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Abstract

Background: Penile sexual sensation relies on intricate neural structures that remain
incompletely characterized. Immunohistological insights into their development and
organization can enhance understanding of penile neuroanatomy and function, while
optimizing surgical outcomes.

Obijectives: To elucidate the ontogeny, organization, and immunohistological features
of human penile innervation in fetal and adult specimens, primarily focusing on the
frenular delta, sensory corpuscles, and related structures to address gaps in anatomical
knowledge and inform surgical practices.

Materials and methods: Formalin-fixed, paraffin-embedded tissues from 30 fetal (8-
24 weeks) and 14 adult cadaveric penile specimens were analyzed. Routine histological
stains and immunohistochemical markers targeting neural structures were applied.
Serial sections were examined for histology, neuroanatomical mapping, sensory
corpuscle characterization, and neural density assessments.

Results: Fetal penile neurodevelopment exhibited two phases: the pre-corpuscular
stage (8-16 weeks), marked by axonal hyperinnervation and exuberant ventral intraep-
ithelial nerve fibers, and the corpuscular stage (17-24 weeks), characterized by
Pacinian corpuscle emergence and targeted neural pruning. Adult specimens showed
region-specific neural distributions, with heightened densities in the frenular delta.
Intracorporeally, sensory corpuscles exhibited a bimodal intraspongiosal distribution,
with Pacinians in the bulb and glans. Molecular profiles of sensory corpuscles, including
novel immunoreactivities, were comprehensively documented. The preputial dartos
and vasculature displayed dense autonomic innervation. A superficial glans tunica
albuginea was identified, with implications for neural organization.

Discussion: These findings reveal previously unrecognized transitions during fetal
penile neural development and into adulthood, providing a foundation for the neurode-
velopmental biology of the human penis and documenting the frenular delta’s unique

innervation. The characterization of penile neural components and the glans tunica
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1 | INTRODUCTION

The human penis functions as a sophisticated sensory organ for sex-
ual stimuli, transmitting signals to spinal centers that mediate sexual
reflexes and to supraspinal sites responsible for the subjective expe-
rience of sexual sensation and orgasm.>2 Although erogenous zones
exist throughout the entire body, the penis is the primary peripheral
organ for sexual sensation in individuals with this anatomy, because
of its specialized structure, including unique nerve fiber types, corpus-
cular receptors, and central connections that integrate sensory input
with arousal and reflex pathways.® The frenular delta, which is part
of the ventral prepuce, along with the rest of the prepuce and the
glans, are the primary erogenous zones of the penis, containing dense
neural structures essential for the perception of sexual pleasure.*~13
Among these regions, the frenular area has long been recognized as
a crucial epicenter of penile sexual sensation, generating intensely
pleasurable and highly specialized sensations upon stimulation (Table
$1).14-21 More recently, immunohistological studies have revealed the
intricate innervation of the developing frenular region during fetal
development,® 2223 brain imaging has demonstrated unique neural

458924 consis-

responses to frenular stimulation,” and self-reports
tently identify it as the primary site of penile sexual sensitivity,
collectively reinforcing its fundamental role in the perception of sexual
pleasure.

The frenular delta is richly innervated by partially overlapping per-
ineal and dorsal nerve branches (Figure 1A) and by heightened concen-

6.25-27 However,

trations of nerve bundles and corpuscular receptors.
the precise embryological origins of this innervation remain elusive.
Insights from the ontogeny of fetal penile innervation are necessary for
understanding how these peripheral neural networks develop and spe-
cialize for sexual sensation and reflexes (Figure 1B). Additionally, com-
prehensive visual documentation of the adult frenular delta’s neural
supply remains lacking, leaving gaps in our understanding of the precise
distribution, density, and organization of its innervation.?® The so-
called genital corpuscles, enigmatic mechanosensory end organs asso-
ciated with sexual sensation and long documented in the prepuce,2?-3¢
are especially dense in the frenular region.® 13 However, their immuno-
histology remains largely unexplored, particularly regarding the struc-
ture and role of their capsular cells and the molecular composition of
their axons.

The most comprehensive study on glans sensory innervation to date

was conducted by Halata and Munger in 1986 using silver impregna-
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albuginea addresses longstanding anatomical and sexological questions. Our results
inform current debates on penile circumcision and neurotomy.

Conclusion: This study provides a comprehensive ontogenetic framework of penile
innervation, emphasizing the frenular delta as a specialized center of sexual sensation.

foreskin, immunohistochemistry, mechanoreceptors, nerve endings, penis, peripheral nervous

tions and electron microscopy.'® They reported a 10:1 ratio of free
nerve endings (FNEs) to sensory corpuscles, with genital corpuscles
concentrated along the corona and frenular region, FNEs in almost
every dermal papilla, no innervated Merkel cells, and low densities of
Pacinian corpuscles in the glans corpus spongiosum. Although detailed,
their results were primarily focused on corpuscular receptors, and the
lack of low-power microphotographs in their study limits the ability
to evaluate overall neural distribution and tissue organization. More
advanced research is needed to better elucidate the innervation and
structure of the glans and their role in sexual function, particularly
using modern immunohistological techniques. A precise understand-
ing of how the dorsal nerves reach the glans lamina propria remains
unclear, particularly regarding whether they perforate a superficial
tunica albuginea rich in elastic fibers3?~4! (Figure 1C) or if this struc-
ture is absent, as suggested by standard histology and uropathology
textbooks.13 4243 Although the glans is commonly regarded as the
distal extension of the corpus spongiosum (a view that has been
questioned),** relatively little is known about the sensory properties
of the corpus spongiosum proximal to the glans and of other erectile
tissues, such as the corpora cavernosa.

Recent immunohistochemical studies on preputial
innervation®4>4% have built on previous foundational work,% 12
offering greater detail on the sensory corpuscles, FNEs, nerve bun-
dles, and their molecular profiles within the prepuce. Beyond its rich
sensory innervation, the prepuce contains a dense layer of smooth
muscle forming its central axis (dartos),® 142 with its innervation
described by Bourlond and Winkelmann,*” Perez Casas et al.,*® and
Cepeda-Emiliani et al.® The preputial dartos is continuous with the
proximal penile dartos (peripenic muscle of Sappey) and the scrotal
dartos. Although some bundles of the penile dartos muscle are located
at the coronal sulcus, the vast majority are confined to the prepuce.!?
The preputial dartoic innervation suggests that the dartos smooth
muscle is neurally equipped to carry out complex physiological func-
tions, enabling controlled contractions that contribute to penile skin
tension, elasticity, and responsiveness during sexual activity. However,
no studies to date have investigated the physiological properties of
the preputial dartos, despite its likely role in preputial and penile
physiology and regulating penile skin tone.

The detailed investigation presented in the current study pro-
vides a comprehensive histological and immunohistological exam-
ination of key topics in contemporary penile research, address-

ing each of the aforementioned areas in depth. The following
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FIGURE 1 Innervation of the frenular delta and microanatomical organization of the glans and prepuce. (A) The frenular delta is innervated by
the overlap of the perineal nerve, ventrolateral branches of the dorsal nerve along the shaft, and ventral branches of the dorsal nerve within the
glans corpus spongiosum. This unique pattern of nerve convergence likely results in heightened densities of nerve bundles, corpuscular receptors,
and free nerve endings (FNESs) in this region, contributing to the specialized sexual sensations and responses associated with the frenular delta.
The illustration is not intended to be anatomically exact but rather to convey a concept of penile innervation in a simplified manner to enhance
understanding of the frenular delta’s sensory significance. Thus, anatomical dissections reveal a complex three-dimensional branching of the dorsal
nerve within the glans, with ventral branches supplying the frenular area.2¢ This contrasts with the two-dimensional branching of the ventrolateral
dorsal nerve along the tunical shaft surface.8® In anatomical dissections, 1 these branches display a horsetail-like arrangement as they spread
ventrodistally, emitting intraspongiosal perforators (not illustrated) that supply the anterior and distal urethra at the frenular level,2¢-87 further
contributing to the complexity of penile innervation in this region. Kinsey!” (Table S1) suggested that distal deep urethral innervation contributes
to the sensations of sexual reward associated with this penile region. (B) Anatomy of the frenular delta in a frontal view depicting the V-shaped or
inverted Y-shaped delta into which the ventral prepuce and frenulum typically retract.!? This region is widely reported by men as the primary
source of penile erogenous sensation, reflecting its significant role in sexual arousal and response.* > & %24 However, the illustration is not
intended to precisely map the anatomy to somatosensory perceptual experience, and this penile pleasure center may cover a more diffuse region
within the distal third of the ventral penile aspect and deeper spongiosal and distal urethral regions, as suggested by Kinsey.!” The experimental
practice of penile selective neurotomy, discouraged by urological guidelines,'23 targets the perineal nerve and ventrolateral branches of the dorsal
nerve at the frenular level, posing a high risk of permanently impairing this erotogenic center. It also risks damaging the urethral perforating
branches that originate from the ventrolateral dorsal nerve. Deep ventral circumcision incisions can cause similar sensory damage.28 Additionally,
circumcision can cause proximal displacement of this penile center of sensation toward the middle third of the ventral penile aspect, as supported
by a recent survey study.3” This concept aligns with classical theorizations by Bryk3® of post-circumcision proximal relocation of penile erogenous
zones, with speculations by Schober et al.8 on post-circumcision penile dermatomal migration, and partially with Zaliznyak et al.’s3” speculation
that circumcision induces neural rewiring of the penis. (C) India ink drawing by Krsti¢*° of the microanatomical organization of the human penile
glans and prepuce. The scale bar is part of the original drawing. Note the elastic fiber (EF) layer (arrowheads) parallel to the glans epithelium,
situated between the dermis (D) and corpus spongiosum (CSp) of the glans. Elastic fibers delaminate radially into the underlying spongiosal
connective tissue. Krstic stated (p. 384): “The dermis (D) of the glans is very rich in nerve endings, genital corpuscles, and EF; these fibers are
disposed as an entire elastic layer immediately enveloping the CSp of the glans. The elastic layer has been partly removed to show the extensively
developed venous plexus (VP) of the CSp from the exterior.” Despite detailed characterization and illustration of this superficial EF layer in the
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subsections of this introduction synthesize the key elements from

all these lines of research, providing a theoretical and conceptual
framework that sets the stage for the detailed findings presented in
Section 3.

1.1 | Ontogeny of human penile innervation and its
role in sexual sensation: mapping axonal guidance,
pruning, and gradient-driven pathways

Neurodevelopmental studies on fetal penile innervation are limited,
with only a few employing light microscopic immunohistology?3 47-5>
and laser scanning confocal microscopy.?2 Although the data remain
sparse and fragmentary, orderly pattern and underlying coherence
can be extracted from the available findings. From approximately 8-
9 weeks of fetal age to the fully developed fetal penis, innervation
appears to show a bias toward the distal ventral aspect, where greater
neural densities are observed, initially because of numerous branches
of the dorsal nerve extending into this region. Aksel et al.?? using
protein gene product 9.5 (PGP9.5), provided detailed visualizations
of these dense ventral branches of the dorsal nerve throughout 9-
12 weeks of fetal age in both the fetal penis and clitoris (see their
Figures 8A and 9A).

As the penile urethra forms in the ventral aspect, the ventral mes-
enchyme of the urethral folds embracing the open urethral groove also
carries a dense supply of axons.?2>¢ As urethral formation extends
into the glans region, this dense ventral axonal supply overlaps with
the innervation derived from the ventral branches of the dorsal
nerve, further increasing the innervation density in the distal ven-
tral region. This fetal penile region corresponds to the prospective
frenular region and, in the adult intact penis in the classical anatom-
ical position (penis erect and prepuce retracted),>’->8 to the distal
third of the ventral penile aspect. Thus, in our previous immunohis-
tochemical study® based on fetal and adult data, we hypothesized
that this region represents a convergence zone for branches of all
penile extracorporeal nerves, with significant implications for penile
sexual sensation. This dense ventral somatosensory nerve supply
(Figure 1A) likely enhances the acute perception of sexual sensation in
this area (Figure 1B). This neurodevelopmental process could serve as a

hypothetical embryological basis for the innervation overlap between
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dorsal and perineal nerves documented in this penile region by
electrophysiologists.2¢ 27

In addition to the fetal ventral branches of the dorsal nerve, we
previously demonstrated the presence of age-dependent exuberant
PGP9.5% and pan-TRK™ intraepithelial nerve fibers within dispropor-
tionately thickened epithelial sheets of the fetal ventral prepuce and
future frenulum.® In that study, we observed a proportional relation
between fetal penile epithelial thickness and underlying stromal neural
densities, which was strikingly pronounced ventrally, suggesting that
ventral epithelial thickness and epithelial-neural interactions in general
play a central role in penile neurodevelopment.

A general theoretical framework to explain these phenomena,
grounded in principles of neurodevelopmental biology,>’ suggests
that throughout penile morphogenesis, intermediate and final tar-
get tissues of developing penile nerves produce neurotrophic and/or
neurotropic molecules with short- and/or long-range chemoattractant
effects on penile nerves. These molecules may include nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-
3 (NT-3), glial cell line-derived neurotrophic factor (GDNF), and
morphogens such as bone morphogenetic proteins (BMP) and Sonic
hedgehog (Shh), along with canonical axonal guidance molecules like
netrins, semaphorins, ephrins, and Slit-Robo ligands, which establish
gradients to direct axonal growth and targeting.”?-62 Although neu-
ronal pathfinding mechanisms in the penis remain unknown, it appears
that throughout urethral formation, the proliferating ventral thickened
epithelia and underlying stroma may secrete higher concentrations of
specific axonal guidance ligands, establishing gradients that interact
with axonal receptors and contribute to the observed ventral innerva-
tion bias. The selective upregulation of specific axonal receptors could
further refine this targeted innervation pattern.

Additionally, other established principles of neural development,
such as initial axonal hyperinnervation, subsequent axon pruning, and
refined postnatal innervation (documented processes in other parts of
the nervous system, including brain and spinal cord), provide a work-
ing hypothesis for understanding the maturation of neural networks
in penile tissue.>® 57762 An initial excessive overgrowth of nerve fibers
(hyperinnervation) ensures a robust network of connections between
neurons and target cells, serving as a preparatory phase that provides
a rich substrate from which exuberant fibers are selectively elimi-

nated (neural pruning). This process, often driven by competition for

glans, its existence remains controversial in contemporary literature. Major studies'® and standard histology textbooks*? fail to document this
layer, whereas a recent study3? supports its existence. Scattered sebaceous glands (SG) are predominantly restricted to the dermis of the outer
prepuce, whereas the existence of preputial glands (PG) near the coronal sulcus and frenulum, often described as Tyson'’s glands, has not been
demonstrated. Also note the outer (OL) and inner (IL) layers of penile skin smooth muscle bundles (dartos) extending into the prepuce (Pp). Krsti¢
noted that the OL and IL contain circularly and longitudinally oriented smooth muscle, respectively. The smooth muscle of the preputial dartos
layer has also been described as having a mosaic-like, whorled, or plexiform pattern, with a circular or transverse sphincteric configuration distally.
The EFs in the spongiosal connective tissue (CSp) are typically more pronounced under light microscopic observation than illustrated.
Complexities of the glans fibrous skeleton, including the distal or corporoglans ligament (a direct extension of the distal cavernosal tunica
albuginea), are not depicted in Krsti¢’s drawing, although they are easily observed during gross inspection. “*” end portion of the pars spongiosa
urethrae. A, arteriae; CC, corpora cavernosa; CG, corona glandis; CSp, corpus spongiosum; D, dermis; E, epidermis; EF, elastic fibers; EO, external
orifice; EP, epidermis; F, frenulum praeputii; FN, fossa navicularis; FP, fascia penis; GP, glans penis; IL, inner layer smooth muscle cells; N, nervi
dorsalis penis; OL, outer layer smooth muscle cells; P, penis; PG, preputial glands; Pp, prepuce; SG, sebaceous glands; SK, skin; SVN, superficial
dorsal blood vessels and nerves; TAIb, tunica albuginea; V, venae; VP, venous plexus. Source: Reproduced with permission from Springer Nature.
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FIGURE 2 Early human fetal penile neurodevelopment in six sagittally sectioned specimens. Pre-corpuscular stage of penile
neurodevelopment. Approximate fetal ages: 8 (A), 10 (B and D), 10 (C and H), 12 (E), 12 (F), and 12 (G, |, and J) weeks. (A) An 8-week specimen
displays a prominent S100* dorsal nerve branch coursing dorsal to the mesenchymal hypercellular condensation of the developing corpora
cavernosa. This branch gives rise to numerous perpendicular projections dorsally and penetrates the glans mesenchyme, where it descends and
radiates multiple fan-like branches, terminating ventrally near the prospective frenulum. No epithelial or mesenchymal remodeling indicative of
early prepuce formation is evident at this stage. Notably, the blood vessel-rich ventral stroma surrounding the developing urethra exhibits a very
dense network of thinner S100* nerve fibers. Neural fibers contact the basal epithelial surfaces, although intraepithelial nerve fibers are scarce at
this age. The inset in the upper right corner, located approximately 20 um lateral to the corresponding small rectangle, shows intraepithelial VIM*
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neurotrophicfactors, ensures the retention and refinement of the most

functional connections. Whether this sequence of hyperinnervation,
pruning, and refinement occurs in the fetal penis remains an open
question, a hypothesis further explored and supported in our study.
Further investigation of these fetal developmental phenomena is
crucial for deepening our understanding of penile neurodevelopment
and its implications for sexual sensation and function. Exploring the
specific axonal guidance cues and receptor-ligand interactions that
govern the spatial distribution of adult penile nerves may provide
valuable insights into the mechanisms underlying sexual sensation,
particularly in the frenular area. These findings may also inform
approaches to penile surgeries that enhance sexual health outcomes
and uncover mechanisms underlying congenital penile abnormalities,
such as hypospadias. The identification of molecules involved in penile
axonal pathfinding could reveal their possible dual role in establish-
ing functional neural circuits and contributing to such conditions. This
aligns with the hypothesis by Aksel et al.,22 who suggested that dis-
ruptions in neurovascular ontogeny may underlie the development of

human hypospadias.

1.2 | Penile sensory corpuscles and their molecular
profiles: genital-specific corpuscles of sexual
sensation and CD10 in Pacinian corpuscles

As fetal penile development progresses into postfetal stages, preputial
and glans axons, guided by intrinsic and extrinsic molecular cues, reor-
ganize with Schwann cells to form complex multicellular structures
known as sensory corpuscles or low-threshold mechanoreceptors
(with limited data on these molecular cues in human development).
These structures, also referred to as corpuscular receptors or neu-
roreceptors, sensory end organs, or sensory nerve formations, begin to
develop at an unknown fetal age in the penis. Classical sensory corpus-
cles include Meissner, Pacinian, Ruffini, and Golgi-Mazzoni corpuscles.
The so-called mucocutaneous end organs,®3-¢ Krause corpuscles, and
genital corpuscles belong to a family of sensory corpuscles traditionally
associated to sexual sensation, making them of particular interest.¢”- ¢8
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Notably, as early work by Ramén y Cajal,3° Dogiel,2? Ohmori,3! and
others32:34.3¢ demonstrated, genital corpuscles are a normal and
well-documented component of preputial sensory innervation.® 42 68
Pacinian corpuscles, which detect vibration (a stimulus known to cor-
relate positively with sexual function®?), are also a consistent feature
of preputial innervation, as repeatedly reported in the vast major-
ity of studies on preputial sensory corpuscles. Even in studies with
minimal sample sizes, such as De Girolamo and Cecio®¢ (n = 1) and
Blauer et al.”% (n = 3), preputial Pacinians are readily documented,
underscoring how easily these structures are recognized in preputial
tissue.

