®nassociated with related increases in
androstenedione and estrogen, indicating that teegids may play an activating role in female
aggression (Drea, 2007). Additionally, concentragioof androstenedione, testosterone, and
estrogen are higher during pregnancy than duriadithe before conception or after parturition,
which may indicate steroids play an organizatiowé as well (Drea, 2009). No studies have
been performed to investigate whether anti-andrageiment during gestation would produce a
female with typical female mammalian external gaat or a male with genitalia either
demasculinized to resemble the catta female phenotype or the typical mammalian female
phenotype.

The Spotted Hyena Female spotted hyena<Crfcuta crocuta) exhibit the most
profoundly “masculinized” external genitalia of afgmale mammal. Female spotted hyenas
lack a vaginal opening and have a pseudo-scrotim® pEniform clitoris is similar in size to the
male penis even though subtle differences in eateshape are apparent (Cunha et al., 2014).
The penile clitoris is traversed to the tip by atcal canal called the urogenital sinus (UGS) and
is used for urination, copulation, and parturititatthews, 1939; Frank and Glickman, 1994;
Cunha et al., 2003; Cunha et al., 2014). Femalegeanerally larger than the males, are more
aggressive, and are socially dominant (Kruuk, 19T78g female spotted hyenas can also display
erections similar to the males, and such erectiwesised in meeting ceremonies (Kruuk, 1972;
East et al., 1993; Holekamp and Smale, 1998). ftegrial urogenital system of female spotted
hyenas is morphologically similar to the typicaimi@e mammal, and the peniform clitoris is
slightly shorter, thicker, less angular, and haarger urogenital meatus than the male penis
(Frank et al., 1990; Glickman et al., 1992; Drealet1998; Cunha et al., 2003). Concerning the
internal morphology of the phalli, both sexes pess& corporal body (fused corpus cavernosa)
surrounded by a thictunica albuginea. The male urethra is surrounded by corpus spoagios
and thetunica albuginea, while these elements do not surround the femdksS URetractor
muscles are located ventral to the urethra in maled dorsal-lateral to the UGS in females. The
larger, highly folded, female UGS resides in thestneentral position in the female peniform
clitoris (Matthews, 1939; Neaves et al., 1980; Guehal., 2003; Cunha et al., 2005; Cunha et
al., 2014). Thus, while the female penile clitasssimilar in size to the male penis, there is a
distinct female phenotype for this species encosipgsinternal and external morphology
(Cunha et al., 2014).

Non-pregnant female spotted hyenas have testosteamrcentrations within the range of
other female mammals, but this value is markedtyaased during gestation when fetuses are
exposed to significant quantities of androgenitero. The latter is a result of the conversion of
maternal androstenedione to testosterone by tleemtia (Glickman et al., 2006). However, the
development of a scrotum and the formation of dlphiare androgen-independent in both males
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and females (Cunha et al., 2014). utero exposure to flutamide, an anti-androgen, and
finasteride, a 5-reductase inhibitor that blockes ¢bnversion of T to DHT, failed to convert the
external genitalia of female spotted hyenas totypeal female phenotype. However, in male
fetuses this cocktail of “anti-androgens” elicitadshift in internal and external morphology of
the penis to the female phenotype, indicating #radrogens contribute to sex differences in
external morphology (Drea et al., 1998) and intephallic structure (Cunha et al., 2005; Cunha
et al., 2014). Thus, non-androgenic mechanismshmeagsponsible for formation and growth of
the external genitalia of the spotted hyena, wligchnconsistent with the Jost model of sexual
differentiation.

European, North American, and Asian MolesAs noted previously, in 1939atthews
published a monograph on the reproductive physiotbg European mole (Matthews, 1935). He
noted the presence of a “penile clitoris” and tinsual structure of the ovary. The ovary was
characterized as polar, with typical follicular oxza tissue at one end and an ovarian interstitial
gland at the other. The follicular portion is tyglicof female mammals, while the ovarian
interstitial gland is concentrated in the meduld &ilus region of the ovary. Blood vessels enter
the ovarian interstitial gland at the opposite &mn the ovary. The ovarian bursa does not
touch the follicular region, instead forming a pbwround the ovary, but does lie on the surface
of the ovarian interstitial gland. Matthews repdrténat there were seasonal changes in the
morphology of the ovary. Females captured during tlon-breeding season had an ovarian
interstitial gland noticeably larger than the folliar portion, whereas females captured during
the breeding season had a follicular region andvamian interstitial gland of roughly equal size.

These observations encouraged further study ofutmisual structure. A similar ovarian
interstitial gland, with similar seasonal changess found in several other species of mole
(Mossman and Duke, 1973; Burgos et al., 1988; Sameh al., 1996; Beolchini et al., 2000;
Carmona et al., 2008). When the cellular structditie European mole ovarian interstitial gland
was investigated, the interstitial cells of the maa interstitial gland were almost
indistinguishable from the Leydig cells of testd$ie medullary cords within the ovarian
interstitial gland are spherical and much shortenttypical male testicular cords. The cells
defining the outer surface of the medullary cordaeagally resemble immature Sertoli cells but
lack the specialized Sertoli cell intracellular gtions. The medullary cords also lack germinal
cells and overall resemble fetal male testiculadeqJimenez et al., 1993; Beolchini et al.,
2000).

Other features of the ovary also have a mascuppearance. The ovarian bursa covering
the follicular ovary portion is typical ovarian $ace epithelium consisting of a monolayer of
cuboidal cells. The ovarian surface epithelium gesnwhere it overlies the ovarian interstitial
gland and is similar to theunica albuginea of males consisting of a multilayer of flattened
connective tissue cells with abundant collagenrfil§dimenez et al., 1993).

European moles, Spanish moldslpa occidentalis) and Roman molesTélpa romana)
all possess an ovarian interstitial gland alonghwitdimentary epididymes attached to the
ovarian bursa by connective tissue. This epididytisglue is located at the ovarian interstitial
gland pole and not the follicular ovarian pole @imaz et al., 1993; Jimenez et al., 1996; Sanchez
et al., 1996). In female Spanish moles the Wolfftucts degenerate just before birth but the
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cranial portion of the Wolffian ducts persists dmwbhins to grow several days after birth. At
15-20 days postpartum, the time when the Leydi¢s alifferentiate in the ovarian interstitial
gland and testosterone is detected in the bload Wblffian duct remnants begins to take on
epididymal features (Zurita et al., 2003). From g onward the rudimentary epididymes
continue to grow slowly throughout life, but do notdergo any changes from breeding to non-
breeding seasons (Jimenez et al., 1996).

The resemblance of the ovarian interstitial glamaniale testicular tissue led researchers
to investigate whether the ovarian interstitial nglaproduced androgens. When plasma
concentrations of testosterone were measured bgimadunoassay in Spanish moles, Jimenez
et al. (1993) found that there were indeed significantcemtrations of testosterone circulating in
females, with higher concentrations in adult angepile females from the non-breeding season,
which correlated with ovarian interstitial glandigl® (Jimenez et al., 1993). Further research on
juveniles found little/no detectable testosteronethe blood plasma of females 0-10 days
postpartum (dpp). However, testosterone beganctease after 10 dpp such that by 30+ dpp the
testosterone levels were higher than in non-bregeséason males of the same age (Zurita et al.,
2003). Non-breeding-season female European mobkgelstosterone levels higher than pregnant
breeding-season females and were in the same eengen-breeding-season males. There was
no significant difference in the level of androstdione between breeding- and non-breeding-
season females. They did, however, have measueafals of androstenedione indicating it may
be a substrate for the metabolic production obststone. When the follicular ovary and ovarian
interstitial gland portions were separated and lated with progesterone or androstenedione,
the ovarian interstitial gland metabolized thesera@st hormone substrates primarily to
testosterone, while the follicular ovary made sosstradiol but little to no testosterone
(Whitworth et al., 1999).

Detailed observations of fetal gonadal developmerEuropean moles, Roman moles,
and Spanish moles have been made (Beolchini é&G4lQ; Barrionuevo et al., 2004; Zurita et al.,
2007). Zuritaet al. studied the Spanish mole and found that in ferfedleses germ cells reside
primarily in the cortex, not the medulla/ovarianeirstitial gland region, with meiosis starting
postnatally (Zurita et al., 2003). The asymmetridstribution of primordial germ cells is not
due to selective colonization, and it is believieat the delay in meiosis in females may permit
testis-like development in the absence of oocytesdd inhibitory factors. In the European
mole, Barrionuevoet al. discovered that mesonephric cell migration, whishrequired for
correct testis differentiation, occurs at the same in males and females (Barrionuevo et al.,
2004). This causes the formation of medullar costugigesting testis-like development within
the ovarian interstitial gland. Peri-tubular myaiells, unlike Sertoli or Leydig cells, are testis-
specific and have no homologous counterpart irotlay. In the developing female fetus, myoid
cells are found in the medullary/ovarian interatitgland region, and not the cortex/follicular
ovarian region. The formation of medullar cordssatdar system, and thenica albuginea, also
initiate at the same time in male and female mo@godifferentiation of pre-Sertoli cells,
Leydig cells and myoid cells is delayed in the féamaut not in the male according to typical
mammalian testicular differentiation.

Female moles possessing this ovarian interstilzaddylack the SRY gene, and there is no
AMH gene expression during female gonadal developnedicating that neither is responsible
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for the presence of the ovarian interstitial glddunenez et al., 1993; Sanchez et al., 1996;
Zurita et al., 2003). Carmoret al. investigated the expression patterns of genesatigaknown
to be involved in mammalian sex determination aiffer@ntiation in the European mole
(Carmona et al., 2009). They discovered that th#obdike cells in the female mole ovarian
interstitial gland do not express SOX9, which igi¢ally up-regulated by SRY during testicular
development and is believed to be essential faistdsvelopment. This may be a reason female
mole Sertoli-like cells never fully differentiateto Sertoli cells.

The external genitalia of female moles are charaeté by a vaginal opening that
remains open for the period of mating and parturitoefore closing for the non-breeding season
(Matthews, 1935). All species of mole studied toedihat possess an ovarian interstitial gland
also have a “hypertrophied clitoris” that is treseat by the “urethra” (Wood-Jones, 1914;
Rubenstein et al., 2003; Zurita et al., 2003). Degw@ment of the “penis” and “penile clitoris” has
been investigated in the European mole. Wood-Jdoesd that fetal developmental stages
during the elongation of the genital tubercle, lurat groove closure, and the formation of the
prepuce, take place in exactly the same manneastindexes (Wood-Jones, 1914).

J. Research Proposed in This Dissertation:

Females with naturally “masculinized” external dali@ are of special interest for this
dissertation. Research as to how they “do,” or hat-fit the current widely accepted theory of
sexual differentiation, may reveal other mechanism&lved in sexual differentiation. An
essential aspect of this dissertation is an acewtascription and definition of the terms penis,
clitoris, phallus, urethra and prepuce as previousstigators have incorrectly described these
terms, especially in moles. Intriguing work has rbene on mole species concerning the
ovarian interstitial gland, its resemblance toitesar tissue, its ability to produce androgens in
relation to the corresponding presence of a “patliteris” in some mole species. However, very
little work has been done in this area on mole iggeaf North America. No detailed analysis of
the structure of any “penile clitoris” has beenfpened on any species of mole, and no
comparative work has been done to try to understhadpresence or absence of the “penile
clitoris” with or without an ovarian interstitialand in the different mole species. There has been
no investigation into whether female moles lackiag ovarian interstitial gland produce
androgens.

The following goals have been the focus of thiselitation.

1. Accurate descriptions of the gross and histologat@my of male and female
mole external genitalia, and thus correction ofageatable and misleading
anatomy pervasive throughout the mole literature.

2. Review of gross and histologic anatomy of male terdale mouse external
genitalia with new data added.

3. Review of anatomy of male and female human extegeaitalia.

4, Morphometric analysis with three-dimensional re¢ardion of male and

female mole external genitalia.
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5. Correlation of male and female mole external géinitaith the presence or
absence of an ovarian interstitial gland (a po#istource of androgen).
6. Discussion of different patterns of external gdi@tan human, mouse, four

species of moles and spotted hyena in relatiomtavk endocrine profiles and
mechanisms of morphogenesis/differentiation withcdssion of gaps in the
data.

7. Discussion of future perspectives for advancingfigid.

Given that the presence or absence of androgemsgdigvelopment play a central role
in most species in determining masculine versusiniem differentiation of the external
genitalia, a major focus within the Discussion vii# devoted to the status of knowledge on
androgen sources and androgen action in the speotey consideration. In this regard, data
indicate that androgenic treatment of pregnantufi@sonkeys can produce a clitoris in female
offspring that mimics the structure of the penise{/and van Wagenen, 1956). Studies in rats,
mice and humans further substantiate the ideaekagenous and endogenous androgens can
masculinize female external genitalia to variabkgrées (Merke and Bornstein, 2005; Al-
Maghribi, 2007; Rodriguez et al., 2012). In stadnitast, the female spotted hyena has a
profoundly “masculinized” clitoris whose formatioand growth are androgen-independent
(Cunha et al., 2003; Cunha et al., 2014). Whethiariation from these species is relevant to
mole external genitalia is a subject of this ditgern.

For the purpose of this dissertation, female ande megpresentatives of four different
species of mole were obtained: (1) The broad-footete, which does not possess an ovarian
interstitial gland but does have a “penile clittyri®) The star-nosed mole, which does have a
ovarian interstitial gland and a “penile clitorig3) The Japanese shrew mole, which does not
possess either an ovarian interstitial gland, @nfie clitoris”; and (4) The hairy-tailed mole.
There is no published work on the reproductive amgtof the latter species. The magnitude of
sexual dimorphism was assessed in each specieseldprming detailed morphometric
comparisons of clitoral, penile and preputial marplyy. A concise review of the literature and
my research perspectives for each species is Qekenv.

Broad-footed mole Scapanus latimanus). The ovaries of the broad-footed mole lack
an ovarian interstitial gland even though femalkths species possess a prominent “phallus”
traversed by the “urethra”. Anatomy of external it@ia of this species reported previously is
riddled with errors, and thus the first order astbissertation will be an accurate description of
the relevant anatomy. There is also no signifidifference in “phallus” length or anogenital
distance in males and females (Mossman and Duke; Rubenstein et al., 2003)here are no
published data on blood hormone levels, IHC ofastirgenic enzymes in relation to male and
female “phallic’ morphology such as clitoral shk#hgth compared to penile length. While not
published, and not conclusive data, Nicki Rubenstid test a couple blood serum samples of
non-breeding season adult females for androstenediad testosterone via radioimmunoassay
and found high levels of these hormones.

Based on the previous work completed on broad-tboteles and the Jost model, |
expected to find that the clitoral anatomy may hawme masculine features such as a corpus
cavernosum surrounded by a tunica, but not completeculinization, which would include a
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clitoris with a free tip projecting into the premitspace, an os clitoris, and no ventral
tethering of the clitoral shaft. Additionally, | ttipated finding a vaginal opening during the
breeding season in adult females, which remainsifopate the remainder of the year. Male
morphological characteristics in the clitoris wolikkely be less well developed than in their
penile counterparts. A reasonable prediction ig the male penis would contain a well-
developed corpus cavernosum, thick tunica, corpasmgiosum, 0s penis, and that the penis
projects freely into the preputial space withouttval tethering, and a urethra contained within
the organ. The anogenital distance of males andlésmwould not be significantly different
from each other, and they would have a similarlpkdength as was found in a previous study
(Rubenstein et al., 2003). Similarly, based on jmey studies, | expected to confirm that female
broad-footed moles lack an ovarian interstitialnglaand will present a typical mammalian
follicular ovary for a seasonally breeding speciéhe male would also present a typical
mammalian testis with associated changes in spgernstogenic function, and Leydig cell
androgen production for a seasonally breeding speci

Star-nosed mole Condylura cristata). Star-nosed moles have been reported to have an
ovarian interstitial gland and a prominent “phdilasversed by the “urethra” (Mossman and
Duke, 1973; Rubenstein et al., 2003). As aboveattsomy of external genitalia of this species
reported previously is full of errors, and thus tingt order of this dissertation will be an acdera
description of the relevant anatomy. To date, thae no published data in this species on
anogenital distance, “phallus” length, internal Ipba morphology, IHC analysis for
steroidogenic enzymes, blood hormone levels, opthsence/absence of an epididymes near the
ovarian interstitial gland.

