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Résumé

Introduction : Si les connaissances anatomiques supportent 1’élaboration des techniques
chirurgicales, peu d’informations étaient disponibles sur 1’anatomie et la physiologie de
I’innervation pelvi-périnéale. La détermination précise de I’origine, du trajet péri-viscéral, des
rapports anatomiques avec les organes et les vaisseaux de voisinage et de la terminaison de
ces nerfs au niveau d’organes dont ils commandent la fonction était jusqu’alors peu accessible
aux techniques anatomiques classiques de dissection macroscopique sur sujet cadavérique.
Dans le domaine de la chirurgie pelvienne pour cancer, I’amélioration de la qualité de vie des
malades passe par la préservation de ces structures nerveuses, la dimension fonctionnelle étant
désormais indissociable des impératifs carcinologiques. En effet, ’intégrité¢ de ces nerfs est
indispensable aux fonctions de continence sphinctérienne et de sexualité. Par ailleurs, la
majorité des travaux s’intéressant aux séquelles fonctionnelles postopératoires sont réalisés
chez ’homme et trés peu de travaux concernent exclusivement les femmes dont les troubles
sexuels sont plus difficiles a identifier. La réduction de ces troubles fonctionnels
postopératoires passe donc par une meilleure compréhension de 1’anatomie nerveuse pelvi-
périnéale, qui peut étre éclaircie par de nouvelles techniques d’étude.

Objectifs : Pour contribuer a améliorer les connaissances anatomiques et physiologiques
utiles & I’amélioration des résultats fonctionnels de la chirurgie pelvienne pour cancer chez la
femme, les trois objectifs de ce travail étaient: i) d’étudier 1’anatomie morphologique et
fonctionnelle de 1’innervation pelvi-périnéale chez le feetus féminin en utilisant la technique
de Dissection Anatomique Assistée par Ordinateur (DAAO) ; ii) d’établir une cartographie
tridimensionnelle des principaux neurotransmetteurs parasympathiques, sympathiques et
sensitifs impliqués dans la physiologie de la fonction sexuelle féminine et de la défécation ;
ii1) d’établir grace a cette technique de DAAO un modele pédagogique tridimensionnel, utile
pour I’apprentissage de 1’anatomie et de la chirurgie pelvienne.

Matériels et méthodes : Des coupes sériées de 5pum d’épaisseur ont été effectuées tous les 50
a 150 pm sur le bassin de 14 feetus humains (7 filles, 7 gargons, entre 15 et 31 semaines de
gestation) puis étudiées par la technique de Dissection Anatomique Assistée par Ordinateur.
Les coupes ont été traitées par 1’Hématoxyline-Eosine et le trichrome de Masson puis
immunomarquées pour réaliser une dissection immunologique des fibres nerveuses (anticorps
anti-protéine S-100), les fibres somatiques (PMP22), les fibres autonomes adrénergiques (TH)
et cholinergiques (VACHT), les fibres sensitives (CGRP) et les fibres pro-érectiles
nitrergiques (nNOS) ainsi que ’actine lisse des sphincters. Les lames ont ensuite été
numérisées par un scanner de haute résolution optique et les images bidimensionnelles ont été
reconstruites manuellement en trois dimensions puis traitées par un logiciel d’animation.
Trois sujets féminins adultes ont été étudiés par dissection macroscopique des afférences et
efférences du plexus hypogastrique inférieur (PHI).

Résultats : La reconstruction tridimensionnelle des coupes histologiques immuno-marquées a
permis d’identifier 1’anatomie topographique et fonctionnelle de I’innervation pelvi-périnéale
et notamment la distribution de la forme neurale de I’enzyme de synthése de 1’oxyde nitrique
impliquée dans la fonction sexuelle et dans la relaxation des sphincters lisses. Les nerfs
hypogastriques (NH) étaient en rapport avec le systeme des fascias pelviens et rejoignaient le
plexus hypogastrique inférieur (PHI) homolatéral en regard du bord latéral du cul-de-sac
recto-vaginal. Les neurofibres issues de la partie distale du PHI et responsables de
I’innervation sphinctérienne et de la fonction sexuelle convergeaient vers le diaphragme uro-
génital. Elles étaient regroupées et associées au pédicule vasculaire vaginal long pour former
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la bandelette neuro-vasculaire (BNV), située a 2 et 10 heures sur la face antérolatérale du
rectum, ainsi que le plexus rectal inférieur, en arriére, destiné a la paroi rectale postérolatérale
et au sphincter lisse de I’anus. La BNV envoyait des fibres nerveuses a la paroi postérieure du
vagin, qui se situaient en avant du septum recto-vaginal. Trois efférences principales étaient
issues de cette BNV a hauteur du bas rectum : le plexus urétral, destiné au sphincter urétral, le
nerf caverneux, destiné aux corps caverneux du clitoris et le « nerf spongieux », destiné aux
bulbes vestibulaires du clitoris. Les voies nerveuses autonomes supra-lévatoriennes et
somatiques infra-lévatoriennes communiquaient a trois niveaux : proximal/supra-lévatorien,
entre le nerf pudendal et le PHI, intermédiaire/intra-lévatorien et distal infra-l1évatorien. Le
nerf dorsal du clitoris (NDC) exprimait des neurotransmetteurs sensitifs en distalité et
présentait une activité nitrergique segmentaire issue de sa communication avec le nerf
caverneux.

Conclusion et perspectives : Notre étude a permis de développer un modéle anatomique et
physiologique d’innervation du pelvis et du périnée du feetus féminin. Nos travaux se
poursuivront chez I’animal et le sujet anatomique pour confirmer nos résultats (les données
physiologiques seront complétées par une étude moléculaire de la répartition des
neurotransmetteurs centraux et périphériques) et chez le malade pour les confronter a la
pratique clinique, notamment par un travail prospectif en cancérologie chirurgicale digestive.

Mots clés: anatomie, innervation pelvienne, cancer du rectum, dysfonction sexuelle
neurogéne de la femme, nerf caverneux, nerf spongieux, nerf dorsal du clitoris, oxyde nitrique
synthétase, plexus rectal inférieur, proctectomie.
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Morphologic and functional study of female pelvic-perineal innervation

Abstract

Introduction: Anatomical knowledge is required for the development of surgical techniques,
but little is known about the anatomy and physiology of innervation in the pelvic/perineal
area. The origin, perivisceral trajectory, anatomical relationships to organs and neighbouring
vessels and of the endings of these nerves in the organs they control has not, to date, been
easy to determine precisely by classical anatomical techniques based on the macroscopic
dissection of cadavers. In the domain of pelvic cancer surgery, improvements in the quality of
life of patients are dependent on the preservation of these nervous system structures; the
maintenance of function cannot be dissociated from oncological imperatives. Indeed, the
integrity of these nerves is essential for sphincter continence and sexual functions. Most
studies have focused on the functional sequelae of surgery in men. Very few studies have
focused exclusively on women, in whom sexual problems are more difficult to identify. The
reduction of such postsurgical functional problems thus requires a more complete
understanding of the anatomy of the pelvic/perineal nervous system. This may be possible
through the use of new investigative techniques.

Objectives: This study aimed to increase our anatomical and physiological knowledge, with a
view to improving the functional results of pelvic cancer surgery in women, through three
major axes: 1) studies of the morphological and functional innervations of the pelvic/perineal
region in female foetuses, based on use of the computer-assisted anatomical dissection
(CAAD) approach: 2) three-dimensional mapping of the principal parasympathetic, sympathic
and sensitive neurotransmitters involved in the physiology of female sexual function and
defecation; 3) the use of CAAD to establish a three-dimensional pedagogical model to
facilitate the learning of pelvic anatomy and surgery.

Materials and methods: Serial sections (5 um thick) were cut at 50 to 150 um intervals
across the basin of 14 human foetuses (seven foetuses of each sex, between 15 and 31 weeks
of gestation) and studied by the CAAD technique. The sections were stained with
haematoxylin-eosin and Masson’s trichrome and were then immunolabelled for
immunological dissection of the nerve fibres (anti-S-100 protein antibody), somatic fibres
(PMP22), autonomic adrenergic (TH) and cholinergic (VAChHT) fibres, sensitive fibres
(CGRP) and nitrergic proerectile fibres (nNOS) and the smooth actin of the sphincters. The
slides were then scanned with a high-resolution optical scanner and three-dimensional images
were reconstructed manually from the two-dimensional images obtained and processed with a
computer animation program. Three adult female subjects were studied by macroscopic
dissection of the afferences and efferences of the inferior hypogastric plexus (IHP).

Results: Three-dimensional reconstruction of the immunolabelled histological sections made
it possible to determine the topographic and functional anatomy of pelvic/perineal
innervations and, in particular, the distribution of the neural form of the nitric oxide synthase
involved in sexual function and in the relaxation of smooth-muscle sphincters. The
hypogastric nerves (NH) were connected to the system of pelvic fasciae and connected to the
ipsilateral IHP at the lateral edge of the recto-uterine pouch. The nerve fibres from the distal
part of the IHP responsible for sphincter innervations and sexual function converged on the
urogenital diaphragm. They were clustered together and associated with the long vaginal
vascular pedicle to form the neurovascular bundle (NVB) located at positions of 2 o’clock and
10 o’clock on the anterolateral surface of the rectum, and the inferior rectal plexus, at the
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back, extending to the posterolateral rectal wall and the smooth-muscle sphincter of the anus.
The NVB emits nerve fibres that extend to the posterior wall of the vagina, just before the
rectovaginal septum. Three principal efferences were found to emanate from this NVB in the
lower rectum: the urethral plexus leading to the urethral sphincter, the cavernous nerves
leading to the cavernous body of the clitoris and the “spongious nerve” leading to the
vestibular bulbs of the clitoris. The supralevator autonomic and infralevator somatic nervous
system pathways communicate at three levels: the proximal/supralevator level between the
pudendal nerve and the IHP, the intermediate/intralevator level and the distal infralevator
level. The clitoris dorsal nerve (CDN) expresses sensitive distal neurotransmitters and
presents segmentary nitrergic activity due to its communication with the cavernous nerve.