Sensory corpuscles generally share a common structural pattern or
theme, consisting of sensory axons enriched with axolemma Piezo2
expression and protruding spine-like cytoplasmic processes.”! These
axons and their spines are closely associated with variably arranged
Schwann or lamellar cells, which are also responsive to mechanical
stimuli.”2 Together, the axons and Schwann cells are encased in a con-
nective tissue capsule that may be complete, partial, or absent. This
functional organization suggests a bi-cellular mechanism for touch
detection, involving coordinated interactions between the axon and
lamellar cells.”? Penile sensory corpuscles and FNEs represent points
of afferent origin for reflex arcs related to erection and ejaculation.?
The literature suggests that penile sensory corpuscles are most con-
centrated in the frenular delta and region,® 1325 with additional high
densities in the preputial ridged band® 12 and glans corona,’® and a
gradual decrease in density toward proximal penile regions. Similarly,
the nerve bundles supplying these corpuscles may follow a ventral-to-
dorsal and distal-to-proximal density gradient, with higher densities
observed ventrally and distally. 2

Although these mechanosensory structures have been observed in
the human penis since the late 19th century with silver impregnation
techniques,?? 31 few studies provide detailed immunohistochemical
data on human penile sensory corpuscles.t11.1242.45,46,70,73-78 |
the penis, the axons of sensory corpuscles express markers such as
neurofilaments (NFs), neuron-specific enolase (NSE), PGP9.5, and pan-
TRK, whereas Schwann or lamellar cells express Wilms' tumor protein
(WT1), S100, CD56, nestin, vimentin, Bcl-2, and SOX10, with their

spindle- or dendritic-shaped cells originating from the underlying mesenchyme. (B) A 10-week specimen shows the emergence of the glans-shaft
junction and early prepuce formation dorsally, marked by increased concentrations of subepithelial nerve fibers (as further detailed in nearby
section D). (C) 10-week specimen with intensely stained CD56™ intraepithelial nerve fibers of varying diameters within the distal glans. Diffuse
background staining is observed throughout the glans mesenchyme, with intraepithelial nerve fibers detected in the most superficial epithelial
layers. CD56" subepithelial neural densities are noted dorsally at the developing glans-shaft junction, similar to (D). (D) Located approximately
182 pm lateral to the corresponding rectangle in B, this section shows CD56™ nerve fibers ascending perpendicularly toward the glans-shaft
junction from a thicker dorsal nerve branch in the lower left corner. Low levels of intraepithelial nerve fibers are noted (arrow). (E) 12-week
specimen sectioned lateral to the midline, where the corpora cavernosa and urethra are out of the plane of section. Numerous thick S100* dorsal
nerve lateral branches extend toward the glans and prepuce. Postnatally, these lateral branches exhibit the characteristic horsetail-like pattern as
they spread ventrodistally, as described in Figure 1A. (F) A 12-week specimen reveals pan-TRK* dorsal nerve branches terminating in the ventral
glans near the future frenulum, with independent pan-TRK* dense axonal contingents traveling ventrally beneath the urethra. The ventral penile
epithelium begins to show disproportionate thickening associated with underlying dense ventral neural densities. As part of natural interspecimen
variability, elevated levels of intraepithelial nerve fibers were observed in the ventral prepuce of other specimens of the same age, evidenced by
CD56" (G), NGFR™ (1), and protein gene product 9.5 (PGP9.5%) (J) intraepithelial nerve fibers in the same region. (H) Higher magnification of the
rectangle in C, providing detailed visualization of the peripheral axon branching pattern of these intraepithelial fibers, characterized by laterally

extending fibers emerging from parent axons.
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FIGURE 3 Neurodevelopmental processes in four sagittally sectioned human fetal penile specimens. Pre-corpuscular stage of penile
neurodevelopment. Approximate fetal ages: 12 (A), 13 (B), 14 (C and D), and 12 (E-J) weeks. (A) A 12-week specimen displaying dense S100*
perineal nerve arborizations in the scrotum, along with a prominent dorsal nerve branch that provides innervation to the dorsal prepuce before
entering the glans. The dorsal nerve branch courses ventrally (partly out of the plane of section) and terminates near the future frenulum. The early
ventral prepuce and proximal ventral penile region show a rich density of nerve fibers (partially out of the plane of section). Note the contrast
between the thicker ventral penile and scrotal epithelia and the thinner dorsal preputial and dorsal proximal penile epithelia. (B) A thin
neurofilament (NF*) nerve fiber from a 13-week specimen defasciculates from a thick dorsal nerve branch, perforates the developing tunica
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basal lamina composed of collagen type IV (COL-1V). The outer core

of preputial Pacinian corpuscles expresses the perineurial markers
glucose transporter 1 (Glut-1), epithelial membrane antigen (EMA),
vimentin, and COL-1V, whereas the intermediate layer between the
inner and outer cores expresses CD34. Thus, the Pacinian Glut-1*
and EMA* outer core is considered an extension of the Glut-1* and
EMAT peripheral nerve perineurium, whereas the CD34" intermediate
layer is considered an extension of the CD34* endoneurium. In dermal
papillae, the capsules of penile sensory corpuscles variably express the
endoneurial marker CD34 but typically lack perineurial markers. How-
ever, it remains unclear whether the capsules of deep-dermal preputial
genital corpuscles also express perineurial markers like Glut-1 or EMA.

Current data likely capture only a very small fraction of the potential
immunoreactivities within sensory corpuscles. With their high den-
sities in the penis and limited immunohistochemical data available,
penile tissues offer a valuable opportunity to expand our knowledge
of the molecular profiles of sensory corpuscles. Penile sensory cor-
puscles may reveal unique regional and organ-specific specializations,
shedding light on the diversity of these structures and the functional
specialization required for precise sensory processing related to sexual

sensation.

1.3 | CD10 expression in Pacinian corpuscles

CD10 is a 100 kDa single-pass transmembrane cell surface glycopro-
tein and a key endopeptidase involved in the inactivation of peptides
that regulate cell differentiation.”? CD10 functions as an ectoenzyme,
acting on a large diversity of extracellular substrates to facilitate
their breakdown or degradation.° These substrates include neuropep-
tides such as substance P and calcitonin gene-related peptide, as
well as various secreted, circulating, or membrane-associated pep-
tides. Through these functions, CD10 has been implicated in a variety
of physiological and pathological processes, including fetal develop-
ment, tissue morphogenesis, stem cell regulation, oncogenesis, and
Alzheimer’s disease.8! To the best of our knowledge, CD10 expres-
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sion in sensory corpuscles has not been previously evaluated, although
it has been reported in peripheral myelin and perineurium using
immunohistochemistry.82-84 Recent in-house, previously unpublished
analyses by our group, using two Dako-Agilent CD10 antibody clones
(DAK-CD10 and 56C6) on human adult glans and preputial tissues,
revealed that Pacinian corpuscles in these regions typically express
CD10 in the outer core lamellar cells. This novel immunoreactivity,
along with its distinct staining pattern and potential physiological sig-
nificance for Pacinian structure, is described for the first time in this
study using single and double immunohistology.

1.4 | Intracorporeal sensory corpuscles: exploring
the sensory role of erectile tissue

Excluding the glans corpus spongiosum, mechanosensory end organs
located deep within the human penile erectile tissues have not been
previously described systematically. Traditionally, the corporeal bod-
ies have not been regarded as sensory tissues, with greater emphasis
placed on the autonomic and local molecular regulation of intracaver-
nosal smooth muscle in the motor process of erection. Consequently,
the potential functional role of intracorporeal deep sensory inflow
from FNEs or sensory corpuscles has been largely overlooked. Cortical
responses to forceful penile cavernosal stimulation have been mapped
to the deepest portion of the paracentral lobule, suggesting dual sen-
sory innervation of the penis via the pudendal and cavernous nerves.8>
Although the corpus spongiosum is autonomically innervated by pelvic
plexus-derived nerve fibers, the ventral branches of the dorsal nerve
(Figure 1A) emit perforating sub-branches to the anterior urethra.86-87
A more detailed histological examination of the corporeal bodies could
reveal previously unrecognized somatosensory structures potentially
involved in reflex innervation pathways. These neural structures may
detect stimuli such as vascular engorgement and pressure changes dur-
ing erection. In the corpus spongiosum, they might also perceive the
passage of semen during ejaculation and urine during micturition, as
well as other physiological stimuli.

albuginea (TA), and enters the fetal corpora cavernosa (CC). (C) 14-week specimen with pan-TRK* dorsal nerve branches distal to the CC that take
a ventral course to reach the ventral glans. Dorsal nerve branches entering the dorsal prepuce are clearly visible. The perineal nerve, partially out
of the plane of section, is seen ventrally innervating the ventral prepuce and future frenular area. Distal pan-TRK* intraepithelial nerve fibers are
observed within the glandopreputial common epithelium. (D) A section approximately 34 um medial to the supracorporeal region indicated by the
rectangle in C, showing multiple NF* (brown) neural anastomoses (arrows) between the dorsal nerve (superiorly) and a thinner nerve (inferiorly)
adjacent to the tunica albuginea (TA). These neural anastomoses are invested with SOX10* Schwann cell nuclei (magenta). A tunical perforating
nerve branch (arrowheads) is observed emerging from the inferior thinner nerve. The three-dimensional character of the neural anastomoses
(arrows) was clearly visualized in our 4 um sections. (E) A 12-week specimen displaying high ventral S100* preputial neural density, associated
with disproportionate ventral epithelial thickness compared to the dorsal aspect. Dorsal nerve branches are seen entering the dorsal prepuce.
Similar to specimens in A and C, as well as Figure 2A F, a main descending dorsal nerve branch terminates in the ventral glans near the future
frenulum, giving off multiple radial branches targeting the glans epithelium. (F-H) Serial sections approximately 22 um apart from each other in the
distal glans tip region indicated in E, showing protein gene product 9.5 (PGP9.5%) (F), GAP43™ (G), and CD56™ (H) intraepithelial nerve fibers. As
these intraepithelial fibers approach the epithelial surface, their orientation shifts to run parallel to the surface (F and G), likely because of the
presence of the transient overlying periderm layer, which restricts their longitudinal growth. (I) Higher magnification of the ventral region
indicated in E, depicting dense CD56 intraepithelial nerve fibers in an adjacent serial section. (J) Higher magnification of the distal ventral
preputial region indicated in E, again showing dense CD56™ intraepithelial nerve fibers, from the same tissue section as |. CC, corpora cavernosa;

TA, tunica albuginea.
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1.5 | The preputial dartos: ontogeny and
innervation of a sexually dimorphic histological layer

The human penile prepuce contains a dense layer of innervated smooth
muscle, known as the dartos layer, which forms the central axis of the
prepuce between the dermis and lamina propria.l> 42 This muscular
formation is embedded within a fibroelastic, highly vascular connective
tissue, interspersed with aggregations of nerve bundles. The preputial
dartos is sexually dimorphic, as the clitoral prepuce lacks a layer of

smooth musculature, %99

suggesting that the dartos plays specialized
functional roles in the penis. Histologically, the dartoic muscle bun-
dles exhibit varied orientations, forming mosaic-like,’ 92 whorled,?*
or plexiform® patterns, which transition to a circular or transverse
sphincteric configuration distally.1% 42

The dartos is richly innervated by FNEs and dense varicose neural
plexuses intimately associated with the smooth myocytes and adjacent
blood vessels, suggesting en passant synapses that enable neuro-
transmitter release along the nerve fibers.®47-48 This neuromuscular

»93 can be visualized using mark-

network or “autonomic ground plexus
ers such as CD56, NSE, tyrosine hydroxylase (TH), and neuronal nitric
oxide synthase (nNOS), with nNOS marking the least dense population
of dartoic nerves, whereas the other markers reveal more abundant
innervation.® The presence of TH and nNOS suggests a degree of possi-
ble dual autonomic regulation of preputial smooth muscle.® However,
the complete neurochemical profile of this neuromuscular supply has
yet to be fully elucidated. Other molecules associated with autonomic
function, such as vasoactive intestinal peptide (VIP) and neuropeptide
Y (NPY), may contribute to the regulation of dartoic smooth muscle
as modulatory cotransmitters, but their expression has not yet been
examined.

Although the preputial dartos can be readily visualized early in
fetal development using immunohistochemistry and smooth muscle
actin (a-SMA) antibodies,® 0 its detailed ontogeny remains largely
uncharted. This lack of comprehensive research leaves significant gaps
in our understanding of this anatomical structure. More research
is needed to clarify the development and functional roles of the
preputial dartos in penile physiology, particularly its contributions
to sexual sensation, penile skin mechanics, and its involvement in
preputial and penile pathologies, as well as complications arising from

circumcision.”*

1.6 | Tunica albuginea of the glans: revisiting an
unresolved anatomical question

Regarding the basic anatomy and histology of the glans, an unresolved
issue is whether the glans corpus spongiosum is surrounded super-
ficially by a tunica albuginea encapsulating the glans erectile tissue.
Two schools of thought have addressed this question. In his seminal
illustrations (Figure 1C), Krsti¢*® implicitly supported a model that
organizes the histological layers of the glans into four distinct lev-

els from superficial to deep: (i) epithelium, (ii) lamina propria, (iii) an
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elastic fiber-rich layer, and (iv) the corpus spongiosum of the glans.
According to Krsti¢,*0 the elastic fiber layer completely envelops the
glans corpus spongiosum. Szymonowicz and Krause,*! in their clas-
sical treatise on human histology, also described a distinct layer of
elastic fibers traversing the surface of the glans and its connections
to fascicles of elastic fibers within the underlying glans corpus spon-

giosum. Lee et al.3?

recently provided macroscopic and histological
evidence supporting this four-layer model, identifying an irregular tis-
sue level rich in elastic fibers between the glans lamina propria and
spongiosal tissue (see their figures 4 and 5). This layer was perforated
by dorsal nerve branches that formed fine reticular neural networks in
the lamina propria. In the model proposed by Lee et al.? the elastic
fiber-rich layer is designated as the glans tunica albuginea and cor-
responds to the superficial elastic fiber layer described by Krsti¢4°
(Figure 1C) and Szymonowicz and Krause.*! The unstated rationale
for designating this layer as the “tunica albuginea” appears to be its
anatomical continuity with the corporeal tunica albuginea via the distal
or corporoglans ligament, as well as the observation that the cav-
ernosal and spongiosal erectile tissues are typically enveloped by a
tunica albuginea.

The other school of thought is that the glans lacks a tunica albug-
inea. Halata and Munger!® and Velazquez et al.*? describe a model
of the glans histological layers with three levels from superficial to
deep: (i) epithelium, (ii) lamina propria, and (iii) corpus spongiosum,
with a smooth transition or blending between the lamina propria and
corpus spongiosum. This model contrasts with the four-layer model
that includes an elastic fiber-rich layer, or tunica albuginea, between
the lamina propria and corpus spongiosum. Clarifying whether the
glans possesses a tunica albuginea could enhance our understanding
of the structural and functional properties of the glans and its sensory
innervation. Such insights may help elucidate physiological phenomena
related to the erectile tissue of the glans, improve our understanding
of anatomical factors influencing the distribution of nerve endings and
the spread of penile cancer, and contribute to resolving long-standing

anatomical issues.

1.7 | Aims

The primary aims of this extensive study were to provide compre-
hensive histological and immunohistological evidence across all of
the aforementioned areas using formalin-fixed and paraffin-embedded
(FFPE) tissues, integrating previously fragmented lines of research to

create a unified understanding of this complex anatomy.

2 | MATERIALS AND METHODS

This research adhered to Spanish legislation and the 1964 Helsinki
Declaration and its subsequent amendments and was conducted with
prior approval by the Santiago-Lugo Research Ethics Committee (code
2021/179).
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2.1 | Fetal specimens

Thirty normal fetal penile specimens, aged approximately 8-24 weeks
(mean: 16 weeks, SD: 5), were obtained with informed consent from
the Pathology Department of the University Clinical Hospital of San-
tiago de Compostela, following either elective pregnancy terminations
or spontaneous abortions, as well as fetal autopsies. All fetuses were
fixed in 10% neutral buffered formalin, most for several days before
examination. None were macerated, and none exhibited gross cau-
dal malformations or features suggestive of syndromic conditions
affecting genital development. Congenital anomalies unrelated to the
urogenital system?> 76 were present in approximately half of the cases
(n = 17): four with central nervous system defects (hydrocephalus,
anencephaly, and trisomy 21 in two), three with complex cardiac
defects (tetralogy of Fallot in two and hypoplastic left heart), and
the remaining 10 with isolated minor anomalies, including cleft lip
and/or palate, polydactyly, syndactyly, and limb malformations. Fetal
ages were estimated based on foot length measurements, following
Cunha et al.,2% 97 using the estimated time of fertilization as the ref-
erence. Genetic sex was determined in 24 specimens, including the
youngest, by polymerase chain reaction of cell-free fetal DNA from
maternal blood samples. Access to de-identified patient clinical his-
tories enabled these determinations. Gonadal sex was confirmed by
identifying testes in sufficiently mature specimens. Histological eval-
uation defined the penile anatomy as normal if the glans, corpora
cavernosa, corpus spongiosum, urethra, and scrotum were present in
normal positions and exhibited age-appropriate morphology,” irre-
spective of congenital malformations elsewhere. All specimens met
these anatomical criteria. Most penile specimens were part of larger
fetal pelvic specimens embedded in paraffin en bloc, containing vari-
able extra-penile structures such as the scrotum, pubic bone, prostate,
urinary bladder, seminal vesicles, testes, pelvic plexus, distal colon,
caudal spinal cord, dorsal root ganglia, sympathetic chain, and verte-
bral column. These additional tissues are being analyzed in parallel
investigations by our group. For this study, the focus was on penile
specimens sectioned in sagittal (n = 10), coronal (i.e., frontal) (n = 10),
and transverse (n = 10) planes.