Star-nosed moles from the non-breeding season,nbutthe breeding season, were
supplied by Drs. Kenneth Catania and Diana Baub$t&anderbilt University. Due to this,
studies of seasonal changes in certain traits wetr@erformed. Based on the previous research
done on star-nosed moles and the Jost model, tiypiae that the star-nosed mole clitoris may
possess more masculine characteristics than ttaltfooted mole clitoris, with traits such as a
better-developed corpus cavernosum and tunica,panthps an os clitoris, but not complete
transformation of the clitoris into a penis. Thelenpenis is expected to be fully masculinized
and anatomically similar to the penis of the bréamted mole. The difficulty in external
identification of the sex of several mole specissch as the star-nosed and shrew-mole
(Neurotrichus gibbsi), has resulted in the designation of “sex unknovo® many of the
specimens in the Museum of Vertebrate Zoology atthiversity of California, Berkeley. Based
on this and data from other mole species, | ardteigp that there would be no statistically
significant difference in anogenital distance omlpb length between males and females. In
accord with previous studies, | postulate thatahary of the non-breeding season female would
have an ovarian interstitial gland of comparabiee 4b the follicular ovarian portion probably
containing medullary cords. | may find evidencerodimentary epididymes near the ovarian
interstitial gland portion as has been found ineotimole species possessing an ovarian
interstitial gland (Matthews, 1935; Jimenez et H93; Sanchez et al., 1996).

Japanese _shrew_mole Urotrichus talpoides). Carmonaet al. (2008) reported that
female Japanese shrew moles possess normal mamnml@ies with typical ovarian
epithelium and that this species lacks a “penileoris”. As above, the anatomy of external
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genitalia of this species will be accurately ddsedl for the first time so that the features of
external genitalia of this species can be intefityediscussed. No other information concerning
external genitalia, gonadal tissue, or blood horesohas been published. Male and female
Japanese shrew moles from the breeding season ob¢aened from Dr. Shinohara of the
University of Miyazaki, Japan. Based on previouskind on the Jost model, | hypothesize that
the clitoris of the Japanese shrew mole would bkeady smaller than the male penis and that it
would lack masculine characteristics in internalrpmmlogy. The penis would be typical of
mammalian males and would be anatomically simiathe penises of the other mole species
being studied. The breeding season female wouldesgsa perforate vaginal opening and a
typical mammalian ovary with normal ovarian epithed.

Hairy-tailed mole (Parascalops breweri). There are currently no publications on the
external genitalia, gonadal tissues, adrenal tggsoe blood hormone concentrations in this
species. Two male and two female non-breeding seasiry-tailed mole specimens were
provided by Dr. Ken Catania and Diana Bautista ahdferbilt University. Though the sample
size was small, the presence or absence of masdudits in the morphology of the external
genitalia is highly conserved across individuals ispecies so that | believe my observations on
this species will be representative and valid.ticgpate the external genitalia of male and female
hairy-tailed moles will be similar to those of theoad-footed mole in that the male should
possess the typical traits of a mammalian pengedlict that the female hairy-tailed mole will
possess a clitoris similar to that of the femaleabrfooted mole in that its anatomy should have
some masculine characteristics.
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Chapter 2: Morpholoqgy of the External Genitalia of Four Species of Moles

Introduction :

Most eutherian mammals possess external genitadiare sexually dimorphic. Males
have a penis that is traversed to near the tip brethra, and a scrotum that encloses the testes.
The typical clitoris is usually markedly smalleraththe penis (and frequently is “internally”
situated with the urethra exiting near the clitarsd not at its tip). In addition, the clitoris is
associated with an externally visible vaginal opgriat least during the breeding season).

This dissertation is focused on four species ofasolAll are members of the family
Talpidae, in the order Insectivora. Three of thgsecies defy the conventionally obvious visual
distinctions between males and females, i.e., thwhclitoris” and the “penis” are of substantial
size, and females appear to urinate through theftthe “clitoris”. These three species include
broad-footed molesStapanus latimanus), star-nosed molesCondylura cristata) and hairy-
tailed moles Parascalops breweri). For these species, it is difficult for the cdsolserver to
distinguish between males and females during the-bmeeding season, when the vaginal
opening of female moles is “closed.” The fourth@ps examined in the present investigation is
the Japanese shrew molerétrichus talpoides). In Japanese shrew moles, the distinction
between males and females is obvious, since theishes much larger than the “clitoris”, and
the latter does not appear to have a urethra gxitintip (Carmona et al., 2008). Thus, sexual
dimorphism of the external genitalia in Japanesevshmoles appears to follow the typical
mammalian pattern.

In the paragraph above, | have designated peniglaads as “penis” and “clitoris”. As
stated above, the reason for this convention is dkiar the years there has been considerable
confusion in the terminology of male and femaleemtdinsectivore external genitalia (especially
in moles). A critical goal of this dissertationtesprovide explicit definitions for the terms, pgni
clitoris, penile clitoris, urethra and prepuce.

Development of the Mammalian__External genitalia. Initially, the embryonic
ambisexual external genitalia are the same in Bettes and are composed of three perineal
structures, the embryonic genital tubercle, gemsallings, and urogenital folds (Fig. 2.1). The
genital tubercle lies cranial to the urogenitaiwst which is the opening of the urogenital sinus
into the amniotic cavity. The urogenital folds #aeeral to this opening followed by the more
laterally situated genital swellings (human). Inlesathe genital swellings migrate caudally and
fuse to form the scrotum. The genital tubercle tbags, forming the penis. A urethral groove
forms on the ventral aspect of the genital tubearid is bounded laterally by the urogenital
folds, now called the urethral folds. Distal to timkethral grove is a solid epithelial plate, the
urethral plate, which extends distally into thenglgoenis. Canalization of the urethral plate
extends the urethral groove distally. The urethodds grow and fuse in the midline as the
phallus elongates creating the tubular urethra whth urethra opening at the tip of the glans
penis. In female development the genital tuberalarges to a much lesser extent to form the
clitoris, the urogenital folds do not fuse but &ed form the labia minora (human) on either side
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of the urethral and vaginal openings. The genitallngs, which also do not fuse in human
females, form the labia majora (Figs. 1.12 &. AMpore and Persaud, 2003; Yamada et al.,
2003). This description of external genitalia depehent, taken from the literature on
development in humans, applies in large part t@rothammals even though certain features
(labia minora and labia majora) are charactergdtitumans and not seen in other species.

Urethral

groove Scrotum

’Qf_—— Anus

Closing urethral groove

Urethral
groove

Urogenital
ostium

) A - :
@A/ nus\@ Scrotum (y

Open urethral groove

Urethra

Solid urethral plate

Figure 2.1. Human penile urethral developmentatediin diagrams (D & E), transverse sections (A, B
C) and a photo (F). Note the solid urethral plake&( a-b), open urethral groove (B & c), which
terminates distally at the urethral plate. (C) shodmitiation of epithelial fusion. Transverse sens at
positions (a-d) illustrate the solid epithelial timal plate (a & b) and its canalization (c). Fusuf the
urethral folds and mesenchyme confluence acrosamidéne is depicted in (d). Figure (E) depicts
proximal to distal fusion of the urethral groovedadistal “retraction” of the urethral plate. Trapsse
sections (A, B, C) and photo (D) are from a 12-whkeknan fetal penis. (F) is a photo of a penis dRa
week human fetus showing the open urethral grooppdsed small arrows) and the urethral plate
(arrowhead).
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The prepuce of both male and female mice emerge freputial swellings that are
initially located lateral to the embryonic genitabercle (Cunha, 1975b). The preputial swellings
grow to the midline and fuse with each other inhbs¢xes and then grow distally to eventually
completely cover embryonic genital tubercle, thesdering the penis or clitoris as “internal
organs” (Perriton et al., 2002; Petiot et al., 2088&ifert et al., 2008). As the prepuce grows over
the penis or clitoris, a layer of epithelial celise preputial lamina, demarcates the prepuce from
the glans. In males, typically around the time abgrty, the preputial lamina canalizes to form a
preputial space between the glans penis and thpu@ee(Hunter, 1935; Kanagasuntheram and
Anandaraja, 1960). This separation of the prepuom fthe glans appears to be affected by
androgens and has been used as an indicator oftgludbevelopment (Korenbrot et al., 1977).

Internal Morphology of the Adult Mammalian Penis. The external and internal
anatomy of the penis has been studied in only dl greacentage of the more than 4,000 species
of extant eutherian mammals. However, there apgears a common basic architecture of the
adult eutherian penis. A large portion of the iiteof the penis is composed of the corpora
cavernosa (corporal body), the corpus spongiosuothar erectile bodies. The bilateral corpora
cavernosa are attached proximally to the pubic §¢Rey. 1.4) and are located dorsally within
the penile shaft eventually fusing in the midlirsetlaey extend distally to form the corporal body
(Fig. 1.10B). The corporal body is surrounded bffbeous sheath, the&unica albuginea (Fig.
1.10B), and depending on the species, terminatée ais penis (Figs. 1.6B) or continues to near
the distal end of the penile shaft but not into thens (human). The corpus spongiosum is
located ventral to the corpora cavernosa (Fig.)1i&0often traversed by the penile urethra, and
is usually surrounded by a fibrous sheath. The molsmologue of the human corpus
spongiosum is called the corpus cavernosum uretfffag 1.6B) (Rodriguez et al., 2011).
Increased blood flow to these corporal bodies, wamed by the surrounding tunica, is
responsible for penile erection. The glans of thman penis is a distal expansion of the corpus
spongiosum. The penile urethra terminates, typicafl a simple slit, at or near the tip of the
glans in most species. In species such as ratg, gutnea pigs, and cats the surface of the glans
or the penile shaft is adorned with keratinizedhegial spines (Williams-Ashman, 1990).

Some eutherian species possess a bony structihe ipenis called the os penis (Figs.

1.6, 2.2, 2.7, 2.14) (Burt, 1960; Best and Schri€l4; Patterson, 1983; Dixson, 1987; Verrell,
1992; Hosken et al., 2001; Miller and Burton, 20@hidden, 2001; Baryshnikov et al., 2003;

Ferguson and Lariviere, 2004; Lupold et al., 200hile the shape and size of the os penis
varies greatly between species, it is usually ledatorsal to the urethra (Figs. 1.6, 2.2, 2.7,)2.14
and distal to the corpora cavernosa. In mice thpgeoss is located within the glans. In mice and
moles the flaccid penis is hidden inside the prep{igs. 1.4, 1.5, 2.2, 2.7, 2.11, 2.13, 2.14,
2.17).

The Clitoris. In some species (human), only the tip of the glali®ris is visible
externally (Fig. 1.12), while in rodents/insectigsrthe clitoris is an “internal organ” not visible
externally (Figs. 1.8A, 2.6, 2.12, 2.15). Withiretblitoris, erectile bodies may be absent, poorly
defined, or if present are much smaller than themile counterparts (human) (Clemente, 1985).
In the mouse clitoris well-defined erectile boda® absent even though the clitoris is highly
vascular (Fig. 1.6) (Weiss et al., 2012). While ttiéoris and urethra are closely associated
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anatomically, in the mouse and mole the urethra partly within the U-shaped clitoral
lamina and partly ventral to the clitoris (Figs6,11.8B-E, 1.9, 2.6, 2.7, 2.12, 2.15) (Weiss et al.
2012).

Androgens and Sexual Differentiation of the Externagenitalia. Since the embryonic
ambisexual genital tubercle of eutherian fetuségally is morphologically identical in males
and females, fetal sex can be determined via mdéogkoof the gonads, which differentiate
several days before sex differentiation of the mxtkgenitalia. Development of male external
genitalia is not dependent on genotypic sex buletermined through the action of androgenic
hormones signaling through the androgen receptous,Tgenetically male XY fetuses lacking
androgens or lacking functional androgen receptdisievelop female external genitalia (Ohno,
1979; Wilson et al., 1995). Examples, as describgdhapter 1, include the testicular feminized
(Tfm) mouse with a mutation in the gene encodirgydhdrogen receptor (Lyons and Hawkes,
1970). Another mutation affecting development @& #xternal genitalia in males (XY) involves
the gene encodingosreductase. Suchafreductase-deficient individuals are unable to eshv
testosterone toobdihydrotestosterone (DHT) in the target tissudsictvleads to feminization of
the internal and external genitalia (Moore et 4975; Imperato-McGinley et al., 1979).
Accordingly, treatment of experimental animala utero with 5a-reductase inhibitors
(finasteride) or various anti-androgens (cyproteracetate or flutamide), results in a reduced
anogenital distance in males, hypospadias, a @efpuce, and reduction in penile size
(Imperato-McGinley et al., 1985; Anderson and Cla®90; Clark et al., 1993; Silversides et al.,
1995; Kojima et al., 2002). Similarly, mutationsganes encoding proteins critical for synthesis
of androgens or androgen action will lead to vdeategrees of feminization (Wilson et al.,
1983b; Lee et al., 2007). Unlike males, where tfesgnce of DHT is necessary for virilization
of external genitalia, there is no correspondingrtame required for the development of the
genitalia into a female phenotype. If a XX femaggut or neonate is ovariectomized, it will
continue to develop typical female external geratgUost, 1953; Rodriguez et al., 2012).
However, the external genitalia of females can Idized by endogenous or exogenous
androgens since clitoral tissues express androgegptors (Bentvelsen et al., 1995; Hughes,
1998; Al-Maghribi, 2007; Rodriguez et al., 2012).

Anogenital Distance: An_index of “androgenization.” Anogenital distance is the
distance between the genital papillae and the ceaft¢he anus, and is typically assessed in
neonates. In rodents and humans, anogenital destaa been found to be approximately twice
the length in males than in females (Graham andd€aran, 1986; Vandenbergh and Huggett,
1995; Gray et al., 1999; Wolf et al., 2002; Saladartinez et al., 2004; Thankamony et al.,
2009). Moreover, administration of androgens durinigical stages of development has been
shown to increase female anogenital distance toathmales of the species (Gandelman et al.,
1979; vom Saal, 1979; Rhees et al., 1997; Woll.e2802; Wolf et al., 2004). Conversely, the
administration of anti-androgens to males of sdvepmecies has resulted in reduction of
anogenital distance similar to that of females Ckt al., 1993; Mcintyre et al., 2001; Wolf et
al., 2004; Welsh et al., 2008). Specific data comog anogenital distance and “phallus” length
have been reported for the European mole and itadibat, wereas there is some slight overlap,
anogenital distance and “phallus” length are graatenales than in females (Wood-Jones, 1914;
Matthews, 1935). Some researchers concerned thigsnase often substantially larger than
females of the same species have introduced vacimuection factors for anogenital distance in
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order to account for differences in body size betwmales and females, or size differences
between control and treatment groups. Such cooredactors typically employ anogenital
distance as a function of body weight, or body ten{Graham and Gandelman, 1986;
Vandenbergh and Huggett, 1995; Gallavan et al.9199owever, in general, sex differences in
anogenital distance are much greater than sexr@iftes in body weight, or body length, and
even when appropriate corrections are appliedareBers have consistently supported the utility
of anogenital distance as an indicator of androgetion or “androgen blockadeh utero in
laboratory animals and humans.

Experimental and Clinical Evidence for Androgenic hfluence on Anogenital
Distance.Female rodents exposed to an androgen, suchtastéegene propionate (TH) utero
have a significantly increased anogenital distand@ch can approach that of normal males
(Gandelman et al., 1979; vom Saal, 1979; Rhees.,e1397; Wolf et al., 2002; Wolf et al.,
2004). This effect has been shown to be permanettdase dependent (Wolf et al., 2002;
Hotchkiss et al., 2007). In addition, male rodetnémted with anti-androgena utero have a
reduced anogenital distance (Clark et al., 1993nirce et al., 2001; Wolf et al., 2004; Welsh et
al., 2008). All of the above manipulations supbé claim that androgens are the primary cause
of sexual dimorphism of anogenital distance. Thaeefthe degree of anogenital distance sexual
dimorphism can be an indicator of androgen adtmoutero. The human clinical literature is also
in accord with such effects in that females witimgenital adrenal hyperplasia are virilized by
endogenous androgens and have an increased ambgdisitbnce (Callegari et al., 1987).
European moles exposetutero to testosterone propionate had an identical antajehstance
and “phallus” length in male and female offspringitar to that of untreated males (Godet,
1946), which suggests that the exogenous androgeeased anogenital distance in females to
the male length.

