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Abstract
Purpose—Although genital tactile stimulation is regarded as a precursor to sexual arousal and a
recognized initiator of central nervous system arousal, specific afferent neural pathways transmit
sensory stimuli of arousal, beginning at the epithelial level on the clitoris and following the course
of arousal stimuli through the central nervous system. Limited knowledge exists of the pathway from
the cutaneous receptors of nerves originating in the epithelial tissue of the clitoris and continuing to
spinal cord afferents. Such information may contribute to an understanding of sexual arousal,
particularly in female vertebrates. We further defined the neural pathways and mechanisms
responsible for arousal originating in the epithelium of the clitoris as well as related neural pathways
to the spinal cord in a murine model.

Materials and Methods—We performed a comprehensive review of the published relevant
clinical and histological material from human and nonhuman vertebrate studies. In 29 adult female
C57B1/6 mice the distribution of pelvic nerves and vessels was mapped. Gross dissection of 4 female
mice was facilitated by resin injection of the vascular system in 2. Neuronal tracing was performed
in 25 mice that received clitoral injection of wheat germ agglutinin-horseradish peroxidase into the
clitoris and were sacrificed after 72 to 96 hours. The spinal cord and periclitoral tissue were removed
and fixed. Immunohistochemistry was performed.

Results—Gross anatomy of the mouse clitoris showed that pudendal and hypogastric nerves have
a major role in the innervation of the external genitalia. Neuronal tracing revealed that the greatest
nerve density was noted in the L5/6 spinal cord. The distribution extended from S1 to L2 with no
labeling seen in the L3 spinal cord. Wheat germ agglutinin-horseradish peroxidase labeling was seen
caudal in levels S1 through L4 and rostral in L2.

Conclusions—Understanding the neuroanatomy of the clitoris using a murine model may provide
a valuable tool for the study of sexual arousal disorders and the further understanding of sexual
function related to neural pathologies and trauma.
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The dorsal horn of the spinal cord and the dorsal column nuclei are the places where information
from the body surface and underlying tissues reaches the central nervous system. The first stage
in the integration of sensory messages takes place here, where the major somatosensory systems
originate, and this is the first place where the brain can exert control over the messages through
various descending pathways.1

The particular path that delivers afferent stimuli from the clitoris epithelium has been poorly
delineated and it is of interest to those who participate in many types of sexual medicine and
research. A thorough understanding of the neuroanatomy and physiology inclusive of the
afferent spinal pathway of clitoral arousal would be particularly helpful for the strategic design
of female reconstructive surgery. Historically studies to clarify sexual function and dysfunction
involving the clitoris have been less comprehensive than studies of its male counterpart, the
penis, in investigations of basic reproductive neuroanatomy and physiology. There are few
studies detailing the antegrade paths of epithelial innervation through the spinal cord.2–5

Detailed studies of clitoral anatomy in animals are rare6–9 and in humans they are also
problematic. Generally the study of human clitoral anatomy is based on cadaveric studies, often
using elderly postmenopausal women.6,10 Some clitoral anatomy studies have been performed
in healthy pre-menopausal women using magnetic resonance imaging8 and in human fetal
tissue.11

General neuroanatomical studies of the female reproductive organs have given little attention
to the sensory innervation of the female external genitalia. Previous studies of the pudendal
nerve in female humans12 and in other animals13–16 have typically overlooked the distal
pudendal nerve branches innervating the clitoris that include the clitoris corpus cavernosus
nerve, the perineal nerve and the dorsal nerve of the clitoris. It is likely that this fine innervation
of the clitoris and external genitalia transmits the sensory stimulation that influences the
vasocongestive events of clitoral sexual arousal.

We studied the innervation of the murine clitoris using microdissection. The study was
supplemented by identification of the central projections from the clitoral area using discrete
injections of WGA-HRP, an antegrade axonal tracer, beneath the skin of the external genitalia
and into the clitoris. Our aim was to achieve a better understanding of sexual arousal in female
vertebrates by studying the sensorial innervation of the mouse external genitalia and clitoris.