2.2 | Adult cadaveric specimens

Fourteen adult cadaveric penile specimens were included in this
study, all donated to the Body Donation and Dissecting Room Cen-
ter of the Complutense University of Madrid for educational and
research purposes. The mean age of the donors at death was 68
years (range: 45-96 years, SD: 18). Among these, 11 complete, nor-
mal, intact (non-circumcised) penile specimens were obtained from
fresh cadavers and immersion-fixed in 10% neutral buffered formalin
for several days after grossing to ensure optimal fixative penetra-
tion. Additionally, three normal, intact penile specimens were retrieved
from embalmed cadavers aged 51, 63, and 96 years. These cadavers

had been fixed approximately 2 months prior to specimen collection via
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femoral arterial perfusion with an ethanol-based embalming mixture
(PanReac Applichem, product code 214632.0716). The tissue mor-
phology of these specimens was optimal for evaluation. Preliminary
analyses conducted by us demonstrated that this fixative provided
optimal preservation of the critical tissue antigens essential for this
study, ensuring suitability for immunohistochemistry. A polymer-based
(EnVision) method with heat-induced epitope retrieval (HIER) at high
pH, as routinely performed in our pathology laboratory, was effective
for these specimens. Although HIER is traditionally used with FFPE tis-
sue, its application to alcohol-fixed tissue enhanced staining specificity,
reduced background, and maintained excellent morphology and signal
intensity. These observations align with findings by Cizkova et al.,?8
who documented similar benefits of HIER for alcohol-fixed cytological
samples.

The time between death and fixation did not exceed 24 h in any
case. Except for two donors with unknown causes of death and one
with metastatic prostate cancer, the causes of death were unrelated
to the genitourinary system. No external genital abnormalities or his-
tory of penile surgery were identified, confirmed by gross inspection.
The penile specimens included the prepuce, glans, midshaft, prox-
imal penis, penile root (including crura and bulb), portions of the
suspensory apparatus, and fragments of the bulbospongiosus mus-
cle. Seven specimens were fixed with the prepuce covering the glans,
whereas the remaining seven were fixed with the prepuce retracted
or partially retracted. Transverse sections of the midshaft and bul-
bar urethras were obtained from all specimens. In eight specimens,
the glans region was sectioned transversely, whereas sagittal sections
from the glans region were obtained in the remaining six. Addition-
ally, separate fragments of preputial tissue were collected from all
specimens.

2.3 | Routine and special stains

All fetal and adult tissues were dissected, placed into standard or Supa
Mega (Cell Path, EAO-0102-02A) cassettes, and processed overnight
using an automated system before paraffin embedding. Four-um-thick
serial and semi-serial sections from each block were prepared for basic
histological analysis. These sections were stained with hematoxylin and
eosin (H&E) using a Dako-Agilent CoverStainer, as well as with Mas-
son’s trichrome (MT), elastic fiber stain, and reticulin fiber stain kits
using the Dako-Agilent Artisan Link Pro Special Staining System. The
elastic fiber stain, a modification of Verhoeff’s stain, utilizes Van Gieson
solution as a counterstain to differentiate collagen (red) from elastin
(black). The reticulin stain highlights reticulin fibers, aform of immature
connective tissue primarily composed of type Il collagen. Reticulin
fibers are abundant in fetal and embryonic tissues, with their density
significantly decreasing in adult tissues. In adults, they are predomi-
nantly localized to structures such as basement membranes, smooth
and skeletal muscles, peripheral nerves, blood vessels, liver, spleen,
bone marrow, and kidneys. Both elastic and reticulin fibers stain black

with these specialized techniques.
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2.4 | Single and double immunohistochemistry

Four-um-thick serial and adjacent sections from each tissue block
were also mounted on FLEX IHC microscope slides (Dako-Agilent).
Immunostaining was performed using an Autostainer Link 48 (Dako-
Agilent) and the EnVision FLEX detection system (Dako-Agilent), fol-
lowing the manufacturer’s instructions. Pretreatment was performed
in a PT Link module (Dako-Agilent) for 20 min prior to staining.
The protocols involving overnight incubation of primary antibod-
ies (NNOS, NPY, TH, and VIP) were performed manually up to the
incubation step and then completed using the Autostainer Link 48.
Tissue antigens were visualized with EnVision FLEX/HRP diaminoben-
zidine and EnVision FLEX/HRP magenta chromogen solutions (Dako-
Agilent). The full list of antibodies is detailed in the subsequent
section.

Approximately 100 to 300 sections per specimen were examined
by light microscopy. The sections were obtained from a single paraf-
fin block for fetal specimens or from multiple paraffin blocks for adult
specimens. Every 10th-14th section was used for routine and special
stains, with selected intervening sections reserved for single and dou-
ble immunohistology. The fetal paraffin blocks at the penile level were
fully sectioned and examined without discarding any tissue. Numerous
unstained slides from each specimen were stored at —20°C for parallel

and future investigations.

2.5 | Antibodies

A comprehensive antibody battery was employed in this study to target
a wide range of peripheral neural and associated structures, including
axonal and non-axonal components of sensory corpuscles, perineu-
ral and endoneurial regions of peripheral nerves, and vascular and
smooth muscle elements. Briefly, axonal markers included NF, PGP9.5,
Pan-TRK, growth-associated protein 43 (GAP-43), and NSE; Schwann
cell markers included S100, SOX10, nestin, Bcl-2, NGFR, and CD56;
perineurial and endoneurial markers included EMA, Glut-1, COL-1V,
vimentin, and CD34. CD31 specifically labeled vascular endothelium,
D2-40 targeted lymphatic endothelium, and TH, VIP, NPY, and nNOS
labeled autonomic nerve fibers. Additional markers included a-SMA
for smooth muscle and perineurial cells, CD10 for perineurium82-84
and the outer core of Pacinian corpuscles, and synaptophysin (SYN)
as a marker of presynaptic vesicles in axons of mechanosensory end-
ings and unmyelinated fibers. Notably, CD56 and NGFR also label
axons. Negative controls without primary antibodies were used. Inter-
nal positive controls consisted of known expression sites of the target
molecules. External positive controls were employed when necessary.
The antibodies, incubation protocols, and antigen retrieval methods
are detailed in Table S2, with concise descriptions of each antibody’s
relevance to the peripheral nervous system and sensory corpuscles
provided alongside. The full step-by-step single- and double-staining
immunohistochemical protocols are provided in Table S3. For compre-

hensive backgrounds on the normal and pathological tissue antigens
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targeted by these antibodies, refer to Chetty et al.,’? Dako’s antibody

manual,’” and Gratzl and Langley.1%°

2.6 | Double immunofluorescence

Double immunofluorescence was performed on selected slides to
evaluate the potential colocalization of CD10 with CD34 in the inter-
mediate layer of Pacinian corpuscles. Antibodies and antigen retrieval
methods are detailed in Table S2. The protocol utilized heat treat-
ments between staining steps, enabling the use of primary antibodies
from the same species for multiple immunofluorescence rounds.0% 102
This approach involves heat inactivation of the primary antibodies
from the initial staining cycle without affecting the fluorescent dyes or
diminishing fluorescence intensity. Our laboratory has experience with
these methods, routinely employing microwave-assisted heat inacti-
vation between manual staining cycles. This technique was used in
the present study. Briefly, CD10 mouse monoclonal antibody (Dako-
Agilent, ready-to-use) was incubated for 24 h at 4°C, followed by sheep
anti-mouse IgG Fab’2 fragment conjugated with Cy3 (Sigma-Aldrich) at
a 1:200 dilution for 1 h at room temperature (RT). Next, a heat treat-
ment was performed in a microwave at 750 W in citrate buffer for
20 min, followed by incubation with CD34 mouse monoclonal anti-
bodies (Dako-Agilent, ready-to-use) for 24 h at 4°C. Alexa 488-labeled
donkey anti-rabbit 1gG (Invitrogen, Life Technologies Corp) was then
applied at a 1:200 dilution for 1 h at RT. Subsequently, the slides were
incubated with DAPI nuclear counterstain (Thermo Fisher Scientific,
Cat. No. 62248) at a 1:1000 dilution for 10 min at RT. The complete
step-by-step immunofluorescence protocol is provided in Table S4.

2.7 | Whole slide imaging and microphotographs

Selected slides were fully digitalized with a PathScan Combi digital
pathology scanner (Excilone) in brightfield mode at x20 magnification.
Representative microphotographs were acquired with the PathScan
software version 3.0.10. Slides were also examined and photographed
using an Olympus BX51 microscope coupled to a digital camera
(Olympus DP70).

3 | RESULTS

Findings from fetal specimens are presented according to fetal age,
illustrating the progressive stages of penile neurodevelopment and
associated morphological processes over time. In contrast, results from
adult specimens are presented in a synchronic manner as a snapshot or
distillate of the normal adult penile anatomy and histology, divided into
specific subcategories of findings. Relevant age-related histological
changes were also noted in the adult specimens. A consistent pattern of
heightened ventral neural density was identified across both fetal and

adult penile specimens.
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3.1 | Fetal specimens

Penile innervation patterns in fetal specimens could be broadly divided
into two general sequential phases of neurodevelopment, each char-
acterized by consistent age-specific histological and neurohistological
patterns:

1. Pre-corpuscular and hyperinnervation stage (8-16 weeks of fetal
age): Characterized by an almost complete absence of immature
sensory corpuscles, heightened neural densities within mesenchy-
mal and stromal extracorporeal compartments, and exuberant ven-
tral intraepithelial nerve fibers within disproportionately thickened
ventral preputial epithelial sheets (Figures 2-4).

2. Corpuscular and neural pruning stage (17-24 weeks of fetal age):
Marked by the widespread emergence of developing Pacinian cor-
puscles across all penile regions, persistent heightened ventral
stromal neural densities, evidence of neural pruning, particularly
affecting the previously dense ventral intraepithelial nerve fibers,
and the thinning of the previously thickened ventral preputial

epithelium (Figure 5 and Figures S1-S3).

Penile hypercellularity and the nerve diameter-to-body ratio
decreased as development progressed, with younger specimens show-
ing a higher proportion of cells and nerve tissue relative to penile
volume compared to older specimens. Reticulin fibers (type Il col-
lagen), indicative of tissue immaturity, were consistently arranged in
a dense mesh-like network throughout the penile connective tissues
across all fetal ages (not shown). Heightened neural densities were
observed across the ventral surfaces of the developing penis during
both neurodevelopmental phases. The following subsections provide a
detailed examination of each stage.

3.2 | Pre-corpuscular and hyperinnervation stage
(8-16 weeks)

No developing penile sensory corpuscles were observed in fetal spec-
imens aged 8-16 weeks. However, by the end of this stage, scarce
developing Pacinian corpuscles began to appear in select sections
of a minority of specimens (inset in Figure 4E). During this stage,
the developing corporeal bodies and glans exhibited pronounced
hypercellularity, with minimal or absent intracorporeal innervation,
smooth muscle content, and vascular spaces (Figures 2A-C,F, 3A,C,E,
and 4A,E). In contrast, at 8 weeks, the fetal phallus displayed a highly
developed dorsal nerve with prominent fasciculation that fully invaded
the glans mesenchyme and branched extensively to reach all basal
epithelial targets (Figure 2A). The difference in innervation between
the hyperinnervated extracorporeal mesenchymal and stromal tissues
and the hypoinnervated developing corpora cavernosa was thus a dis-
tinctive characteristic of this stage. Notably, this thick primary branch
of the dorsal nerve within the glans mesenchyme was observed in
sagittal sections to supply the prospective frenular region ventrally
(Figure 2A).
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This ventral termination of the dorsal nerve within the glans was
consistently observed across specimens of all ages but was more read-
ily identifiable in younger specimens (up to 14 weeks) when analyzed
in single sections because of the high nerve diameter-to-body ratio
(Figures 2F and 3A,C,E). Simultaneously, at 8 weeks, a distinct and
dense contingent of very thin nerve fibers innervated the ventral mes-
enchyme surrounding the developing urethra (Figure 2A). This ventral
nerve supply contrasted with the dorsal innervation in its minimal to
absent axonal fasciculation, highlighting a clear difference in neural
architecture between these regions.

Intraepithelial VIM* spindle- or dendritic-shaped cells, originat-
ing from the underlying mesenchyme, were frequently observed at
the onset of this stage but became increasingly rare as develop-
ment advanced (inset in Figure 2A). The early dorsal prepuce began
forming at 9-10 weeks through epithelial and mesenchymal remod-
eling, accompanied by increased subepithelial nerve fiber densities
(Figure 2B-D). Sparse intraepithelial nerve fibers were observed dur-
ing this period (arrow in Figure 2D). From this age onward, varying
densities of intraepithelial nerve fibers (PGP9.5%, NGFR™, pan-TRK*,
CD56%, GAP-43*, and NSE*) were present across all penile epithelia,
often forming interanastomosing networks. These epithelia included
the preputial and distal glans epithelia, the glandopreputial common
epithelium (located between the glans and prepuce), the urethral
epithelium, the epithelium of the developing urethral glands, and the
scrotal epithelium. Significantly lower levels of intraepithelial nerve
fibers were observed with SYN, NF, and S100.

By 10 weeks, intraepithelial nerve fibers were prominent in the
distal glans, and subepithelial neural concentrations persisted at the
developing glans-shaft boundary (Figure 2C,H). Additionally, a profu-
sion of thick lateral S100* dorsal nerve branches, extending toward
the prepuce, glans, and ventral aspects, was readily identified lateral
to the midline (Figure 2E). These branches represent the future ven-
tral extensions of the dorsal nerve in the adult. By 12 weeks, the ventral
preputial epithelium acquired a thickness of up to 30 cell layers and was
consistently associated with dense subepithelial stromal neural densi-
ties (Figure 2F). A proliferation of intraepithelial nerve fibers began to
populate the thickening ventral preputial epithelium (Figure 2G,1,J).

By 12-14 weeks, a large number of perineal nerves were observed
within the scrotum (Figure 3A), along with numerous dorsal nerve
branches innervating the dorsal prepuce (Figure 3A,C,E). High neural
densities persisted in the ventral prepuce and proximal ventral stroma,
located beneath the disproportionately thickened ventral stratified
squamous epithelium (Figure 3E). The typical ventral neural densities
commonly appeared partly out of the plane of section (Figure 3A,C,E),
and thus, care was necessary in the interpretation of sagittal histolog-
ical profiles. This limitation was partially circumvented through serial
and adjacent section analyses and by the use of transverse sections.

At 13-14 weeks, the cavernosal tunica albuginea was not yet
fully distinct, although tunical perforating nerve fibers were present
(Figure 3B and arrowheads in D). Significant interindividual varia-
tion was observed among fetal specimens in all aspects of tissue
morphology. Despite this variability, intraepithelial nerve fibers in

the distal glans (Figure 3F-H) and ventral prepuce (Figure 3lI,J)
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FIGURE 4 Preputial and distal glans innervation patterns in sagittally and transversely sectioned human fetal penile specimens.
Pre-corpuscular stage of penile neurodevelopment. Approximate fetal ages: 14 (A-D) and 16 (E-H) weeks. (A) Sagittally sectioned 14-week
specimen with typical ventral S1007 preputial stromal neural density associated to an overlying thickened distal ventral epithelium. These fibers
reach their highest densities in the ventral prepuce within disproportionately thickened epithelial sheets, typically associated with a high ventral
stromal neural density. (B) Approximately 46 um lateral to A, showing dense CD56" intraepithelial nerve fibers within the distal glans epithelium.
(C) Approximately 58 pm lateral to A, providing a similar view as B, with continued observation of dense intraepithelial nerve fibers (protein gene
product 9.5 [PGP9.5+]) within the distal glans epithelium. (D) Approximately 50 um medial to A, fetal penile intraepithelial nerve fibers (NGFR* in
this microphotograph) reach their highest densities in the ventral prepuce within disproportionately thickened epithelial sheets, invariably
associated with a high ventral underlying stromal neural density and increased densities of blood vessels. (E) 16-week specimen sectioned
transversely at the shaft level, proximal to the glans and prepuce, showing typical ventral epithelial thickening accompanied by dense stromal
S100* neural densities. The inset, located approximately 10 um distal to the corresponding small rectangle, presents a higher magnification image
suggesting a dorsal developing Pacinian corpuscle with a CD56™ inner core. (F) Approximately 26 um proximal to E, illustrating ventral pan-TRK*
intraepithelial nerve fibers and corresponding underlying dense stromal neural density. The pattern of increased ventral neural density continues
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remained consistently detectable. In the glans, intraepithelial fibers

often appeared oriented parallel to the surface, likely because of
the overlying periderm layer, which limits their longitudinal extension
(Figure 3F,G).

By 14 weeks, intraepithelial nerve fibers were observed distally in
the glans (Figure 4A-C) and reached their highest density levels within
the thickened ventral preputial epithelium (Figure 4D). Transverse
sections at 16 weeks revealed striking cutaneous and subcutaneous
innervation biases toward the ventral aspect proximal to the prepuce
(Figure 4E) and more distally in the ventral preputial and frenular
regions (Figure 4F,H), correlating well with our observations in sagittal
sections. Cavernosal tunical perforating nerve fibers were also read-
ily visible in transverse sections, piercing a distinct cavernosal tunica
albuginea (Figure 4G). Tunical perforating nerves were particularly
numerous and thick in the proximal corpora cavernosa near the bul-
bar level but appeared thinner along the longitudinal penile axis. No
evidence of a tunica albuginea or distinct lamina propria was identified

superficially in the fetal glans during the pre-corpuscular stage.

3.3 | Corpuscular and neural pruning stage (17-24
weeks)

Developing Pacinian corpuscles were the only type of immature sen-
sory corpuscle identified in fetal specimens during the corpuscular
stage, suggesting that other sensory corpuscle types emerge at later
developmental stages. Developing Pacinians could be identified virtu-
ally anywhere in the fetal penis, including the prepuce, glans, scrotum,
bulb, the plane between the corpora cavernosa and corpus spongio-
sum, and adjacent to the tunica albuginea of both the cavernosal and
spongiosal tissues. At 17 weeks, coronal (frontal) sections (Figure S1A)
at the bulbar level revealed persistent intraepithelial nerve fibersin the
ventral prepuce, yet they were less numerous and markedly thinner
compared to earlier stages (arrows in Figure S1B-D). Simultaneously,
the ventral preputial epithelium began to thin, contrasting with the
thicker epithelia characteristic of the pre-corpuscular stage.

The corporeal bodies now displayed vascular spaces, innervation,
and smooth muscle. The proximal corpora cavernosa exhibited numer-
ous tunical perforating nerve fibers along the medial corporeal aspect
(Figure S1E,F). Tunical perforating nerves at the proximal (crural)
cavernosal level were also frequently observed dorsally and, less com-
monly, laterally. By 18 weeks, coronal sections at the urethral level
(Figure S1G) demonstrated increased stromal neural densities near the
ventral glans epithelium (Figure S1H,1), clusters of urethral intraepithe-
lial nerve fiber networks (Figure S1J), lateral tunical perforating nerve
fibers (Figure S1K), and frequent neural anastomoses between dorsal

nerve fascicles (Figure S1L).

CEPEDA-EMILIANI ET AL.

At 20 weeks, sagittal sections (Figure 5A) revealed developing
Pacinian corpuscles within the glans (Figure 5B), in the plane between
the corporeal bodies (Figure 5C), within the prepuce (Figure 5D), and
in the penile bulb (Figure 5E). The prospective frenulum (Figure 5F,H)
and ventral prepuce (Figure 5G,|) continued to display dense innerva-
tion. By this stage, the penile surface epithelia were uniformly thinner
compared to the corpuscular stage, and ventral preputial intraepithe-
lial nerve fiber densities were greatly diminished or absent. Immature
Pacinian corpuscles were also identified in the frenular region (Figure
S2A,B), associated with high nerve fiber densities (Figure S2C); in the
scrotum (Figure S2D,E); in the perineal skin (Figure S2F); exceedingly
rarely within the corpora cavernosa (Figure S2G,H); adjacent to the
tunica albuginea of both cavernosal and spongiosal tissues (Figure S21);
occasionally in an intra-albugineal position (Figure $2J,K); and infre-
quently within the bulbospongiosus muscle (Figure S2L). By 20-24
weeks, fetal Pacinian corpuscles generally exhibited the characteristic
immunohistochemical profile of mature Pacinian corpuscles.