Anogenital Distance and the Uterine Position EffectWhile anogenital distance can be
influenced by hormone manipulations or mutatiorisaing steroidogenesis, naturally occurring
low levels of androgens in female fetuses arisirggnf neighboring male fetuses have been
shown to have measurable masculinizing effects rmgenital distance. Hormones can travel
between adjacent fetuses (Meisel and Ward, 198anEval., 1992; Vom Saal and Dhar, 1992).
Accordingly, female fetuses developing between lenaad 1 female (1M), between 2 males
(2M), or between 2 females (OM) are exposed tcetbfiit levels of sex steroids. Since sexual
differentiation is mediated primarily by androgesarly in development, elevated levels of
androgens in 2M females causes development of fi@sduaits relative to 1M or OM female
fetuses. Intrauterine position affects behavioryspdlogy, as well as morphology (Ryan and
Vandenbergh, 2002). In rodents, 2M females hawngdr, more masculine, anogenital distance
than OM females (McDermott et al., 1978; vom Saml Bronson, 1978; Richmond and Sachs,
1984; Vandenbergh and Huggett, 1995). Likewisengad treatment with the anti-androgen
flutamide abolishes this anogenital distance iriiane position effect supporting the theory that
increase in anogenital distance in 2M females s fduincreased testosterone levielautero
(Clemens et al., 1978). This intrauterine positdfiect on anogenital distance is not an artifact of
the genetic homogeneity inherent in laboratory amsmwhich may reduce natural variation in
this trait allowing for low levels of androgenstiave a noticeable effect. The wild female house
mouse Mus musculus), California mouseReromyscus californicus), and female domestic rabbit
(Oryctolagus cuniculus) also show a greater anogenital distance in 2Mafemor in females
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from male-biased litters (Zielinski et al., 1991al&hza et al., 1995; Banszegi et al., 2009).
Thus, low levels of androgens received by femalesks via proximity to male fetuses have a
measurable effect on the external genitalia moggl specifically anogenital distance, in
multiple species. This supports the use of anogkdistance as an indicator of masculinization
caused by androgen actionutero.

Sexual Dimorphism In_the External Genitalia of Moles. Previous publications on
moles have measured the length of the externataj@nand termed it the “phallic”, “clitoral”,

“penile clitoral” or “penile” length. As mentioneth Chapter 1, the perineal appendage
projecting outward from the body is not the “phallu‘penis”, or “penile clitoris”, but instead is
the prepuce in both male and female moles as disdugbove. In both sexes the actual external
genitalia (penis and clitoris) are “internal” orgaresiding deep within the preputial space (Fig.
2.2, 2.6, 2.11, 2.12, 2.14, 2.15, 2.17). Hencefdghallus,” “penis,” and “clitoris” in quotation
marks will refer to incorrect designations from thterature, while the absence of quotation
marks will represent our revised designation oséherms.
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Figure 2.2. Three-dimensional reconstructions gAjhe adult broad-footed mole penis with transeers
H&E stained sections (B-D). The reconstructionsehheen artificially elongated to better show the
shapes and locations of the structures. The tppdiis a side view of the reconstruction with phepuce
partially transparent showing the placement of plemis. The white line in the top figure labeled
penis/prepuce overlap represents the amount gehis external to the body wall that resides withie
prepuce. Note that the distal tip of the penisitisated a considerable from the distal tip of phepuce.
The lower three-dimensional reconstruction is aseside view with the prepuce and penile surface
epithelium partially transparent showing the stuues inside the penis. The white dotted linesasgnt
the length of the open ventral preputial groovehvdn arrow indicating the preputial meatus. White
arrows indicate the corresponding locations of 8¢ transverse sections. Histological sections (B-D
are in order from proximal to distal. Note in (gt the urethra (UR) opens into the preputial SB&).
Red arrow in (A) denotes the opening of the ureitii@the preputial space.



36

Multiple species of female moles have been desdriimcorrectly as possessing a
“penile clitoris”, even though the Japanese shrevleniJrotrichus talpoides), lacks a “penile
clitoris” (Carmona et al., 2008). Female moles gaihe demonstrate seasonal vaginal opening
that exists for only the period of mating and patinn before closing for the duration of the
non-breeding season. In the literature, the “petliteris” of the European molé&@lpa europea)
has been reported incorrectly to be traversed hyeshra, which exits near the tip of the
“phallus” similar to the male (also incorrect). Bgreement with the typical mammalian
phenotype, anogenital distance and “phallus” lengtgreater in male versus female European
moles (Wood-Jones, 1914; Matthews, 1935). Broadefbanoles $capanus latimanus) have
also been shown to possess a prominent “phallusi¢hnis traversed by the “urethra”. However,
in this species there was no significant differeimcéphallic” length (actually preputial length)
or anogenital distance in males and females (Rubenst al., 2003).

Development of the penis and penile clitoris haanbevestigated in the European mole.
Wood-Jones found that elongation of the genitaletdle, urethral groove closure, and the
formation of the prepuce take place in exactlygsame manner in both sexes during embryonic
development (Wood-Jones, 1914). Godet discoveradntiale and female offspring of pregnant
European moles treated with testosterone propidradean indistinguishable anogenital distance
and “phallus” length (Godet, 1946)

Several, but not all, mole species possessing ail§elitoris” also have an ovarian
interstitial gland (Mossman and Duke, 1973; Carmenal., 2008). In Spanish and European
adult moles circulating levels of testosterone @ated with ovarian interstitial gland weight,
with higher concentrations of testosterone during hon-breeding season when the ovarian
interstitial gland was largest (Jimenez et al.,39%hitworth et al., 1999; Zurita et al., 2003).
The presence of the ovarian interstitial gland ésghroduction of androgens are in accord with
the Jost theory of sexual differentiation, and pussibility that the “penile clitoris” in these
species is formed as the result of androgens pesblby the ovarian interstitial gland of the
mother or developing fetus. However, the broadddomole and the eastern moked|opus
aquaticus) possess a “penile clitoris” but lack an ovariateistitial gland (Rubenstein et al.,
2003) So either the “penile clitoris” (prepuce) in thesgecies may be caused by androgen
production from some other source, or the developrokthe “penile clitoris” in these species is
androgen-independent.

Review of Penile and Clitoral Morphology: Indices & Sexual Dimorphism. The penis and
clitoris of typical mammals are strikingly differeranatomically complex organs composed of
epithelial tissue, connective tissue, vasculaugsserves, cartilage, and bone that are organized
into specific and precise morphological arrangemeiihe common developmental history,
architecture, and composition of the penis anarditacross most mammalian species allow for
multiple features to be used to assess sexual ghigsn between the clitoris and penis. A list of
key homologous features that are present in thes fimert lacking in the clitoris are presented in
recent papers from the Baskin lab (Yang et al. 02®&driguez et al., 2011; Weiss et al., 2012),
who created such lists for use in studies of wygket and mutant strains of mice. In this
dissertation, a table of similar homologous trg8ee Table 2.1) has been prepared. However,
two traits (that were used in mouse studies) wendted as epithelial spines and cartilage are
not observed in either males or females of anyispeaf mole under study in my project.
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Employing this scale, a penis with all nine feasureould represent a typical fully
masculinized mammalian penis, and a clitoris lagkafi of these features would represent a
typical mammalian clitoris as is the case for tapahese shrew mole. The size and location of
several key features were noted with the aid of f&onstructions for a more detailed
comparison between the different mole species asritbed below. As can be seen from this
analysis of male/female sexually dimorphic featufésble 2.1), whereas the Japanese shrew
mole exhibits a profound male/female dichotomy (eaaf 8 [male] versus 0 [female]), females
of the other mole species exhibit variable degoéesasculine traits.

Table 2.1 Sexually dimorphic features in mole exakgenitalia.

Typical Male Traits (1) |[Typical Female Traits (0) |BFM Male BFM Female|SNM Male SNM Female|HTM Male HTM Female [JSM Male JSM Female
Circular transverse U shaped lamina

profile 1 0 1 0 1 0 1 0
Mo tethering, freely Ventral tethering/

mobile organ immabile 1 0 1 0 1 0 1 0
Urethra completely Urethra never entirely

within penis within clitoris 1 0 1 0 1 0 1 0
Os penis Mo os clitoris 1 0 0 0 1 1 0 0
Located in preputial Mot located in epithelium

space lined space 1 0 1 0 1 0 1 0
Distinct corpus cavernosa |Diffuse erectile tissue 1 1 1 1 1 1 1 0
Thick tunica No tunica 1 1 1 1 1 1 1 0
Large organ size Small organ size 1 1 1 1 1 1 1 0
Tip free Tip tethered 1 0 1 1 1 1 1 0
Totals: 9 3 8 4 9 5 8 0

In addition to these internal anatomical measurésyemogenital distance, a trait that is
modulated by androgen actiom utero, was used as another measure of *“genital
masculinization”. Measures of prepuce length, telffphallus” length in previous publications,
were used to investigate the degree of sexual gihiem in the external genitalia of European
and broad-footed moles and are incorporated intctongy.

General Reproductive Anatomy of the Four Species Wer Study:

Broad-footed mole Scapanus latimanus). The ovaries of adult broad-footed moles lack
an ovarian interstitial gland (Mossman and Duke&/3)9Rubensteimt al. confirmed the lack of
an interstitial gland or medullary cords during tbdhe breeding and non-breeding seasons
(Rubenstein et al., 2003). However, their invesioga of the clitoral anatomy showed that
females possess a prominent “phallus” which isersed by the “urethra”. Male mean body
length was greater than that of females, but thexeno significant difference in “phallic” length
or anogenital distance in males and females. Homyexe distinction was made between adult
and juvenile animals in these measures (Rubensteih, 2003).
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Star-nosed mole Condylura cristata). Star-nosed moles have an ovary that is polar,
with follicles at one end and interstitial tissumtaining medullary cords at the other, termed the
ovarian interstitial gland, or “ovotestis.” Femalgfsthis species were also reported to display a
prominent “phallus” traversed by the urethra (Moasnand Duke, 1973; Rubenstein et al.,
2003).

Hairy-tailed mole (Parascalops breweri). There are currently no publications on the
external genitalia or gonadal tissues of this sggedHowever, female hairy-tailed moles possess
a prepuce of similar size to that of the male.

Japanese shrew _mole Urotrichus talpoides). Carmonaet al. reported that female
Japanese shrew moles possess normal mammaliaewati typical ovarian architecture. This
species lacks a “penile clitoris” and an interatitvarian gland (Carmona et al., 2008). Thus, the
Japanese shrew mole is currently the only knoweispef mole to lack a “penile clitoris” and
also lack an ovarian interstitial gland.

Final Comments

Ideally, this dissertation would include studies tbe development of the external
genitalia and the differentiation of the ovariatenstitial gland through the study of embryos at
different stages of development. Unfortunately, itheeccessibility of trapping sites, due to ice
and snow for the star-nosed and hairy-tailed mdlesng their breeding season prevented this
option and prevented access to adult tissues frenbteeding season. Finding pregnant broad-
footed moles during the breeding season was alsocgassful. This is in part be due to the lack
of any effective live capture traps that can beg@tbunderground inside a mole tunnel. Multiple
individuals were recruited from four different galburse locations around the San Francisco
Bay Area to assist in the capture of live broaddédomoles. Over the course of three breeding
seasons, only three females were captured and wasgregnant. Little is known about mole
breeding habits. Perhaps there is a reduction gginly new tunnels during this time, and
currently the appearance of new mole hills is thiy effective cue for locating the presence of a
mole for successful capture. Early attempts at taaiimg broad-footed moles in captivity were
not possible, a problem that is not unique to Huscies (as revealed by correspondence with
other researchers studying moles). To my knowledigead-footed moles have not bred in
captivity. | was fortunate to be able to obtainal®se shrew moles from the breeding season,
but they were not pregnant. Our collaborator, DkioAShinohara, did not return to the field for
trapping in the non-breeding season. Nonethelbssresearch on the broad-footed mole, star-
nosed mole, Japanese shrew mole, and hairy-taitée, ms presented in this dissertation, offers
a more comprehensive account of the reproductivephabogy and endocrinology of these
species than has been available to date.
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Methods:

Subjects:

Mice. Adult wild-type CD-1 mice (Charles River Breedihgboratories, Wilmington,

MA, USA) were housed in polycarbonate cages (2BX247 cnf) with laboratory grade pellet
bedding. Mice were given Purina lab diet and tapewad libitum and sacrificed at 60 days of
age. The Institutional Animal Care and Use Commaitée the University of California, San
Francisco approved all animal use protocols. Thiereal genitalia were photographed to
identify typical surface characteristics with a it camera and a dissecting microscope.
External genitalia were dissected and fixed in falim paraffin embedded and serially sectioned
(transversely and longitudinally) at 7um for histgit staining.

Penile surface details were elucidated via scanelegtron microscopy (SEM). External
genitalia were dissected and fixed in 2% glutatayde 0.1M sodium cacodylate buffer at pH of
7.2 for 6 hours. The specimens were then fixed %8 @smium tetraoxide for 2 hours,
subsequently dehydrated in serial alcohol solutiand critical point dried in aousimis
AutoSamdri 815 Critical Point Dryer (Tousimis, Redle, MD). The specimens were then
mounted on a stub with carbon tape, and images wbtained using a Hitachi TM-1000
Scanning Electron Microscope (Hitachi High Techigeds America, Inc. Pleasanton, CA).

Broad-footed mole Scapanus latimanus). Live broad-footed moles were obtained from
golf courses in San Francisco and Moraga, CalifofiMoraga Country Club, San Francisco
Golf Club, Harding Park Golf Club, and the Presi@olf Course) between 2008 and 2010.
Moles were euthanized using 0.05 mL of Euthasaltdd with saline (from Virbac Animal
Health Inc., 390mg Pentobarbital sodium and 50mgnptoin sodium per mL), weighed and
measured for head-body length and tail length. Assmwere either perfused with 4%
paraformaldehyde before dissection, or the lowesatavas cut open to expose the reproductive
organs and immersed in fixative. After a minimum 48 hours of fixation, tissues were
transferred sequentially through 30%, 50%, and é@dnc70% ethanol before being stored at
room temperature in 70% ethanol.

Males were divided into three categories: adulebdmeg season males (bsM), adult non-
breeding season males (nbsM), and juvenile nordbrgeseason males (juvM). Seasonal
classification was based on testicular weight gretra production. The difference in testicular
by weight from the breeding season to the non-lingedeason is significant (mean zstdev,
bsM=0.386 +0.42g, nbsM=0.014 +0.017g, bsM n=2, nbeMLl2, F=581.288, p<0.0001).
Histological examination of testes revealed breg@eason males to have larger more developed
interstitial cells and large seminiferous tubulemtaining developing sperm than did non-
breeding individuals. Classification of males abeai adult non-breeding season or juvenile was
also determined by histological examination of ptegp separation, the separation of the
prepuce from the penis. Preputial separation has li@und to be androgen-dependent and to
occur near the onset of puberty (Korenbrot etl&l7,7).

Females were also divided into three categoriaslt ddeeding season females (bsF), adult non-
breeding season females (nbsF), and juvenile neediong season females (juvF). As has been
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previously noted by other researchers, the vagiaa iwperforate in all females except for
those trapped in December, January, and Februagy ZB) when an opening could clearly be
observed visually (Rubenstein et al., 2003). Thisansistent with the breeding season for this
species, and accordingly these animals were categoas breeding season adults (Gorman and
Stone, 1990). Additionally, changes in uterine aadiuctal size were used to classify females as
breeding season, non-breeding season, or non-hgeedason juveniles. Juvenile females were
those just born in the last breeding season. Aaegld their uteri and oviducts are thin, semi
translucent, and underdeveloped (not illustrated@ri and oviducts of adult breeding season
females are significantly larger, more vascularjzzat better developed, which coincided with
vaginal patency. Non-breeding season adult femvadee classified as animals that are at least 1
year old, meaning that they had already gone thraigeast one breeding season. Thus, their
uteri and oviducts have under gone the large iseréa size during the breeding season. These
structures do not regress in the non-breeding,sdatk thus can be distinguished from the uteri
and oviducts of juvenile females. Females lackingaginal opening and whose uterus and
oviducts were in an intermediate state betweennjlveand breeding adult females were
classified as non-breeding adult females. The wdiffee in the diameter of the uterus and
oviducts between the three age classificationggsifeant (Uterus: mean zstdev, bsF=5.133
+0.984um, nbsF=2.675 +0.49mMm, juvF=1.254 +0.559m; bsF n=3, nbsF n=4, juvF n=13;
F=50.441, p<0.0001) (Oviduct: mean zstdev, bsF=B.46.304im, nbsF=2.150 +0.173n,
juvF=1.046 +0.35dm; F=72.664, p<0.0001).