MATERIALS AND METHODS
Adult female C57B1/6 mice (Jackson Laboratories, Bar Harbor, Maine) were delivered at ages
5 to 6 weeks and housed at the Rockefeller University animal care facility until they were
sacrificed for experiments. The environment was maintained at 22C with 12 hours of darkness.
All procedures followed the protocol approved by the Rockefeller University Animal Care and
Use Committee.

Gross anatomical dissection was done in 4 female mice, of which 2 had the vascular systems
injected with colored resin. Heparin was added to the animals before we started the protocol.
The circulatory system was cleaned by saline solution previous to injection through the left
ventricle and the right ventricle was opened to allow the solutions to drain. Microphil
(Flowtech, Carver, Massachusetts) was subsequently injected, also through the left ventricle,
and the right ventricle was clamped to keep the silicone in the vasa. The pelvic organs were
identified along with the blood vessels supplying these structures and the distribution of the
nerves between the cavity and the pelvic viscera. The presence of neural fibers was detected
by a conventional silver staining technique.

For the neuronal tracing procedure a 4.0% solution of HP conjugated to WGA (Vector
Laboratories, Burlingame, California) was used to label central afferent projections of the
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mouse clitoris. Preliminary parametric studies varied the injection volume (1 to 5 µl) and the
transport time (3 to 5 days) required to reliably deposit and limit WGA-HRP to the clitoris and
achieve optimal labeling in the spinal cord. Overall 25 female mice received clitoral injections
of WGA-HRP. They were anesthetized with 7.5 mg Nembutal® per 100 gm body weight
intraperitoneally. While the female was lying on the back, WGA-HRP was slowly delivered
through the needle of a 5.0 µl syringe (Hamilton, Reno, Nevada) into the clitoris. The neural
tracer was deposited into the clitoris or in the skin ventral to the preputial glans in all 25 animals.

After the appropriate time following WGA-HRP injection (72 to 96 hours) the animals were
deeply anesthetized with 0.3 ml Nembutal® per animal intraperitoneally and per-fused
intracardially with saline, followed by cold 1% paraformaldehyde/ 1.25% glutaraldehyde. The
spinal cord was exposed by dorsal laminectomy, including the thoracic through the last sacral
segment, and then simply divided. Segment identification was done by examining the
histological sections and determining segmental boundaries as the midpoints between the
dorsal root. After removal they were post-fixed in the same fixative for 5 hours and then
transferred to sucrose phosphate buffer (10% weight per volume, pH 7.4) overnight for
cryoprotection. Additionally, the periclitoral area was removed intact, post-fixed and
cryoprotected in the same manner. To visualize and delimit injection sites the clitoral block
was frozen sectioned into serial 40 µm horizontal sections and immediately reacted using a
modified tetramethyl benzidine protocol,17 mounted on gelatin coated slides and
counterstained with thionin or simply cleared and coverslipped. Spinal cords were blocked into
4 equal sections, embedded in gelatin, frozen sectioned transversely at 40 µm, collected into
4 alternate series and reacted using the same tetramethyl benzidine protocol. All levels were
examined for labeling, including T10-L1. Sections were mounted on gelatin coated slides,
counterstained with thionin and coverslipped with Permount®.18,19

Two animals with the largest and smallest clitoral injections (3 and 1 µl, respectively) were
selected for detailed analysis of the pattern of terminal labeling in the spinal cord. In each case
WGA-HRP injections successfully targeted and were limited to the clitoris. Using the largest
and smallest injections specific to our target of interest we closely defined the relationship
between the injection zone and the spinal cord labeling pattern, which was the same in the 2
animals. In each animal the distribution of afferent fibers in the spinal cord was mapped under
dark field illumination. Beginning with the first section in which WGAHRP labeled fibers were
present, the entire rostrocaudal distribution of labeling was assessed in every fifth section in 1
of the alternate series (800 µm apart) using the Neurolucida ® computer based morphometry
system at a final magnification of 250×. For each section all WGA labeled fibers were drawn
regardless of location, size or contiguity to ensure the complete assessment of afferent
distribution. Because the entire rostrocaudal range of labeling in each animal was sampled,
this method allowed complete assessment of afferent projections in the transverse and
horizontal planes. Spinal segmental boundaries were determined using the midpoints between
dorsal root entrances.20 Digital light micrographs were obtained using an MDS 290 digital
camera system (Kodak®). The brightness and contrast of these images were adjusted in
Adobe® Photoshop®.