Conclusion and perspectives: This study led to the development of an anatomical and
physiological model of the innervations of the pelvis and perineum in female foetuses. This
work is being pursued in animals and in anatomical subjects, to confirm the results obtained
(we will add to the physiological data by carrying out a molecular study of the distribution of
central and peripheral neurotransmitters), and in patients, to compare the results obtained with
clinical practice, through a prospective digestive cancer surgery study in particular.

Key words: anatomy, pelvic innervation, rectal cancer, female neurogenic sexual
dysfunction, cavernous nerve, spongious nerve, dorsal clitoris nerve, nitric oxide synthase,
proctectomy.
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BNV
BV
cce
CGRP
cs
DAAO
ETM
HE
NC
NDC
NH
nNOS
NO
NPV
NPY
NS
NSP
NSS
PHI
PHS
PMI
PRI
PU
SMA
sP
SRV
TH
VAChT
VIP

Liste des abréviations

bandelette neurovasculaire
bulbes vestibulaires (bulbes du clitoris)
corps caverneux du clitoris

calcitonin gene related peptide

chaine sympathique para-vertébrale (tronc sympathique)

dissection anatomique assistée par ordinateur

exérese totale du mésorectum (ou ligament rectal inférieur)

hématoxyline-éosine

nerf caverneux

nerf dorsal du clitoris

nerf hypogastrique

neural Nitric Oxide Synthase

oxyde nitric

noyau para-ventriculaire de I’hypothalamus
neuropeptide Y

nerf spongieux

nerf splanchnique pelvien (nerf érecteur d’Eckart)
nerf splanchnique sacral

plexus hypogastrique inférieur (plexus pelvien)
plexus hypogastrique supérieur

plexus mésentérique inférieur

plexus rectal inférieur

plexus urétral

smooth muscle actin

substance P

septum recto-vaginal

tyrosine hydroxylase

vesicular acetylcholine transporter
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I. Introduction

Si les connaissances anatomiques supportent 1’élaboration des techniques chirurgicales, peu
d’informations étaient disponibles sur 1’anatomie et la physiologie de I’innervation pelvi-
périnéale. La détermination précise de I’origine, du trajet péri-viscéral, des rapports
anatomiques avec les organes et les vaisseaux de voisinage et de la terminaison de ces nerfs au
niveau d’organes dont ils commandent la fonction était jusqu’alors peu accessible aux
techniques anatomiques classiques de dissection macroscopique sur sujet cadavérique. Dans le
domaine de la chirurgie pelvienne pour cancer, 1’amélioration de la qualité de vie des malades
passe par la préservation de ces structures nerveuses, le résultat fonctionnel étant désormais
indissociable des impératifs carcinologiques. En effet, ’intégrité de ces nerfs est indispensable
aux fonctions de continence sphinctérienne et de sexualité. Par ailleurs, la majorité des
travaux s’intéressant a ces séquelles fonctionnelles sont réalisés chez ’homme [1] et trés peu
de travaux concernent exclusivement les femmes [2-4] dont les troubles sexuels sont plus
difficiles a identifier [5]. La réduction de ces troubles fonctionnels postopératoires passe donc
par une meilleure compréhension de 1’anatomie nerveuse pelvi-périnéale, qui peut étre

¢claircie par de nouvelles techniques d’étude.

I.A. Rappel anatomique

Le diaphragme pelvien sépare la cavité pelvienne (ou pelvis), située en position supra-
lévatorienne (au-dessus du muscle élévateur de 1’anus), du périnée situé en position infra-
lévatorienne. Dans la région supra-lévatorienne, chemine le systeme nerveux végétatif ou
autonome, représenté majoritairement par le plexus hypogastrique inférieur (PHI), zone de
convergence et d’intégration des systemes sympathique et parasympathique (figure 1). Dans la

région infra-lévatorienne, chemine le systéeme nerveux somatique représenté par le nerf
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pelvi-périnéale depend essentiellement du plexus nerveux pudendal, issu des rameaux
antérieurs des racines nerveuses sacrales S2, S3 et S4. Il présente plusieurs branches
collatérales : le nerf du muscle élévateur de 1’anus, le nerf du muscle coccygien, le nerf rectal
supérieur et le nerf pudendal, nerf mixte sensitivomoteur impliqué dans 1’orgasme [8]. Ce nerf
pudendal présente 2 branches collatérales : le nerf rectal inférieur et le nerf périnéal [9-11] et
se termine par le nerf dorsal du clitoris, branche sensitive assurant I’innervation de la peau du
périnée, de ses annexes cutanées et des corps caverneux.

Les neurofibres somatiques sensitives empruntent les mémes troncs nerveux que les nerfs

moteurs.

> Innervation autonome pelvi-périnéale

Le systéme nerveux autonome ou végétatif s’organise anatomiquement en centres axiaux,
situés dans le systeme nerveux cérébro-spinal, et en centres extra-axiaux : les chaines
ganglionnaires para-vertébrales et pré-viscérales. Les centres extra-axiaux para-vertébraux
sont reliés aux centres pre-visceraux par les nerfs splanchniques abdominaux et pelviens.
L’influx nerveux est conduit par des voies motrices et sensitives bi-neuronales (fibres pré-
ganglionnaires myeélinisées connectrices cholinergiques et post-ganglionnaires non-

myeélinisées  effectrices), selon  deux  systemes  sympathique/adrénergique et
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parasympathique/cholinergique, d’actions antagonistes. Les fibres sympathiques et
parasympathiques convergent dans la chaine pré-viscérale du plexus cceliaque dans 1’abdomen
et du plexus hypogastrique inférieur (PHI) dans le pelvis. Le systéme végétatif pelvien assure
I’innervation sphinctérienne et génito-sexuelle : le parasympathique assure la motricité du
détrusor et de I’ampoule rectale ainsi que 1’érection par vasodilatation des tissus érectiles ; le
sympathique contréle la tonicité cervico-urétrale et anale et, chez ’homme, 1’¢jaculation par

contraction des vésicules séminales et fermeture du col vésical.

o Branches afférentes au PHI

Le PHI recoit des branches nerveuses de cing sources. Le plexus mésentérique inférieur (PMI)
en regard de Dl’artere mésentérique inférieure, le plexus hypogastrique supérieur (PHS)
constitué de fibres provenant de nerfs splanchniques lombaires et du PMI, les nerfs
hypogastriques (NH), essentiellement constitués de fibres sympathiques issues du PHS, les
nerfs splanchniques pelviens (NSP, nerfs érecteurs d’Eckhard) majoritairement
parasympathiques et les nerfs splanchniques sacraux (NSS) issus de la chaine sympathique

latéro-vertébrale (CS) [12].

o Branches efférentes du PHI

Les branches efférentes du PHI s’organisent en plexus et sont de trois ordres, vasculaires pour
les vaisseaux iliaques internes et leurs branches, péritonéales et viscérales. Ces derniéres sont
les plus importantes et différent suivant le sexe ; elles sont destinées d’une part aux visceres
pelviens digestifs et génito-urinaires et d’autre part aux organes périnéaux érectiles (corps

caverneux et spongieux du clitoris) et glandulaires (glandes vestibulaires).
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L’anatomie descriptive, topographique et fonctionnelle des structures autonomes neuro-
vasculaires n’est pas précisément connue, notamment du fait du manque de modéles

expérimentaux adaptés [13, 14].

I.B. Rappel physiologique
I.B.a Oxyde nitrique (NO) et enzymes de synthése
L’oxyde nitrique (NO) endogéne dérive de la L-arginine via une réaction catalysee par une
famille de 3 enzymes de synthése (NOS) : endothéliale, inductible et neurale [15]. Cette
derniére, la nNNOS, est exprimée principalement par les cellules endothéliales pulmonaires, par
certaines glandes endocrines, par les fibres musculaires striées ainsi que par les neurones, les
astrocytes et les cellules souches neurales. L’épissage alternatif de son ARNm génére 5
isoformes de nNOS : a, B, p, vy et 2. Elle est active sous forme dimérique. Son expression est
régulée par la cAMP response element-biding protein (CERB). Son activité est régulée par la
protéine de choc thermique HSP90/HSP 70, par la protéine inhibitrice de nNOS (PIN), par
phosphorylation et déphosphorylation et par la calmoduline (CaM). Elle interagit avec
plusieurs protéines dont la protéine post-synaptique de densité 95kD (PSD95) via son
domaine N-terminal PDZ, avec la clathrin assembly lymphoid leukemia (CALM) et avec la
protéine kinase Il alpha dépendante du couple calcium/calmoduline (CAMKIIA) [16, 17]

(figure 2).
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Figure 2: la régulation synaptique de la nNOS au niveau de différents sites (neurones, muscles strié et
lisse) implique des interactions protéiques aboutissant a des voies sites-spécifiques de contrble des
flux calciques. (A) Les associations avec PSD-95 médient le couplage de nNOS aux récepteurs
NMDA dans le systéme nerveux central. (B) Dans le muscle squelettique (Sk. Mus.), nNOS interagit
avec la dystrophine au sein du sarcolemme. (C) Dans les axones myentériques, ou le NO agit comme
un neurotransmetteur, I’influx calcique voltage-dépendant déclenche la relaxation musculaire lisse via
PSD-95 et la calmoduline. ACh, Acétylcholine; ACh R, acétylcholine récepteur; Glu, glutamate; SR,
réticulum sarcoplasmique. lllustration par Naba Bora, Medical College of Georgia; citée dans [18].