Clitoris, Non-breeding Season
Broad-Footed Mole Female

“Clitoris”

Figure 2.3. Broad-footed mole female external @diai from the breeding and non-breeding seasons
showing the presence and absence of the vaginalirgpe Note that the term clitoris is placed in
quotation marks as what is actually seen in thesgeés is the prepuce that covers the clitoris.
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Breeding | Breeding | Non- Non- Non- Non-
Males Females | Breeding | Breeding | Breeding | Breeding
Adult Juvenile | Adult Juvenile
Males Males Females | Females
Sample 2 3 3 10 4 13
Size (n)

Star-nosed mole Condylura cristata). Star-nosed moles were trapped in Emporium, PA
by Dr. Kenneth Catania of Vanderbilt University abd. Diana Bautista of University of
California, Berkeley as part of studies on the stosensory physiology of this species. All
animals were caught in June or July, during thelbr@eding season, and females did not display
a perforate vagina (Eadie and Hamilton, 1956). IEloleere either euthanized and fixed
immediately or were housed at Vanderbilt Univeriry1-3 months before euthanasia and fixed
in 4% paraformaldehyde. After a minimum of 48 hotos fixation, tissues were transferred
sequentially through 30%, 50%, and hence to 70%neth before being stored at room
temperature in 70% ethanol. Total sample size: snad, females n=9.

Hairy-tailed _mole (Parascalops breweri). Hairy-tailed moles were also trapped in
Emporium, PA by Dr. Kenneth Catania of Vanderbiliikersity and Dr. Diana Bautista of
University of California, Berkeley. Trapping of thepecies was incidental to their work on star-
nosed moles, and no additional animals were oldaimduture trapping attempts. All animals
were caught in June or July. Females did not dysplperforate vagina indicating they were in a
non-breeding state consistent with the previousntegf the late winter to early spring breeding
season of this species (Eadie 1939). Moles werkanaited and fixed immediately in 4%
paraformaldehyde with the lower torso cut openxpose the reproductive organs to fixative.
After a minimum of 48 hours for fixation, tissueene transferred sequentially through 30%,
50%, and hence to 70% ethanol before being stdresban temperature in 70% ethanol. Total
sample size: males n=2, females n=2.

Japanese shrew moleUrotrichus talpoides). Japanese shrew moles were collected in
Kagamisu, Miyazaki, Japan in March 2008 by Dr. $hara from the University of Miyazaki,
Japan. Upon capture animals were euthanized, ttenabal cavity was opened to facilitate
penetration of the 4% paraformaldehyde before beargsferred to 70% ethanol and shipped to
our laboratory. The animals were determined tonba reproductively active state based on the
perforate vagina in the females, the presence wéldging sperm in the male testis and fully
developed sperm in the epididymes. Based on thiesenaations as well as the advice by Dr.
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Shinohara, these animals were classified as brgesBason individuals. Total sample size:
males n=2, females n=2.

Histological Analysis After fixation and transfer to 70% ethanol théemal reproductive
organs were photographed in situ before being reshowvaries were removed with all
immediate surrounding tissue left intact so asrev@nt damage to the ovarian interstitial gland
or other structures of interest. External genitale@e photographed after the hair surrounding the
external genitalia had been plucked or trimmed uwmddissecting microscope to allow a clear
view. After photography, the external genitalia evélissected from the rest of the reproductive
tract. All dissected tissues were subsequentlyedtaseparately in 70% ethanol at room
temperature. Prepuce length was measured usingogieccalipers to the nearest 0.01mm, from
the tip of the phallus to where the mid portiortteé structure connected with the body (Fig. 2.4),
and the mean value for each individual was usedlfdurther analysis. Anogenital distance was
also measured using electronic calipers from tmeeceof the anal sphincter to the middle of the
genital shaft at the point where it connected ®lbdy, and the mean value for each individual
was used for all further analysis (Fig. 2.4). Imtde Japanese shrew moles anogenital distance
was measured from the center anus to the skin@opposite side of the vaginal opening since
this species does not possess a penile clitorishistological analysis dissected genital tissues
were dehydrated in a graded ethanol series, emtedgmraffin, and serially sectioned afuh®

for morphological analysis. Every 5th or 10th sattivas stained with hematoxylin and eosin
(Harris Hematoxylin and Eosin Y Stain from AmericltasterTech Scientific Inc. Lodi, CA)
according to standard procedures and was photoggafitrough a microscope at 10x using a
Cannon powershot A590 IS digital camera. Relevantsires from the photographed slides of
one representative male and one female of eachespa®re traced using Photoshop CS3.
Traced lines were then used to create 3-dimensregahstructions using Winsurf 3D software.
Measurements of internal structures were achiewedrdrking the structural changes in the
serial sections of all specimens. The distal tiphef prepuce was used as the starting point and
serial sections were counted as they proceedednpatiy in the tissue. Measurements were
taken when new structures, like bone, appearedndec providing measurements as to
placement and length of the structures within thellps. The external length of the penis or
clitoris, that portion of these organs projectireytnd the body wall and thus over-lapped by the
prepuce (also called penis/prepuce overlap), wassuared from distal penile or clitoral tip to the
point where the external prepuce became contiguotlsthe body wall (Figs. 2.2, 2.6, 2.11,
2.12,2.14, 2.15, 2.17).




Penis, Non-breeding Season imm Clitoris, Non-bree
Broad-Footed Mole Broad-Footed Mol

Figure 2.4 Broad-footed mole male and female ezlegenitalia from the non-breeding season. Note
that the structures labeled “penis” and “clitorése actually the prepuces of male and female mties,
penis and clitoris residing inside. The dottece lion the male image indicates the measurement with
calipers for preputial length. The dotted line ba female image indicates the measurement witperali

for anogenital distance.

Results:
Mice:

Prepuce Length. Preputial length was determined from photograph8 male and
female CD-1 mice (Fig. 2.5). Average male prepugabth was 3.42mm (+0.17), while female
preputial length was 2.14mm (+0.25), and this défeee was statistically significant (Male n=4,
Female n=4, 1(5)=8.697, p=0.0003). However, malelGnice are larger than females. When
prepuce length was normalized to body weight thiferdince in male versus female preputial
length was no longer significant (Male n=4, Femsid, t(6)=1.801, p=0.1218).
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Male, Adult CD1 Mouse 2 mm

T
Female, Adult CD1 Mouse

Figure 2.5. Side views of the male and female mquepuce. Horizontal lines demarcate the junation
the prepuce with the body surface. Vertical linedidate the length of the prepuce. Preputial kengt
slightly longer in male versus female mice.
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Broad-footed moles:

Body Weight and Body Length. Broad-footed mole body weight shows sexual
dimorphism between males (mean 65.39 +10.269) emafes (58.85 £8.37g) (M n=20, F n=22,
F=5.162, p=0.028). However, female body weight dosschange by age (adult versus juvenile)
or season (breeding versus non-breeding) (mean 5@sF~F +6.28g, nbsF=59.85 +8.74qQ,
JuvF=54.83 +6.629g, bsF n=3, nbsF n=4, juvF n=130.B66, p=0.438). In males there is no
difference in body weight between adult breeding adult non-breeding season males, nor
between adult breeding and juvenile non-breedireag@e® males (mean bsM=77.15 +6.86gq,
nbsM=74.73 +9.12¢g, juvM=63.99 £8.06g, bsM n=2, nbs#4, juvM n=10, F=3.743, p=0.052).
However, when comparing only non-breeding adult aod-breeding juvenile males, there was
a measurable difference in body weight (nbsM medn& +9.12¢g, juvM mean=63.99 +8.069,
p=0.0462). Body length measurements are monomorphicbroad-footed mole males
(mean=140.69 +14.30mm) and females (mean=141.75%40n) (M n=18, F n=20, F=0.070,
p=0.793). This monomorphism does not change basefttmale age or reproductive season
(mean bsF=142.33 £14.31mm, nbsF=136.78 +4.82mnk51%3.40 £6.87mm, bsF n=3, nbsF
n=4, juvF n=11, F=1.025, p=0.383) nor male ageemraductive season (mean bsM=133.55
+2.76mm, nbsM=160.00 +9.54mm, juvM=143.08 £15.38nlsiyl n=2, nbsM n=3, juvM n=9,
F=2.559, p=0.122). This differs from the measurebarly length found by Rubensteah al.
where female broad-footed moles were found to peifstantly smaller than males (p<0.05).
However, the body length measurements used by Rtdiast al. included the tail length, while
my measurements were from the snout to the bastheoftail and not the tip of the tail
(Rubenstein et al., 2003).

Prepuce Length.Female broad-footed moles possess a prominenugeepat to the eye
appears similar in size and shape to the male peefkigs. 2.4). Prepuce length was measured
twice for each animal and the mean value was uSbkdre was no significant difference in
preputial length between broad-footed males andalesn (mean, male=2.635 +0.389mm,
female=2.747 +0.331mm) (M n=12, F n=18, F=0.7130.466). No difference was observed
between adult females and juvenile females (meaR=h837 +0.206mm, nbsF=2.942
+0.379mm, juvF=2.665 +0.360mm, bsF n=3, nbsF nw&¥fFjn=11, F=1.032, p=0.380) nor
between adult males and juvenile males (mean bsk52t0.389mm, nbsM=2.560 +0.071mm,
juvM=2.701 +0.463mm, bsM n=2, nbsM n=2, juvM n=F0092, p=0.913). In an attempt to
control for body size as a confounding factor, pEplength was normalized to either body
weight (PLI 1) or body length (PLI 2). In the casfeanalysis by body weight (PLI 1), prepuce
length showed a difference between broad-footedesnahd females with females having a
slightly longer prepuce than males (M n=12, F n=E84.774, p=0.038). There was no
difference in PLI 1 between adult females and jueefemales (bsF n=3, nbsF n=4 juvF n=11,
F=0.847, p=0.453) nor adult and juvenile males (bhs%2, nbsM n=2, juvM n=7, F=0.149,
p=0.865). When analyzed by body length (PLI 2) ¢heras no difference between males and
females (M n=11, F n=17, F=0.040, p=0.844) nor kenwadult females and juvenile females
(bsF n=3, nbsF n=4, juvF n=10, F=0.542, p=0.59&duit and juvenile males (bsM n=2, nbsM
n=2, juvM n=6, F=0.730, p=0.537).

Penile/Preputial & Clitoral/Preputial Overlap. Penile/preputial or clitoral/preputial
overlap denotes that portion of the penis or ghttihat projects beyond the body surface in the




46
resting state and thus is situated within the maliemale prepuce (Figs. 2.2 & 2.6). This was
obtained by measuring in serial sections the dtgtdrom the distal tip of the penis or clitoris to
the point where the external prepuce became canigywith the body wall. Clitoral/preputial
overlap of the broad-footed mole is on average [j80Qstdev=147) (Fig. 2.2), while
penile/preputial overlap is 14t (stdev=177) (Fig. 2.6). Thus, the portion of t{henis or
clitoris that projects beyond the body surfaceas significantly different between the sexes (M
n=4, F n=5, F=4.190, p=0.110).

Additionally a percentage was calculated of the wamoof penile/preputial or
clitoral/preputial overlap relative to total prefaltlength. By this convention penile/preputial
overlap represents less than half of total preplargth (41.07%, stdev=0.12%) in broad-footed
male moles (Fig. 2.2). In contrast in female bréaated moles clitoral/preputial overlap relative
to total preputial length was 43.15% (stdev=8.48P4J. 2.6). The difference between males and
females is not significant (M n=4, F n=5, F=0.1p%0.761).
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Figure 2.6 Three-dimensional reconstructions (Ahe adult broad-footed mole clitoris with transse
H&E stained sections (B-D) in order from proximal distal. The components of the reconstructions
have been artificially elongated to better showghapes and locations of the structures. Theitppef
in (A) is a side view of the reconstruction witlethrepuce partially transparent showing the placemie
the clitoris. The lower three-dimensional recamdtion in (A) is also a side view with the prepured
clitoris semi-transparent showing the urethra ampues cavernosum. The white dotted lines reprabent
length of the open ventral preputial groove withaarow indicating the preputial meatus. White ag0
indicate the corresponding locations of the H&Eséngerse sections (B-D). (D) is a distal sectionnshg
prepuce only, which has a ventral preputial grodNete hair follicles. In (B) note that the cliterand
urethra are separate structures. The urethra tg&lbarcircumscribed by the clitoral lamina. In (G
transitional region, the internal space is appaiply labeled preputial space since the “clitoashiha”
and “urethra” are still fused. Red arrow in (A) d&s the opening of the urethra into the prepapake.
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Preputial Attachment. As discussed previously the penis resides withénpgreputial
space, is not attached or tethered to the prepucadults except where the inner preputial
epithelium reflects onto the penile surface deeghiwithe preputial space. Thus, the penis is
mobile or capable of extending external to the pcepduring mating and urination. However,
preputial separation (delamination of the prepugahina) has not occurred in juvenile males
allowing this to be an indicator of maturity. Inntoast, the clitoris of the broad-footed mole is
ventrally tethered to surrounding tissues in prainegions where the clitoris is represented as
an inverted U-shaped lamina in adults and juver(fég. 2.7). Distally the epithelium of the
clitoris is in contact with the epithelium of theepuce, thus at no point does the clitoris liehia t
preputial space unattached to the prepuce (Fig. 2.6

S il

Figure 2.7. Transverse H&E stained sections adauit broad-footed mole penis and clitoris. Lestter
identification of pertinent structures are: CC (mgs cavernosum), CCG (corpus cavernosum glands), O
(os penis), P (prepuce), PS (preputial space)h&t(sf clitoris or penis), T (tunica), U (urethraNote
that the penis is untethered and thus has freedamowement within the preputial space. In proximal
regions the clitoral stroma is broadly confluemtvally with surrounding stroma (double-headed wag)
and thus is tethered and immobile in this regiorlevtistally the epithelium of the clitoris remaiirs
contact with the epithelium of the prepuce.
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Internal Penis/Clitoris Morphology. Broad-footed male moles possess an os penis,
and females lack an os clitoris (0s penis meantterpum (stdev=141 n=4) (Fig. 2.6). The
penis and clitoris both possess a corpus caverngsurounded by a tunica (Figs. 2.2, 2.6, 2.7).
In males the distal tip of the corpus cavernosudsepproximately 7Q0n from the distal tip of
the penis (stdev=14in, n=4), while in females it ends 388 from the distal tip of the clitoris
(stdev=9mm, n=5). In males the greater distance of the qavernosum from the tip of the
penis is accounted for by the os penis that ligeedhately distal to the corpus cavernosum. The
urethra is completely enclosed within the penis @@bout 2/3 within the clitoral lamina
throughout its length but never fully resides witlihe clitoral lamina (Figs. 2.6 & 2.7). The
corpus spongiosum in humans and some other spsgresunds the urethra in males and is
absent in females. In other species such as mictrueture homologous to the corpus
spongiosum, the corpus cavernosum urethrae, liesal¢o the urethra in males and is absent in
females. | did not observe a corpus spongiosumamraus cavernosum urethrae in either male
or female broad-footed moles. However, a completwokk of blood vessels was observed
throughout the length of the penis and clitorishwiales having a somewhat greater or larger
amount of blood vessel®Ve call this diffuse network of blood vessels tloeptis cavernosum
glandis of the male and female moles (Figs. 1.6.%).2Close examination of the skin of the
penis revealed that the dermis is exceptionally niccollagenous fibers surrounding the corpus
cavernosum glandis (Fig. 2.8). This dense band tafim&, lying just deep to the penile
epithelium, may function in a similar manner to theica allowing for blood to fill the penis and
not expand outward laterally but primarily longitoaly and may aid in rigidity of erection.




Figure 2.8. Transverse H&E stained section ofathalt broad-footed mole penis displaying the baind o
tunica-like cells lying just deep to the penileteplium.
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Masculine Traits Score As presented in the introduction of the Chaptaddpted a list
of 9 key homologous mole penile/clitoral features a similar list created in the Baskin lab,
UCSF that are generally present in the mammaliamsgaut lacking in the clitoris. The penis of
the broad-footed mole possesses all 9 of the typiede features. The clitoris of the species is
clearly different internally from the penis but dogossess 3 out of the 9 typical male features:
(a) large organ size of the clitoris, (b) the disticorpus cavernosa, and (c) the thick tunica that
surrounds the corpus cavernosa (Table 2.1 and®Hy.