From 1 mouse 1 of every 10 sections (400 µm apart) was lightly counterstained with
hematoxylin and eosin, and from the other mouse 1 complete set of sections was stained with
slightly modified Bielschowsky silver stain.21 Sections were exposed to 20% silver nitrate for
2 hours, followed by 2 minutes of incubation with ammoniacal silver. They were assessed
microscopically until fibers were seen. Finally, slides from all procedures were dehydrated
through graded alcohols and cleared in xylene. Coverslips were applied with Permount.
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RESULTS
Gross microdissection of the pelvic cavity revealed that the clitoris consisted of a cylindrical
erectile organ that was internally located between the preputial glans and ventral to the urethra.
A fibrous tunica albuginea ensheathed the corporeal body, made up of vascular smooth muscle
and collagen connective tissue. The clitoral body was formed by sponge-like cavernous tissue
and composed of a meshwork of interconnected cavernous spaces surrounded by a fibrous
tunica albuginea. The cavernous space was lined by vascular endothelium and separated by
trabeculae containing bundles of smooth muscle. The urethra was surrounded by erectile tissue.

Gross dissection also revealed the innervation of structures in the pelvic cavity, including the
vulva, bladder, urethra, vagina and rectum (fig. 1). The penetration of colored resin in the
vascular system was adequate and it served as a reference to dissect the nerves in the genital
region.

The dorsal nerve of the clitoris, the clitoris corpus cavernosus nerve and the pudendal nerve
branches studied were also based on gross anatomical investigations and microdissection. The
clitoral nerve that innervates the clitoris bifurcated into a dorsal nerve that coursed along the
cranioventral border of the corpus clitoridis toward the glans with a deeper one to the corpus
cavernosum clitoridis. These peripheral sensory afferents of the clitoris merged with the
pudendal nerve. Two nerve branches entered the ischiorectal fossa, including 1 branch to the
clitoris and the perineal region, and 1 to the muscles of that region. The clitoris was also
innervated with fibers coming from the uterovaginalis plexus. The plexus was located close to
the internal iliac veins. We found nerve fibers (hypogastric nerve) connecting the plexus
mesenteric caudalis to the plexus pelvinus. Also, ventral nerve fibers from the plexus pelvinus
innervated the uterus and vagina (plexus uterovaginalis). Histological characterization using
Masson’s stain showed that the clitoris was composed of the clitoral glans located distal and
the corpus or body of cavernous tissue (fig. 2).

Neuronal tracing resulted in an afferent pattern of labeling in the spinal cord, consistent with
pudendal and hypogastric innervation of external genitalia and clitoris. WGA-HRP was carried
via primary sensory afferents and it labeled terminal projections in the spinal cord. The reaction
product in these afferent fibers appeared as strings of fine granules. The pattern of spinal
labeling for all injections directed and contained in the clitoris was identical, although the size
of the injection site was positively related to the density of fibers labeled in the spinal cord.
Figure 3 and Figure 4 show injection sites and representative spinal cord labeling for the largest
and smallest injections, respectively. Figure 5 shows camera lucida drawings of the entire
rostrocaudal range of labeling in each animal sampled. The smallest and the largest WGA-
HRP injections resulted in a pattern of exclusively afferent labeling, consisting of labeled fibers
and large, diffusely distributed granules of reaction product characteristic of terminal labeling.
The distribution extended from S1 to L2 with no labeling seen in the L3 spinal cord.