Le NO d’origine endothéliale, régule la vasomotricité vaginale en réponse a un stimulus
sexuel. Les cestrogénes exercent une régulation post-transcriptionnelle sur la NO synthétase
endothéliale par phosphorylation et interaction avec la cavéoline-1 [19].

Le NO d’origine neuronale a plusieurs effets physiologiques. Dans le systéme nerveux central,
il est impliqué dans la neuroplasticité et la genese de la douleur neurogene [15, 17]. Dans le
systéme nerveux périphérique, il agit comme un neurotransmetteur non-adrénergique et non-
cholinergique médiant 1’action des motoneurones autonomes sur le muscle lisse vasculaire et
non-vasculaire, notamment au niveau des corps érectiles et des sphincters lisses [20, 21]. La
distribution de ce neurotransmetteur au sein du systéme nerveux pelvi-périnéal de la femme

demeure mal connue.
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I.B.b Physiologie de la fonction sexuelle de la femme

L’innervation sexuelle de la femme est complexe et les altérations de la fonction sexuelle sont

beaucoup plus difficiles a évaluer que chez I’homme [22]. Les systemes neurophysiologiques

controlant les differentes composantes de la réponse sexuelle (désir, excitation et orgasme) ne
sont pas totalement élucidés. Cette réponse est régulée par les systemes nerveux somatique et

autonome, périphérique et central, et implique des hormones stéroides et peptidiques [23].

» Au niveau périphérique, la réponse sexueclle dépend de I’activation, par le systéme
autonome, de mécanismes de contrle des muscles lisses vasculaires impliqués dans
I’augmentation du flux sanguin du vagin et des corps érectiles (corps caverneux et bulbes
vestibulaires) aboutissant a I’engorgement et a la lubrification de la paroi vaginale, a des
modifications de diamétres de la lumiére vaginale, ainsi qu’a la tumescence du clitoris. De
plus, des arcs réflexes d’afférences génitales passant par les nerfs pudendaux contrélent la
contraction orgasmique des muscles striés ischio-caverneux et bulbo-spongieux [24]. Chez
I’homme, 1’enzyme de synthése de I’oxyde nitrique (NO), la NO synthétase (NOS), est
exprimeée dans les nerfs innervant les corps caverneux et dans les vasa vasorum des artéres
péniennes [25]. Les différentes isoformes de NOS sont également distribuées dans le tissu
caverneux du clitoris et du vagin humains, particulierement dans les nerfs du systeme
nerveux autonome et les endothéliums vasculaires et sinusoidaux [26, 27] ainsi que dans
le vagin et 1'utérus d’animaux [28-30]. La synthese endothéliale et neuronale de NO,
contrdlée par la NO-phosphodiestérase de type 5, permet, par relaxation des muscles lisses
et augmentation du flux artériel, 1’augmentation de la pression intra-caverneuse et
I’engorgement de la paroi antérieure du vagin [31, 32]. Le phénomene de tumescence
clitoridienne est aussi probablement commandé par le systeme nerveux somatique dont
certaines fibres nerveuses, probablement d’origine autonome, ont pu étre

immunomarquées par I’anticorps dirigé contre la forme neurale de la NOS [27]. Par
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ailleurs, on a pu mettre en évidence au niveau des parois et des artéres vaginales,
I’expression de médiateurs non-adrénergiques non-cholinergiques tels que le polypeptide
vaso-intestinal (VIP), vasodilatateur artériel, le neuropeptide Y, I’ocytocine et la
sérotonine, tous vasoconstricteurs artériels, concentrées au voisinage des fibres
musculaires lisses vasculaires et extravasculaires [33-35]. Enfin, la paroi de I'urétre est
riche en cellules paracrines mécano-réceptrices contenant de la sérotonine, connue comme
potentialisant la sensibilité épicritique des terminaisons nerveuses contenues dans la paroi

urétrale [36].

> Au niveau central, les afférences d’origine génitale activent des voies réflexes spinales
modulant la fonction sexuelle. Sont décrits des arcs réflexes caverno-pudendal et bulbo-
caverneux impliquees dans la vasodilatation des corps érectiles. Les informations regues
sont transmises a des centres supra-spinaux, notamment I’aire pré-optique médiale et le
noyau para-ventriculaire de 1’hypothalamus, I’amygdale médiale, la substance réticulée
médullaire, I’hippocampe, le thalamus et le cortex cérébral [36]. Les systémes
sérotoninergique et dopaminergique, mais aussi cholinergique, adrénergique, nitrergique et
y-aminobutyrique sont impliqués dans la commande d’origine centrale. Des données
récentes ont permis de préciser le role des voies nerveuses médullaires descendantes
mélanocortinergiques, exprimant le récepteur 4 de la mélanocortine (MC4-R) et contenant
de I’ocytocine synthétisée dans I’hypothalamus [37-39]. Des neurones exprimant la NOS

ont été mis en évidence dans le NPV [40].

La rupture de D’intégrit¢ des commandes nerveuses périphériques, dont le substratum
anatomique demeure mal connu, mais aussi hormonales, musculaires et vasculaires de la

réponse sexuelle sont donc susceptibles d’interférer avec la fonction sexuelle et sphinctérienne
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[41], bien que des facteurs psychologiques et relationnels puissent jouer des réles importants
[23].
I.B.c Physiologie du sphincter lisse de I’anus

Prés de 70% du tonus sphinctérien de repos est supporté par le sphincter lisse, participant a la
continence anale [11]. Ce sphincter recoit des neurofibres sympathiques et parasympathiques
dont I’origine, la distribution et la fonction restent mal connues. Elles sont impliquées dans la
commande du reflexe recto-anal inhibiteur [42]. L‘oxyde nitrique est largement distribué au
sein du tube digestif et est impliqué dans la relaxation des fibres musculaires lisses intestinales
et sphinctériennes [43, 44]. La dénervation du sphincter anal interne (SAI) peut altérer sa
fonction apres chirurgie du rectum pour cancer mais la distribution des neurotransmetteurs au
sein de I’innervation autonome destinée au SAI reste mal connue. L’identification précise de
I’origine et de la distribution de I’innervation autonome du SAI pourrait contribuer a une
meilleure compréhension de la dysfonction sphinctérienne neurogéne postopératoire et a ses

traitements.

I.C. Anatomie nerveuse par « dissection immunologique » et reconstruction
tridimensionnelle

L'anatomie topographique de 1’innervation pelvienne est classiqguement étudiée par dissection
macroscopique des nerfs sur sujet frais ou formolés. La dissection de 1’environnement adipeux
et osseux des structures nerveuses présente cependant le risque de détruire les nerfs ou de
perturber leur organisation spatiale. L utilisation combinée du prélévement macroscopique en
bloc des pieces anatomiques et de méthodes immunohistochimiques permet de respecter
I’intégrité des nerfs et ainsi d’améliorer la détection des neurotransmetteurs au sein des tissus
nerveux (figure 3). Ces travaux permettent d’obtenir des renseignements précis sur le trajet, le

type de fibres et leurs rapports anatomiques [45]. De plus a partir de ces coupes histologiques
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immunomarquées et des techniques de traitement d’images en 3D par ordinateur, il est
possible de reconstruire, de visualiser dans ’espace, et d’animer les structures anatomiques
afin de réaliser une Dissection Anatomique Assistée par Ordinateur (DAAQO) [46]. Cette
technique a été développée et améliorée grace a un travail collaboratif au sein de notre
laboratoire, que nous avions initi¢ a I’occasion d’une année de Master 2 [47]. Nous utilisons

le logiciel Winsurf Reconstruction Software (Windows Surfdriver ; The Surfdriver Software

Company ; www.akuaware.com; Hawai, EU), sans interface de contourage automatique.

Sympathetic
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0\ aorta

Superior
hypogastric
plexus

2 H\pn Mlu
j. merve

Dorsal
penis

erve

Figure 3: zones a risque de blessure nerveuse au cours de 1’exérése rectale pour cancer ; illustrations
par le dessin de données issues de techniques de dissection macroscopique sur sujet anatomique (a
gauche) [48] ; reconstruction 3D d’un pelvis de feetus masculin avec marquage immunohistochimique
des nerfs par I’anticorps anti protéine S-100 (& droite, article 1) [49].

I.D. Implications cliniques

I.D.a En chirurgie
La proctectomie avec exérese totale du mésorectum (ETM, ou ligament rectal inférieur des
anatomistes) et préservation nerveuse est la chirurgie de référence du cancer du rectum [50-

52]. Cette chirurgie est associée a des séquelles urinaires et sexuelles dans 10 a 70% des cas
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[53, 54] liées, notamment, a des Iésions iatrogénes des nerfs pelvi-périnéaux [48, 55-59]. Ces
nerfs peuvent étre 1ésés en plusieurs endroits (plexus hypogastrique supérieur (PHS), nerfs
hypogastriques (NH), plexus hypogastriques inférieurs (PHI) et branches efférentes) [49]
(figure 4, article 1). Ces lésions peuvent survenir par section directe, écrasement par des
écarteurs, thermo-coagulation de voisinage ou étirement par traction manuelle, car leur
identification précise peut étre difficile en raison de leur taille et de leur proximité avec les
organes pelviens [60].