Genital Masculinization
100% 44

Male . s
. N

100%
Female BFM I BFM SNM I SMM HTM | HTM 15M I 15M |
Male  Female | Male  Female | Male Female | Male  Female
Masculine Traits: B ospenis B corpus spongiosum
. Circular transwerse profile . Located in preputial space Large organ size
. No tethering, freely mobile organ . Distinct corpus cavernosa Tip free

Urethra completely within organ . Thick tunica

Figure 2.9. Graph depicting the level of genital asaulinization” according to the 9 defined
morphological traits. BFM=broad-footed mole, SNMaShosed mole, HTM=Hairy-tailed mole,
JSM=Japanese shrew mole.
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Anogenital Distance Anogenital distance was measured twice for eadimal and
the mean value used. No significant difference nogenital distance was observed between
broad-footed mole males and females (mean, malb42:8.474mm, female=2.259 +0.655mm)
(M n=12, F n=18, F=0.784, p=0.384). There was alsdalifference between adult broad-footed
females and juvenile females (mean bsF =2.800 #0n®%, nbsF=2.302 £0.800mm, juvF=2.154
+0.647mm, bsF n=3, nbsF n=4, juvF n=11, F=1.060).p#L) nor adult and juvenile males
(mean bsM=2.535 +0.191mm, nbsM=2.445 +0.530mm, p2M96 +0.490mm, bsM n=2,
nbsM n=2, juvM n=7, F=0.237, p=0.795). As discussadier in this chapter, other studies have
used anogenital distance index for analysis in rotdecontrol for variations in body size. |
performed an analysis of anogenital distance norehlto body weight (anogenital distance
index 1) or body length (anogenital distance ind®x When analyzed by body weight
(anogenital distance index 1) there was no diffeeelpetween broad-footed males and females
(M n=12, F n=18, F=0.730, p=0.401) nor between taidumhales and juvenile females (bsF n=3,
nbsF n=4, juvF n=11, F=0.176, p=0.841) or adult jandnile males (bsM n=2, nbsM n=2, juvM
n=7, F=0.326, p=0.736). Similarly, when anogend@étance was analyzed by body length
(anogenital distance index 2) there was no diffeeelpetween broad-footed males and females
(M n=11, F n=17, F=0.711, p=0.407) nor between taidumhales and juvenile females (bsF n=3,
nbsF n=4, juvF n=10, F=2.341, p=0.142) or betwadntaand juvenile males (bsM n=2, nbsM
n=2, juvM n=6, F=0.240, p=0.797).

Star-nosed moles:

Body Weight and Body Length.Star-nosed moles used in my study had already been
decapitated for use in Dr. Catania or Dr. Bautsstasearch and thus prevented measurements of
body weight or body length and therefore also pneae any measures of anogenital distance
index or phallus length index. However, previoudlmations have noted that this species fails
to show significant differences in body weight adl length between the sexes. Thirty adult
males and eighteen females from Ithaca, New YofAUwere weighed throughout the year by
Hamilton with males averaging 53.4 grams (39 tgi@ms) and females averaging 50.3 grams
(35.2 to 77 grams) (Hamilton, 1938imilarly, body length did not show a significarifference
between the sexes with adults of either sex avegat®4.8mm (177.0 to 206.0) n=7 taken from
Nova Scotia, Canada, and 180.0mm (161.0 to 19EP2 from Pennsylvania, USA (Yates and
Moore, 1990).

Prepuce Length Female star-nosed moles possess a prominent grepuiar to that of
the male (Fig. 2.10)However, actual prepuce length was significantlffedent between the
sexes with males having a greater prepuce lengih thmales (mean stdev, male=5.350
+0.626mm, female=3.622 +0.514mm, M n=4, F n=5, £829, p=0.0026).
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1 mm

Figure 2.10. Star-nosed mole male and female madtgenitalia from the non-breeding season. Nudé t
the structures labeled “penis” and “clitoris” adually the prepuce of male and female moles. Tdresp
and clitoris lie within the prepuce.

Penile/Preputial & Clitoral/Preputial Overlap. Penile/preputial or clitoral/preputial
overlap denotes the portion of the penis or chtdhat projects beyond the body surface in the
resting state and thus is situated within the nwmlefemale prepuce (Figs. 2.11 & 2.12).
Penile/preputial or clitoral/preputial overlap igasured by serial sections from the distal tip of
the penis or clitoris to the point where the exaénorepuce became contiguous with the body
wall. Clitoral/preputial overlap of the star-nosewle is on average 223 (stdev=416) (Fig.
2.12), while penile/preputial overlap is 25 (stdev=219) (Fig. 2.11). Thus, the portion of the
penis or clitoris that projects beyond the bodyeme is not significantly different between the
sexes (M n=3, F n=5, F=0.497, p=0.512).

Additionally a percentage was calculated of the wamoof penile/preputial or
clitoral/preputial overlap relative to total prefltlength. By this convention penile/preputial
overlap represents less than half of total prepldregth (46.57%, stdev=11.89%) in star-nosed
male moles (Fig. 2.11). In contrast in female stased moles clitoral/preputial overlap relative
to total preputial length was 66.95% (stdev=9.49F4). 2.12). This difference was statistically
significant (M n=3, F n=5, F=7.267, p=0.036).
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Figure 2.11. Three-dimensional reconstructions ¢Ajhe adult star-nosed mole penis with transverse
H&E stained sections (B-D). The components ofrémonstructions are not to scale as they have been
artificially elongated to better show the shaped lagations of the structures. The top three-dsiwral
reconstruction is a side view with the prepuceigllyttransparent showing the placement of the geni
The three-dimensional reconstruction is also a side/ with the prepuce and penis semi-transparent
showing the structures inside the penis. The wihitited lines represent the length of the openraknt
preputial groove with an arrow indicating the préglumeatus. White arrows indicate the correspogdi
locations of the H&E transverse sections. Histmalgsections (B-D) are in order from proximal to
distal. Note that the urethra is absent in sect{@n& B), but present in section (C) indicating thhe
urethral meatus is proximally located (red arrow).
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Figure 2.12. Three-dimensional reconstructionthefadult star-nosed mole clitoris with transve&d
stained sections. The components of the recornisingcare not to scale as they have been artifcial
elongated to better show the shapes and locatiothe structures. The top figure is a side viewthaf
reconstruction with the prepuce partially transpaghowing the placement of the clitoris. The lowe
figure is also a side view of the reconstructiothvthe prepuce and clitoris partially transpardmveng

the urethra and corpus cavernosum. The white ddibed represent the length of the open ventral
preputial groove with an arrow indicating the préglumeatus. White arrows indicate the correspogdi
locations of the H&E transverse sections. Red aniroyA) denotes the opening of the urethra into the
preputial space. Note in (D) that the distal aspédthe clitoris projects freely into the preputiace and
thus is presumably mobile.
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Preputial Attachment. The star-nosed mole penis resides within a prapsgpiace and is
not attached to the prepuce in adults (Fig. 2.IBg proximal portion of the U-shaped clitoris is
tethered ventrally as a result of confluence abddl stroma with ventral stroma. However, the
distal portion of the clitoris is completely surrmled by epithelium and projects freely into the
preputial space (Fig. 2.12A & D). Thus, the tiptbé clitoris is un-tethered for approximately
417.59m (SD=159, n=4). However, one female not includethis measurement did have the tip
of the clitoris attached to the prepuce alongritsre length. Proximally the clitoral attachment to
the prepuce forms an inverted U-shaped lamina akdnother mole species and the ventral
portion of the clitoral stroma is continuous wittetstroma of the surrounding tissue (Figs. 2.12
& 2.13).

Internal Penis/Clitoris Composition. The star-nosed mole penis and clitoris are sinmlaio far

as neither possesses an 0s penis or o0s clitoris. &0 possess a corpus cavernosum surrounded
by a tunica. However, similar to the broad-footedlemn the tunica and corpus cavernosum are
larger in males than in females (Figs. 2.12 & 2.118) males the distal tip of the corpus
cavernosum ends at approximately i®0from the distal tip of the penis (stdev=72, n=4fjle

in females it ends 228n from the distal tip of the clitoris (stdev=55,5)=The urethra resides
completely within the penis and is on average fal@o within the clitoris throughout its length
(Fig. 2.11 & 2.13). Corpus spongiosum or corpusecaosum urethrae were absent in both male
and female star-nosed moles. However, similar o lhoad-footed mole, there is a diffuse
network of blood vessels throughout the lengthhefenis and clitoris, which | have termed the
corpus cavernosum glandis of the mole. Males haweatiaeably greater number of this network
of blood vessels than females. Close examinatiothefskin of the penis revealed a dermis
exceptionally rich in collagenous fibers surroumgdthe corpus cavernosum glandis (Fig. 2.13)
As with the broad-footed mole this dense band fnsé, lying just deep to the penile surface
epithelium in star-nosed moles may function inrailsir manner to the tunica allowing for blood
to fill the penis and not expand outward laterddiyt primarily longitudinally and may aid in
rigidity of erection.
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Figure 2.13. Transverse H&E stained sections adduit star-nosed mole penis (A & C) and clitoB3. (
Letters for identification of pertinent structuraese: BV (blood vessel), CC (corpus cavernosum), P
(prepuce), PS (preputial space), S (shaft of ditor penis), T (tunica), U (urethra), VS (closeywnal
seam). Dorsal double-headed arrows in (B) = Hddlicfes of the female prepuce. Note that the pénis
untethered and free to move within the preputi@csp whereas the clitoris is tethered ventrally via
confluence of clitoral stroma with ventral stronf@) is a high magnification photo of the penis alitb

the urethra.
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Masculine Traits Score.The star-nosed mole penis possesses 8 out of thenfon
masculine characteristics of the mammalian penitacks only the os penis. In contrast the
clitoris of the star-nosed mole possesses 4 otihefd masculine characteristics, displaying a
large organ size, a freely mobile distal tip of tti#oris, a distinct corpus cavernosa, and the
thick tunica that surrounds the corpus cavernssadi (Figs. 2.9 & 2.13 and Table 2.1)

Anogenital Distance.There is no significant difference in anogenitatahce between
male and female star-nosed moles (mean zstdev, =hdlE0 +0.079mm, female=2.297
+0.119mm, M n=3, F n=4, F=1.969, p=0.219).

Hairy-tailed moles:

Body Weight and Body Length.The hairy-tailed moles received from Dr. Catania o
Dr. Bautista had already been decapitated, whielvgmted measurements of body weight or
body length and therefore also prevented any measfranogenital distance index or phallus
length index normalized to body weight or lengtlowéver, previous publications have stated
that this species does exhibit some sexual dimsmphin body weight and length. Eadie
measured 41 males and 19 non-reproductive femalecied from New Hampshire, USA with
males averaging 54.5 grams of body weight to tmeafe 47.5g. Male body length averaged
155mm to the female 147mm (Eadie 1939). Connerrtepadhe means and extremes for 22
males and 12 non-reproductive females from New YOI®A with males weighing 51.5g (45.5
to 62.8g) and females 45.4g (41.0 to 49.99). Matelyblength was 164.8mm (155.0 to
173.0mm) and females 158.6mm (151.0 to 166.0mmipii€q 1960).

Prepuce Length.Female hairy-tailed moles possess a prominentyshaimilar in size
and shape to the male (Figs. 2.14 & 2.15). Prepeicgth was similar in males (2.55mm &
2.60mm) and females (2.65mm & 2.57mm).

Penile/Preputial & Clitoral/Preputial Overlap. Penile/preputial or clitoral/preputial
overlap denotes the portion of the penis or chtdhiat projects beyond the body surface in the
resting state and thus is situated within the noaléemale prepuce (Figs. 2.14 & 2.15). It is
measured by serial sections from the distal tighef penis or clitoris to the point where the
external prepuce became contiguous with the bodly Wzitoral/preputial overlap of the hairy-
tailed mole is noticeably longer at 2200 & 215Qum (Fig. 2.15), than the penile/preputial
overlap at 1100m & 118Qum in length (Fig. 2.14).

Additionally in hairy-tailed molesa percentage was calculated of the amount of
penile/preputial or clitoral/preputial overlap rile to total preputial length. By this convention
penile/preputial overlap represents less thandfdltal preputial length 43.14% & 45.38% (Fig.
2.14) in hairy-tailedmale moles. In contrast in female hairy-tailetbles clitoral/preputial
overlap relative to total preputial length was mgcbater at 83.02% & 83.66% (Fig. 2.15).
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Figure 2.14. Three-dimensional reconstructions @Ajhe adult hairy-tailed mole penis with transeer
H&E stained sections (B-D). The components ofrémonstructions are not to scale as they have been
artificially elongated to better show the shapes lacations of the structures. The top three-dsiwral
reconstruction is a side view with the prepuceigllyttransparent showing the placement of the geni
The lower three-dimensional reconstruction is ads®ide view with the prepuce and penis semi-
transparent showing the urethra, corpus cavernoanths penis. The white dotted lines represent th
length of the open ventral preputial groove withaarow indicating the preputial meatus. White ag0
indicate the corresponding locations of the H&Eéngerse sections. Note that the urethra does menex
to the distal tip of the penis (A & D). Red arrow (A) denotes the opening of the urethra into the
preputial space.
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Figure 2.15. Three-dimensional reconstructionsdfthe adult hairy-tailed mole clitoris with tramsse
H&E stained sections (B-D). The components ofrémonstructions are not to scale as they have been
artificially elongated to better show the shapes lacations of the structures. The top three-dsiwral
reconstruction is a side view with the prepuceigllyttransparent and the urethra absent showieg th
placement of the clitoris. The lower three-dimenal reconstruction is also a side with the prepruk
clitoris partially semi-transparent showing thethra, corpus cavernosum, and os clitoris. The evhit
dotted lines represent the length of the open akmtreputial groove with an arrow indicating the
preputial meatus. White arrows indicate the c@aoasing locations of the H&E transverse sections.
Histological sections (B-D) are in order from pnmsil to distal. Labeling of the urethra and prepaie

as described. Red arrow in (A) denotes the opeairige urethra into the preputial space. Note that
distal tip of the clitoris project freely into thpeeputial space (D).
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Preputial Attachment. The penis resides within a preputial space ambisattached
to the prepuce in adults except proximally wheeeitimer preputial epithelium reflects onto the
penile surface. In females proximally the stromé#hini the U-shaped clitoris is confluent with
ventral stroma and thus the U-shaped clitoristiseted (Fig. 2.15), even though the distal tip of
the clitoris is “free,” (not attached to the prepuavithin the preputial space (Fig. 2.15D).
Indeed, the clitoral tip is un-tethered for 480 and 26Qm (n=2).

Internal Penis/Clitoris Composition. Both male and female hairy-tailed moles possess
bone within the penis and clitoris, respectivelfieh lies distal to the corpus cavernosum. The
0s penis is 650n & 720um long and the os clitoris is 7 & 600um (Figs. 2.14 & 2.15).
Both sexes also possess a corpus cavernosum siecbbiy a tunica, which is larger in males
than in females. In males the distal tip of theposrcavernosum ends at approximatelyuro@.
790um from the distal tip of the penis, while in femaie ends 900m & 750um from the distal
tip of the clitoris. The urethra resides complet&ithin the penis in males and is only about 1/4
within the U-shaped clitoral lamina (Figs. 2.14 &1%2). Corpus spongiosum and corpus
cavernosum urethrae were not observed in both araefemale hairy-tailed moles. However,
similar to the broad-footed and star-nosed molesretis a network of blood vessels throughout
the length of the penis and clitoris, termed thgoas cavernosum glandis of the mole. Males
have a noticeably greater number of these bloodel®ghan females but do appear to have
fewer overall than the penis of the broad-footedenamd star-nosed mole.

Masculine Traits_Score. The hairy-tailed mole penis possesses all 9 of tyjpecal
masculine characteristics. The clitoris of the sggts clearly different internally from the penis
but does possess 5 out of the 9 masculine chasdt®displaying (a) a large organ size, (b) a
freely mobile distal tip of the clitoris, (c) an obtoris, (d) a distinct corpus cavernosa, anda(e)
thick tunica that surrounds the corpus cavernosgs(R.9, 2.14, 2.15 and Table 2.1).

Japanese shrew moles:

Body Weight and Body Length. Japanese shrew mole body weight appears to be
monomorphic with males weighing 17.2g & 17.7g aechéles weighing 18.5g & 17.2 g. Body
length is also monomorphic between males (93.5mmM48mm) and females (90.0mm &
94.0mm).