The pattern of spinal cord labeling in the lumbosacral spinal cord differed from that in the
upper lumbar region. In the S1 to L4 spinal levels afferent fibers entered the spinal cord
bilaterally through Lissauer’s tract and coursed along the superficial dorsal horn medial and
lateral. In agreement with pudendal nerve studies in the rat,16 collaterals coursed ventral,
labeled lamina I–V, and were restricted to the medial portion of the dorsal horn (fig. 3 and fig.
4, C). The medial pathway followed the dorsal horn into the central gray commissure, where
a dense aggregation of fibers formed around the midline toward and into lamina X. The lateral
pathway followed the dorsal horn toward and into the lateral intermediate gray at the lateral
edge of lamina V. In contrast to this labeling pattern, in the upper lumbar spinal cord (L2)
bilateral labeling was restricted to the medial aspect of the dorsal horn adjacent to Lissauer’s
tract (fig. 3 and fig. 4, D). Labeling from the large injection coursed ventromedial along the

Martin-Alguacil et al. Page 4

J Urol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



edge of the dorsal funiculus (fig. 3, E), while the resultant labeling from the smallest injection
was restricted to the area adjacent to the medial zone of Lissauer’s tract (fig. 4, E). The largest
injection also resulted in a column of labeled fibers in the medial portion of the L2/L3 gracile
fasciculus (fig. 5).

Silver staining demonstrated the fine pattern of innervation in the clitoris and the external
genitalia. In the clitoral skin there was a dense collection of nerve endings and nerve corpuscles
(fig. 6). Bundles of nerve fibers were present superficial to the tunica albuginea (fig. 7). In the
clitoris there was a dense distribution of nerves in 2 regions. Fibers of the dorsal nerve of the
clitoris were located at the dorsal side of clitoris and the ventral wall of the urethra (fig. 7, A).
A dense collection of corpus cavernosus nerve fibers was located in the mid part of the clitoris
with spreading fibers to all of the surrounding cavernous tissue (fig. 7, A). There were
communicating branches between the corpus cavernosus and the dorsal clitoris nerves, mainly
at the distal part of the clitoris (fig. 7). Nerve fibers from the skin of the perineal region passed
to the dorsal clitoral nerve and from there to the pudendal nerve.

DISCUSSION
The study of clitoral neuroanatomy, including afferent pathways, as it relates to sexual arousal
is germane to the strategic design of female reconstructive surgery, the medical diagnosis of
and treatment for sexual arousal disorders, and the understanding of sexual function related to
neural pathologies and trauma. A murine model may be a valuable tool for studies related to
these situations. Species specific differences between murine and human models are apparent.
However, in many aspects the gross anatomy of murine genitalia is similar to that in the human
females.6 The mouse perineal urethra is surrounded by erectile tissue, forming the clitoral
bulbs. In the mouse, as in human females, tissue organization in the corpora cavernosa of the
clitoris is essentially similar to that of the penis except for the absence of a subalbugineal layer
interposed between the tunica albuginea and the erectile tissue.10,22 The existence of smooth
muscle in the cavernous tissue of the clitoral body suggests that the clitoral vasculature is
involved in the process of sexual arousal and the corporeal smooth muscle of the cavernous
tissue also assumes an important role. This has been found to be important during penile
erection.23 Smooth muscle cells of the corpus cavernosum of the penis are connected by gap
junctions, which may have an important role during the activation of erection.24 It will be of
interest in further studies to identify the existence of gap junctions in clitoral tissue.

The general pattern of peripheral innervation of the genitals is comparable in males and females
in animal and human models.9,25 Neural pathways controlling penile erection26 are similar to
those controlling clitoral sexual arousal (fig. 2). As in the penis, nerve fibers are abundantly
distributed in the corporeal bodies vs the clitoral body. The glans clitoris is similar to its male
counterpart, in that it is highly innervated by the dorsal and cavernous nerves. The mouse
female external genitalia and clitoris are also richly innervated, as shown in this study. There
is extensive innervation of the dorsal aspect of the glans clitoris. Nerve endings and sensory-
like corpuscles were identified in the skin of the mouse external genitalia. Large sensory
corpuscles have been recognized morphologically in the human external genitalia for more
than a century.27 More recent studies showed genital end bulbs throughout the penis.28,29 In
the human penis the most numerous afferent terminations were found to be free nerve endings
but corpuscular receptors were also noted, including pacinian and Ruffini’s, and so-called
genital end bulbs. Free nerve ending and similar corpuscular receptors, including Pacini’s,
Ruffini’s and Merkel’s corpuscles, were found in the clitoris30–32 and on the inner surface of
the labia up to the beginning of the true vagina (which does not include the introitus) but not
in the vagina.31 Specialized nerve endings in the genital sites send afferent impulses to create
spinal reflexes that influence genital motility and blood flow, but also ascend the spinal cord
spinothalamic and spinoreticular tracts to the brain. Here they are decoded and interpreted as
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sexual arousal/pleasure, and efferent outputs to the genitals and various organs become
activated.33