Le syndrome de résection antérieure du rectum observé aprés proctectomie avec conservation
sphinctérienne pourrait étre li¢ en partie a I’interruption de la commande nerveuse du
sphincter lisse car ces fibres sont obligatoirement sectionnées lors de 1’exérése du rectum
puisqu’elles longent la paroi rectale avant d’atteindre le sphincter. Une meilleure connaissance
de la localisation des zones a risque de blessure nerveuse [49] et de la fonction des différentes
structures nerveuses permettrait d’adapter les procédure destinées a réduire le risque de
troubles fonctionnels post-opératoires : techniques chirurgicales de préservation nerveuse et

neurostimulation peropératoire [61, 62].

I.D.b En pharmacologie
L’amélioration de la compréhension de la physiologie sexuelle et sphinctérienne et des
facteurs moléculaires impliqués dans sa régulation permettra le développement de nouveaux
traitements médicamenteux [63]. Par exemple, [Iefficacit¢ des inhibiteurs de
phosphodiestérase de type 5 (sildénafil, Viagra® par exemple) a été prouvée
expérimentalement chez 1’animal ovariectomisé, comme ils induisent une augmentation des
flux sanguins vaginal et clitoridien et de la lubrification génitale [35]. Ces phénomeénes
semblent potentialisés en cas de forte imprégnation cestrogénique indiquant que la voie du

NO-cGMP est impliquée dans la régulation de la fonction sexuelle [32]. Trés peu d’études ont

These de Sciences D. Moszkowicz Page 12



été réalisées chez le malade apres chirurgie pelvienne. Néanmoins, un essai randomisé a
évalué I’efficacité du sildénafil versus placebo sur la dysfonction érectile post-opératoire apres
ETM chez I’homme. Prés de 80% (n=11/14) des malades rapportaient une amélioration de la
fonction érectile aprés proctectomie [64]. A notre connaissance, aucune étude n’a été réalisée
chez la femme aprés chirurgie du rectum pour cancer. Néanmoins, si I’effet physiologique de
ces molécules est prouve, leur effet clinique reste discuté chez la femme, notamment du fait
de la discordance entre les composantes psychologiques et physiologiques de la réponse
sexuelle qui rend difficiles 1’évaluation de la fonction sexuelle et 1’imputabilité des effets
observés apres administration de ces molécules [22, 65].

Ainsi, la cartographie 3D des neurotransmetteurs pelvi-périnéaux contribuera a la sélection de
molécules pharmacologiques utiles au traitement des troubles primitifs et postopératoires

sexuels, de la continence et de 1’exonération.
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I1. Objectifs

Pour contribuer & améliorer les connaissances anatomiques et physiologiques utiles a
I’optimisation des résultats fonctionnels de la chirurgie pelvienne pour cancer chez la femme,

les trois objectifs de ce travail étaient :

» d’étudier I’anatomie morphologique et fonctionnelle de I’innervation pelvi-
périnéale chez le feetus féminin en utilisant la technique de Dissection

Anatomique Assistee par Ordinateur (DAAO)

» d’établir une cartographie tridimensionnelle des principaux neurotransmetteurs
parasympathiques et sympathiques (cholinergiques, adrénergiques et non-
cholinergiques/non-adrénergiques) impliqués dans la physiologie de la fonction

sexuelle et sphinctérienne de la femme

» d’établir grace a cette technique de DAAO un modele pédagogique
tridimensionnel, utile pour I’apprentissage de 1’anatomie et de la chirurgie

pelvienne

Ces données permettraient le transfert des connaissances anatomiques vers I’application a des
techniques chirurgicales visant a préserver les nerfs impliqués dans la continence et la
fonction sexuelle au cours de la chirurgie pelvienne et vers le développement de molécules

pharmacologiques impliquées dans le traitement des troubles génito-urinaires postopératoires.
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Article 1 : Quelles sont les zones a risque de blessure nerveuse au cours de

I’exérese rectale pour cancer ? [49]

Moszkowicz, D. Alsaid, B. Bessede, T. Penna, C. Nordlinger, B. Benoit, G. Peschaud, F.
Where does pelvic nerve injury occur during rectal surgery for cancer? Colorectal Dis
2012;13(12): 1326-1334. Review.

IF 2011: 2,927

Résumé

Objectifs: le traitement optimal de I’adénocarcinome rectal comprend 1’exérése totale du
mésorectum avec préservation nerveuse. Les dysfonctions sexuelles et urinaires sont
néanmoins fréquentes dans les suites de cette intervention. Une meilleure connaissance de
I’anatomie descriptive des zones a risque de blessure nerveuse au cours de la chirurgie

pelvienne permettrait de contribuer a réduire ces séquelles fonctionnelles.

Matériel et méthodes: la base de données MEDLINE a été exploitée pour afin de collecter
les articles portant sur 1’anatomie des nerfs pelviens et sur les blessures nerveuses
occasionnées par 1’exérese rectale, via la recherche des mots clé 'autonomic nerve', ‘pelvic
nerve', ‘colorectal surgery’, et ‘genitourinary dysfunction'. Toutes les publications en langue
Anglaise et Frangaise parue jusque mai 2010 ont été considérées. Les donnees colligées ont

été illustrées par une reconstruction 3D d’un pelvis de foetus masculin.

These de Sciences D. Moszkowicz Page 15




Résultats: la ligature de I’artére mésentérique inférieure et la dissection pré-sacrale réetro-
rectale peuvent conduire a la blessure des plexus hypogastrique supérieur et mésentérique
inférieur et/ou des nerfs hypogastriques. La dissection antérolatérale du rectum dans la zone
des ailerons du rectum et la section du fascia de Denonvilliers peuvent conduire a une blessure
du plexus hypogastrique inférieur et de ses branches efférentes. La dissection périnéale au
cours de I’amputation abdomino-périnéale peut conduire a la blessure indirecte du nerf

pudendal et de ses branches.

Conclusions: il est le plus souvent possible de préserver I’innervation pelvienne au cours de
la chirurgie du cancer du rectum. Une résection respectant les impératifs carcinologique peut
imposer, lorsque la tumeur est antérieure, fixée et que le bassin est étroit, une dissection trés a

risque pour les structures nerveuses.

=>» Cette revue de littérature est un travail préliminaire. Elle a permis de rappeler les zones
clé a risque et de mettre évidence le manque de connaissances acquises, notamment en
anatomie topographique (article 1) et fonctionnelle (articles 2-5). La bandelette
neurovasculaire est localisée dans une zone dont la dissection chirurgicale est délicate
et qui est peu accessible par 1’étude macroscopique de sujets anatomiques. Elle devient
donc & haut risque de blessure nerveuse. Elle a fait & ce titre I’objet d’une étude
spécifique combinée a celle du septum recto-génital chez le feetus et 1’adulte (article

6).
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Abstract

Aim Optimal treatment of rectal adenocarcinoma in-
volves total mesorectal excision with nerve-preserving
dissection. Urinary and sexual dysfunction is still frequent
following these procedures. Improved knowledge of
pelvic nerve anatomy may help reduce this and define
the key anatomical zones at risk.

Method The MEDLINE database was searched for avail-
able literature on pelvic nerve anatomy and damage after
rectal surgery using the key words ‘autonomic nerve’,
‘pelvic nerve’, ‘colorectal surgery’, and ‘genitourinary
dysfunction’. All relevant French and English publications
up to May 2010 were reviewed. Reviewed data were
illustrated using 3D reconstruction of the foetal pelvis.

Results The ligation of the inferior mesenteric artery
and dissection of the retrorectal space can cause damage

to the superior hypogastric plexus and/or hypogastric
nerve. Anterolateral dissection in the ‘lateral ligament’
arca and division of Denonvilliers” fascia can damage the
inferior hypogastric plexus and efferent pathways. Peri-
neal dissection can indirectly damage the pudendal
nerve.

Conclusions In most cases, the pelvic nerves can be
preserved during rectal surgery. Complete oncological
resection may require dissection close to the nerves where
the tumour is located anterolaterally where it is fixed and
when the pelvis is narrow.

Keywords Surgery, rectal cancer, anatomy, pelvic nerve
injury, computer-assisted anatomic dissection (CAAD)

Introduction

Optimal treatment of adenocarcinoma of the rectum is
based on surgery in which the rectum, with the
surrounding mesorectum, is resected as an intact capsule
with lymphadenectomy [total
(TME)]. TME is combined with nerve-preserving dis-
section in an attempt to avoid urinary and sexual
dysfunction [1-4]. Lymph nodes at the origin of the
inferior mesenteric artery (IMA) [5-7] are also removed
[8-10]. Sphincter-saving or abdominoperineal resection
(APR) is carried out depending on the level of the
tumour [11-15]. With TME and nerve preservation, the
rates of genitourinary dysfunction remain around 5-40%

mesorectal  excision

Correspondence to: Dr Frédérique Peschaud, Service de Chirurgie Digestive,
Héopital Ambroise Paré, 9 Avenue Charles de Gaulle, 92100 Boulogne, France.
E-mail: frederique.peschaud@apr.aphp.fr

[12,16-18]. These rates may be higher after APR
[12,19,20].