Prepuce Length.The male Japanese shrew mole possesses a promiapate similar
to what has been observed in other mole speciesghbufemale does not possess any visible
external genitalia other than the vaginal openik@.(2.16). Therefore, no preputial length
measurement was able to be taken for females bigt pnaeputial length measured 2.10mm &
2.45mm.
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Figure 2.16. Japanese shrew mole male and femtdenal genitalia from the breeding season. Note
that the structure labeled “penis” is actually pinepuce of the male mole with the penis residisidie

Penile/Preputial Overlap. Penile/preputial overlap denotes the portionhef penis that
projects beyond the body surface in the resting $tad thus is situated within the prepuce (Fig.
2.17). It is measured by serial sections from tlstatitip of the penis to the point where the
external prepuce became contiguous with the bodly Wwanile/preputial overlap of the Japanese
shrew mole is 1480n & 169Qum. The female does not possess any visible extgamatalia
other than the vaginal opening (Fig. 2.16).

Additionally in Japanese shrew molaspercentage was calculated of the amount of
penile/preputial overlap relative to total preputfiength. By this convention penile/preputial
overlap represents was 70.48% & 68.98% total prajength (Fig. 2.17).
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Figure 2.17. Three-dimensional reconstructions A)the adult Japanese shrew mole penis with
transverse H&E stained sections (B-D). The comptmef the reconstructions are not to scale as they
have been artificially elongated to better showshapes and locations of the structures. Thehaet
dimensional reconstruction is a side view with pinepuce partially transparent showing the placeroent
the penis. The lower three-dimensional reconsbndts also a side view with the prepuce and penis
partially semi-transparent showing the urethra emghus cavernosum. The white dotted lines reptesen
the length of the open ventral preputial groovehveh arrow indicating the preputial meatus. White
arrows indicate the corresponding locations of &k transverse sections. Histological sections (B-D
are in order from proximal to distal and show tlemip within the preputial space. Note in (C) titat
urethra is opening into the preputial space (aryoiNste in (A & D) that the urethra does not extéad
the tip of the penis.
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Preputial Attachment. The penis resides within a preputial space ambisattached to
the prepuce in the adult male. The clitoris is external therefore it is not attached to a prepuce
and is an immobile organ due to ventral confluesfoditoral stroma with surrounding tissue.

Internal Penis/Clitoris_ Composition. Japanese shrew moles do not have an os penis.
There is a distinct corpus cavernosum surrounded lwynica, which ends distally 266 &
300um from the distal tip of the penis. The urethragioet exit at the very distal tip of the penis,
instead it exits ventrally into the preputial spapproximately 350m & 475.um from the distal
tip of the penis (Fig. 2.17A & D). Subsequentlythe urethra proceeds proximally it remains
completely enclosed within the penis (Fig. 2.1 e ascular network throughout the penis is
not as extensive as that seen in male or femaksdbiated moles and therefore is not deemed a
corpus cavernosum glandis in this species. The leed@panese shrew mole has no external
phallus; however, internally there appear to beesomdimentary erectile structures dorsal to the
urethra (Fig. 2.18 C&D). The urethra joins the vediopening very near its distal end but
proximally separates from the vagina and is padytehclosed by the parentheses-shaped lamina
(Fig. 2.18). No other structures are clearly idtle in regards to the phallus characteristics in
this investigation.
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Figure 2.18. Transverse H&E stained sections oftaldypanese shrew mole female genitalia identifying
the distal beginning of the clitoris and the conimecof the urethra to the vaginal orifice (E). cBens
(A-D) progress distal to proximal from left to righn (A & E) note that the U-spaded clitoral lamiis
fused to the urethra, which opens into the distpleat of the vagina (E). In (B) the U-shaped wiito
lamina is attached to the urethra only on itssefe, and the connection of the urethra with thggnacan

be seen. In C & D) the U-shaped clitoral lamineejgresented merely as its right and left piecetsfliuak

the urethra.
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Masculine Traits_Score. The Japanese shrew mole penis possesses 8 dug 6f t
masculine characteristics lacking only the os peFi clitoris of this species possesses none of
the 9 masculine characteristics making it, by thesasures, fully feminized external genitalia
(Figs. 2.9, 2.17 and Table 2.1).

Anogenital Distance.The distance from the anus to the vaginal opemngapanese
shrew mole females is 1.25mm & 1.45mm. When medsinoen the anus to the opposite side of
the vaginal opening where the rudimentary clitoviauld be located, as seen by sectioning, the
anogenital distance is approximately 1.85mm & 2.0mim males the average distance is
2.45mm & 2.75mm and is longer than either measuneifoe the females.

Ovarian Histology:

The typical mammalian ovary consists of a surfapghelium, sometimes &unica
albuginea, followed by the ovarian cortex. The ovarian egris generally a thick zone of
cellular stroma that contains oocytes, folliclegtpora lutea, and interstitial gland tissue. The
inner core of the ovary is the ovarian medulla,chitontains the large blood and lymph vessels,
all or part of the rete ovarii, and some interglitissue. While théunica albuginea may be
visible, the border between the medulla and cageatmost never distinct. The ovarian hilus is
the portion of the ovarian medulla to which the reata ligament is attached, and through which
the blood and lymph vessels enter and does noaicoahy ovarian follicles. The rete ovarii is
generally groups of tubules located in the hilushef ovary, but may extend through the medulla
or be isolated in the mesovarium adjacent to theshiThe rete is often continuous with the
transverse ductules through which it contacts eimgitudinal duct of the epoophoron, a remnant
of the mesonephric duct. The ovary may lie withmovarian bursa, a sac of connective tissue
and ligaments surrounding the ovary and connectigd thve oviducts (Mossman and Duke,
1973).

Broad-footed mole ovary. The ovaries of the broad-footed mole in the bregdnd
non-breeding seasons appear typical of most mamnidis ovary lies within an ovarian bursa
and displays typical ovarian epithelium withouthéck or distinctivetunica albuginea. The
cortex shows numerous follicles at various stagedewelopment with interstitial and stromal
cells scattered throughout. The medulla of theryva more centrally located, contains blood
and lymph vessels as well as part of the rete baad is connected to the ovarian hilus (Fig.
2.19). This is consistent with previous reportstioé broad-footed mole ovarian anatomy
(Mossman and Duke, 1973; Rubenstein et al., 2003).
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Ovary, Non-breeding Season
Broad-Footed Mole

Ovary, Breeding Seas;
Broad-Footed Mole &4

Ovarian
Bursa

Figure 2.19. Transverse H&E stained sections ofitaolwad-footed mole ovary from (A) the non-
breeding season and (B) the breeding season. Net®lticles present at various stages of develapme
the ovarian bursa connected to the oviducts anwwoding the ovary but not lying over the ovarian
epithelium.
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Star-nosed mole ovary The ovary of the star-nosed mole in the non-liregstate is
significantly different than the typical mammaliawary. The ovary is polar with one side (the
cortex) presenting as a typical follicular ovaryttwifollicles at various stages of development.
The opposite side of the ovary (interstitial glared@qual in size or larger than the follicularesid
but lacks follicles and instead is composed of smsgherical compact structures, called
medullary cords, that are embedded in a densexwtinterstitial tissue with Leydig-like cells
(Fig. 2.20). These medullary cords bear some rbkeroe to fetal seminiferous tubules, do not
contain germ cells, and are surrounded by a mosolafyflattened myoid cells (Fig. 2.21). This
interstitial gland comprises the majority of theagan medulla so that most of the lymph and
blood vessels and rete ovarii do not reside withia medulla. While the cortex (follicular
ovary) and the medulla (interstitial gland) porsoof the ovary are anatomically distinct, they
are not physically separated from each other ketnmngle slightly (Fig. 2.20- 2.21). Around
the outer edge of the interstitial gland can basedense multilayer of flattened cells forming a
tunica in a similar manner to the male testis. sehebservations are consistent with what has
previously been reported for the ovary of the s@sed mole in the non-breeding season
(Mossman and Duke, 1973; Rubenstein et al., 2003).
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Figure 2.20. Transverse H&E stained section oflitastar-nosed mole ovary from the non-breeding
season. Note the ovary is polar with the rightf,ld@marcated by the dotted line, presenting asranal
ovary with follicles while the left half, the inttitial gland, is composed of interstitial and Leytype
cells and possessing small spherical structureskras medullary cords.
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Primordial Follicles
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Figure 2.21. Enlargement of the black box regi@mfifigure 2.20 of the transverse H&E stained sectio
of adult star-nosed mole ovary from the non-bregdgason. Note the difference between normal avaria

primordial follicles and the spherule structurdse tmedullary cords, which are similar to immature
testicular cords.
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Hairy-tailed mole ovary. Unfortunately hairy-tailed mole gonadal tissueswet
available for investigation as it was damaged adushipment or storage. No other publications
to date have investigated the ovarian anatomy efhéhry-tailed mole so it remains unknown
whether they possess an ovarian interstitial gland.

Japanese shrew mole ovaryl was only able to obtain the ovary of the Japarghrew
mole from the breeding season. A previous repati@ovarian morphology of this species was
from the non-breeding season and reported a typm@ahmalian ovary with follicles and an
inconspicuous medulla forming a typical ovarianugil(Carmona et al., 2008). These
observations are partially true for the ovarieshs two breeding season females | examined.
The breeding season Japanese shrew mole hasigelglabrmal appearing ovary with follicles
in the cortex and a central medulla of blood amdgdii vessels that connect to the ovarian hilus.
An ovarian bursa surrounds the ovary and is coedetd the ovarian hilus. One major
difference was the presence of a large glandufactsire attached to the ovary that was equal or
slightly larger in size than the ovarian portiofihe gland was very uniform in cellular type, and
close examination of the cellular structure in tgiandular region showed a resemblance to
adrenal cortex cells, notably their large cytoplgsacked with small vacuoles of uniform size.
A few species have an everted corpus luteum wheregtanulosa layer becomes enlarged to
form a bulb-like projection attached to the resth@ ovary by a narrow isthmus with its surface
covered by the cells of the granulosa layer. Tais been seen in the pangolfafis) and four
species of bats (Mossman and Duke, 1973; Gopahaisand Badwaik, 1988). However, no
covering of granulosa cells is seen in the ovagiandular structure of the Japanese shrew mole,
which was not pregnant and did not have remnanenajdvulated follicle. Other species have
been observed to form masses of gonadal adrematifikue comparable in size to corpora lutea,
and have been recognized as accessory adrenalssbetey have all the characteristics of an
adrenal gland, except that they always lack meduligsue. Preliminary studies support the
production of hormones from these tissues. Whilalsolumps of this tissue type are common
in the ovary, a large mass of gonadal adrenal diss@as been found only in the nine-banded
armadillo Dasypus novemcinctus), the Asiatic elephante{ephas maximus), all sciurids except
the red squirrel, and in the patas monkesythrocebus patas). While the gland attached to the
Japanese shrew mole ovary may be a similar stejajonadal adrenal type tissue usually occurs
just outside the ovary in close association with #poophoron or rete ovarii. In the Japanese
shrew mole this glandular structure is clearly p&Hrtthe ovary (Mossman and Duke, 1973).
Also, | was unable to find any information on theasonality of gonadal adrenal type tissue in
other species, but it would appear that this glahthe Japanese shrew mole is present in the
breeding season but absent in the non-breedingrsea3his large glandular tissue of the
Japanese shrew mole cannot at this time be defis@ither everted corpus luteum, adrenal type
tissue, or some other yet unidentified glandulssue. This is the first time it has been observed
or reported on in this species.
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Ovary, Breeding Season ; 500 um
Japanese Shrew Mole

Ovary
Oviduct 4

Figure 2.22. Transverse H&E stained section ofitaglapanese shrew mole ovary from the breeding

season. Note the ovary with follicles and its ¢@biovarian hilus. However, note that the ovary is
attached to a glandular structure that is equaligitly larger in size to the ovary.
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Chapter 3: Discussion, Concluding Remarks and Futw Directions

The prerequisite of correct anatomy:

The most fundamental issue in discussing the coatipa anatomy of external genitalia
in moles and other species is accurate descripifothe relevant anatomy so that correct
comparisons can be made across species. At thée ansy study of mole external genitalia, it
was apparent that the terminology used by previousstigators was in error. Detailed accurate
descriptions of mouse external genitalia has régemerged from the Baskin laboratory (Yang
et al., 2010; Rodriguez et al., 2011; Rodriguealgt2012; Weiss et al., 2012; Blaschko et al.,
2013) and have served as a model for understartda@natomy of mole external genitalia.
Critical analysis and comparison of the anatomymufuse and mole external genitalia has
demonstrated that virtually the entire previous emidkerature on external genitalia is incorrect
with regard to the following terms: penis, clitqrigenile clitoris, phallus and urethra. This
problem in mis-identification of the anatomy of emd/insectivore external genitalia is not
unique to the mole literature as indicated in Feglly a modern drawing of the mouse perineum
in which the male prepuce is labeled as penis e “‘thnatomy of the Laboratory Mouse”
website. Needless to say, any discussion of tmepaocative anatomy and endocrinology of
external genitalia requires correct anatomy. THas,the first time | have provided correct
descriptions of the mole penis and prepuce, whidviges an opportunity for an appropriate
discussion of the comparative anatomy and enddogyaf the species under consideration.

The most grievous error in the mole literature external genitalia is the mis-
identification of the male prepuce as the “peniatl dhe female prepuce as “penile clitoris”.
Likewise, previous mole literature refers to thegarce as “phallus”, which is synonymous with
penis and thus is also incorrect. For both micerantks the elevation in the perineum of males
and females is the prepuce, which is covered vathéxternally and is devoid of erectile bodies.
In both male and female moles the prepuce is dduBtructure, and in males the preputial space
houses the penis. In female moles, the U-shapewpaf the clitoris is generally deep (interior)
to the preputial space and in close associatioh Wié urethra (Fig. 1.8B-E). In contrast, the
distal portion of the clitoris of star-nosed andry#ailed moles projects freely into the preputial
space.

In males (both in mice and moles) the inner prapefpithelium is continuous with the
surface epithelium of the penis in the depth of pneputial space where the inner preputial
epithelium reflects onto the surface of the pehige penis of the mouse and mole is for the most
part an internal organ not visible externally excgersumably during urination and mating. In
mice the surface epithelium of the penis is coveveld spines (and not hair) (Yang et al., 2010;
Blaschko et al., 2013), whereas the surface ofitble penis is devoid of spines (and hair). The
distinctive feature of the penis of all specieghat it is traversed by the penile urethra and
contains several well-defined erectile bodies whtmmes vary from species to species (corporal
body, corpus spongiosum [human], corpus cavernoglandis, MUMP corpora cavernosa,
cavernosum urethrae [mouse]). In mice and in bfoated and hairy-tailed moles an os penis is
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also present (although absent in star-nosed arahéap shrew moles), while in humans bone
or cartilage is absent.

The clitoris of mice and moles is characterizedahyinverted U-shaped epithelial lamina
that partially circumscribes clitoral stroma. THeotis of mice and Japanese shrew moles is a
deeply located internal organ defined by a clitdaamhina. In contrast, in broad-footed, hairy-
tailed and star-nosed moles the clitoris projectem@siderable distance into the preputial space
(1200-2232um). Additionally, the clitoris of thaity-tailed and star-nosed moles has a freely
mobile tip within the preputial space. The femaletira is partially circumscribed by the clitoral
lamina and partly ventral to the clitoral laminag(F1.8B-E). Again, the clitoris of mice and
moles defined in part by the U-shaped clitoral lzemis vastly different from the hair-bearing
female prepuce, which is a hair-bearing elevatiotihe perineum.

In the mole literature, investigators have desatithe “urethra” opening to the exterior
on the surface of the “penis” or “penile clitoristhich we now know to be the mole prepuce.
Thus, previous use of the term “urethra” is alscomect in the mole literature. In males the
urethra lies within the penis and accordingly opiets the preputial space proximal to the distal
aspect of the penis. Thus, the male urethral rsaatcontinuous with the preputial space. While
nothing is known about how male moles urinates #ssential to recognize that urine emerges to
the exterior through the preputial meatus. Thus pdthway of urine in male moles is as follows:
bladder, penile urethra, penile urethral meatuspuyial space, and preputial meatus to the
exterior. The caveat is that if during urinatioe thenis is extended beyond the preputial meatus,
then urine would be expelled directly to the extenia the penile urethral meatus. This is an
important distinction not appreciated in previousleriterature.

My re-evaluation of the anatomy of mole externahitplia is congruent with that of the
mouse and allows for the first time an informedcdssion of the comparative anatomy and
endocrinology of external genitalia across multgpecies.