The tissue organization of the corpus cavernosus of the clitoris has been described as similar
to that of the penis10,22,34,35 There is an important difference, that is the absence of the
subalbugineal layer between the erectile tissue and the tunica albuginea, as noted in the human
clitoris. 10 In our study of the murine clitoris we confirmed these results.22 In males the
subalbuginea layer has an important role during the full erection phase of the penis.23 Absence
of the venous plexus of the subalbugineal layer in the clitoris suggests that the process of
erection lacks at least 2 phases, including the full and the rigid erection phases during sexual
arousal. This process needs further investigation in the clitoris.

Central projections of the genitals course through the pudendal and the hypogastric nerves.
13,16,36,37 In general our findings about the sensorial innervation of the mouse clitoris
correspond with those in studies of the human clitoris. 38 In our study in which WGA-HRP
was injected directly into the mouse clitoris and surrounding epithelium the pattern of spinal
cord labeling was consistent across subjects regardless of injection volume, lending confidence
to the accuracy of our neuronal tracing techniques. WGA-HRP labeling was seen caudal in
levels S1 through L4 and rostral in L2. Previous investigations indicate that the caudal regions
are associated with the pudendal nerve13,16,37 and the rostral region is associated with the
hypogastric nerve.36

Somatic sensory pathways originate from the clitoral skin, where there exists a dense collection
of nerve endings. These sensory afferents pass from the dorsal clitoral nerve to the pudendal
nerve. Various receptive fields in the perineum are carried to the central nervous system
primarily by pudendal nerve afferents and the responsiveness to stimulation is estrogen
influenced.22,39–41 Sensitivity to tactile stimulation of the perineal skin, particularly influenced
by estrogen, supports sexual arousal physiology and motor responses. In rats and mice this
includes the lordosis reflex, which induces contraction of the iliococcygeus and pubococcygeus
muscles, causing increased intravaginal pressure. This may stimulate the penis during
copulation. In human females perineal skin stimulation results in the reflex contraction of the
bulbocavernosus and ischiocavernosus muscles, which are important for clitoral erection
during intercourse. 9

Central projections of the cutaneous branches of the pudendal nerve (the dorsal nerve of the
clitoris and perineal nerve but not the muscular branch) also ascend through the dorsal column
nuclear complex in rats.16,37 Labeling in the L2 gracile fasciculus of the mouse with the largest
injection is particularly interesting since this injection was deposited in the clitoral sheath and
external epithelium adjacent to the clitoris (fig. 3, A), while the smaller injection was restricted
to the clitoris and no dorsal column labeling was seen in this subject. Afferent axons in the
gracile fasciculus transmit sensory information about fine touch from an area in the lower truck
up the dorsal columns to the gracile nucleus. The laminar arrangement of the columns in the
dorsal funiculus indicates that the medial portion of the gracile fasciculus is associated with
the lumbosacral spinal cord. Smith and Bennett observed that dorsal column labeling in rats
was usually associated with dorsal root ganglia 2 or 3 segments caudal to the dorsal column
labeling,42 suggesting that these axons likely passed through the L5 dorsal root ganglia.

In female rats pudendal nerve afferent fibers and their terminal endings were HRP labeled,
predominately in the L6/S1 spinal cord.16 In mice we report the greatest density of labeling
from the clitoris in the L5/L6 spinal cord with sparse labeling caudal in the sacral spinal cord
and rostral in L2. To our knowledge it is not known whether the difference in results is related
to species anatomical differences or to methodological differences. In the previous study in
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rats HRP was applied to the cut end of the pudendal nerve, whereas in our study WGA-HRP
was injected into the clitoris and then transported centrally via the pudendal nerve.