Throughout this stage, transverse sections demonstrated persis-
tent, striking innervation biases toward the ventral prepuce and
frenular region (Figure S3A-G), aligning closely with observations
from sagittal and coronal sections. A noteworthy phenomenon we
documented in the developing frenular stroma was the presence of
numerous Glut-1* red blood cells that appeared extravasated and
were not associated with the adjacent CD31" blood vessels (Figure
S3E). This phenomenon was also observed during the pre-corpuscular
stage (not shown). Table 1 summarizes the main neurological and
morphological processes associated with the pre-corpuscular and cor-
puscular stages of fetal penile neurodevelopment. Figure 6 presents
a schematic illustration of the pre-corpuscular/hyperinnervation and
corpuscular/neural pruning stages of fetal penile neurodevelopment in
sagittal view.

3.4 | Adult specimens

As noted earlier, these findings are organized into specific subcat-
egories that correspond to the research themes discussed in Sec-
tion 1. In the older adult specimens, apart from minimal to intense
atherosclerosis of intracorporeal arteries and varying degrees of intra-
corporeal tissue fibrosis (not shown), no other significant histopatho-
logical changes were observed in this cadaveric series. Unlike fetal
specimens, reticulin fibers were almost absent in the adult penile
connective tissues, instead being preferentially distributed around
capillaries, peripheral nerve fibers, and adipocytes in the penile sus-
pensory apparatus, as well as intra- and extracorporeal smooth muscle
cells, and the skeletal muscle cells of the bulbospongiosus muscle

(not shown).

in this specimen. (G) Approximately 94 um proximal to the corresponding rectangle in E, depicting a CD56™ tunical perforating nerve fiber with an
oblique course identified in the lateral aspect of the shaft tunica albuginea. (H) Approximately 242 um distal to E, showing the persistence of the
heightened ventral S100" neural density at the frenular level. Thus, similar neurodevelopmental patterns of increased ventral neural densities are
observed across specimens sectioned in different spatial planes (sagittal and transverse). CC, corpora cavernosa; TA, tunica albuginea.
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FIGURE 5 Neurological phenomena in a sagittally sectioned human fetal penile specimen of approximately 20 weeks of fetal age. Corpuscular
stage of fetal penile neurodevelopment. (A) Low-magnification overview of a specimen immunostained for SYN (brown) and smooth muscle actin
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3.5 | Immunohistochemical profiles of penile
sensory corpuscles

The axonal immunoreactivity patterns of all sensory corpuscle types
across all penile regions examined in this study were NF*, SYN*,
NSE*, PGP9.5%, GAP-43*, and pan-TRK™. Intracorpuscular modified
Schwann cells, regardless of sensory corpuscle type or penile region,
were S100", SOX10%, nestint, vimentin®, CD56", Bcl2t, Gap-43*,
and NGFR*. Additionally, COL-IV specifically stained the basal lami-
nae of these Schwann cells, highlighting their specialized extracellular
matrix (ECM). For Pacinian and Golgi-Mazzoni corpuscles, regard-
less of their anatomical position, the outer core was Glut-1*, EMAT,
VIM*, COL-IV*, NGFR*, and CD10*, whereas the irregular inter-
mediate layer was CD34*. Occasionally, a distinct a-SMA* capsular
layer surrounding the Pacinian outer core was identified, observed in
approximately 1 out of every 10 Pacinian corpuscles. The capsules
of deep-dermal genital corpuscles were CD34+, a-SMA*, Glut-1*,
EMAT*, and CD10*. A summary of this information is provided in
Table 2.

3.6 | Glans, frenular, and ventral preputial nerve
bundle innervation: lamina propria

Transverse sections of the glans and frenular region revealed a strik-
ingly higher density of nerve bundles ventrally in the frenular area
and ventrolateral glans (Figure 7). In the frenular region, nerve bun-
dles formed an interconnected network that extended throughout the
glans lamina propria (Figure 7A,B,D-F). The axons within these bun-
dles ascended toward the dermis and lamina propria, giving rise to
a variety of sensory corpuscles (Figures 7C,F, 8, and Figure S4). The
dense frenular nerve bundles were located adjacent to equally dense
dartoic smooth muscle bundles and richly innervated blood vessels
with prominent autonomic innervation (Figure 7E,G). In contrast, the

CEPEDA-EMILIANI ET AL.

glans lamina propria lacked smooth muscle bundles and dense aggrega-
tions of nerve bundles. Along with nerve bundles and richly innervated
vasculature and smooth musculature, the frenular region also con-
tained an extensive network of lymphatic vessels that communicated
with those in the glans lamina propria (Figure 7H). Thus, together,
the frenular region and glans lamina propria formed an intercon-
nected network of nerve bundles, blood vessels, and lymphatic vessels,
whereas smooth muscle bundles were absent in the glans lamina pro-
pria. Using the classical anatomical position with the penis erect and
the prepuce retracted as a reference, the nerve bundles in the frenu-
lar region (projections of the perineal and dorsal nerves) extended
proximally throughout the ventral prepuce in a retrograde manner
(Figure 71).

3.7 | Sensory corpuscles in the glans and frenular
region

A wide variety of sensory corpuscles in the glans and frenular region
were spatially segregated in a highly organized manner (Figures 8-10
and Figure S4). These included genital, Krause, Pacinian, Paciniform,
Golgi-Mazzoni, Ruffini-like, Meissner, and numerous other corpus-
cles that were difficult to classify. We present these data from the

superficial to the deep histological strata.

3.7.1 | Lamina propria

The lamina propria of the glans was continuous with that of the frenu-
lar and ventral inner preputial regions. It was bounded superficially by
the epithelium and underneath by a distinct layer composed of dense
elastic fibers and coarse collagen oriented parallel to the surface. This
specialized layer corresponds to the glans tunica albuginea, which will
be described in detail in Section 3.16.

(SMA) (magenta), indicating the anatomical positions of the structures shown in the other images. The preputial and scrotal dartos, along with the
intracorporeal smooth muscle, are labeled with SMA (magenta). Parts (B-D) are from a section approximately 162 um lateral to A, whereas E is
from a section approximately 122 um lateral to A. (B-E) Typical developing and immature Pacinian corpuscles are shown in various anatomical
regions: glans (B), between the corpus spongiosum and corpora cavernosa (C) (for an adult Pacinian in this position, see Figure 11N), prepuce (D),
and within the penile bulb (E) (for adult bulbar Pacinians, see Figure 11). In B-E, the SYN™ axons within the Pacinian inner cores are longitudinally
sectioned (brown), with SYN™ spine-like axonal processes extending from the sensory axon in D. The nascent outer core lacks epithelial membrane
antigen (EMA) expression in B and C but is EMA* (magenta) in D, indicating developmental intraspecimen variability in expression of this marker.
The intracorporeal bulbar Pacinian in E contains inner core SOX10* Schwann cell nuclei (magenta). (F) Higher magnification of the corresponding
rectangle in A, showing a ventrally situated epithelial structure identified as the future frenulum associated with numerous SYN* nerve fiber
profiles (brown) and blood vessels. (G) An intermediate magnification of the corresponding rectangle in A, showing the terminal SYN* axonal
branching pattern in the ventral prepuce (brown). The outer ventral preputial epithelium has thinned to only four or five cells thick, a marked
reduction in thickness compared to the pre-corpuscular stage. This thinning is accompanied by a significant decrease in preputial intraepithelial
nerve fiber density, suggesting axon pruning and/or retraction of nerve fibers from their previous intraepithelial positions at an earlier
developmental stage. The ventral preputial stroma is filled with developing SMA™* dartos smooth muscle (magenta), along with SYN* nerve fibers
(brown) reaching all basal epithelial surfaces, though many deep stromal nerve fibers are out of the plane of section. (H) Higher magnification of
the epithelial frenular structure in F, highlighting the dense network of SYN* nerve fibers (brown) associated with the future frenulum. (1) High
magnification view of the ventral preputial region indicated in G, where SYN™ (brown) intensely stains the distinct peripheral axon branching
pattern of nerve fibers that cover contiguous but apparently non-overlapping or partially overlapping epidermal territories. This pattern suggests
axon self-avoidance through repulsive interactions between isoneuronal branches and/or competition for limited neurotrophic factors.
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TABLE 1 Summary of main morphological and neurological processes across the fetal pre-corpuscular/hyperinnervation and
corpuscular/neural pruning stages of penile neurodevelopment.

Feature

Sensory corpuscles

Nerve-to-body ratio

Intraepithelial
fibroblasts

Extracorporeal
innervation

Intraepithelial nerve
fibers

Epithelial features

Corporeal bodies,
urethra, and
intracorporeal
innervation

Tissue structure

Glans features

Preputial dartos

Pre-corpuscular/Hyperinnervation stage (8-16 weeks)

Absent for most of this stage (Figures 2-4). Sparse
developing Pacinian corpuscles were observed by the end
of stage (inset in Figure 4E)

High nerve diameter-to-body ratio makes neural patterns
easily identifiable in single sections without serial section
analyses

VIMT* intraepithelial penile spindle- or dendritic-shaped
cells are commonly noted between 8 and 10 weeks (inset
in Figure 2A)

By 8 weeks, dorsal nerve fibers reach the distal glans tip
and early prepuce by 10 weeks (Figure 2A), with minimal
intraepithelial fibers (arrow in Figure 2D). The main dorsal
nerve trunk and its ventrolateral branches terminate near
the future frenulum by the end of the indifferent stage,
marking the earliest phase of penile morphogenesis
(Figure 2A). Thinner very dense stromal nerves are evident
ventrally. Neural anastomoses are frequent, with ventral
convergence of extracorporeal branches toward the future
frenular area

A hallmark of this stage throughout all penile epithelia.
Marked increases between 11 and 13 weeks (Figures 2G-J
and 3E-J), peaking in the ventral prepuce and future
frenular area within thick epithelial sheets (Figure 4D)
(14-16 weeks)

Ventral preputial epithelium disproportionately thicker
than dorsal (Figures 2F,G,l,J, 3AE,l,J, and 4A,D-F). Dorsal
epithelial remodeling at 10 weeks signals early
development of prepuce, coronal sulcus, and glans-shaft
junction (Figure 2B-D)

Corpora cavernosa, developing corpus spongiosum, and
glans appear as hypercellular mesenchymal condensations
with absent to sparse vasculature and innervation

(Figure 2A-C,F). Urethral development begins with dense
ventral axonal supply

High levels of reticulin fibers indicate connective tissue
immaturity. Hypercellularity and dense tissular texture are
common throughout this stage

No distinct lamina propria or tunica albuginea. The dorsal
nerve invades and ramifies throughout the glans, with
thick branches innervating the ventral glans near the
future frenulum (8-9 weeks) (Figures 2A and 3E)

Dartos smooth muscle layer begins developing at 12
weeks, visible in sagittal, transverse, and coronal sections
(Figure S7)

Corpuscular/Neural pruning stage (17-24 weeks)

Developing sensory corpuscles, exclusively Pacinians,
appear consistently from ~19 weeks (Figure 5 and Figure
S2). Extracorporeal Pacinians observed in prepuce, glans,
scrotum, surrounding the tunica albuginea, and perineal
skin. Intracorporeal Pacinians in bulb (Figure 5AE) and
rarely in the corpora cavernosa (Figure S2D,G,H)

A progressive decrease in the nerve diameter-to-body
ratio necessitates extensive serial and semi-serial
section analyses to delineate neural patterns

VIM* intraepithelial penile spindle- or dendritic-shaped
cells continue to be observed

High stromal neural densities persist in the frenular area
(Figure 5F-I, Figures S2C and S3), with autonomic
innervation of perivascular and dartos smooth muscle
evident by >24 weeks

Densities decrease across all penile epithelia (Figure
S1B-D,l), with the ventral preputial epithelium thinning
notably (Figure 5A,G,|, Figures S2A,D and S3F) as
exuberant intraepithelial fibers undergo pruning (a
hallmark of this stage) (Figure 5G,). However, high
stromal neural densities in the future frenular area
persist (Figure 5F-I, Figures S2C and S3)

Epithelia thin to homogenous thin layers across all penile
surfaces (Figure 5A,G,| and Figures S2A,D and S3F)

Intracorporeal vascular spaces, innervation, and smooth
muscle are present (18 weeks) (Figures 5A and Figures
S1E-G, S2D, and S7F,G). Urethral development is
complete after 20 weeks

High levels of reticulin fibers indicate connective tissue
immaturity. Hypercellularity and dense tissular texture
diminish by 18 weeks, transitioning to a looser texture

Lamina propria appears by 19 weeks, but the tunica
albuginea remains absent at 24 weeks

Development continues, with dartoic and vascular
autonomic noradrenergic innervation evident by >24
weeks

Note: Processes that develop after the corpuscular stage include the bundling of preputial and glans axons within Glut-1* and EMA* compact perineurium,
the establishment of autonomic vascular and dartoic preputial innervation, the reduction of reticulin fibers across penile connective tissues, the emergence
of non-Pacinian sensory corpuscles, and the initiation of elastogenesis of the glans tunica albuginea.
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Pre-corpuscular

FIGURE 6 Schematicillustrations depicting the pre-corpuscular (hyperinnervation) and corpuscular (neural pruning) stages of human fetal
penile neurodevelopment in sagittal view. (A-C) Pre-corpuscular stage. (D) Corpuscular stage. (A) 8 weeks. Preputial development has not yet
begun. The prominent dorsal nerve has penetrated the glans, branching extensively and terminating ventrally in the prospective frenular region.
Nerve fibers are present at the distal tip of the glans, with high mesenchymal neural density in the developing ventral periurethral region (urethral
folds). Intraepithelial nerve fibers, however, remain sparse to absent. The penile surface epithelium begins to thicken, whereas corporeal vascular
spaces and innervation are still absent. (B) 12 weeks. Early prepuce emerges with nerve fibers in its distal tips. Ventral preputial intraepithelial
nerve fibers begin to peak in density within a disproportionately thickened epithelium. (C) 16 weeks. Preputial development progresses, with
intraepithelial nerve fibers reaching their peak density within the thickened ventral preputial epithelium, which simultaneously attains its
maximum thickness. Developing sensory corpuscles are not yet detectable. (D) 24 weeks. The prepuce fully covers the glans, extending beyond its
distal tip. Immature Pacinian corpuscles are distributed across all penile regions, including the prepuce, glans, frenular region, scrotum, areas
adjacent to the tunica albuginea, the plane between the corpora cavernosa and corpus spongiosum, the penile bulb, the perineal skin beneath the
bulbospongiosus muscle, and rarely within the corpora cavernosa. Neural pruning of intraepithelial nerve fibers, a defining feature of this stage,
occurs concurrently with the thinning of the ventral preputial epithelium. However, stromal neural densities beneath the epithelium remain high,
particularly in the prospective frenular region. The corporeal bodies exhibit vascular spaces and innervation.

This tissue compartment contained numerous highly axonally
branched sensory corpuscles, both papillary and non-papillary, dis-
tributed across the glans surface. However, these corpuscles were
spaced out  (Figure 8A) and did not form dense clusters, as com-
monly seen in the prepuce and frenulum (Figure 8B,C). Large segments
of the glans lamina propria across numerous serial and adjacent sec-
tions were entirely devoid of corpuscular receptors. Nevertheless, a
tendency for corpuscular and FNE aggregation was observed in the
ventrolateral glans regions flanking the frenular area contralaterally
(Figures 7E,F and 8D). Serial section analyses of multiple transverse
sections of the glans across paraffin blocks revealed that nerve bun-
dles and sensory corpuscles were most concentrated in the frenular
region of the ventral prepuce, rather than in the glans lamina propria
(Figures 7 and 8A-C). Clusters of up to 17 densely arborized corpuscu-

lar receptors were found concentrated within a few adjacent dermal

papillae in the frenular region (Figure 8B). These dense clusters of
nerve bundles and sensory corpuscles were consistently absent in the
dorsolateral glans lamina propria. Figure 8D-M and Figure S4 illustrate
the diversity of sensory corpuscles identified within the glans lamina
propria.

The axonal components of sensory corpuscles in the glans lamina
propria were visualized in our microphotographs using NF stain-
ing (Figure 8A,C.E-I,M and Figure S4A,J,M,0) and synaptophysin
(Figure 8B,D,J-L and Figure S41,K,N). Axons were also immunoposi-
tive for NSE (Figure S4G), PGP9.5 (not shown), GAP-43 (not shown),
and pan-TRK (not shown). Notably, the glans lamina propria con-
tained a low-density subpopulation of Golgi-Mazzoni (Figure S4A-1),
Paciniform (Figure S4J-N), and small Pacinian corpuscles (Figure S40).
Unlike typical Pacinian corpuscles, Golgi-Mazzoni corpuscles exhib-

ited larger inner cores with abundant axonal profiles (Figure S4G,I)
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TABLE 2 Immunohistochemical profiles of adult penile sensory corpuscles identified in this study.

Pacinian Golgi-Mazzoni Meissner Ruffini-like Genital and Krause
Marker corpuscles corpuscles corpuscles corpuscles corpuscles
a-SMA Capsule —/+ - - - Capsule (deep-dermal type)
—/+
Bcl-2 Inner core Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Schwann cells + +
CD10 Outer core + Outer core/capsule + — — Capsule (deep-dermal type) +
CD31 N/A N/A N/A N/A N/A
CD34 Intermediate Inner core —/+ Capsule + Capsule + Capsule (deep-dermal type) +
layer + Intermediate layer +
Outer core/capsule —/+
CD56 Axons —/+ Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Inner core +
Schwann cells +
COL-IV Outer core + Inner core + Basal lamina of Basal lamina of Basal lamina of Schwann cells
Inner core + Outer core/capsule + Schwann cells + Schwann cells + +
D2-40 N/A N/A N/A N/A N/A
EMA Outer core + Outer core/capsule + — N/A Capsule (deep-dermal type) +
Gap-43 Axons + Axons + Axons + N/A Axons +
Inner core Inner core Schwann cells Schwann cells + Schwann cells +
Schwann cells + EE
Outer core —/+ Outer core/capsule —/+
Glut-1 Outer core + Outer core/capsule + - N/A Capsule (deep-dermal type) +
Nestin Inner core Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Schwann cells + +
NF Axons + Axons + Axons + Axons + Axons +
NGFR Axons + Axons + Schwann cells + Schwann cells + Schwann cells +
Inner core Inner core Schwann cells
Schwann cells + +
Outer core + Outer core/capsule +
Capsule +
nNOS N/A N/A N/A N/A N/A
NPY N/A N/A N/A N/A N/A
NSE Axons + Axons + Axons + Axons + Axons +
Pan-TRK Axons + Axons + Axons + Axons + Axons +
PGP9.5 Axons + Axons + Axons + Axons + Axons +
Outer core + Outer core/capsule +
S100 Inner core Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Schwann cells + +
SOX10 Inner core Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Schwann cells + +
Axons + Axons + Axons + Axons + Axons +
Synaptophys
TH N/A N/A N/A N/A N/A
Inner core Inner core Schwann cells Schwann cells + Schwann cells + Schwann cells +
Vimentin Schwann cells + +
Outer core + Outer core/capsule +
Capsule +
VIP N/A N/A N/A N/A N/A

Note: Regardless of their anatomical location, the immunohistochemical properties of penile sensory corpuscles were consistent. The table details the specific
corpuscular components that exhibit immunoreactivity, along with approximate percentages of corpuscles displaying these immunoreactivities. +, Marker
positive in most corpuscles (>90%). +, Marker positive in a moderate subpopulation of corpuscles (~40%-60%). —/+, Marker positive in a small subpopulation
of corpuscles (~10%-20%). —, Marker not detected in all corpuscles. N/A, antibody not applied to sensory corpuscle.