Urinary and sexual dysfunction is attributed to
somatic and autonomic pelvic nerve damage [21,22].
There are two distinct anatomical compartments in the
lower pelvis, above and below the levator ani muscle.
Each is innervated by different nerve pathways [23]. The
supralevator pathway is formed by autonomic nerves
including the pelvic splanchnic nerves (PSN, parasympa-
thetic); the superior hypogastric plexus (SHP) with
hypogastric nerves (HN, sympathetic); and the inferior
hypogastric plexus (IHP). The infralevator pathway
consists of somatic nerves including the pudendal nerve
(PN) and its terminal branches.

Conventional pelvic and perineal dissections are used
to study pelvic nerve anatomy, and these are performed
through intrapelvic, gluteal and perincal
approaches on fresh or frozen cadavers. The standard

surgical
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means of documenting these dissections is by hand
drawings and photography. While dissection of pelvic
nerves is technically difficult, the combination of immu-
nostaining and computerized imaging can improve the
definition of pelvic organs and clarify their innervation.
Three-dimensional (3D) models help to gain a better
understanding of complex anatomic structures [24].

In this review of the anatomical and surgical literature,
an attempt was made to clarify the anatomy of the pelvic
autonomic and somatic nerve pathways with their differ-
ent sites at risk during surgery for rectal cancer.

Method

Search strategy

Two investigators scarched the published literature in the
Pubmed database (US National Library of Medicine,
Bethesda, Maryland) on pelvic nerve anatomy and nerve
damage after rectal cancer surgery up to 2010. The key
words used were autonomic nerve, pelvic nerve, colorec-
tal surgery, sexual dysfunction and urinary dysfunction.
The ‘related articles’ algorithm was employed to identify
additional articles. Bibliographies of original reports and
reviews were scanned for additional references.

Inclusion criteria

All anatomic original articles, reviews and editorial letters
that described pelvic and perineal neuroanatomy were
included. Descriptions of surgical techniques were
included if based on surgical anatomy of the pelvic nerves
and nerve preservation techniques. Clinical studies of
genitourinary dysfunction following rectal surgery for
cancer were also identified.

Exclusion criteria

Only publications in French or English were included.
Clinical studies on nonfunctional surgical complications,
such as sepsis or adhesive small bowel obstruction, were
excluded. Data from patients with recurrence after rectal
cancer surgery were also excluded as were anatomical
studies and case reports. Data from duplicate studies were
analysed without duplication.

Selection of studies

Two of the authors sclected studies based on titles or
abstracts. Studies that met the inclusion criteria were
selected for review. If it was not clear from the abstract
whether a study fulfilled the inclusion criteria, the full
article was retrieved for further evaluation.

© 2011 The Authors

Data extraction and quality assessment of included
material

The following data elements were extracted from cach
anatomic article including publication year, article type,
sample size, anatomical subject type, dissection method-
ology, documentation and illustration modalities and
anatomical results including nerve pathways. Additional
data were extracted for patients having surgery for rectal
cancer from articles on rectal surgery and genitourinary
dysfunction, to include planes of rectal dissection,
frequency of genitourinary dysfunction and the clinical
functional consequences of nerve injury. Data were
extracted by two investigators and validated by a third
investigator.

Illlustrations

The key anatomical zones at risk of pelvic nerve injury
during rectal surgery were illustrated by computer-
assisted anatomical dissection (CAAD) models. The
CAAD reconstruction was obtained from digitized,
immunostained histological sections of human male
foetuses using Winsurf software [25,26].

Results

Study selection

A total of 189 studies were identified that fell within
the scope of this review out of 224 and 41 found on
computerized and manual analysis. Of these, 77 were
cligible. These consisted of 9 that gave background
information and 36 on anatomy. Twenty-one papers
gave useful data on rectal surgical anatomy, and
11 studies were included for their clinical analysis
of genitourinary complications after rectal
(Fig. 1).

surgery

Anatomy of the pelvic nerves (Figs. 2 and 3A)

Nerve pathways of the supralevator compartment

Superior hypogastric plexus (SHP) and hypogastric nerves
(HN) The SHP is a network of pre- and postganglionic
fibres anterior to the body of L5 arising from T10-L3 and
is a continuation of the preaortic sympathetic trunks [27].
It forms the origin of two HN that run over the sacral
promontory situated 1 cm on either side of the midline
and 2 ¢cm medial to the ureter and iliac artery [28]. They
vary in gross anatomy, sometimes consisting of fine
filaments that spread out over a width of about 1 cm and

Colorectal Disease © 201 | The Association of Coloproctology of Great Britain and Ireland. 13, 1326-1334 1327

These de Sciences D. Moszkowicz

Page 18



Pelvic nerve injury during rectal surgery

D. Moszkowicz et al.

224 Citations in MEDLINE
found by electronic search

Y

77 Excluded on first pass

41 Found by
hand searching

Y

Y

189 Given more detailled
assessment

112 Excluded on second pass

4 Not in English or French

» 1 Not human subjects

106 Did not meet inclusion criteria
1 was duplicate

77 Studies identified and
analysed

sometimes being 5-8 mm wide [29,30]. They join the
ITHP on each side.

The HN were thought to be sympathetic nerves [31-
33]. However, we have recently shown that the pelvic
autonomic nervous system is more complex than previ-
ously thought, as adrenergic [labelled with anti-tyrosine-
hydroxylase (TH) antibody] and cholinergic fibres
[labelled with anti-vesicular acetylcholine transporter
(VACKT) antibody] were found to coexist within ‘sympa-
thetic’ and ‘parasympathetic’ nerves. In these studies, all
fibres within the HN were positive for anti-tyrosine-
hydroxylase, and some fibres were positive for anti-VAChT
also [25]. SHP and HN damage causes cjaculatory
dysfunction (retrograde ejaculation, loss of ejaculation)
[34] and urinary urgency and incontinence [16,17,35].

Pelvic splanchnic nerves (PSN) or evectile nerves (Eckard)
The PSNs have been considered to be parasympathetic
nerves and generally arise from the ventral roots of §3 to
S$4 in men [21] and S2 to S4 in women [36]. In some
exceptional cases, branches may originate from S5 [37],
but never from S1 [38]. These nerves enter the pelvis

Figure | Scarch strategy and study
selection (to May 2010).

through the sacral foramina, posterior to the parietal
fascia that covers the piriformis muscle and crosses the
retrorectal space, to enter the visceral compartment
through the visceral fascia about 4 cm from the midline
[28,39].

Small branches of the PSNs that run medially to
enter the mesorectum have been identified. These
contain the specific parasympathetic fibres of the rectum
[40] and make up the medial segment of the IHP. They
lic in the lateral ligament that joins the parietal fascia
overlying the pelvic sidewall to the fascia propria
medially [21]. Sato and Sato [41] showed that the
superoanterior part of the ‘lateral ligaments’ contained
the middle rectal artery and the inferoposterior part
contained the PSNs. However, other authors do not
consider the ‘lateral ligaments’ to exist and report that
the middle rectal artery is a small, inconstant and
frequently unilateral vessel [42].

We have recently demonstrated that the PSNs contain
both ‘adrenergic’ and ‘cholinergic’ fibres [25]. These are
responsible for detrusor contractility and vaginal lubrica-
tion and genital swelling during sexual arousal [43].

© 2011 The Authors
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Figure 2 Anterolateral view of foetal pelvic tridimensional
reconstruction using computer anatomic assisted dissection
(CAAD) with immunolabelled pelvic nerves. Blue arrows show
key zones at risk during total mesorectal excision (TME): (1)
inferior mesenteric artery (IMA) ligation; (2) superior hypogas-
tric plexus (SHP); (3) hypogastric nerves (HN); (4) inferior
hypogastric plexus (IHP); and (5) its afferent terminal branches
for genito-urinary organs. Other abbreviations: common iliac
artery and vein (CIA, CIV), corpus cavernosum (CC), dorsal
nerve of the penis (DNP), external and internal iliac arteries
(EIA, ITA), pelvic splanchnic nerve (PSN), prostate (P),
pudendal nerve (PN) and ureter (U).

Damage to these nerves causes erectile dysfunction and
decreased blood flow to the vagina and vulva, which can
reduce vaginal lubrication [28].

The inferior hypogastric plexus (IHP) The IHP is a
network of sympathetic and parasympathetic fibres arising
from HNs and PSNs nerves. It lies outside the fascia
propria in the superficial layer of the parietal fascia. The

pararectal fascia and perirectal adipose tissue separate the
lateral surfaces of the rectum from the IHP [44]. The
IHP is a plaque of nerves measuring 3 x 4 cm and is
located retroperitoneally and laterally on both sides of the
rectum close to the prostate and seminal vesicle in men.
In females, it radiates from an area anterolateral to the
rectum, passes lateral to the cervix and the vaginal fornix
and extends to the lateral vaginal wall and base of the
bladder. The bulk of the plexus is localized at the level of
the vaginal fornicess. At this site, fibres and ganglia of the
IHP are both sympathetic and parasympathetic. Adren-
ergic positivity is stronger in the anterior part of the
plexus, whereas cholinergic positivity is stronger in its
posterior third [25].