Endocrine assumptions:

Perhaps the most basic concept regarding sexditiation of the external genitalia is
that androgens play a central role. The Jost thstates that in the presence of androgens, the
male pattern emerges, while in the absence of gedsothe female pattern develops. While this
idea is correct and applicable to many speciegratiechanisms are possible in so far as certain
aspects of external genitalia development may lrogen-independent. In the case of the
spotted hyena, mouse and some mole species, theeappmasculinization” of female external
genitalia raises two possibilities: (a) that “mdsumation” of female external genitalia has been
elicited by endogenous androgens or (b) that thastmlinized” female external genitalia
emerged via androgen-independent mechanisms. @mnemcomplete nature of the endocrine
literature in moles, it is difficult to distinguistbetween these alternatives. However, if
endogenous androgens are responsible for “maszation” of female external genitalia, my
assumption is that there should be a source ofogeds and more important there should be
some manifestation of androgen actions in othearmsgsuch as the presence of female prostate
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or epididymis or an elongated anogenital distarioethe absence of such corroborating
information of androgen action, we must entertam ilea that certain masculinizing events are
androgen-independent.

Anogenital Distance:

Human. Anogenital distance is longer in males than in fieman all phase of life
(Salazar-Martinez et al., 2004; Thankamony et 2009) and is presumed to be androgen-
dependent.

Hyena. Anogenital distance has never been measured itespoyenas.

Mouse. Anogenital distance is longer in males than in fiem&Graham and Gandelman,
1986; Vandenbergh and Huggett, 1995) and is andrdgpendent as discussed above.

Mole. For broad-footed and star-nosed moles thereoissignificant difference in
anogenital distance in males and females when rimedato body weight or body length. No
information on anogenital distance is available Hairy-tailed moles. Anogenital distance is
longer in male than female Japanese shrew moleslgTal). Thus, sexual dimorphism in
anogenital distance in Japanese shrew moles, mec@w@nans implies the presence of adequate
androgen levels in males and inadequate androgatslén females. The importance of this
conclusion and the similarity of mole versus moasd human data strongly suggest that there
are biologically relevant differences in androgewels during development of the external
genitalia in male and female Japanese shrew males.important corollary to this idea has
profound implications regarding the androgen-depanyg (or the lack thereof) in structures such
as the male and female prepuce, in so far as siti@kain size/length of the male and female
prepuce are likely to be androgen-independent.

Table 3.1. Summary of masculine features observésimale moles.

Ovarian . . . Free
. Anogenital | Prepuce | Clitoral-Preputial . ... | Urethral
Intersitial . Clitoral | Os clitoris .
Distance | Length Overlap . Location*
Gland Tip
Star-nosed mole Yes M=F M>F Shorter but substantid  yes no 90%
Hairy-tailed mole ND ND M=F Longest yes yes 25%
Broad-footed mole No M=F M=F Shorter but substantia] no no 66%
Japanese shrew molgNo M>F M>F none no no never

* Urethral Location: The urethra becomes partiagihclosed within clitoral stroma as defined by the
shaped clitoral lamina for much of the clitoraldgém The amount of the urethra that resides within
clitoral stroma is defined as the urethral location
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Male Prepuce:

How does it develop?The description of preputial development belowalen from the
mouse literature and, given many similarities, ikely to apply to development of the mole
prepuce. While mouse/mole versus human prepuceastty different anatomically (Fig. 1.11),
development of the prepuce is similar in all 3 sg®cThe prepuce is a circumferential fold of
skin with epithelium on both its inner and outerfsoes. In mice and moles the prepuce
(external prepuce in the case of mouse) surround$auses the penis. The outer surface of the
prepuce is covered in hair similar to that of theresunding abdominal skin. In humans the
prepuce is quite different in that it merely covitrs distal aspect of the glans penis and is devoid
of hair. During development, the mouse prepucgimaites from small swellings lateral to the
genital tubercle. These bilateral preputial swghigrow ventrally around the genital tubercle to
fuse in the ventral midline and then grow distalgng the embryonic genital tubercle toward its
distal tip (Perriton et al., 2002; Petiot et al003). In rodents/insectivores the ventral fused
preputial folds eventually overgrow the genitaldrtle to completely cover the penis. As the
prepuce grows over the penis, a layer of epitheldlls, the preputial lamina, demarcates the
prepuce from the glans. In male mice, typicallguand the time of puberty, the preputial lamina
canalizes to form a preputial space between thesgpenis and the prepuce (Hunter, 1935;
Kanagasuntheram and Anandaraja, 1960). This pedpsgparation occurs around the time of
puberty and appears to be an androgen-dependent @merenbrot et al., 1977). In similar
fashion, formation of the human prepuce involves #entral growth and midline fusion of
preputial folds (Favorito et al., 2012).

Female Prepuce:

How does it develop™Vhile there is no specific literature on the depehent of the
female prepuce in mice or any other species to mywkedge, in female mice the prepuce
develops in a similar (if not identical) fashion tteat of the male prepuce. This conclusion is
based upon the following facts: (a) Developmenthef ambisexual pattern of external genitalia
is virtually identical in male and female mice dwyithe period 11 to 16 days of gestation,
resulting in the formation of the genital tubereled preputial swellings. (b) Ventral midline
fusion of the preputial swellings and subsequertfagrowth” of the female genital tubercle by
the preputial swellings is virtually identical inahe and female mice. By birth, male and female
external genitalia seen grossly and by scanningirele microscopy are remarkably similar with
the exception that anogenital distance is greaterales and newborn male external genitalia are
slightly larger than their female counterparts.sTimformation has been verified by Dr. Gerald
R. Cunha, who has dissected tens of thousandslefand female mouse embryos and neonates.
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Size of the Prepuce

Human Prepuce. In human males the prepuce is attached to thel disfgect of the
penis, covers the glans only, and does not have hahuman females the small glans clitoris is
surrounded dorsal-laterally by the prepuce of fiterts also lacking hair. Thus, in humans the
penile prepuce is much larger than clitoral prepd¢e profound sexual dimorphism in the size
and morphology of the prepuce in humans is belideete androgen-dependent based upon
several lines of evidence, the most compelling dpeiilY males having mutations in the
androgen receptor (Wilson et al., 1981a; Wilsoalgt1983b). Form of the external genitalia in
such androgen-resistant males is distinctly feng@ininith a clitoris and presumably a clitoral
prepuce (clitoral hood) (Wilson et al., 2011).

Hyena Prepuce. The prepuce of the male spotted hyena is similahab of the human
male in that it is attached to the distal aspedhefpenis covering the glans only. In contrast to
humans, the external portion of the hyena prepsideir-bearing, but to a much lesser extent
than that of the ventral body. Size and shapbeptepuce of male and female spotted hyenas is
similar. Thus, it is likely that development anadwth of the prepuce of male and female spotted
hyenas are androgen-independent (Cunha et al.).2014

Mouse Prepuce.Mice are built low to the ground and presumablytftat reason male
mice have an extensive external prepuce to prttecpenis from foreign matter on the ground.
Therefore, the mouse penis is housed deep withimiabearing elevation of the perineum,
called the external prepuce. Male mice also haven@mnal prepuce, which is integral to and
completely surrounds the distal aspect of the glzargs (Blaschko et al., 2013). The external
prepuce of the male mouse is clearly homologoubkdanole prepuce. The external prepuce of
mice is “slightly” longer in males than in femaldmt this slight difference is ameliorated when
accounting for the sex difference in body weigWe conclude that development and growth of
external prepuce in male and female mice is andraggependent for the following reasons: (a)
Size and morphology of male and female mouse peeuemarkably similar even though there
is no evidence in female mice of androgen-depenaastulinization of other urogenital organs.
Thus, the similar size of the female and male mguspuce is attributed to an androgen-
independent mechanism.  Accordingly, growth of timale prepuce may be androgen-
independent as well. This conclusion is supportgdhle fact that androgen production during
fetal and neonatal periods is substantial in mafeb nearly undetectable in female mice. Thus,
in the apparent absence of sufficient androgensfehele mouse prepuce grew to a size
equivalent to that of the male, signifying that elepment of the prepuce is androgen-
independent in female mice and probably also iremate.

Mole Prepuce.Male and female prepuces are similar in size arapeshn star-nosed,
broad-footed and hairy-tailed moles. In contrasmdle Japanese shrew moles lack an external
perineal (preputial) projection (Table 3.1). Thized not mean that the female Japanese shrew
mole lacks a prepuce, but instead that the preptitee female Japanese shrew mole does not
project distally from the perineal body wall. Il #le other moles investigated male and female
prepuces are prominent elevations in the perinefrstratified squamous epidermis bearing hair
follicles covers the external surface of male aarmddle mole prepuces. In males and females the
inner surface of the prepuce is non-hair bearingtised squamous epithelium. In males the
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preputial space extends proximally until the inpezputial epithelium reflects onto the penile
surface. Likewise, in female star-nosed and haitgd moles the clitoris projects into the
preputial space and thus the inner epithelium ef ghepuce reflects onto the surface of the
clitoris, with the inverted U-shaped clitoral laraifeing more deeply placed (Figs. 2.12D &
2.15D). In contrast, in Japanese shrew moles ttogislis completely deep to the preputial space
(Fig. 2.18). In broad-footed moles the clitoric@nected to the prepuce along its entire length,
never residing in a preputial space even at itsidig (Fig. 2.6).

Given the incomplete information regarding androgetion in mole development, what
can be inferred regarding endocrine parametersapytial development from existing data? It is
important to note that in star-nosed and hairyethfemales the distal end of the clitoris projects
into the preputial space similar to the penis alsthspecies. Thus, just like the male the inner
preputial epithelium of star-nosed and hairy-tailedle females reflects onto and thus is
continuous with clitoral surface epithelium. Thdemence here is that the preputial lamina
separated into inner and outer layers to such &neas to define a freely mobile, untethered
glans clitoris and an untethered penis. Preputplasation in males has been shown to be
androgen-dependent (Korenbrot et al., 1977), ansl tie projection of the clitoral glans into the
preputial space of star-nosed and hairy-tailed rferteales may be a manifestation of androgen
action. In female star-nosed moles androgens dmilderived from the ovarian interstitial gland.
The presence or absence of an ovarian interggigald is not known for hairy-tailed moles. In
broad-footed moles, that lack an ovarian inteedtgland, the distal end of the clitoris is tetlere
as is that of the mouse and thus indicative ofte®ace of androgen action. However, male and
female anogenital distance was equal in both bfoattd and star-nosed moles, often an
indicator of androgens acting on female mammalsndudevelopment.  This lack of sexual
dimorphism in anogenital distance may indicate ageins are present in broad-footed mole
females during development and possibly affectsikie of the prepuce but not the distal tip of
the clitoris residing within a preputial space las ¢litoris tip does in star-nosed and hairy-tailed
moles. The complete lack of a protuberant preppegineal elevation) in female Japanese
shrew moles is the most extreme sexual dimorphistha moles | have studied, and thus is the
most similar to the vast difference in prepuce sieen in humans. The absence of a clitoral
projection into the preputial space in Japanesevshnoles correlates with the lack of an ovarian
interstitial gland and differences in anogenitataince implying the absence of androgen action
in females. Thus, in Japanese shrew moles the wbviaterpretation for the absence of a
protuberant female prepuce (perineal elevationthest androgen levels are insufficient to
“masculinize” the prepuce and that preputial sexlimlorphism seen in Japanese shrew moles is
(like in the human) androgen-dependent. Unfortelgatfor females of all four mole species
there is no additional corroborating informatiogaeding other biological effects of androgens
such as retained epididymis or female prostates,Tfiuappears that preputial characteristics
(size and morphology), while androgen-independemhice and spotted hyenas, are not able to
be determined to be androgen-dependent or indepefatefemale star-nosed, broad-footed and
hairy-tailed moles. In contrast, sexual dimorphishprepuce of humans and Japanese shrew
moles appears to be androgen-dependent.

In all four mole species studied there was a rangkle length of the prepuce between
males and females (Table 3.1). In star-nosed npiggsutial length was significantly longer in
males versus females (p=0.0026). Star-nosed ncolglsl not be measured for body weight or
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length as previously stated. However, as previadigations have reported that body weight
and body length do not vary significantly betwelka sexes, it is unlikely such measures would
change the results (Hamilton, 1931; Yates and Ma®80). Since star-nosed moles possess an
ovarian interstitial gland, and the anogenital aflise is equal between the males and females,
sexual dimorphism in prepuce length may be andralggrendent. Preputial length in male and
female hairy-tailed moles did not differ signifi¢gn Thus, my findings on preputial length are
in accord with those of previous investigators whbok into account body weight and body
length (Eadie, 1939; Conner, 1960). In broad-fdoteoles preputial length was the same
between males or females. Also no difference viseiwed when comparing adults or juveniles
of either sex, and this trait was monomorphic whdjusted for body length. Slight variation in
preputial length was seen (p=0.038) between matefamale broad-footed moles only when
compared against differences in body weight, witbpptial length being slightly longer in
females versus males. As broad-footed female mumde® a typical mammalian ovary, this
suggests that growth of the prepuce is also androgkependent in this species. Yet if we
consider that broad-footed mole male and femalgemital distance is similar, the possibility
that androgens are being produced from some othece than an ovarian interstitial gland to
affect preputial length cannot be ruled out. Maapanese shrew moles have a prominent
prepuce, while females have none. As this spelsées been reported to lack an ovarian
interstitial gland in the non-breeding season, éhdsta suggest that preputial length may reflect
androgen action in the case of males and the laleof in females as appears to be the case for
male and female prepuce in humans (Wilson et 8834a; Wilson et al., 1983b; Carmona et al.,
2008). This sexual dimorphism is also presenthi @anogenital distance of Japanese shrew
moles supporting the theory of androgen action atenbut not female Japanese shrew moles
causing the greater preputial length.

Thus, the prepuce length and morphology of moleplayed quite a bit of variation

between the species, some more closely resemii;ngxtreme sexual dimorphism of humans
and others more monomorphic like that of the miua spotted hyena.

Penile Anatomy:

While there is diversity in the anatomy of the euwthn penis (Simmons and Jones,
2007), the common basic architecture of the penike presence of well-defined erectile bodies
and a penile urethra. The corpora cavernosa amplis@pongiosum comprise a large portion of
the interior of the human penis. In other spetihese two erectile bodies may be remarkably
similar to those of humans (as in the case of pla¢ted hyena) (Cunha et al., 2003; Cunha et al.,
2014). Alternatively, other species may have déife erectile bodies with different names. For
example, the mouse has four erectile bodies: carpavernosa forming the corporal body within
the “body of the penis”, and the corpora cavernglaadis, MUMP corpora cavernosa and the
corpus cavernosum urethrae within the so-calledrigjl (see Fig. 1.4). The bilateral corpora
cavernosa of attach proximally to the pubic bomesfase as they extend distally into the penile
shaft to form a common midline corporal body, whisldorsally situated within the penis. The
corporal body is surrounded by a fibrous sheatteddhetunica albuginea. The corporal body
either terminates distally at the os penis in certaole species or continues to the shaft-glans
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junction (human and hyena). The corpus spongidgsrventral to the corpora body, is also
usually surrounded by a fibrous sheath, and comlglsurrounds the penile urethra in humans
(Clemente, 1985) The corpus spongiosum in humans is expandedmedlyi as the bulb of the
penis and expanded distally to form the glans (€lae, 1985). The bulb or the penis in humans
is attached to the under surface of the urogediggdhragm. In mice the homologue to the corpus
spongiosum is called the corpus cavernosum uret{Radriguez et al., 2011). In contrast to the
human corpus spongiosum, the mouse corpus cavemasathrae does not surround the
urethra, but instead lies immediately ventral ® tinethra. The mammalian penis is traversed by
the urethra, which terminates at or near the digialf the glans in most species. In some species
(mouse, rat, cat and others) the surface of thesgha shaft is adorned with keratinized epithelial
spines (Williams-Ashman, 1990; Simmons and JonB86/2 Some species possess a bony
structure within the penis called the os penis,cWwHies dorsal to the urethra. An os penis is
present in broad-footed and hairy-tailed moles,amds clitoris is present in hairy-tailed moles.