Abbreviations: COL-IV, collagen type IV; EMA, epithelial membrane antigen; Glut-1, glucose transporter 1; NF, neurofilament; nNOS, neuronal nitric oxide
synthase; NPY, neuropeptide Y; PGP9.5, protein gene product 9.5; SMA, smooth muscle actin; TH, tyrosine hydroxylase; VIP, vasoactive intestinal peptide.
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FIGURE 7 Frenular innervation patterns in three human adult penile specimens. (A) Transverse section through the glans and frenular region
from a 63-year-old individual, immunostained for NGFR. Moderate to low levels of nerve bundles are observed in the dorsolateral glans lamina
propria, contrasting with the increasing nerve bundle densities ventrolaterally and ventrally in the frenular area proper. A continuous network of
nerve bundles and vasculature extends through the lamina propria of the glans, frenular region, and ventral prepuce, seamlessly connecting these
anatomical regions. (B) Higher magnification of the corresponding rectangle in A (frenular region), showing an increase in NGFR* nerve bundle
density toward the frenular area proper. (C) Higher magnification of the rectangle in B, highlighting superficial NGFR™ nerve fibers that give rise to
NGFR* corpuscular receptors, including Meissner corpuscles in the dermal papillae (arrows) and a deeper Krause corpuscle (arrowhead). NGFR
immunostains the modified Schwann cells within these corpuscles, although axonal immunopositivity cannot be excluded. (D) Transverse section
immunostained for NGFR from a 65-year-old individual, again showing heightened ventral NGFR* nerve bundle density as part of the continuous
network of nerve bundles and vasculature that extends through the lamina propria of the glans, frenular region, and ventral prepuce. The
dorsolateral glans lamina propria contains moderate to low levels of nerve bundles, in contrast to the elevated neural densities ventrolaterally and
ventrally. The distal ligament (*) is observed dorsally, and the lower midline septum (**) is present ventrally. These fibrous collagenous structures
are connected by fibrous extensions or a “urethral ring” surrounding the glanular urethra, which is also readily observed in the image. (E) Higher
magnification of the rectangle in D (frenular region), showing a dense network of NGFR™ nerve bundles that communicate through the continuous
tissue plane formed by the ventral glans and ventral preputial lamina propria. Numerous unstained dartos smooth muscle bundles are observed on
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and smaller outer cores or capsules. Golgi-Mazzoni corpuscles were
also commonly found in the prepuce in low to moderate numbers (not
shown), varying by specimen. Their immunohistological profile was
identical to that of Pacinian corpuscles, as reported in the literature,
with the exception that the CD34™ intermediate layer of cells between
the inner and outer cores frequently appeared irregular and extended
cytoplasmic processes into the inner core, which itself also contained
CD34+ cells (Figure S4A). However, we also identified a population
of Golgi-Mazzoni corpuscles with a well-defined CD34" intermediate
layer, similar to that of Pacinians (not shown).

SYN, NSE, and PGP9.5 immunostained numerous intracorpuscu-
lar small-diameter accessory axons that were not highlighted by NF
staining in serial sections. This contrast was particularly evident in
the aforementioned corpuscles and genital corpuscles of the ventral
preputial region near the frenulum (Figure Sé). For comparison, exam-
ine the axonal profiles in Figure S4A against those in Figure S4G,|, and

in Figure S4J,M compared to those in Figure S4K,N, respectively.

3.8 | Corpus spongiosum

The deep glans corpus spongiosum, a region typically rich in elastic
fibers, contained moderate to low numbers of small Pacinian corpus-
cles and smaller Paciniform corpuscles (Figure 9). Elastic fibers were
not observed within the Pacinian corpuscles themselves; however, they
were abundantly interwoven with coarse collagen fibers surrounding
the glans Pacinians (Figure 9J-N).

3.9 | Glans urethral lamina propria

The lamina propria of the glanular urethra exhibited sparse, low-to-
moderate densities of small sensory corpuscles, which were absent
in the lamina propria of the shaft and bulbar regions of the anterior
urethra (Figure 10A-1).

3.10 | Bulbar sensory corpuscles

Adult intracorporeal sensory corpuscles were primarily sparse, iso-
lated, and variably sized and shaped typical Pacinian corpuscles

ANDROLOGY & WILEY-L%

located in the bulbar region of the corpus spongiosum, supplemented
occasionally by Paciniform corpuscles (Figure 11). Bulbar Pacinians
were predominantly intratrabecular in position (Figure 11B-M) but
were also found directly adjacent to the inner aspect of the bul-
bar tunica albuginea (not shown). Sensory corpuscles were absent
from the lamina propria of the bulbar and shaft urethra. Addition-
ally, Pacinian corpuscles were identified in the plane between the
corpora cavernosa and corpus spongiosum near the external aspect
of the bulbar tunica albuginea (Figure 11N). For comparison, see
Figure 5A,C for a fetal Pacinian corpuscle in a similar anatomical
location.

Sensory corpuscles were specifically searched for in the fibro-
muscular trabeculae of the corpora cavernosa and the shaft corpus
spongiosum but were not observed in adult specimens. Thus, the adult
corpora cavernosa was devoid of sensory corpuscles in this study,
whereas the corpus spongiosum contained low-to-moderate density
subpopulations of Pacinian corpuscles limited to the bulb and glans
regions, suggesting a bimodal distribution. However, exceedingly rare
fetal intracavernosal developing Pacinians were identified in fetal
specimens (Figure S2G,H).

Collectively, the immunohistochemical profiles of bulbar and glans
Pacinians were identical and matched those of preputial Pacinians
identified in the same specimens, which served as internal con-
trols whose immunohistology has been previously documented in
the literature (Table 2). No elastic or reticular fiber contents were
observed within Pacinian corpuscles, although dense elastic fibers
were located near Pacinians in the spongiosal bulbar and glans
trabeculae.

3.11 | Penile suspensory apparatus

The adipose tissue of the penile suspensory system contained numer-
ous nerve bundles (Figure 110) and typical Pacinian corpuscles
(Figure 11P). The nerve bundles exhibited an exceptionally high den-
sity of nerve fibers, consisting of a mix of unmyelinated and myelinated
fibers in varying proportions. Figure 110 highlights the reticulin fiber
network surrounding the nerve fibers within the penile suspensory

apparatus.

the preputial side (arrowheads), as detailed further in G. The inset (upper right corner) shows the thick-walled frenular artery with rich NGFR*
autonomic adventitial innervation by nonmyelinated nerve fibers. In the upper left corner, an artery (arrow) with NGFR* autonomic innervation is
visible within the layers of the ventral spongiosal tunica albuginea (TA). (F) Higher magnification of the rectangle in E, displaying NGFR* nerve
bundles, a deep Krause corpuscle in the lamina propria (arrowhead), a papillary NGFR™ corpuscle (arrow), and innervated arterioles in the frenular
region. (G) Higher magnification of the rectangle in E, demonstrating dartos smooth muscle bundles with rich NGFR* autonomic innervation (see
also Figure S8F), NGFR™ nerve bundles, and frenular arterioles with dense NGFR* autonomic innervation. NGFR intensely stains both myelinated
and unmyelinated axons within nerve bundles and the unmyelinated autonomic axons that supply the dartoic smooth muscle and preputial blood
vessels, thus serving as a pan-axonal marker. Additionally, NGFR stains the nerve bundle perineurium. (H) A section located approximately 82 um
proximal to the frenular region in D, showing a network of D2-40* lymphatic vessels within the frenulum, freely communicating through the
continuous tissue plane formed by the ventral glans and ventral preputial lamina propria. (I) Ventral prepuce from a 45-year-old individual,
immunostained for collagen type IV (COL-1V), revealing numerous nerve bundles with intensely stained COL-IV* perineurium. As a rule, such
nerve bundle aggregations were not found in the glans lamina propria. Endoneurial periaxonal collagen, blood vessels, and smooth muscle bundles
also stain positive. TA, tunica albuginea.
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FIGURE 8 Glans and frenular corpuscular neuroreceptors. The figure is a composite, with E and M derived from different specimens (51 and
66 years old, respectively). The rest of the images were obtained from the specimen shown in A. (A) Transversely sectioned glans specimen from a
45-year-old individual immunostained for neurofilament (NF) (brown) and CD34 (magenta), showing the anatomical positions of the other images,
including those in Figure S4. The strand of ventral frenular tissue is part of the ventral inner prepuce. Transverse sections of the glans from
specimens fixed with the prepuce retracted typically exhibit this or similar histological profiles. Note the anatomical continuity between the
frenular lamina propria and the glans lamina propria. Also note the unstained glans tunica albuginea (TA), situated between the CD34* (magenta)
glans lamina propria and underlying corpus spongiosum. The NF* dorsal nerves (arrows) appear in cross-section, showing bilateral asymmetry,
with larger and more numerous nerves on the right hemiglans (left part of the image) compared to the contralateral side. The distal ligament (*) and

the lower midline septum (**) are located dorsal and ventral to the urethra, respectively. (B) Higher magnification of a section approximately 22 um
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3.12 | CD10 expression in the outer core of
Pacinian and Golgi-Mazzoni corpuscles

CD10 was consistently expressed in the outer core of adult Pacinian
corpuscles, specifically in the region closest to the inner core (Figure
S5A-G,L). This pattern was observed in the majority of Pacinian cor-
puscles analyzed in this study. Double immunofluorescence staining
for CD10 and CD34 excluded colocalization of these markers in the
intermediate layer (Figure SSH-K,M-0). No differences were detected
in the staining patterns or intensities of Pacinian corpuscles between
the two CD10 antibody clones used in this study (Table S2). Addition-
ally, CD10 was identified within Golgi-Mazzoni corpuscles, where it

exhibited faint immunopositivity (Figure S4G).

3.13 | Preputial genital corpuscles

The prepuce contained a subpopulation of deep-dermal encapsulated
typical genital corpuscles characterized by capsular expression of
CD34, Glut-1,EMA, vimentin, a-SMA, and CD10 (Figure S6A-N). Addi-
tionally, the internal septa of some of these corpuscles were exclusively
CD34*, whereas the axons consistently expressed NF, NSE, PGP9.5,
and NGFR. Similar to Golgi-Mazzoni corpuscles, SYN, NSE, and PGP9.5
immunostained numerous intracorpuscular small-diameter accessory
axons that were not detected by NF staining in serial sections. For
comparison, contrast the axons depicted in Figure S6C with those in
Figure S6D,E, as well as those in Figure S6H with those in Figure Sél,J.
These comparisons suggest that the small-diameter accessory axons

ANDROLOGY &

represent a distinct subset of intracorpuscular neural components, as
indicated by their specific immunoreactivities.

3.14 | Ontogeny of the preputial dartos

The adult preputial a-SMA™* dartos smooth muscle layer was observed
in transverse sections of the glans and prepuce (Figure S7H,). This a-
SMA™* anatomical layer was also identified in fetal specimens through
sagittal, transverse, and coronal sections, first appearing at 12 weeks
of fetal age and persisting across specimens aged 14-24 weeks (Figure
S7A-G). The orientation of the preputial smooth muscle bundles was
notably multiaxial. This richly developed preputial smooth muscle
layer occupied the central axis of the prepuce, positioned between
the lamina propria of the inner prepuce and the dermis of the outer

prepuce.

3.15 | Innervation of the preputial dartos smooth
muscle

The preputial dartos smooth muscle exhibited dense innervation by
unmyelinated nerve fibers, forming a fine network of dense NSE™,
CD56%, PGP9.5%, NGFR*, SYN*, and TH* fibers (Figure S8A-I). This
robust innervation was supplemented by a markedly sparser network
of nNOS*, NPY™*, and VIP* fibers, which were detectable in specific
regions within a limited number of sections from most specimens
(Figure S8J-0).

proximal to the frenular region indicated in A. Concentration of frenular sensory corpuscles with dense SYN™ axons (brown) withina CD10*

dermal stroma (magenta). The image highlights the dense clustering of approximately 17 sensory corpuscles in the frenular area, contrasting with
the isolated situation of sensory corpuscles in the glans proper. (C) Semi-serial section approximately 6 um proximal to B, showing corpuscles from
the same cluster with NF* axons (brown) amid a CD34+ dermal stroma (magenta), contrasting with the more extensively stained CD10* stroma in
B. Background staining is observed in the epithelium. (D) Higher magnification of a section from a different paraffin block from approximately the
ventral glans region indicated in A. Three or four corpuscular receptors within adjacent frenular corial papillae, showing SYN™ axons (brown) near
smooth muscle actin (SMA)* capillaries (magenta). Parent fibers supplying the corpuscles can be observed in the lamina propria beneath the
corpuscles. (E) Section from a different specimen (51 years old) from approximately the ventral glans region indicated in A. Frenular genital
corpuscle with dense NF* axons (brown) and SOX10* Schwann cell nuclei (magenta). (F and G) Serial sections from a different paraffin block from
approximately the region indicated in A. Serially sectioned deep-dermal fusiform Ruffini-like corpuscle, displaying NF+ axonal arborizations
(brown in F and G), CD34* fibroblast-like cells or possible telocytes (magentain F), and SOX10* Schwann cell nuclei (magenta in G). The
surrounding collagen appears artifactually broken because of common HIER effects on stromal collagen. (H and 1) Serial sections from a different
paraffin block from approximately the dorsal region indicated in A. Serially sectioned genital corpuscle located within a dorsal glans corial papilla,
exhibiting loose NF* axonal proliferations (brown in H and I), CD34™" corpuscular fibroblast-like cells or possible telocytes (magenta in H), and
SOX107* Schwann cell nuclei (magentain I). (J) Section from a different paraffin block from approximately the dorsal region indicated in A. Papillary
corpuscle in the dorsal glans, with a dense SYN™ axonal component (brown) surrounded by a CD10* dermal stroma (magenta). It is unclear
whether CD10" cells are part of the corpuscle or external to it. Two parent fibers (arrows) approximate the corpuscle, suggesting polyinnervation.
(K) Section from a different paraffin block from approximately the ventral glans region indicated in A. Small frenular Krause corpuscle in the deep
lamina propria, with densely packed SYN* axons (brown) and SOX10* Schwann cell nuclei (magenta). Serial sections (not shown) confirmed the
presence of loose CD34™ fibroblast-like capsular cells. (L) Section from a different paraffin block from approximately the lateral glans region
indicated in A. Lateral papillary glans genital corpuscle with a typical SYN* dense axonal mass (brown) and immunonegative epithelial membrane
antigen (EMA) capsular component. The adjacent epithelium shows EMA immunopositivity (magenta) with an apicolateral membranous staining
pattern. (M) Section from a different specimen (66 years old) from approximately the ventrolateral glans region indicated in A. Encapsulated
Krause corpuscle in the ventrolateral glans deep lamina propria, with an NF* axonal component (brown) and a CD34* capsule (magenta), escorted
by an adjacent NF* and CD34+ smaller corpuscle. TA, tunica albuginea.
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3.16 | Tunica albuginea of the glans

In contrast to all fetal specimens, a distinct glans tunica albuginea,
composed of densely packed elastic and thick collagen fibers ori-
ented parallel to the glans epithelium, was easily identified as an
anatomical layer between the lamina propria and the corpus spongio-
sum (Figures 8A, 9B, 10A, and 12). The fibroelastic composition of
this layer exhibited a multiaxial arrangement, with fibers oriented in
transverse (Figure 12A-F,J) and sagittal (Figure 12G-1) planes. Coarse
collagen fibers were clearly visible using H&E staining (Figure 12J) and
MT staining (not shown). Multiple measurements of tunical thickness,
performed on random regions from representative slides of three spec-
imens, determined an average thickness of approximately 0.5 mm. This
layer was frequently perforated by numerous neurovascular elements
(arrows in Figure 12B,H).

The visibility of the glans tunica albuginea varied between speci-
mens. It was more readily observed at low and high magnifications
in younger specimens aged 45-66 years but was more difficult to
demonstrate in older specimens. These differences may be age-related,
although technical factors such as specimen handling and prepara-
tion likely contributed. Furthermore, even in specimens where this
layer was clearly demonstrated, localized areas exhibited disorganiza-
tion, irregularity, and reduced prominence of elastic fibers. A sharply
defined transition was commonly observed between the deepest lay-
ers of the glans tunica albuginea and the underlying corpus spongiosum
(Figure 121,J). However, detailed analysis revealed continuity between
the elastic and collagen fibers of the glans trabeculae and the tunica
albuginea (arrows in Figure 12C-FJ). The transition between the
tunica albuginea’s most superficial layers and the lamina propria was
less distinct, particularly in H&E and MT stains. This occasionally led
to the misconception that the tunica albuginea was merely a deeper

region of the lamina propria with an increased concentration of elas-

ANDROLOGY &

tic fibers. Closer examination using carefully oriented transverse and
sagittal sections at multiple magnifications, combined with high-quality
automated histochemical staining, confirmed that the tunica albuginea
is distinct from the lamina propria. This distinction is based on the
pronounced parallel orientation of elastic and coarse collagen bundles
relative to the glans epithelium. The glans tunica albuginea constitutes
the outermost component of the intricate glans fibroelastic skele-
ton, encasing the corpus spongiosum of the glans. Refer to Figure 1C
(arrowheads indicating the EF glans layer) to compare our histologi-
cal demonstration of the glans tunica albuginea with Krstic’s classical
illustration.

Low-power immunohistochemical analysis of sections stained for
CD34 (Figures 8A, 9B, and 10A) and vimentin (not shown) further iden-
tified the glans tunica albuginea as a distinct, unstained, hypocellular
fibrous tissue layer, connected to the underlying fibroelastic skeleton
of the glans corpus spongiosum. Elastic fibers within the glans lamina
propria extended superficially, forming intricate networks and meshes
of varying sizes in the papillary layer, closely contacting the basal
epithelial surface (not shown). Figure 8 and Figure S4 show the diverse
sensory corpuscles located within the glans lamina propria, positioned

between the tunica albuginea and the epithelium.