The efferent fibres of the THP innervate the bladder,
ureters, seminal vesicles, prostate, membranous urethra,
corpora cavernosa, and uterus and vagina. One of these, the
cavernous nerve, is mainly responsible for erectile function
[23]. In men, this arises from two neurovascular bundles
just anterior to the lateral borders of rectoprostatic
Denonvilliers’ fascia between the rectum and the prostate
and seminal vesicles. The nerve penetrates the urogenital
diaphragm parallel to the urethra [45]. The female
anatomy of the cavernous nerves is poorly understood
[46]. The neurovascular bundles are believed to be similar
in women. The cavernous nerves originate along the lateral
surface of the vagina and travel within the vesicovaginal
septum to pass through the urogenital diaphragm [37].

Because the THP consists of both sympathetic and
parasympathetic efferent fibres, any damage to this
plexus may cause severe disturbances in urogenital and
sexual function including erection and ejaculation. Injury
to the cavernous nerve results in crectile dysfunction

[47].

Figure 3 (a) Intra-abdominal view of foetal pelvic tridimensional reconstruction using CAAD with immunolabelled pelvic nerves.
Same reconstructed view (b) and intra-operative view (c) after rectal resection during total mesorectal excision (TME). Nerves fibres
destined to the rectum and accompanying the inferior mesenteric artery (IMA) and superior rectal artery (SRA) are resected during
IMA ligation, but the superior hypogastric plexus (SHP) and hypogastric nerves (HN) must be preserved. Other abbreviations:
common iliac artery and vein (CIA, CIV), inferior hypogastric plexus (IHP), pelvic diaphragm (PD) and ureter (U).

© 2011 The Authors

Colorectal Disease © 201 | The Association of Coloproctology of Great Britain and Ireland. 13, 1326-1334 1329

These de Sciences D. Moszkowicz

Page 20



Pelvic nerve injury during rectal surgery

D. Moszkowicz et al.

Levator ani nerve (LAN) The
otherwise known as the perineal branch of $4, provides
motor innervation to the levator ani muscles (iliococcy-

levator ani nerve,

geal, pubococcygeal and puborectal), thereby contribut-
ing to urinary continence (hammock function) [48]. It
originates from S3, S4 and/or S5 and crosses the
superior surface of the pelvic floor underneath the lateral
parictal fascia, running about 4 cm lateral to the
midsagittal plane. At the level of the ischial spine, it runs
3.2 cm medial to the ischial spine according to Barber
et al. [49]. According to Wallner ¢z al. [50], it runs 4 cm
lateral to the tip of the coccyx and 9 mm caudal to the
ischial spine.

A weaker pelvic floor resulting in the loss of support of
the urethra and bladder neck may contribute the to loss
of sphincter tone and urinary incontinence [22,49-51].

Nerve pathways of the infralevator compartment

Pudendal nerve The pudendal nerve is a mixed nerve,
containing both somatic (sensory and motor) and auto-
nomic sympathetic fibres. It originates from the sacral
plexus, frequently from roots S2 to S4 [52-54], some-
times L5 [37] and rarely from S1 to S5 [55]. These come
through the anterior sacral foramina and unite to form
the nerve trunk. This runs deep in the pudendal canal,
deep in the pelvic floor musculature and passes through
the ischio-anal fossa where it gives oft three terminal
branches: (i) the perincal nerve that supplies sensory
innervation to the perineal skin and motor innervation to
the ischiocavernous,
transverse perineal muscles and to the striated urethral
rhabdosphincter; (ii) the inferior rectal nerve that pro-
vides motor innervation to the external anal sphincter and
sensory innervation to the perianal skin; and (iii) the
dorsal penis nerve or clitoris nerve that is also a mixed
nerve that supplies the corpus cavernosus [32,47,56].
Damage to the pudendal nerve may cause urinary
incontinence and sensory sexual impotence because of its
role in orgasm [57]. Faecal incontinence after rectal
cancer surgery has been linked to pudendal nerve injury,
even when the anal sphincter is not damaged [55,58].

bulbocavernous and superficial

Key zones at risk of pelvic nerve injury during rectal
surgery (Fig. 2)

Pelvic nerve damage may occur during ligation of the
IMA, at certain points of TME and through the perineal
dissection of APR.

Ligation of the inferior mesenteric artery
High ligation of the IMA at its origin from the aorta is
intended to achieve complete removal of regional lymph

nodes [59]. There is a general agreement on how damage
to the nerves should be avoided during this manoeuvre.
The IMA is palpated between two fingers. The nerve
plexus is identified as tight cords of nerve fibres that are
palpable posterior to the IMA [21]. Division is then
performed leaving a short arterial stump (1-2 cm)
preserving the pre-aortic connective tissue containing
the pre-aortic plexus, SHP and inferior mesenteric plexus
[60].

The presacral space at the transition of the mesosigm-
oid to the mesorectum is then carefully dissected to
displace progressively the HN dorsally. Damage to nerves
during ligation of the IMA may cause failure of ejacula-
tion [27].

Total mesorectal excision (TME) (Fig. 3)

The main goal of TME is to remove the rectum entirely
within the envelope of the fascia propria [2,9,61,62],
without breaking into the mesorectum. The cancer and
regional lymphovascular drainage are removed in their
entirety minimizing the risk of local recurrence [63,64].
In this technique, urogenital dysfunction should be
avoided by pelvic autonomic nerve preservation (PAND)
[65].

Posterior rectal dissection Sharp dissection is carried out in
the avascular plane between the visceral (rectum and
mesorectum) and the nervous structures (autonomic
nerve plexuses) [65]. There is still some controversy,
however, concerning the anatomical basis for this, espe-
cially concerning the course of the autonomic nerves. The
avascular plane of loose areolar tissue corresponding to
the retrorectal space lies between the parietal fascia
posteriorly (presacral parietal fascia and prehypogastric
nerve fascia) and the fascia propria anteriorly (visceral
perirectal fascia), which invests the rectum [66,67].
Dividing the loose connective tissue opens the retrorectal
space and allows mobilization of the rectum [21,29].

The correct plane of dissection should expose and
preserve the SHP at the level of the sacral promontory.
The HNs lie posterior to the peritoneum and directly
anterior to the visceral fascia. To spare them, a change in
the level of dissection, just medial to the nerve, has to be
made from posterior to anterior to the fascia propria. The
superior rectal artery lies immediately anterior to the
fascia propria at the sacral promontory and can act as a
landmark to find the plane [21,29].

The HNs can be damaged if the correct plane is not
followed or if direct vision is compromised owing to
bleeding [36] (Fig. 3C).

Lateral rectal dissection TME involves dissection of the
lateral ligaments that run close the THP [47,68]. There is
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a considerable confusion concerning their nature. Jones
et al. [42] consider them to be an artefact produced by
surgical dissection. For some authors, the lateral liga-
ments join the parietal fascia to the fascia propria and
contain the middle rectal or an accessory middle rectal
artery [30,62]. Part of the THP lies inside the lateral
ligament and gives oft branches to the rectum on each
side about 2 cm below the peritoneal reflection.

Clausen et al. [47] consider the lateral ligament to be
the only remaining connection between the lateral side of
the pelvis and the mesorectum. Injury to the autonomic
nerves is most likely when the ligament is dissected too
close to the parietal pelvic fascia containing the THP.
Extensive manual traction during the operation may
displace the THP from the lateral pelvic wall rendering it
more vulnerable [69]. There is no oncological need to
dissect the ‘lateral ligament” lateral to its insertion into
the parietal pelvic fascia. This is because all lymphatics are
located within the mesorectum with the primary regional
lymphatic drainage arranged along the branches of the
superior rectal artery [41].

During TME, the IHP is rarely seen except in very
thin patients and at this level, sharp dissection without
the need for clamping or ligation of any important
anatomical structure is possible.

Anterior rectal dissection (Fig. 4) Denonvilliers’ fascia is
very important in rectal dissection. Heald [70] considers
that it should be resected in TME surgery because it
forms the anterior surface of the mesorectum. However,
Lindsey ez al. [69] suggest that the rectoprostatic fascia
should be resected only for specific oncological indica-
tions, for example, in the presence of an anterior rectal
tumour where the anterior circumferential margin might
be threatened. The rectoprostatic fascia is formed during
embryonic life by fusion of the two peritoneal leaves of
the rectovesical pouch [71]. Richardson [72] identified a
dense double layer of elastin posterior to the prostate
and seminal vesicles and anterior to the thin anterior
mesorectum and the fascia propria [69]. This layer is
more closely opposed to the prostate than to the
rectum. In women, the posterior layer of the rectova-
ginal septum is the fascia propria of the rectum, and the
anterior layer is the true equivalent of the rectoprostatic
fascia in men [73]. The postero-lateral neurovascular
bundle [26] is at risk during deep dissection of the
anterior extraperitoneal rectum away from the prostate
and seminal vesicles.

There is no consensus concerning the anatomical
plane of anterior dissection. Lindsey et al. [69] described
three planes including (i) the close rectal plane that lies
immediately on the rectal musculature inside the fascia
propria, (i) the mesorectal plane situated immediately

© 201 | The Authors

Figure 4 Superior infraperitoneal view of foetal intrapelvic
organs using CAAD with immunolabelled pelvic nerves showing
position of the inferior hypogastric plexus (IHP) on the lateral
aspect of the rectum. Some of the terminal branches of the
plexus directed to the seminal vesicles (SV), vas deferens (VD)
and prostate are in close relationship with Denonvilliers® fascia.
Better pelvic autonomic nerve preservation could be achieved by
dissecting between the fascia propria of the rectum (arrows) and
Denonvilliers” fascia.

outside the fascia propria; and (iii) the extramesorectal
plane that allows resection of the rectoprostatic fascia but
involves a high risk of damage to the autonomic nerves at
this site.