Clitoral Anatomy:

The clitoris is the homologue of the penis and atiogly shares a common
developmental history and anatomy. The most detaiéscription of the clitoris is found in the
human medical literature. However, unlike the pettie clitoris is not traversed by the urethra.
The female urethral meatus opens to the exterioirakto the clitoris. Accordingly the urethra is
associated with the ventral vagina wall (Clemerit®35). Those clitorises containing well
defined erectile bodies can be divided into threaegal regions: (a) the distal glans, (b) the
middle corpus or shaft, and (c) proximally the ltfited segment comprising the attachment of
the clitoral corpora cavernosa to the pubic boi@senjente, 1985). Like the penis, the human
clitoris is basically composed of two erectile kexdi (a) the corpora cavernosa, which are
attached proximally to the pubic bones and fustalliysto form the body of the clitoris, and (b)
the bulbs of the vestibule, commissure of the huldgch fuse distally to form the freely mobile
glans clitoris, all of which are homologous to tteepus spongiosum of the penis (Moore, 1985;
Clemente, 2001). In some species, like humans, twytip of the glans clitoris is visible
externally, while in rodents/insectivores the clgois a wholly “internal organ” deeply placed
within or deep to the preputial space as discuabede. The clitoris may contain erectile tissue
homologous to that of the penis, as is the casd&danans, or may be devoid of anatomically
defined erectile bodies as is the case for the moAslistinctive feature common to the clitoris
of the mouse and the 4 species of moles studieglmir the presence of an inverted U-shaped
clitoral epithelial lamina, which is associatedwihe urethra. The presence of other structures
such as bone is rare in mammalian females, butsatiitoris is present in female mice and in
hairy-tailed moles (Weiss et al., 2012) but notthe other species of moles studied herein,
humans or in spotted hyenas (Cunha et al., 2008h&at al., 2014).
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Phallus Size and Urethral Location:

Human. The human external genitalia exhibit a large degof sexual dimorphism.
Human males possess a pendulous penis, while ialésnonly the very tip of the glans of the
clitoris is seen externally. The urethra in mataserses the penis ending distally as a simpie sl
at the tip of the glans. In females the urethgarong lies ventral to the clitoris and is never
associated with the clitoris (Clemente, 1985). Tdilerence in the size of human external
genitalia has been shown to be androgen-dependélsioq et al., 1981a; Wilson et al., 1983a;
Wilson et al., 1983b).

Hyena. Male and female spotted hyenas have a large pmmiphallus. The penis is
slightly longer than the clitoris. Studies of thgo#ted hyena utilizing prenatal treatment with
anti-androgens or prepubertal castration have shinah formation of the male and female
phallus and subsequent growth of the penis anariglits for the most part androgen-dependent
(Cunha et al., 2014). In both male and female sfdttyenas the urethra traverses to the tip of
the phallus. In females a better name for the fuegtis urogenital sinus as the canal through the
clitoris transmits urine as well as the pup atys@ron (Cunha et al., 2014). In males the urethra
opens on the dorsal surface of the glans penidewhfemales it opens on the ventral surface of
the glans clitoris (Cunha et al., 2014). Also, gaile urethra is surrounded by a thtakica
albuginea and the corpus spongiosum in male spotted hyd&uhss not constrained by either of
these structures in females (Cunha et al., 2008h&et al., 2014). While initial formation of the
embryonic phallus and subsequent growth of thelgpha male and female hyenas is androgen-
independent, considerable sexual dimorphism ofreateand internal phallic morphology has
been reported and shown to be dependent upon ardeagion (Cunha et al., 2003; Cunha et al.,
2005; Cunha et al., 2014) based upon prenatalmesdatwith anti-androgens or mibolerone, a
synthetic androgen. Homologous male and femaleliptsituctures such as retractor muscles,
tunica albuginea, shape of the urethra/UGS, presence or absernte @brpus spongiosum, and
position of the urethral meatus (dorsal versus rednthave been shown to be androgen-
dependent in spotted hyenas (Cunha et al., 2008h&et al., 2014).

Mouse. Overall size of the mouse penis and clitoris aastly different with the penis
being a much larger organ (Rodriguez et al., 20¥&jss et al., 2012). The mouse penis is an
“internal organ” in the resting state with the b the penis being situated a considerable
distance from the distal tip of the external prepyEig. 1.2). The mouse clitoris is also an
“internal organ” lying deep to the female prepudeéhe mouse clitoris is defined by an inverted
U-shaped epithelial lamina and is mostly a stroonghn devoid of anatomically defined erectile
bodies (Weiss et al., 2012). The penis is travebsetthe urethra, which opens on the ventral side
of the penis at the base of the MUMP (Rodrigueal ¢t2011). In female mice the urethra only
partially resides within the clitoral region defthby the inverted U-shaped lamina (Fig. 1.8B-E),
and the female urethra opens into the preputiadespa described above (Fig. 1.9). Based upon
experiments involving neonatal castration/ovariestlus treatment with oil vehicle or DHT,
many anatomic features (organ size, erectile bodatilage, bone) were shown to be androgen-
dependent in male and female mouse phalluses (@Reriet al., 2012). However, an important
point illustrated in Rodrigueet al. is that the presence (males) or absence (femaiflgsknatal
androgens specifies penile or clitoral organ idgnin the undifferentiated embryonic genital
tubercle.
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Mole. The mole penis is an “internal organ” (like theuse) with the tip of the penis
in resting state being situated a considerableanicst from the distal tip of the prepuce. The
clitoris of mice and the Japanese shrew mole is als “internal organ” lying deep to the
prepuce, while in star-nosed, and hairy-tailed mohe distal aspect of the clitoris projects into
the preputial space (Figs. 1.8A, 2.12, 2.15, 2.88} the inverted U-shaped epithelial lamina
being situated deep to the preputial space. Iladfooted moles the clitoris is similar in size to
that of star-nosed and hairy tailed moles, alspldisng the inverted U-shaped epithelial lamina,
but the distal aspect of the clitoris does notgxbjnto the preputial space (Fig. 2.6). The dctua
size of the penis and clitoris in moles has neveenbmeasured before, as all previous mole
research incorrectly designated prepuce as “pdmnisiles) or “penile clitoris” (females). In
broad-footed moles and star-nosed moles there igmificant difference in the length of the
penis or clitoris projecting into the preputial spapenile or clitoral/preputial overlap) (Table
3.1). Unfortunately, | did not have the opportursfymeasuring total penile and clitoral length.
In hairy-tailed moles clitoral/preputial overlap svaearly double that of penile/preputial overlap
(Figs. 2.14 & 2.15). For male Japanese shrew nthlepenile/preputial overlap was similar in
length to broad-footed, star-nosed and hairy-taiede males, whereas female Japanese shrew
moles had no measurable clitoral length. Considerithat the penile/preputial or
clitoral/preputial overlap was monomorphic in brdadted moles, that lack an ovarian
interstitial gland, as well as in star-nosed molbsit have an ovarian interstitial gland, this
feature apparently is not dependent on androgetigese species. However, because anogenital
distance is equal between male and female stadrarse broad-footed moles, the presence of
androgens during development and hence the effentdrogens on this trait cannot be wholly
excluded. In Japanese shrew moles clitoral/prapatierlap is not applicable, whereas in male
Japanese shrew moles this measure is comparatblet tof the other mole species and indicative
of androgen action. This is supported by the dSexirmorphism in anogenital distance in
Japanese shrew moles.

The penis of all four mole species contained ahuae{completely enclosed within the
penis) that exited proximal to the distal penilg. tin contrast, the spatial relationship of the
female urethra to the U-shaped clitoral lamina lbfspecies of mole studied (as well as the
mouse) varies on a proximal to distal basis. Pnady, the urethra of mice and moles is
completely ventral to the U-shaped clitoral lamema described for the mouse (Weiss et al.,
2012) and verified for the mole (Fig. 1.8). Howevanogressing distally the female urethra takes
a dorsal trajectory in both mice and moles to bexgartially enclosed within clitoral stroma as
defined by the U-shaped clitoral lamina. In the trdistal location the spatial relationship of the
urethra to the U-shaped clitoral lamina varies wlerspecies (Table 3.1). Distally the urethra in
the female star-nosed mole resided approximatedy @thin the clitoral stroma defined by the
inverted U-shaped lamina, and the urethra openidtive preputial space as described above
(Fig. 2.12). In the broad-footed mole approximat@l3 of the urethra was situated (Fig. 2.6),
while in hairy-tailed female moles only about 1f4tlee urethra was enclosed within the clitoral
stroma (Fig. 2.15). It is interesting that the stased mole female, which has an ovarian
interstitial gland, is the mole species with theajest amount of the urethra contained within
clitoral lamina, thus making it more similar to tiptkacement of the male urethra. Perhaps
androgens determine the extent to which the urethfambraced” by the clitoral lamina. This
suggestion is supported by the studies in whicmatb female mice were treated with DHT
(Rodriguez et al., 2012).
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Human. Human male and female external genitalia lack bone.
Hyena. Hyena male and female external genitalia lackebon

Mouse Both males and females possess a bony structtine phallus (os penis and os
clitoris, respectively). The os penis is vastlyden and thicker than the os clitoris. Testicular
feminized mice (Tfm) are unable to respond to agens, and yet develop an os clitoris, which
suggests that formation of the bone is an andragdgpendent event (Murakami, 1987;
Rodriguez et al., 2012), even though growth of dlsepenis and os clitoris is dependent on
androgens (Rodriguez et al., 2012). This conclugdrased upon neonatal castration studies or
treatment of developing male mice with anti-andregewhich reduced os penis length.
Similarly, treatment of neonatal female mice or eyohic rats with androgen induced an os
clitoris or increased length of the os clitoris {@smann and Cherry, 1972; Glucksmann et al.,
1976; Rodriguez et al., 2012).

Mole. Moles displayed great variation between speaiessgx concerning the presence
of an os penis or os clitoris (Table 3.1). In lkdaoted moles, males possess an os penis but
females (which have a normal ovary) lack an oGt suggesting that formation of the os penis
is androgen-dependent. In star-nosed moles, whiclpaksess an ovarian interstitial gland,
neither males nor females possess bone in thearreltgenitalia. In hairy-tailed moles both
males and females possess bone (os penis andarstknd thus resemble the mouse, while in
Japanese shrew moles neither sex possess a Gomm the paucity of data on the role of
androgens in bone formation and growth in moles,undying concept can be formulated.
However, given the diversity of bone presence @eabe in moles, it is likely that several
different mechanistic scenarios are at play.

Erectile Bodies:

Human. The human penis contains two erectile bodies: tipara cavernosa and the
corpus spongiosum. The clitoris also contains twextde bodies homologous to the elements
within the penis. The considerable sexual dimonphis anatomy is clearly dependent upon the
presence or absence of androgens in humans (Watsaln 1981a; Wilson et al., 1983b).

Hyena. Male spotted hyenas have three erectile bodiesinwitieir external genitalia:
corpora cavernosa, the corpus spongiosum and s¢t@ dianular erectile bodies (Cunha et al.,
2003; Cunha et al., 2014). The corpora cavernodacarpus spongiosum of the male spotted
hyena are similar to their human counterparts.rABumans, the hyena corpora cavernosa fuse
in the midline to form the corporal body, whichsisrrounded by a thictunica albuginea. The
tunica albuginea also surrounds the urethra and associated copusy®sum in males. The
distal glanular erectile bodies are located ingla@s penis and in males surround the urethra and
have a distinct chisel shape. Female spotted hyleaas only two erectile bodies: the corpora
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cavernosa and the distal glanular erectile bodtes ¢orpus spongiosum is absent in female
spotted hyenas). In females tlumica albuginea only surrounds the corporal body. The female
distal glanular erectile bodies are located inglaas, are located dorsal to the urethra and have a
blunt shape. The sexual dimorphism described alsaadrogen-dependent based upon studies
of prenatal treatment of pregnant spotted hyen#s aviti-androgens (Cunha et al., 2005; Cunha
et al., 2014). As an aside, the difference in tregpsg/position of the distal glanular erectile bedie
appear to define the sex differences in the shdpgheomale and female glans upon erection
(Cunha et al., 2014)

Mouse. The mouse penis contains 4 erectile bodies: cargpavernosa forming the
corporal body within the “body of the penis”, andthin the so-called “glans” the corpora
cavernosa glandis, MUMP corpora cavernosa and dhgus cavernosum urethrae. The mouse
clitoris does not contain anatomically defined &hkedodies, even though the clitoris of the
mouse neonate has undifferentiated mesenchymalmsms of at least some of the erectile
bodies (Rodriguez et al., 2011; Weiss et al., 20B3ayed upon neonatal gonadectomy plus oil or
DHT treatment, the development of erectile bodgesarndrogen-dependent in male and female
mice. The absence of erectile bodies in male tdatideminized mice (Tfm) further supports
this conclusion (Murakami, 1987; Rodriguez et20]2).

Mole. Classical corpus spongiosum or corpus cavernosethrae were not observed in any of
the mole species studied. Broad-footed mole mated famales possess a corporal body
surrounded by th&unica albuginea. The corpus cavernosum is larger in males thdenrales.
The corpus cavernosum glandis of the mole (namedho first time in this dissertation), is a
complex network of blood vessels observed throughmilength of the glans penis and clitoris
with males having a somewhat greater or larger amoithese blood vessels. A dense band of
stroma rich in collagenous fibers was observedglyust deep to the penile surface epithelium
surrounding this network of blood vessels, and riuangtion in a similar manner to thanica
albuginea, allowing blood to fill the penis and not expandtward laterally but primarily
longitudinally; this may contribute to the rigiditf the erection (Figs. 2.8 & 2.13). Both male
and female star-nosed moles possess a corpus oauerrsurrounded by a tunica, which is also
larger in males than in females. Similar to theabrfooted mole, a corpus cavernosum glandis
was also observed as a diffuse network of bloodelseghroughout the length of the glans penis
and clitoris. The corpus cavernosum glandis waserpoominent in male than female star-nosed
moles. Male and female hairy-tailed moles posaes®pus cavernosum surrounded liyraca
albuginea, which was larger in males than in females. &intib the previous two species, both
male and female hairy-tailed moles displayed a w®mavernosum glandis, which is larger in
males than females. The corpus cavernosum glamdigle hairy-tailed moles appeared to be
less developed than that of broad-footed or staedanoles. In male Japanese shrew moles
there is a distinct corpus cavernosum surrounded tynica. Whereas there are several blood
vessels throughout the glans penis suggestiveeotdinpus cavernosum glandis, they are less
developed than that of broad-footed or star-nosetkesn Defined erectile bodies in female
Japanese shrew moles are extremely rudimentargtstes bounded by parentheses-shaped
epithelial lamina that may or may not be erecigsue. In both male and female broad-footed,
hairy-tailed and star-nosed moles the corpus casgaris surrounded by a tunica (in the same
location as in mice and spotted hyenas suggestiaigtihe development of this erectile body is
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androgen-independent). However, as in mice, thestiée tissue is smaller in females than
males, suggesting its size is dependent on andsogen

Concluding comments:

This study represents the most in depth investigaéind characterization of male and
female mole external genitalia and the first touaately describe the anatomy of mole external
genitalia in broad-footed, star-nosed, hairy-tadedl Japanese shrew moles. Moreover, through
examination/review of mouse, spotted hyena and huexéernal genitalia, | have discussed the
anatomy and endocrinology of external genitalia eltggment in a broad perspective. An
important advance embodied in this dissertatiothésuse of three-dimensional reconstruction
and morphometric analysis to understand three-dsinaal patterning of the external genitalia
and verify differences or similarities of size/gatt in four species of male and female moles that
exhibit interesting diversity/similarity of exterlngenitalia size/pattern. | have noted in the four
mole species the presence/absence of the ovarianstiial gland, a potential source of
androgens, and whether the presence/absence dtiincture correlates with external genitalia
size/pattern. Finally, using corroborating dataardgig the possible presence or absence of
androgens during development (anogenital distatme, female epididymis or female
prostate), | discussed inferences regarding the oblandrogens in development of the mole
external genitalia.

Future Directions:

Given the obvious gaps in information on actualragdn levels during the development
of mole external genitalia, my discussion of whettiee development of external genitalia are
androgen-dependent or androgen-independent is hgs®d inference from the facts at hand.
Thus, further investigation is required to detemnimhether the fetus or the newborn mole is
exposed to androgens in each of these speciethisimegard, to advance this area of research,
future studies should be directed to answerinddahewing questions.

1. What is the status of androgen synthesis by thteggevaries, adrenals and placenta
during fetal and neonatal development in moles® §hould include an examination
of the presence or absence of the appropriateidgtgenic enzymes, and should also
relate to the presence/absence of the ovarianstitigr gland and whether it is
present developmentally.

2. What is the status ofBreductase in developing mole external genitalia?

3. How does the ontogeny of androgen receptors widleveloping external genitalia
correlate with the presence or absence of androigefetal and neonatal male and
female moles and presumed/inferred androgen action?
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4. What is the effect of perinatal “androgen blocka@gher through use of anti-
androgens or neonatal gonadectomy on developmenbtlaf external genitalia?

5. What is the effect of perinatal administration diDon the development of male and
female external genitalia?

6. How do any/all of the experimental interventionsggested above relate to
differences in the development of individual eletsethat constitute male and female
external genitalia in the various mole species?
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