4 | DISCUSSION

In this study, we have provided detailed light-microscopic immuno-
histological analyses of human penile tissues from the earliest fetal
stages of penile development to adulthood, presenting a wealth of
novel findings across diverse areas of contemporary penile research.
These areas include the ontogeny of penile innervation; the innervation
of the glans, frenular delta, prepuce, and corporeal bodies; an empha-
sis on the immunohistology of sensory corpuscles across these regions;

FIGURE 9 Human adult Pacinian corpuscles deep in the glans corpus spongiosum (CS) in three specimens: (A, C-G) 51-year-old individual, (B,
H, I) 54-year-old individual, and (J-N) 48-year-old individual. The human adult penile glans contains a distinct but relatively low-density
subpopulation of small Pacinian corpuscles located deep in the glans CS. (A) Transverse section through the distal glans, immunostained for

neurofilament (NF) (brown) and CD34 (magenta), showing the anatomical positions of the other images. Small dorsal nerve fascicles are visible in
cross-section (arrows). The urethral lamina propria (LP) contains a dense population of CD34 cells. The distal ligament (*) and the lower midline
septum (**) are present dorsal and ventral to the urethra, respectively, connected by a fibrous “urethral ring.” (B) Transverse section through the
dorsal glans, immunostained for NF (brown) and CD34 (magenta), showing the anatomical positions of H and |. The four histological layers of the
glans are shown: epithelium (Ep), LP, tunica albuginea (TA), and CS. A tunical perforating nerve bundle is visible in the upper right corner (arrow).
(C-E) Small Pacinian corpuscles with SYN™ inner core axons found in a section approximately 10 pm proximal to A. The two Pacinians in C are
longitudinally sectioned, whereas those in D and E are transversely sectioned. (F) Section from a different paraffin block from approximately the
anatomical region indicated in A, showing a Pacinian corpuscle with a single NF* axonal punctate profile (borown) and a CD10* circular layer
(magenta) surrounding the inner core. Background staining is present in the outer core. (G) Section from a different paraffin block from
approximately the anatomical region indicated in A, showing a larger Pacinian corpuscle with GAP43* outer core immunoreactivity. (H and )
Serially sectioned Paciniform corpuscle with double inner cores, showing NF* (brown in H and I) single axonal profiles within each inner core. (H)
shows CD34™ intermediate layers (magenta) and CD34* endothelium (magenta) lining a venous space in the superior part of the image. Part (1)
displays a distinct CD107 circular layer (magenta) surrounding the inner core and occupying the first layers of the outer core. (J) Sagittal section
through a distal glans specimen stained for elastic fibers, showing the anatomical positions of K-N. Note the paucity of elastic material within the
corporeal tunica albuginea and the higher density of elastic fibers in the glans CS. (K) Higher magnification of the rectangle in J, displaying three
small Pacinian corpuscles. Note the high density of elastic material (black) in the glans fibroelastic skeleton. (L-N) Higher magnifications of the
corresponding rectangles in K, showing three small Pacinians near each other in a region close to the distal ligament of the glans. Note the high
density of thick elastic material (black) interwoven with dense collagenous tissue surrounding each Pacinian, and the absence of elastic material
within the corpuscles.
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FIGURE 10 Human adult penile distal urethral sensory corpuscles. (A-1) 51-year-old specimen. The glans portion of the anterior urethra
contains low to moderate densities of small non-Pacinian corpuscular receptors in the lamina propria, typically located near the epithelium. (A)
Low-power view of a transversely sectioned glans specimen at the fossa navicularis, showing the anatomical locations of the corpuscles in the
other images. The glans tunica albuginea (TA) appears as an unstained band parallel and adjacent to the epithelium, contrasting with CD34+ tissue
elements (magenta) in the lamina propria and corpus spongiosum. Note the midline distal ligament (*) dorsal to the urethra, the lower midline
septum (**) ventrally, and the fibrous “urethral ring” that connects these ligamentous structures. Fibrous tissues surround the urethra, connecting
the distal ligament to the lower median septum and the glans tunica albuginea, forming the glans fibrous skeleton. (B) Rounded subepithelial
urethral corpuscle with dense NF* axons (brown), surrounded by CD34™ cells (magenta) in the lamina propria. (C) Corpuscle with NF* axons
(brown) and SOX10* Schwann cell nuclei (magenta). (D) Corpuscle with NF* axons (brown) and SOX10* Schwann cell nuclei (magenta) in an
apparent intraepithelial location. This corpuscle may have been artifactually displaced during specimen preparation. (E) Urethral corpuscle with
NF+ axons (brown), lacking an epithelial membrane antigen (EMA™) capsule. The EMA™T urethral epithelium (magenta) is visible. (F) Sensory
corpuscle with NF* axons (brown), surrounded superolaterally by CD34" cells (magenta). No clear capsule is observed in the basal part of the
corpuscle. (G) Small sensory corpuscle with NF* axons (brown) and SOX10* Schwann cell nuclei (magenta). (H) Urethral corpuscle with NF* axons
(brown), lacking an EMA* capsule. Note the EMA™ urethral epithelium (magenta). (1) Fusiform Ruffini-like corpuscle parallel to the basal epithelial
surface, with intensely stained NF* axons. TA, tunica albuginea.
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FIGURE 11 Human adult penile bulbar Pacinian corpuscles. The figure is a composite, with images J-M derived from an embalmed specimen,
whereas the rest were obtained from the FFPE specimen shown in A (66-year-old). See Figure 5AE for a fetal bulbar Pacinian. (A)
Low-magnification image of a transversely sectioned specimen at the penile root stained for Masson’s trichrome (MT), showing the penile bulb
ventrally and separate cavernous bodies dorsally. The bulbospongiosus muscle (BSM, red) embraces the bulb, and parts of the penile suspensory
apparatus are visible dorsal to the cavernous bodies. The anatomical positions of the other images are indicated. (B and C) Serial sections showing
a small Paciniform corpuscle within a bulbar spongiosal trabecula near the bulbar septum, located approximately 66 um distal to the region
indicated in A. The corpuscle has double inner core that expresses nestin (B) and S100 (brown in C), whereas the outer core intensely expresses
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the development and innervation of the preputial dartos; and the pres-

ence and structure of the tunica albuginea encasing the glans corpus
spongiosum. We employed a diverse array of immunohistochemical
markers with high specificity and sensitivity, targeting neural, smooth
muscle, and vascular tissue components, alongside high-quality special
stains to highlight connective tissue elements. Rather than artificially
unifying a series of disparate topics, this study frames the penis as an
integrated organ,'%® with each component contributing to its overall
functions, including its proximal role in the provision of sexual pleasure
and its evolutionary role in reproduction.

Although our emphasis has primarily focused on neurosensory
structures, particularly through revealing the ontogenetic innervation
pattern of the frenular delta, we have also explored the ontogeny and
autonomic innervation of the preputial dartos, a dense smooth muscle
layer embedded within the prepuce. Additionally, our findings regard-
ing the glans tunica albuginea suggest a distinctive connective tissue
configuration with implications for the organization and distribution
of glans innervation, among other aspects. This study provides the
most detailed primary data on glans sensory innervation since Halata
and Munger’s 1986 study,'? integrating multi-scale microphotographs
to illustrate neural distribution and tissue architecture. It is also the
first to clearly visualize, through immunohistochemistry, the caver-
nosal tunical perforating nerve branches and the neural anastomoses
between penile nerves. The cavernosal tunical perforating nerves likely
originate from branches of the cavernous and pudendal nerves, sug-
gesting pro-erectile and sensory functions, whereas the functional
significance of the neural anastomoses remains to be elucidated.

Notably, these findings extend far beyond minor aspects of penile
morphology, instead shedding light on major anatomical and histo-
logical landmarks of the fetal and adult penis that had previously
remained obscure. This discussion partially mirrors the structure of
Section 1, synthesizing our findings to highlight their implications for
understanding penile neurodevelopment, morphology, sensory func-
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tion, and potential clinical and ethical implications, while situating
them within the broader scientific literature through detailed analyses.
Section 4 concludes by addressing penile neurotomy (PN) and circum-
cision, highlighting the relevance of our findings to these controversial
practices.

4.1 | Ontogeny of human penile innervation and its
role in sexual sensation: toward a
neurodevelopmental biology of the human penis

For the first time in the scientific literature, we have mapped the
neurological ontogeny of the human penis, providing immunohisto-
chemical evidence that informs over a century of discussion on penile
sexual sensation and its neuroanatomical basis (Table S1). Striking
neurodevelopmental phenomena of axonal pathfinding, pruning, and
refinement appear to occur in the ventral penis during fetal devel-
opment, specifically in the prospective frenular and ventral preputial
regions, potentially holding the key to understanding penile sexual sen-
sation. Dysregulation of these processes may contribute to the devel-
opment of hypospadias, a hypothesis previously explored by Aksel
et al.,22 although their approach emphasized the role of neurovascular
crosstalk.

Crucially, we have precisely documented the fetal ages (17-
24 weeks) during which sensory corpuscles become histologically
detectable in the human penis, defining distinct pre-corpuscular and
corpuscular stages of penile sensory development. The initial pre-
corpuscular stage is characterized by axonal hyperinnervation and
exuberant ventral intraepithelial nerve fibers that establish a dense
neural foundation. This phase is dominated by axon progressive pro-
cesses, such as neural growth and proliferation, with such vigorous
neurite extension that the intraepithelial nerve fibers appear almost
as if they are striving to extend beyond the confines of the fetal penis.

glucose transporter 1 (Glut-1) (magenta in C). Note the nestin™ (B) endothelial cells lining the vascular sinusoids filled with Glut-1* red blood cells
(magenta in C). A small, rounded nerve bundle with Glut-1* perineurium (magenta in C) lies beneath the Paciniform. (D-1) Semi-serial sections
showing a small bulbar intratrabecular Pacinian corpuscle, obtained from a different paraffin block several mm proximal to A from approximately
the bulbar region indicated in A. The outer core is CD10" (D), epithelial membrane antigen (EMA*) (magenta in E) and NGFR* (1), whereas the
inner core lamellar cells are CD56" (brown in E), SOX107 (G), and BCL2* (H). The intermediate layer is CD34* (magenta in F), with six SYN*
punctate axonal profiles (brown in F) visible within the inner core. Spurious staining is present in the trabecular smooth muscle in E, likely because
of signal amplification for CD56. The vascular sinusoids are lined by CD34" endothelium (magenta in F). Contrast the single inner core in D-F with
the triple inner core in I, highlighting the complexity of Pacinian structure depending on the plane of sectioning. (J) Small intrabulbar Pacinian with
multiple neurofilament (NF*) inner core axonal profiles (brown) and Glut-1* outer core (magenta) obtained from a different specimen from
approximately the bulbar anatomical region indicated in A. Background staining is observed in the outer core interlamellar spaces. Although Glut-1
typically marks red blood cells, the magenta staining within the vascular sinusoids surrounding the Pacinian is background, likely because of the
embalming mixture used in this specimen. (K-M) Serial sections of a large intratrabecular Pacinian corpuscle with highly complex interconnections
between the outer core lamellar cells, expressing VIM (K), NGFR (L), and collagen type IV (COL-1V) (M) in the inner and outer cores and capsule.
This Pacinian is from a different specimen from approximately the bulbar region indicated in A. (N) Flattened Pacinian corpuscle located in the
plane between a cavernosal body and bulb, obtained from a paraffin block several mm proximal to A. Note the numerous elastic fibers (black)
interwoven with collagen fibers surrounding the Pacinian and the absence of elastic fibers within the Pacinian itself. Most elastic fibers appear as
short, rectangular profiles, reflecting their oblique orientation relative to the plane of section. For a fetal Pacinian in this anatomical position, see
Figure 5A,C. (O) Large nerve bundles within the adipose tissue of the penile suspensory apparatus stained for reticulin (COL-111), which is richly
distributed around peripheral nerve fibers. The nerve bundles are several mm proximal to the region indicated in A. These nerve bundles are
heavily loaded with both unmyelinated and myelinated axons (not shown). (P) Typical Pacinian corpuscle with a single SYN* axonal profile (brown)
surrounded by a CD34" intermediate layer (magenta), located within the penile suspensory system several mm distal to the region shown in A.
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FIGURE 12 Tunica albuginea of the human adult penile glans in two specimens, one sectioned transversely and the other sagittally, stained for
elastic fibers and HE. The glans contains a distinct histological layer between the lamina propria (LP) and the underlying glans corpus spongiosum
(CS), composed of coarse collagen fibers and interwoven dense elastic fibers arranged in a thick multiaxial band parallel to the epithelium (Ep).
Refer to Figure 1C for a detailed illustration of this histological layer by Krsti¢, which closely aligns with our current histological findings. (A)
Transversely sectioned specimen from a 45-year-old individual, showing the anatomical positions of the other images. The distal or corporoglans
ligament (*) and the lower midline septum (**), both structures with a low content of elastic fibers, are located dorsal and ventral to the urethra,
respectively. The dark spot ventrolaterally is an artifact. The strand of tissue ventrally is part of the frenular region and ventral prepuce. (B) Higher
magnification of the corresponding rectangle in A, showing the four histological layers of the glans: Ep, LP, tunica albuginea (TA), and CS. The glans
tunica albuginea exhibits numerous perforating neurovascular elements (arrows). (C) Higher magnification of the corresponding rectangle in A,
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This is followed by the corpuscular stage, where evidence of targeted

ventral axonal pruning coincides with the emergence and organization
of sensory corpuscles (fundamentally Pacinians), progressively refin-
ing the neural architecture toward its mature postnatal form. Thus, the
corpuscular phase involves axon regressive events to refine the neural
pattern to a more organized and mature circuitry. Across both devel-
opmental stages, however, heightened neural densities are observed
in the ventral mesenchyme and stroma, and these densities persist
postnatally in the frenular region and ventral glans.

Overall, our fetal results establish a basis for a detailed under-
standing of the neurodevelopmental biology of the human penis,
inviting further exploration of axonal guidance strategies,’* navi-
gation through intermediate and final targets, molecular gradients
of guidance cues, and axonal progressive and regressive events.>?
Table 1 details the main characteristics of fetal penile neurodevelop-
ment during the pre-corpuscular and corpuscular stages. Preliminary,
unpublished data from our laboratory suggest that a similar neurode-
velopmental framework may also govern the fetal innervation of the
vulva and clitoris. The following descriptions expand on the concepts

introduced in Section 1.1.

4.2 | Pre-corpuscular and hyperinnervation stage
(8-16 weeks)

Following the indifferent stage of sexual development, the penis begins
to form at approximately 8-9 weeks of fetal age. As documented in
our previous report,®® in Aksel et al.,?2 and in the current study, dor-
sal nerve fibers are present at the distal tips of the fetal glans at
these stages of development. These early fibers express NF, NSE, S100,
CD56, PGP9.5, pan-TRK, and NGFR and continue to express these
molecules into adulthood. Aksel et al.?2 reported an absence of nerve
fibers at the distal tips of the fetal phallus at the indifferent stage, sug-
gesting that navigating axons have reached an intermediate target but
have not yet extended to their final distal destination. By 10 weeks
of fetal age, nerve fibers are also observed at the distal preputial tip
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where the earliest signs of the developing prepuce begin to emerge.
This indicates that navigating axons have crossed multiple interme-
diate targets to reach their final destinations at the distal penis by
8-10 weeks of fetal age. Notably, the developing corpora cavernosa,
appearing at this stage as a hypercellular mesenchymal condensation
lacking innervation, likely serves as a crucial intermediate target that
exerts a strong chemoattractive influence on the pudendal nerve. This
effect appears to contribute to the fasciculation of axons into the dorsal
nerves, aligning them closely along the dorsal tunical surface.

The observation that the corpora cavernosa lack innervation at 8-
10 weeks indicates an obvious sequence of innervation in the human
penis, with extracavernosal sensory innervation established first, fol-
lowed by the subsequent development of intracavernosal autonomic
innervation. This suggests a developmental division of labor that con-
tributes to the dual sensory-autonomic functionality of the penis. A
series of experimental studies in rats, summarized by Georgiadis and
Kringelbach,® highlight the critical role of genital sensory input dur-
ing early sexual experiences in shaping sexual behavior patterns and
motivations. Our findings on the early onset of sensory innervation
relative to intracavernosal autonomic innervation in fetal penile devel-
opment align with this body of work, suggesting that prenatal penile
sensory input may contribute to the development of sexual sensation
pathways. Prenatal penile afferent input, even if rudimentary and lim-
ited, might stimulate synaptic growth and differentiation, facilitating
the organization and wiring of sensory pathways essential for func-
tional postnatal sensory and sexual responses. This early sensory input
could also hypothetically promote the development of intracavernosal
autonomic innervation, potentially further stimulated by the emer-
gence of developing Pacinians during the corpuscular phase. In any
case, the specialized sensory function of the human penis may depend
on a very early establishment of its sensory innervation pattern during
fetal development.

It remains unknown whether the distal tips of the genital tubercle
exert long-range axonal chemoattraction at the indifferent stage. How-
ever, we postulate that once axons reach their final targets at the distal
tips of the developing glans and prepuce by 8-10 weeks, short-range

showing elastic fibers within the glans tunica albuginea arranged parallel to the epithelial surface, with zones of delamination (arrow) where they
connect with the underlying glans fibroelastic skeleton. The four histological layers of the glans are visible again. (D) Higher magnification of the
corresponding rectangle in A, further demonstrating the fibroelastic structure of the glans tunica albuginea between the LP and the underlying
glans CS, with zones of delamination (arrow) connecting with the underlying glans fibroelastic skeleton. (E) Higher magnification of the
corresponding rectangle in B, highlighting zones where elastic fibers of the tunica albuginea delaminate (arrow) to integrate with the fibroelastic
skeleton of the CS beneath. (F) Additional magnification of the transverse section (corresponding rectangle in B), showing detailed views of elastic
and collagen fiber arrangement in the tunica albuginea and their connection to the underlying glans fibroelastic skeleton (arrow). (G) Sagittally
sectioned specimen from a 73-year-old individual, showing the anatomical positions of H and I. The corporeal tunica albuginea, poor in elastic
fibers, extends distally to form the distal or corporoglans ligament (*). This ligament gradually increases in elastic fiber content, emitting
fibroelastic extensions in all directions that ultimately communicate with the glans tunica albuginea. (H) Higher magnification of the corresponding
rectangle in G, showing the glans tunica albuginea with a more irregular appearance and neurovascular perforators (arrows) connecting the LP and
CS. (I) Higher magnification of the corresponding rectangle in G, providing detailed views of the elastic and collagen fiber arrangement within the
tunica albuginea, along with the sharp transition between this layer and the CS. (J) High magnification view of a section from a different paraffin
block from the same specimen and approximately the same lateral region indicated in A. HE-stained section showing a sharp transition between
the glans tunica albuginea and the underlying CS. However, upon closer inspection of this microphotograph, collagen fibers in the glans tunica
albuginea and CS are continuous, a feature observed throughout the whole penile circumference. In contrast, elastic fibers in the glans tunica
albuginea, arranged parallel to the epithelial surface, delaminate in specific zones toward the underlying CS (arrows in C-F). TA, tunica albuginea.
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axonal chemoattraction becomes a continuous process, contributing to
the synchronized development of nerve fibers alongside their epithe-
lial targets. By 8-10 weeks, Aksel et al.,?2 along with our current study,
demonstrated that the thick dorsal nerve of the penis terminates in the
ventral aspect of the glans near the prospective frenulum. Adult elec-
trophysiological and anatomical dissection studies®® have documented
these ventral branches of the dorsal nerve within the glans corpus
spongiosum, and they are illustrated in the adult penis in Figure 1A.
Thus, the specialized sexual sensations and dense neural structures of
the adult frenular area may depend on this early fetal innervation, as
it establishes the sensory neural architecture within a fetal tissue envi-
ronment where molecular cues guide axons to form stable, specialized
connections and enable later exuberant branching, features that might
not be replicated in later developmental stages.