The autonomic outflow responsible for the command of the genital sexual response originates
in the spinal cord. The afferent limb of the sexual reflex is mainly conveyed by the pudendal,
hypogastric and pelvic nerves. Genital sensation remains in some women with complete spinal
cord injury, suggesting that the transmission of sensory genital information to the brain is partly
spared.43,44 This is mediated by the vagal nerve and it provides a spinal cord bypass pathway
for vaginal-cervical sensibility in rats as well as in women with complete spinal cord injury
above the entry level into the spinal cord of the known genitospinal nerves.44,45 The brain
regions that show activation during female orgasms are the hypothalamic paraventricular
nucleus, the medial amygdala, the anterior cingulate, the frontal, parietal and insular cortices,
and the cerebellum.44 Stimulating pudendal sensory fibers leads to the activation of pudendal
motoneurons and the subsequent contraction of striated perineal muscles in men and women.
46 Intravaginal electrical stimulation has induced the inhibition of bladder contractions and
urethral closure has been noted in women and in cats, presumably to promote urinary
continence during intercourse. 47–49

CONCLUSIONS
In the mouse we report the greatest density of labeling for nerve fibers from the clitoris in the
L5/L6 spinal cord with sparse labeling caudal in the sacral spinal cord and rostral in L2.
Understanding the neuroanatomy of the clitoris using a murine model may provide a valuable
tool for the study of sexual arousal disorders and the further understanding of sexual function
related to neural pathologies and trauma.
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FIG. 1.
Dissection of female mouse pelvic cavity shows innervation of clitoris and preputial glans
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FIG. 2.
Transverse section of mouse clitoris and preputial glans. U, urethra. BC, body of clitoris. PG,
preputial glans. CG, clitoral glans. H & E, reduced from ×4.
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FIG. 3.
Dark field digital micrographs show labeling following large injection volume of 3 µl WGA-
HRP into clitoris of 1 mouse. WGA-HRP was present bilaterally in external epithelium and
clitoral sheath, that is labia (L) (A), ventral clitoris and tissue surrounding preputial glands and
urethra (U), vaginal canal and gastrointestinal tract (B). Transverse sections through L2 (C)
and L6 (D and E) spinal cord segments reveal resultant afferent labeling (arrowheads) of medial
and lateral dorsal horns, and dorsal gray commissure. Scale bars represent 100 µm. BC, clitoral
body.
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FIG. 4.
Dark field digital micrographs of labeling following small injection volume of 1 µl WGA-HRP
into clitoris of 1 mouse. No WGA-HRP was present in clitoral sheath, that is labia (L) (A).
Injection site was restricted to epithelium ventral to clitoris, clitoris and limited tissue
surrounding preputial glands (PG) (B). Transverse sections through L2 (C) and L6 (D and E)
spinal cord segments of same mouse demonstrate resultant afferent labeling (arrowheads) of
medial and lateral dorsal horns, and dorsal gray commissure. BC, clitoral body. Scale bars
represent 100 µm.
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FIG. 5.
Distribution of afferent labeling through lumbosacral spinal cord following WGA-HRP
injection into cervix in 2 cases shows labeling pattern after largest (A) and smallest (B)
injections in mice 15 and 18, respectively. Segmental boundaries, determined as midpoints
between dorsal root entrances and cytoarchitectonic subdivisions, follow conventions of
Molander et al.20 Sections were drawn at 800 µm intervals. Scale bars represent 500 µm.
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FIG. 6.
Female mouse external genitalia skin with neural mesh shows nerve endings in stroma under
epithelium (arrows) (A) and sensorial corpuscle (arrow) in genital skin stroma (B).
Bielschowsky silver stain, scale bar represents 50 (A) and 10 (B) µm.
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FIG. 7.
Mouse distal (A) and proximal (B) clitoris. Bielschowsky silver stain, scale bars represent 50
µm
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