In practice, therefore, the mesorectal plane within the
fascia propria protects the pelvic nerves and is appropriate
for posterior or posterolateral rectal tumours. The
extramesorectal plane should be used when the anterior
circumferential margin is threatened by the tumour.
Distinguishing the different planes is not so easy during
surgery, however, especially if there is bleeding, a fixed or
very low tumour or a narrow pelvis. Care is also needed
when performing the dissection with scissors and bipolar
coagulation. The use of robot-assisted dissection may
improve dissection in this arca as it has carried out for
radical prostatectomy [69,74].

Abdominoperineal vesection (APR) (Fig. 5)

Major complications can occur after APR, which involves
resection of the levator ani [75]. The extensiveness of
pelvic dissection is directly related to the severity of
subsequent bladder and genital dysfunction. These are
more frequent and severe for APR than for sphincter-
preserving procedures, including intersphincteric resec-
tion [19,20]. Enker ez al. [12] reported preservation of
sexual function in 57% of patients undergoing APR and
in 85% of patients undergoing sphincter preservation.
Permanent impotence has been reported by Santangelo
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Figure 5 Perincal view of the pelvic diaphragm including its
muscles and nerves. Pudendal nerve (PN) branches supplying the
anterior perineum [perineal nerve (PeN)] are at risk during
abdominoperineal resection (dotted line). Other terminal
branches of PN are shown, including the dorsal nerve of the
penis (DNP) and inferior rectal nerve (IRN).

et al. [76] in 44% and 25% of patients undergoing APR
and low anterior resection.

There are several possible explanations for this differ-
ence. Inadvertent damage to the pelvic nerves during the
perineal phase of dissection may occur, particularly at the
level of the prostate [20]. At about 2 cm above the point
where the rectum passes through the levator ani, the
fascia propria of the rectum and the parietal pelvic fascia
become inseparable and the levator ani nerve is close to
the surgical dissection plane [22,50]. The dorsal nerve of
the penis/clitoris is the terminal branch of the PN and
may play an important role in erection and ejaculation
through mediating bulbocavernous muscle contraction
[28,56]. These nerves should not be directly damaged
during APR since they are not close to the zone of
dissection. However, they may be damaged as a result of
excessive traction or prolonged electrocoagulation in the
anterolateral plane of dissection.

The primary aim of rectal cancer surgery is survival of
the patient and to reduce the risk of local recurrence. The
second aim is to maintain function by minimizing injury
to the pelvic nerves. In most cases, bladder and sexual
dysfunction can be avoided by identifying and preserving
the nerves subserving them. Ligation of the IMA and
dissection of the retrorectal space are usually uncompli-
cated manocuvres and damage to the SHP and the HN

readily can be avoided. However, difficulties can arise
during anterior and lateral dissection where the anatom-
ical planes may not be clear. Here, the THP can be
damaged especially its efferent pathways. If the pelvis is
narrow or the tumour is anterolateral and fixed, careful
dissection using bipolar scissors may be preferable [77].
In the future, robot-assisted dissection might help to
reduce the rate of nerve damage.
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Résumé

Objectifs : confronter la dissection macroscopique des nerfs, la coloration histochimique,
I’immunomarquage nerveux et la dissection anatomique assistée par ordinateur (DAAO) pour
identifier 1’origine, le trajet, les rapports viscéraux et la terminaison des fibres nerveuses

autonomes intra-pelviennes et en élaborer une représentation tridimensionnelle.

Matériel et méthodes: des coupes transverses du pelvis de cing feetus humains de sexe
féminin (18-31 semaines de gestation), obtenus aprés autorisation d’autopsie scientifique par
I’agence de la Biomédecine et consentement écrit des parents, ont été étudiées par technique
histologique  (colorations  hématoxyline-éosine et trichrome de Masson) et
immunohistochimique (anticorps anti-protéine S100), numérisées puis reconstruites
manuellement en trois dimensions a I’aide du logiciel Surf driver pour Windows® (Winsurf
4.3%). Trois sujets féminins adultes ont été étudiés par dissection macroscopique des

afférences et des efférences du plexus hypogastrique inférieur (PHI).
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Résultats: cette étude multimodale incluant la dissection anatomique assistée par ordinateur
(DAAO) a permis d’identifier la localisation et la distribution des nerfs pelviens et leurs
rapports avec les viscéres. Les nerfs hypogastriques (NH) étaient en rapport avec le systeme
des fascias pelviens et rejoignaient le plexus hypogastrique inférieur (PHI) homolatéral en
regard du bord latéral du cul-de-sac recto-vaginal. Le croisement de 1’uretére avec la face
postérieure de 1’artére utérine permettaient de situer la jonction entre NH et PHI. Les branches
efférentes antéro-inférieures du PHI se regroupaient en bandelette a la face postéro-latérale du

vagin avant d’innerver les organes de la continence urinaire et les corps érectiles du périnée.

Conclusions: la DAAO est une technique utile a la recherche et a I’enseignement de
I’anatomie. Elle permet, en complément des méthodes de dissection classiques, de fournir les
bases anatomiques et physiologiques utiles a la compréhension des dysfonctions sexuelles et
urinaires post-opératoires et au développement des techniques chirurgicales de préservation

nerveuse.
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Abstract

Purpose To confront nerve dissection, tissue staining,
nerve immunolabelling and Computer-Assisted Anatomic
Dissection (CAAD) in identifying the precise location and
origin of intrapelvic autonomic nerve fibers and to provide
a three-dimensional (3D) representation of their relation-
ship to other anatomical structures.

Methods  Serial transverse sections of the pelvic portion
of five human female fetuses (18-31 weeks of gestation)
were studied histologically (with hematoxylin/eosin and
Masson trichrome) and immunohistochemically (anti-pro-
tein S100 antibody) digitized and reconstructed three-
dimensionally with Surf driver software for Windows
(Winsurf 4.3). Three fresh female adult cadavers were
macroscopically dissected to individualize the inferior
hypogastric plexus afferences and efferences and their
anatomical relationships.

Results  This combined investigation including the CAAD
technique allowed identifying the precise location and
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distribution of the pelvic nerve elements and their rela-
tionships to female pelvic organs. Hypogastric nerves (HN)
were located in the retrorectal multilaminar structure and
joined the homolateral inferior hypogastric plexus (IHP) at
the lateral border of the recto-uterine pouch. The inter-
section of the ureter with the posterior wall of the uterine
artery precisely located the junction of HN and IHP.
Antero-inferior branches supplying female sexual and
continence organs originated from the antero-inferior angle
of IHP and were bundled at the posterolateral vaginal wall.
Conclusions CAAD is an encouraging anatomical method
for the development of anatomical and surgical research and
teaching. Complementary to traditional anatomical studies,
it may provide useful anatomical data for the comprehension
of postoperative sexual and urinary dysfunction and the
development of nerve-sparing surgical techniques.

Keywords Anatomy - Computer-assisted anatomic
dissection - Hypogastric nerve - Inferior hypogastric
plexus - Nerve-sparing surgery - Three-dimensional
reconstruction

Introduction

Integrity of the pelvic-perineal innervation is a crucial
element to guarantee a normal micturition-continence cycle
and a satisfying sexual function. However, this integrity
can be disturbed during pelvic surgery, due to the close
location of the nervous and visceral structures [8, 22]. For
the surgeon, a better understanding of the pelvic-perineal
neuroanatomy is essential to develop nerve preservation
techniques in order to attain better functional outcomes
[13]. Classic anatomical studies based on nerve dissection
and documented with photography and hand drawings have
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provided details of the pelvic nerve morphology, nature
and location [20]. However, dissection of these autonomic
nerves is technically complex due to their position, the
lamellate arrangement of the inferior hypogastric plexus
(IHP) nerve fibers and ganglia, the diversity of its roots and
the complex distribution of its terminal projections. The
density of the perivisceral connective tissue which needs to
be removed during dissection also compromises conser-
vation of the pelvic-perineal architecture. Furthermore, it is
thorny to determine the exact relationship between nerves
and the pelvic connective tissue. Investigators have favored
fetal to adult tissue when studying topographical details of
the pelvic nerves due to the nerves bulky nature and the
less well-developed pelvic connective and adipose tissue in
the fetus [4, 12, 16]. Although meticulous dissection and
histological studies provide important knowledge, an
investigative approach including immunohistochemically
stained serial histological sections and 3-dimensional (3D)
imaging may add new information to our understanding of
the female pelvic autonomic neuroanatomy [2]. The aim of
this study was to provide an immunohistochemistry based
3D-reconstruction of the female pelvic autonomic inner-
vation using the Computer-Assisted Anatomic Dissection
(CAAD) technique and to confront obtained data with fresh
adult cadaver macroscopic dissection.

Methods
Fetal material

The present work conformed to the provisions of the
Declaration of Helsinski in 1995 (as revised in Edinburgh
2000); it included a specific protocol that required exami-
nation and approval by the French Biomedicine Agency.
The fetal preparations were obtained from miscarriages or
legal abortions and were authorized for scientific use by the
parents. The fetuses were devoid of maceration or macro-
scopic abnormalities as could be determined by the
pathologists on macroscopic examination. There was no
history of prior pathology in the region under examination.