By these fetal stages, the urethral groove remains open, whereas
the urethral folds exhibit a dense supply of axons. Throughout ure-
thral formation, the rapidly proliferating ventral epithelium remains
notably thicker than the dorsolateral penile epithelia, as demonstrated
in our previous® and in the current study. This thickened ventral epithe-
lium may originate from the perineal thick epithelium initially observed
in the sexually indifferent perineal region, as described by Hiilsman
et al.1% van der Putte? also described this thickened stratified squa-
mous ventral epithelium in the urethral folds, and sagittal penile
microphotographs in other publications*? display this feature, though
its significance is rarely explicitly discussed. Hiilsman et al.1%° noted
that, although the function of thick skin in human embryos remains
unknown, non-cornified thick skin in fetal rodents generally appears
more permeable to chemicals than thinner, cornified skin epithelia.
By this reasoning, one hypothesis is that the thickened ventral penile
epithelium may be more permeable to endocrine and environmental
factors, potentially linking this feature to both normal and abnormal
urethral development. This increased permeability could expose the
developing urethral region to hormonal imbalances or environmental
disruptors, which may interfere with urethral closure and contribute
to hypospadias formation.

The formation of the thickened ventral epithelium might depend on
molecular signals from the underlying stroma. An alternative hypoth-
esis, therefore, is that if stromal signaling is disrupted, the ventral
epithelium may not thicken adequately, potentially leading to a lack
of exposure to the hormonal or molecular cues essential for proper
urethral closure. In this scenario, a factor contributing to the cascade
of events leading to hypospadias may arise not from excess perme-
ability but from the absence of the necessary epithelial thickening to
receive essential developmental signals. This hypothesis aligns with
van der Putte’s work,?® 106 which postulates that hypospadias results
from underdevelopment of the stromal tissue beneath (or “dorsal to,”
in the embryological terminology he employs) the developing urethral
orifice.

The thickened ventral penile epithelium may have additional func-
tions critical to penile neurodevelopment. At approximately 12-16
weeks of fetal age, the developing ventral preputial epithelium reaches
its maximum thickness and contains a dense and prominent net-
work of pan-TRK*, NGFR*, CD56", PGP9.5%, and NSE™ intraepithelial
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nerve fibers. These fibers are also NF*, S100*, and SYN™, though
at extremely lower densities. The immunopositivity for pan-TRK and
NGFR suggests that these fibers are equipped with the receptors
needed to respond to neurotrophins (NTs). By this stage, intraepithe-
lial fibers are found not only in the ventral prepuce but throughout
all penile epithelia, with their notable density and exuberance primar-
ily confined to the ventral prepuce and future frenular region. These
microphotographs of exuberant ventral intraepithelial nerve fibers,
static captures of dynamic in vivo axonal development, evoke founda-
tional neuroscience concepts of nerve competition for neurotrophic

107,108

sources, neurotropic influence of epithelial structures,’®? and

the chemoattraction of axons over short and long distances by dif-
fusible neurotropic substances.107: 108

As outlined in Section 1, we propose that this thickened ventral
epithelium serves as a source of diffusible axonal guidance molecules
with chemoattractant effects on penile sensory nerves, potentially
forming a gradient of guidance cues that direct the precise innerva-
tion patterns observed in later stages of development. Concentrations
of guidance cues and neuronal growth-promoting molecules would be
highest in the developing ventral penile surface, gradually decreas-
ing toward the dorsolateral and proximal penile regions. This gradient
could direct the perineal nerve and the ventral branches of the dorsal
nerve toward target areas of the developing ventral penis, including the
future frenular region, where key sensory structures ultimately con-
centrate, supporting region-specific innervation essential for future
sensory function. The gradient might contribute to the formation of
the uniquely dense intraepithelial nerve fibers observed specifically in
the ventral prepuce. In this way, this gradient may also help explain
the adult macroscopic pattern of penile innervation, particularly the
horsetail-shaped distribution of the ventral branches of the dorsal
nerve observed in anatomical dissection studies.!’® This hypothesis
leaves open the possibility of countergradients of axonal guidance cues
in other penile regions, which could complement or modulate the pro-
posed ventral gradient, ensuring balanced and region-specific sensory
innervation across the entire penile surface.

The absence of developing sensory corpuscles throughout all of
these progressive axonal processes defines this phase as the pre-
corpuscular stage of penile sensory development. Although the specific
molecules governing penile axonal progression and exuberant termi-
nal branching remain unknown, as noted in Section 1, they may include
NTs such as NGF, BDNF, NT-3, and GDNF, along with morphogens like
BMP and Shh.6 62 Additionally, canonical axonal guidance molecules,
including netrins, semaphorins, ephrins, and Slit-Robo ligands, and the
corresponding axonal receptors, could play crucial roles in directing
penile axonal growth and targeting.>? Substrate-derived attractants,
such as fibronectin and the basement membrane component laminin,
along with cell adhesion molecules, are also anticipated to play roles
in penile axon pathfinding. These molecules function as adhesive
cues along permissive tissue substrata, facilitating axonal extension,
guidance, and selective fasciculation.’? The reader is referred to the
works of Gordon-Weeks!1? (tables 3.1-3.4), Mencio et al.112 (table 1),
and Kolodkin and Pasterkamp!® for detailed listings of molecules

implicated in axonal pathfinding.
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4.3 | Corpuscular and neural pruning stage (17-24
weeks)

As fetal penile development progresses, the thickened ventral
preputial epithelium becomes markedly thinner, and the intraepithelial
nerve fibers drastically decrease in density or disappear, suggesting
the possibility of axonal pruning. Although the mechanisms behind this
epithelial thinning remain unknown, it is possible that large preputial
epithelial chunks shed or fragment into the amniotic fluid during penile
development, suggesting that ventral preputial epithelial thinning
and neural pruning may, at least in part, involve epithelial shedding.
Additionally, the fetal glandopreputial common epithelium gradually
disintegrates or luminizes to form the postnatal preputial sac (a virtual
space), suggesting that the intraepithelial fibers it once contained are
no longer present.

To our knowledge, Seto®? was the first to propose a hypothesis of
axonal regression in this specific context, suggesting that fetal penile
intraepithelial nerve fibers degenerate and that their parent fibers
ultimately form the genital corpuscles typically observed postnatally
in these regions. Seto®? stated (p. 289): “The intraepithelial fibres in
the common epithelium accordingly attain the highest development in
the 7th month, decrease abruptly in the 10th month and completely
disappear with the final separation of the glans and prepuce epithe-
lia. The genital nerve bodies not yet formed in the fetal stage are
probably formed later by the thick stem fibres of these degenerated
intraepithelial fibres.” Seto thus proposed an ontogenetic relationship
between fetal penile intraepithelial fibers and the densely arborized
genital corpuscles observed postnatally, suggesting that the pruning of
intraepithelial fibers represents a regressive event necessary for the
subsequent maturation and reorganization of their parent fibers into
specialized corpuscular sensory structures. In light of this scenario, it
is necessary to consider potential mechanisms of axonal pruning and
reorganization, which Seto®2 vaguely describes as “degeneration” fol-
lowed by restructuring of parent or stem fibers to form mature genital
corpuscles.

Classical models of axon pruning encompass two categories: small-
scale and large-scale pruning.t© Small-scale pruning is a stochastic and
localized process of axonal elimination that refines neural networks by
selectively eliminating exuberant or misguided axonal branches, rather
than entire neurons (cell death) or large segments of axons. Termi-
nal arbors can be eliminated by competition for neurotrophic factors
and axosome shedding, and the pruning may also be regulated by neu-
ral activity. The intrinsic and extrinsic molecular factors mediating this
type of pruning remain largely unknown. In contrast, large-scale prun-
ing involves the elimination of entire axons, long axonal segments, or
even entire neural populations to shape the structure and function of
neural circuits.

In the fetal ventral prepuce, developmental axonal pruning appears
to be alocalized, small-scale process, potentially involving mechanisms
that are unique or previously undescribed. The disproportionately
thick ventral preputial epithelium thins, possibly as its epithelial cells
are shed into the amniotic fluid, and the exuberant nerve fibers con-

tained within this epithelium may undergo pruning during this process.
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This pruning process appears distinct from the large-scale elimination
of entire neurons or substantial portions of axons, focusing instead on
fine-tuning of existing neural pathways. As the thick ventral epithelium
is shed, intraepithelial fibers remain within the glandopreputial com-
mon epithelium, albeit at reduced densities. These fibers are further
pruned as development advances and the preputial sac takes shape.

At the same time, heightened stromal neural densities persist ven-
trally in the future frenular region, where we observed very high levels
of SYN™ axons. The typical S100* frenular neural densities observed
in our transverse sections closely resemble, and are further supported
by, a microphotograph presented by Cunha et al.2® (see their Fig. 17F).
Thus, the initial phenomenon of axonal pruning (a regressive event in
neural development) in the fetal penis appears to be predominantly
restricted to the exuberant intraepithelial fibers of the ventral prepuce,
whereas the pruning of nerve fibers in the glandopreputial common
epithelium occurs at later fetal stages and/or postnatally. Late-stage
neural pruning in the stroma during the corpuscular stage cannot
be excluded. However, if it occurs, it is more challenging to docu-
ment compared to the pruning of the ventral exuberant fibers of the
pre-corpuscular stage.

It is important to note that, although the corpuscular phase involves
axonal regression, these events appear to be targeted and region-
specific, predominantly affecting the ventral prepuce and glando-
preputial common epithelium. Notably, these localized pruning pro-
cesses occur within a broader context of ongoing axonal growth and
proliferation, reflecting a dynamic balance between progressive and
regressive neural events during the corpuscular phase of fetal penile
neurodevelopment. Regardless of the underlying mechanisms driving
axonal regression and pruning, our study found that this process coin-
cided with the emergence of the first developing Pacinian corpuscles,
which remained the only identifiable corpuscle morphotype until 24
weeks of fetal age. This suggests that other types of sensory corpus-
cles in the human penis develop at later fetal stages or postnatally.
Winkelmann’s®> ¢¢: 114 gbservations on the neonatal and adult prepuce
(based on histological analysis of thousands of sections®®) further sup-
port this notion, indicating that all other types of sensory corpuscles, at
least within the prepuce, develop at later fetal stages and attain their
characteristic postnatal morphologies only after the neonatal period. A

major atlas!?®

of human prenatal histology also supports this concept,
indicating that Pacinian corpuscles are the earliest to emerge during
human fetal development, with other corpuscle types appearing later.
As expected, the anatomical positions of immature fetal Pacinian
corpuscles in the penis mirror their future adult locations. We iden-
tified developing Pacinian corpuscles in the glans, prepuce, frenular
region, scrotum, penile bulb, and the tissue plane between the cor-
pora cavernosa and corpus spongiosum. Additional locations included
extracavernosal sites near the tunica albuginea along both longitu-
dinal and transverse penile axes, within the tunica albuginea itself,
intracavernosally (in one instance), within the bulbospongiosus muscle,
and in the perineal skin region. Of these locations, the only ones not
reproduced in adult tissues were the intra-albugineal, intracavernosal,
and bulbospongiosus muscle positions, likely because of an insufficient

number of sections analyzed. The oldest fetus analyzed, approximately
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24 weeks of fetal age, exhibited Pacinian corpuscles that still lacked
the typical adult morphology, although their molecular profiles closely
matched the adult patterns.

The early and exclusive emergence of Pacinian corpuscles during
this stage underscores their unique mechanosensory role and foun-
dational importance in the maturation of the penile nervous system.
These early Pacinians establish a baseline mechanosensory framework
in the penis, potentially critical for various developmental processes
and providing a specialized sensory modality fully functional at birth.
Immature Pacinians and developing nerve fibers might respond to
mechanical stimuli in utero, delivering mechanosensory input that
refines neural pathways linking the peripheral and central nervous
systems, thereby influencing the maturation of the somatosensory
cortex and related brain regions. Such feedback could also hypothet-
ically stimulate the subsequent development of fetal intracorporeal
innervation and autonomic reflex pathways essential for postna-
tal erectile and ejaculatory functions. This early differentiation thus
positions Pacinians as pivotal drivers of the human penile nervous sys-
tem. The recent finding!¢ that Piezo2-dependent mechanosensory
activity shapes the development of touch receptors further sup-
ports the notion that fetal Pacinians and nerve fibers may actively
refine peripheral and central neuroarchitecture, representing an in
utero regulatory mechanism for the emergence of functional penile
innervation.

During the corpuscular stage, we also documented the peripheral
axonal branching pattern of nerve fibers in the distal preputial epithe-
lial tips. Instead of penetrating the epithelium, these fibers branched
two or three times from their parent fibers before contacting the
basal surface of the epithelium, suggesting a developmental strategy
for maximizing sensory coverage and signal integration. This distinct
branching pattern likely represents another developmental phase dif-
ferent from the pre-corpuscular stage, governed by a unique tissue
environment and a distinct or partially overlapping set of molecular
cues. The noteworthy presence of red blood cells (Glut-17) in the devel-

oping frenular region has also been observed by Cunha et al.23 (

see
their Figure 7), who suggested that it may indicate ongoing morpho-
genetic activity in the formation of the urethral meatus. However, they
did not report that many of these cells appear extravasated and unas-
sociated with CD31* blood vessels. The potential connection between
red blood cells and axonal guidance in this context, if any, warrants
further investigation.

In summary, fetal penile innervation appears to progress from an
initial phase of axonal hyperinnervation, characterized by exuber-
ant ventral intraepithelial fibers within disproportionately thickened
epithelia and an absence of developing sensory corpuscles (pre-
corpuscular stage), to a pruned pattern with thinner ventral epithelia
and the emergence of developing Pacinian corpuscles (corpuscular
stage). This process culminates in the refined postnatal and adult pat-
tern, marked by a diversity of corpuscular receptors and nerve bundles
encased in perineurium, with higher neural densities concentrated in
the distal ventral aspect (frenular delta and region). Postnatal neural
pruning phenomena in the human penis cannot be excluded and require

thorough analysis. Figure 6 depicts a schematic overview of the pre-
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corpuscular/hyperinnervation and corpuscular/neural pruning stages
of fetal penile neurodevelopment, illustrated in sagittal section.
Moving forward, it will be essential to develop a more mechanis-
ticunderstanding of the neuroembryological processes described here,
which offer a framework for exploring the molecular interactions that
underlie them. As discussed, the intrinsic and extrinsic molecular cues
involved (including axonal guidance molecules, NTs, morphogens, and
their respective receptors) may not only shape postnatal penile inner-
vation patterns critical for sexual sensation and function, but their
dysregulation may also contribute to the development of congenital

penile anomalies such as hypospadias.?2

4.4 | Adult specimens

Our study utilized a unique combination of low-, medium-, and high-
power microphotographs to situate sensory corpuscles and nerve
bundles within broader anatomical regions, providing panoramic views
of the innervation patterns. The ventral innervation bias observed in
fetal tissues appears to persist into adulthood, with higher concentra-
tions of nerve bundles and distinctive clusters of sensory corpuscles
in the adult frenular region. In this area, clusters of up to 17 sen-
sory corpuscles, densely packed together, are a unique feature. These
corpuscular receptors and nerve bundles arise from direct projec-
tions of the perineal nerve and ventral projections of the dorsal
nerve (Figure 1A). In contrast, although the glans has high densi-
ties of sensory corpuscles, these corpuscles consistently appear in
isolation rather than forming clusters, as observed in the prepuce
and frenular region. Glans sensory corpuscles are distributed across
three tissue compartments: (i) those in the lamina propria, which
include a variety of types such as genital corpuscles, Krause corpuscles,
Golgi-Mazzoni corpuscles, small Pacinian and Paciniform corpuscles,
as well as others that are challenging to classify; (ii) those located
deeper within the glans corpus spongiosum, typically limited to small
Pacinian, smaller Paciniform, and Golgi-Mazzoni corpuscles; and (iii)
those found in the lamina propria of the glanular urethra, which are
usually small but can exhibit densely arborizing axons. These corpus-
cles are generally non-Pacinian and are positioned near the urethral
epithelium.

We postulate that the high-density sensorineural terminal archi-
tecture of the human penis, concentrated in the frenular region, the
remainder of the prepuce (including the coronal sulcus), and the glans,
progressively diminishes toward the proximal penile regions. Together,
this arrangement, along with an opposing proximodistal density gradi-
ent of nitrergic autonomic fibers in the intracavernosal compartment
(with higher densities proximally that gradually decrease distally), con-
stitutes what we refer to as the gradient hypothesis, an organizational
model that integrates sensory and autonomic distribution patterns
across penile tissues.® A detailed immunohistochemical study by Jang
et al.28 complements our findings by providing elegant visual docu-
mentation of the dense S100" sensorineural anatomy in the frenular
region (see their figures 2C and 3D, with 4C and 5C as respective

higher magnification views) and suggests that deep ventral incisions
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could compromise this innervation and result in sensory damage. Fur-

ther research is needed to clarify whether the specific deep ventral
nerve structures that Kinsey!” suggested underlie penile erogenous
sensation play a role (Table S1).

4.5 | Penile sensory corpuscles and their molecular
profiles: novel identification of CD10 in Pacinian
corpuscles and perineurial markers in genital
corpuscle capsules

Our findings on the immunohistochemical profiles of penile sensory
corpuscles build upon our previous works, which analyzed the pro-
tein compositions of penile sensory corpuscles.® ¢ In this study, we
presented data on the immunohistochemical properties of adult sen-
sory corpuscles from the prepuce, glans, urethra, and intracorporeal
regions. The molecular profiles of the specific types of sensory corpus-
cles were consistent across all these regions. Table 2 summarizes these
data. Although most of the immunoreactivities identified in this study
have been previously reported in sensory corpuscles from extra-genital

117 our work is the first to demonstrate these molecular pro-

regions,
files in specific regions of the human fetal and adult penis. Regardless
of the functional significance of these molecules in sensory corpuscles,
our data demonstrate that they serve as reliable markers for identify-
ing specific components of sensory corpuscles in the penis. To the best
of our knowledge, this study is also the first to report the presence of
CD10in Pacinian corpuscles and the localization of perineurial markers
(Glut-1, EMA, CD10, a-SMA, and VIM) in the capsules of deep-dermal

genital corpuscles.

4.6 | CD10: a regulator of Pacinian morphology?

The distinct gradient of CD10 immunostaining in the Pacinian outer
core, concentrated near the inner core, suggests arole in spatially regu-
lated ECM remodeling via localized enzymatic degradation of bioactive
peptides. CD10, a membrane-bound endopeptidase, might modulate
the availability of signaling peptides that govern ECM synthesis and
degradation, thereby influencing Pacinian interlamellar architecture.
Its enrichment in outer core regions with narrower interlamellar
spaces supports a model in which high CD10 activity limits ECM accu-
mulation through enhanced peptide turnover, maintaining tight lamel-
lar packing, whereas reduced or absent outer core peripheral CD10
expression permits ECM buildup and interlamellar loosening. As shown
by double immunofluorescence, the CD10 immunolocalization is dis-
tinct from that of CD34 in the intermediate layer; however, their spatial
proximity suggests that CD10-mediated peptide regulation may also
influence the activity of CD34* cells. This finding points to CD10 as
a potential modulator of Pacinian corpuscle morphology (and possibly
morphogenesis) through targeted enzymatic control of ECM dynamics.
We did not investigate CD10 expression in fetal Pacinians during the
corpuscular phase of penile sensory development, leaving room for fur-

ther studies to explore this aspect. Further elaboration on this hypoth-
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esis is provided in the relevant section of the Supporting Information
section.

4.7 | Preputial genital corpuscles show molecular
continuity with nerve sheaths and features for
fine-tuning erogenous sensation

In this study, we identified a distinct subpopulation of ventral preputial
genital corpuscles whose capsules express both endoneurial (CD34)
and perineurial (Glut-1, EMA, a-SMA, CD10, VIM) markers, suggest-
ing structural and molecular continuity with peripheral nerve sheaths,
similar to what has been described for Pacinian corpuscles.t” This
population of corpuscles was preliminarily documented in our earlier
study on WT1 expression in sensory corpuscles.*® These corpuscles
were identical to the deep-dermal encapsulated genital corpuscles pre-
viously identified by Halata and Munger'? in the glans (refer to their
Figure 10) and showed direct continuity between the perineurium
of the supplying nerve bundle and the corpuscular capsule. Serial
sectioning revealed heterogeneous axonal populations within these
corpuscles: Larger NF* axons likely associated with fast conduction,
and smaller, densely packed SYN* and NSE* axons lacking detectable
NF expression, suggesting potential neurosecretory or modulatory
sensory roles. This molecular heterogeneity implies a refined capacity
for sensory signal modulation, possibly related to the encoding of affec-
tive, pleasant touch. These findings highlight a previously unrecognized
population of genital corpuscles with specialized structural and func-
tional features, potentially involved in fine-tuning erogenous sensation
and contributing to the nuanced sensory dynamics of genital tissues. A
more detailed analysis is available in the corresponding section of the
Supporting Information Section.

4.8 | Novel identification of Pacinian corpuscles
within the penile bulb suggests a bimodal distribution
of intracorporeal sensory corpuscles spanning the
bulb and glans

Excluding the glans corpus spongiosum, this study (together with our
recent work*®; see figure 3 therein) provides the first unambiguous
histological identification of mechanosensory end organs located deep
within the human penile erectile tissues. Specifically, we identified
sparse, isolated Pacinian corpuscles along with their immunohisto-
chemical profiles within the fetal and adult penile bulb. These cor-
puscles shared the same molecular profile as those in the glans and
prepuce. Together with glans Pacinians, they form a bimodal distribu-
tion of intracorporeal sensory corpuscles, present proximally in the
bulb and distally in the glans, but absent or extremely rare in the
shaft corpus spongiosum and corpora cavernosa. This distribution sug-
gests a specialized role in detecting mechanical changes related to
vascular engorgement in these regions and reflexive processes such as
ejaculation. We found only one intracavernosal fetal Pacinian despite

exhaustive sampling, supporting the rarity of such end organs within
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the corpora cavernosa. Although intracorporeal corpuscular receptors
in the human penis have been sporadically mentioned in the litera-
ture, such reports are typically anecdotal and lack clear histological
documentation.®? 118 Our findings support the idea that penile intra-
corporeal mechanosensory input is predominantly mediated by FNEs,
whereas Pacinians may contribute to reflex modulation and erogenous
sensation in the bulb and glans. For an expanded analysis and full con-
textual discussion of these findings within the literature, refer to the

Supporting Information section under the same title.

4.9 | The preputial dartos: its ontogeny and
functional innervation revealed

Our focus now shifts to the preputial dartos, which at first glance is
unrelated to penile sensory mechanisms. This study provides the first
near-complete ontogenetic mapping of the human preputial dartos,
revealing it as the earliest developing penile smooth muscle layer, with
adense, multi-directional arrangement of a-SMA* muscle bundles and
extensive adult noradrenergic innervation. Using multiple sectioning
planes and immunohistochemical markers, we documented its auto-
nomic innervation by TH*, CD56", NSE*, SYN™, and NGFR™* fibers
forming diffuse plexuses, with much lower densities of VIP*, NPY*,
and nNOS™ fibers, suggesting a global en passant pattern of autonomic
control. These data indicate a primarily sympathetic regulation of dar-
toic tone and contractibility, potentially modulating preputial tension,
thermoregulation, and sexual function. We propose that involuntary
dartos contractions may dynamically influence the spatial position-
ing and sensitivity of nearby sensory corpuscles, enhancing tactile and
erogenous sensation during movement, erection, and orgasm. We also
showed that the frenular region contains richly innervated smooth
muscle bundles, possibly contributing to orgasmic contraction reflexes.
Variability in dartos preservation following circumcision (depending on
surgical incision depth and extense of resection) may influence penile
structure and sensitivity by altering this muscle layer and its inte-
grated innervation. For a more detailed discussion of these findings
and the supporting literature, refer to the corresponding section in the

Supporting Information Section.

4.10 | Tunica albuginea of the glans: resolving an
anatomical question and elucidating its functional
significance

Our histological analysis revealed a distinct fibroelastic layer approx-
imately 0.5 mm thick between the glans lamina propria and the
underlying corpus spongiosum, corresponding to a superficial tunica
albuginea of the glans. Special elastic stains demonstrated this layer’s
complex three-dimensional network of elastic fibers, oriented longi-
tudinally, transversely, and obliquely. These fibers connected radially
with the trabeculae of the glans corpus spongiosum and with distal
extensions of the tunica albuginea of the corporeal bodies, form-

ing an integrated fibroelastic scaffold. Numerous perforating nerve
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bundles and blood vessels traversed this layer, suggesting a role in
neurovascular distribution.

These findings support classical anatomical descriptions by Krsti¢,*©
Szymonowicz and Krause,*! and align with recent data by Lee et al.?
They challenge prevailing three-layer glans models® 4243 and sub-
stantiate a four-layer structure: epithelium, lamina propria, tunica
albuginea, and corpus spongiosum. This refined model has implications
for anatomical teaching and penile cancer staging and may explain
characteristic patterns of carcinoma spread in the glans, including hori-
zontal dissemination to the inner prepuce and vertical progression only
in aggressive tumors that destruct the tunica albuginea or breach tuni-
cal discontinuities.*2 11? The presence of this histological layer in the
clitoral glans or its possible sexual dimorphism remains unexplored and
warrants further study.

Functionally, the glans tunica albuginea appears adapted to support
glans firmness during erection through its high elastic fiber content,
distinguishing it from the more collagenous, thick, and rigid tunicae
of the corporeal bodies. It likely facilitates controlled glans expansion,
distributes intraspongiosal pressure in the glans, and protects against
mechanical trauma during penetration. Moreover, by embedding dor-
sal nerve branches and organizing their distribution, it contributes
to the spatial architecture of glans innervation in the lamina propria.
Compression of sensory structures (corpuscles and FNEs in the lam-
ina propria), situated between the epithelium and tunica albuginea, by
engorged glans sinusoids may enhance tactile feedback through inte-
roceptive stimuli. Our fetal data suggest that elastogenesis of the glans
tunica albuginea begins after 24 weeks of fetal age, once nerves have
already navigated and reached their final targets in the fetal distal glans
(pre-corpuscular stage), indicating a role in maintaining rather than
providing axonal guidance during fetal neurodevelopment.

Last, the glans tunica albuginea may help explain the mechanism of
action and persistence of hyaluronic acid gel injections used for glans
augmentation and the treatment of premature ejaculation.120-121 |t
defines the superficial tissue compartment composed of the lamina
propria and the immediately subjacent tunica albuginea, where the
injected hyaluronic acid primarily diffuses. However, these injections
pose a risk of damaging the tunica albuginea, potentially compromising
its structural integrity and affecting glans erection. Our identification
of the glans tunica albuginea highlights the need for a more rigor-
ous evaluation of the safety profile of glans-injected bulking agents to
mitigate potential risks to glans architecture and function. The corre-
sponding section of the Supporting Information Section offers a more
detailed examination of our crucial finding regarding the glans tunica

albuginea.

411 | Penile neurotomy

PN, an experimental and not recommended’?2-126 intervention for
lifelong premature ejaculation, involves severing or cauterizing the
penile perineal nerves and/or the ventral branches of the dorsal nerve

) 127-130

that supply the frenular delta (Figure 1A an anatomical epicen-

ter of specialized sexual sensation (Figure 1B). PN originated in Brazil
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in the late 1980s,131 132 and quickly raised ethical alarm, leading to the

1997 resolution of the Brazilian Federal Council of Medicine (Conselho
Federal de Medicina),’3% which deemed the procedure experimen-
tal and restricted its use to approved research settings. In intact
patients, PN is usually performed during circumcision together with
a complete frenulectomy.'?” A variety of surgical loupes and magni-
fication devices are typically used to locate and sever the targeted
nerves. The implications of such aggressive nerve-ablative disruption
extend beyond the intended prolongation in ejaculatory latency time,
with documented cases of permanent erogenous sensation loss, erec-
tile dysfunction,'* and profound psychological sequelae.'3> Psychotic
episodes have been reported,3> 136 |ikely stemming from the deep
neural and hedonic impact of compromising frenular delta innervation,
a structure uniquely adapted for transmitting pleasurable sensations
tied to sexual reward and satisfaction. 10

Despite an alarming lack of robust scientific evidence, ethical

33 and the absence of recommendation in uro-

regulations,?
logical guidelines,'22-126 PN has proliferated internationally
within urology since the 1990s, often executed under dubious
circumstances, 133 137-139 including cases where young adults pre-
sumptively underwent the procedure without informed consent
during circumcision.’3” Between the more than 4000 PN cases
reported in a multicentric trial by Dias Bautista et al.?2? in 2001 and
the 44,000 cases documented in South Korea3¢ alone by 2013, the
historical tipping point appears to have occurred in the adoption of this
practice—despite limited scientific evidence and the absence of ethical
or regulatory oversight that should have prevented the uncontrolled
dissemination of this experimental procedure. The historical trajectory
of PN serves as a clear example of how surgical practices should not
be disseminated and integrated into the standard surgical armamen-
tarium for treating specific conditions. There is an urgent need for
robust regulatory oversight to mitigate the harm associated with this
historically and ethically fraught practice.

4.12 | Penile circumcision

Our results reinforce the relevance of Cold and Taylor’s'! 1999 conclu-
sions (p. 42), which now seem more pertinent than ever: “The prepuce
is a specialized, specific erogenous tissue in both males and females.
Therefore, surgical excision should be restricted to lesions that are
unresponsive to medical therapy...Preputial plasty should be consid-
ered in place of circumcision whenever possible, so as to preserve
the corpuscular sensory receptors, dartos muscle, penile mucosa and
complete function of the penis...Although a Fourcroy grade 1 female
circumcision would excise less tissue than in a male, this compari-
son cannot be used to justify female circumcision. Excision of normal,
erogenous genital tissue from healthy male or female children cannot
be condoned, as the histology confirms that the external genitalia are
specialized sensory tissues... Removal of normal genital anatomy in
children and infants should be deferred until the individual can make an
informed decision. If external genital tissue must be excised to combat

a disease process that threatens the child’s health, and is unresponsive
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to medical therapy, then the amount of tissue should be limited so as to
preserve the anatomy and function of the external genitalia.”

Regarding adult circumcision, the current knowledge of preputial
and penile neuroanatomy and structure underscores the importance
of meticulous patient selection for this procedure. Specifically, when
adult circumcision is to be performed, factors such as the position of
the circumcision scar line, the amount of inner prepuce retained, the
tightness of the remaining penile skin, and whether a frenulectomy
is performed should be carefully discussed and agreed upon by both
the patient and the surgeon, with all decisions clearly documented in
the informed consent. Recent survey findings underscore this need
for dialogue: Callegari et al.24? showed that preferences regarding the
amount of inner preputial remnant retained after circumcision vary
considerably among individuals, reinforcing the importance of engag-
ing patients in personalized discussions to align surgical decisions with
their expectations.

The findings of this study, which highlight the complexity and rich-
ness of preputial and penile innervation, musculature, and vasculature,
should be integrated into informed consent discussions and docu-
ments to ensure comprehensive counseling for parents contemplating
the procedure for their children and for individuals considering adult
circumcision. Although penile sensory loss can be clinically assessed
using tools such as Semmes-Weinstein monofilaments, biothesiome-
try, and somatosensory evoked potentials (SSEPs), it has been argued
that objective evaluations do not always align with a patient’s sen-
sory experience in an erotic context.* For example, SSEPs may be
normal even in patients with significant sensory deficits because of
the complexity and redundancy of sensory pathways.*4% 142 Validated
patient-reported outcome measures, such as the Self-Assessment of
Genital Anatomy and Sexual Function in Male questionnaire, provide
site-specific assessments of genital sensation and sexual function that
could enrich patient counseling and enhance procedural outcome eval-
uations both before and after penile surgery.* Circumcision incisions
should always be performed as superficially as is possible. Given that
the frenular delta region is widely regarded as a primary contributor to

penile sexual sensation,* >89 24

special care must be taken with ven-
tral incisions to avoid damaging the dense and complex neuroanatomy
in this area.® 828 OQur work offers valuable insights for penile surgeons,
providing a rich perspective on the exquisitely innervated and struc-
turally complex tissues they routinely resect, cauterize, and mobilize,
tissues whose neural composition may often be underestimated or

overlooked.

413 | Limitations

The limitations of this study include the absence of postnatal tissue
analysis spanning the neonatal period to early adulthood, the use of an
alcohol-based fixative in the arterial perfusion method for some adult
specimens, the lack of quantitative data for neural density analyses,
possible imprecisions in fetal age determination, and the inability to
directly observe neural pruning phenomena during fetal penile devel-

opment. Regarding the first limitation, the absence of tissues from this
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age range excludes the analysis of critical developmental stages during
which penile neurodevelopment continues, including the emergence
of non-Pacinian sensory corpuscles. We acknowledge this gap and are
actively working to address it. For the second limitation, as described
in Section 2, we conducted preliminary analyses to ensure the preser-
vation of critical tissue antigens and optimized immunohistochemistry
conditions for the alcohol-based fixative. These analyses yielded good
results, as demonstrated by the quality of the microphotographs pre-
sented in this study. For the third limitation, although the inclusion
of numerical data through stereological or image analysis techniques
is valuable, it is not always essential for studies evaluating neural
densities. When a sufficiently large and representative number of
sections per paraffin block is analyzed, semiquantitative assessments
can provide reliable and accurate insights into the patterns of neural
density distribution in a tissue. Concerning the fourth limitation, as
noted by Himelreich Peri¢ et al.143 and Li et al., 14 fetal ages reported
in peer-reviewed studies are best approximations and are subject
to interindividual variability in developmental pace. Nonetheless, we
are confident that the sequence of neurodevelopmental processes
documented in this study (from a pre-corpuscular phase of axonal
hyperinnervation to the emergence of sensory corpuscles and neu-
ral pruning) reflects the chronological trajectory of penile innervation,
irrespective of fetal staging imprecisions. Finally, the lack of direct
observation of neural pruning limits our ability to precisely charac-
terize the mechanisms driving axonal remodeling in the prospective

frenular region and ventral prepuce during penile morphogenesis.

414 | Concluding remarks

“The most important source of sensory nerve signals for
initiating the male sexual act is the glans penis. The glans
contains an especially sensitive sensory end-organ sys-
tem that transmits into the central nervous system that
special modality of sensation called sexual sensation. The
slippery massaging action of intercourse on the glans
stimulates the sensory end organs, and the sexual sig-
nals in turn pass through the pudendal nerve, then
through the sacral plexus into the sacral portion of the
spinal cord, and finally up the cord to undefined areas
of the brain.” Guyton and Hall Textbook of Medical
Physiology,*° p. 1026

Sexual science aims to bridge the gap between rigorous scien-
tific inquiry and the complexities of human sexual anatomy, function,
and experience. Our current immunohistological and morphological
investigation of the human fetal and adult penis contributes to this
field by advancing our understanding of its peripheral sensory struc-
tures, their development, and their role in sexual physiology. Over 70
years ago, Kinsey'” urged anatomists to identify the precise nerves
responsible for penile sexual sensation (Table S1); our study repre-
sents a step toward fulfilling that call with modern immunohistological
tools. Although this may seem self-evident to anyone attuned to the
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sensations of their penis during sexual activity, our work scientifi-
cally validates the existence of a ventral penile anatomical region that
serves as a center of sexual sensation, commonly referred to as the
frenular delta.’% In essence, the presence of a sensory center in the
penis, akin to a “G-spot,” emerges as a neuroanatomical reality, rooted
in its embryological origins and underscoring its vital role in sexual
sensation, function, and experience.

Although the classical description in Guyton and Hall'*® positions
the glans as the primary source of penile sexual afferent signals, our
study—alongside existing literature and the experiential knowledge

of most sexually functional individuals® >89 24

—supports a revised
paradigm in which the distal ventral penile surface, particularly the
frenular delta and surrounding region, constitutes the principal neu-
rological locus of penile sexual sensation. That the “female G-spot”
has inspired decades of controversy whereas the penile erotogenic
center—so evident in structure and sensation—has remained underex-
amined in the scientific literature underscores persistent blind spots in
sexual medicine and urology. However, we hope to have provided not
only a scientific contribution that offers new perspectives into penile
neurodevelopment and morphology but also a divertimento, an enjoy-
able exploration for the neurohistology aficionado who, paraphrasing
del Rio Hortega,#¢ is captivated by the pictorial beauty and artistic
emotion revealed through the polychromatic lens of histology.

A specter haunts the field of sexual science: the specter of a
neuroscience of the human genitalia solidly grounded in basic mor-
phological sciences. Some argue that the neuroscience of the human
penis remains underdeveloped, particularly regarding its sensory
function.’*’ Others may consider penile morphology a static field with
little left to discover, yet the complexity of the structures we have
observed and the embryological mysteries they present suggest oth-
erwise. In some cases, as with the glans tunica albuginea, anatomical
information has been forgotten and must be redescribed. Although sig-
nificant progress has been made in elucidating penile neuroanatomy,
vulvar neuroanatomy and morphology remain grossly underexplored,
leaving substantial gaps in our understanding of their role in sexual
function and experience. In this work, we have attempted to lay the
groundwork for a neurodevelopmental understanding of the periph-
eral mechanosensory components of the human penis. Studies of
vulvar and clitoral sexual neuroanatomy are underway in our labora-
tory, aiming to address the long-standing imbalance in research. We
seek to give voice to the specter, hoping to shed light on what has been

overlooked, misunderstood, or willfully ignored.
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