We have studied 5 female fetuses, with a crown-rump
length “CRL” (from the highest point of the head to the
rump) from 140 to 310 mm and between 18 and 31 weeks of
gestation. The gestational age of each fetus was determined
from the CRL, the fetal heel-to-toe length, corrected by the
first-trimester ultra-sound CRL measurement and confirmed
at autopsy by the estimation of organ maturation [14].

Macroscopic dissection

The pelvic organs and surrounding pelvic bones were
removed as a single unit and fixed in 10 percent
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paraformaldehyde (pH 7.4) for 48 h for further processing.
After fixation, stepwise transversal cross-sections were
made at 4-mm intervals. Tissue slicing was proceeded on
the whole anatomic piece; the slices were placed in bas-
kets, processed and embedded in cardboard mouls filled
with paraffin. Series of 5 pm-tick sections were then pre-
pared every 50-200 pm. Alterations in the visceral topo-
graphical relationships due to stretching of the thin paraffin
sections were prevented by floating the slices in warm
before whole-mounting them on Super frost glass slides.
Finally, slices were dried at 37°C overnight. In total,
50-150 sections were obtained for each fetus, depending
on the age and size of each specimen.

Histological examination

The pelvic autonomic nerves were investigated by conven-
tional histological staining methods (hematoxylin/eosin,
Masson trichrome) and immunohistochemical staining of
neural structures. All the immunohistochemical detections
and colorations were performed manually by the authors.

Stainings and antibody
Hematein-eosin-phloxine and Masson’s trichrome stain

The first transverse section from each level was stained with
HE or Masson’s trichrome. Masson’s trichrome stain was
intended for the distinguishing of connective tissue, muscles
and collagen fibers (collagen fibers are colored in dark blue,
cytoplasme in red-pink and nucleuses in black). For HE, we
used Harris hematoxylin (réf. HHS32-1L, Sigma-Aldrich,
USA) and eosin-phloxin solution (ref. HTT110332-1L,
Sigma—Aldrich, USA). For Masson’s trichrome (ref. HT15-
1KT, Sigma—Aldrich, USA), we used Weigert hematoxylin
(réf. HT1079-1SET, Sigma-Aldrich, USA).

Neuronal immuno-labeling (rabbit anti-cow protein 5100,

PS100)

PS100 is expressed in neuroectodermal tissues, including
Schwann cells of nerves and melanocytes. PS100 is a
general immuno-labelling marker for all nerves which
specifically identifies the nucleus and cytoplasm of Schw-
ann cells in formalin-fixed paraffin-embedded nerve tissue
[1, 15].

Immunohistochemical protocol
Removal of paraffin and rehydration

The slides were placed in a 56°C oven for 15 min, washed
twice in xylene for 10 min each, rehydrated in graded
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ethanol series (three successive ethanol baths of 100, 90 and
80%, respectively), for 5 min each, rinsed gently in running
tap water for 3 min and placed for additional rehydration in
phosphate-buffered saline (PBS: 7.65 g NaCl + 0.724 g
NaH,PO, + 0.210 g Na,HPO, in 1,000 ml of distilled
water) for 30 min at room temperature.

Endogenous peroxidase inactivation

After two successive washes in PBS (5 min each), slides
were placed on a flat surface and drops of 3% hydrogen
peroxide were added to cover the whole section for 10 min
at room temperature. The slides were then rinsed two times
for 5 min each in PBS.

Primary antibody incubation

Histological sections were pre-incubated in a blocking
solution containing 1% Triton X-100 (4-(1, 1, 3, 3-Tetra-
methylbutyl) phenyl-polyethylene glycol, t-Octylphenox-
ypolyethoxyethanol, Polyethylene glycol tetra-octylphenyl
ether, ref. 9002-93-1, Sigma—Aldrich, USA) and 3% nor-
mal goat serum (ref. 16210-004, GeneTex, USA) in PBS
for 30 min. The slides were incubated without rinsing in a
humidified chamber with 100 pl of the diluted primary
antibody anti-protein S100 (ref. Z0311, Dako, DK) at room
temperature, during 45 min, at 1/400 dilution.

Secondary antibody incubation

After two successive washes in PBS (5 min each), the
slides were incubated with biotinylated goat anti-rabbit
secondary antibody (ref. Z0311, DakoCytomation, Dane-
mark), diluted 1/200, for 90 min at room temperature, and
then washed two times (5 min each) in PBS. The avidin
biotin peroxidase procedure was performed using a Vector
ABC Elite kit (antirabbit IgG biotinylated secondary anti-
bodies followed by the avidin—biotin complex, according to
the manufacturer’s instructions; ref. PK6100, Vector Lab-
oratories, Burlingame, CA, USA), prepared 45 min before
use. The slides were incubated for 60 min and then rinsed
two times in PBS (5 min each).

Detection

Chromogenic detection was performed with the DAB
detection kit. 3, 3'-diaminobenzidine tetrahydrochloride
(DAB, ref. SK-4100, Vector Laboratories, Burlingame,
California, USA) with 0.0015-0.003% H,0O, in 0.01 M
PBS was then added to reveal the ABC and the time of the
DAB incubation was controlled microscopically (between
3 and 5 min). The reaction product appeared as a dark-
brown stain. The slides were rinsed with distilled water,
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counterstained in Mayer’s hematoxylin solution (ref.
MHS32-1L, Sigma-Aldrich, USA) for 2 min, rinsed in
running tap water for 5 min, air dried at room temperature
and covered using glycerol gelatin aqueous mounting
medium (ref. HX755693, Merck, All).

Controls

To confirm the specificity of the reagents, negative control
slides were prepared for each subject. The same steps were
followed but immunohistochemical analyses were con-
trolled with non immune serum (diluted primary antibody
was replaced by diluents). Positive control slides were
prepared with male sacral plexus branches.

Three-dimensional reconstruction

Serial 2D sections, stained and immunolabelled for nerve
fibers were used to perform 3D reconstructions. Analysis of
sections stained with HE or Masson’s trichrome under
appropriately high magnifications (x4 to x20) allowed us
to distinguish the various anatomical structures (organs,
bones, fascia, nerve and vascular elements). Subsequent
section, treated with anti-S100, allowed us to specifically
identify pelvic nerves. Sections were almost at the same
level; the interval between the sections was negligible
(5 pm). The computer system comprised: a personal laptop
(Windows 7), Epson perfectionV750 digitalization system,
SilverFast Al digitalized software, Adobe Photoshop image
processing software and Surfdriver software for Windows
(WinSurf image reconstruction software, version 4.3).
All the sections were digitized with direct scanning at
4,800 dots inch~ ' resolution, and then the images were
stacked and aligned. Brightness and contrast of histological
tissue images were adjusted in Adobe Photoshop 7. The
pelvic anatomical structures and the nerve fibers were
manually outlined in all histological sections; a 3D analysis
of the location, course and distribution of the nerve fibers
was performed in the x- and y-axes as an animated motion
picture.

Adult cadaver dissection

We performed dissection of three fresh female adult
cadavers, none of which showed any stigmata of subum-
bilical surgery or undergone any pelvic or abdominal sur-
gery. The subjects had an average age of 85 (77-89). We
performed an umbilical-pubic laparotomy with lateral
extension. We could then individualize the inferior hypo-
gastric plexus (IHP) afferences and efferences and their
relationships to the ureter and uterine artery. We used the
cleavage plane between the genital organs and the lateral
wall of the pelvis to reach the pelvic floor. It allowed us to
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pull forward and downward the genital organs in order to
facilitate the dissection of the efferences of the IHP on the
lateral surface of the vagina. Dissections were documented
with photography.

Results
Afferences of the inferior hypogastric plexus

Nerve fibers of superior hypogastric plexus (SHP), mostly
in an inter-iliac position, accompanied the inferior mes-
enteric and superior rectal arteries between the posterior
aspect of the sigmoid and the anterior surface of lowest
lumbar vertebra. Sympathetic trunks (ST) were located
between iliac vessels and anterior face of lumbar and sacral
vertebrae. The majority of SHP fibers divided into two
groups of trunks of different size, the left and right hypo-
gastric nerves (HN). HN travelled postero-laterally to the
posterior rectal wall behind the ureters and medially to the
posterior division branches of internal iliac arteries
(Figs. 1, 2). Some fibers splited from HN and were desti-
nated to postero-lateral rectal wall, bladder wall and ure-
terovesical junction. Most fibers of HN then accompanied
the ureter on its dorsal side. When the ureter was about to

Fig. 1 Computer assisted 3-D reconstruction of a 18-week-old
female fetal pelvis, antero-lateral view of the pelvic organs and
autonomic nerves with bladder division at the neck level and rectal
division at the high rectum level. Nerve fibers are immunolabelled
with anti-PS100 antibody (in yellow). Schematic representation of the
IHP afferences, efferent projections and relationships is presented on
the left side. The hypogastric nerves (HN) originate from the superior
hypogastric plexus (SHP) at the posterior rectal wall and join inferior
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join the wall of the bladder, the HN came to lie at the
ventral edge of the lateral rectal wall and this initiated the
formation of the IHP. The intersection of the ureter with
the posterior wall of the uterine artery precisely located the
junction of HN and IHP at its superior angle (Fig. 3).
Histological examination with Masson’s trichrome dem-
onstrated a fascial retrorectal multilaminar structure
(Fig. 2). HNs were bordered anteriorly by a prehypogastric
fascia (PHF) between the nerve trunk and the fascia propria
of the rectum, and by the parietal presacral fascia posteri-
orly. Pelvic splanchnic nerves (PSN) identified here origi-
nated from the second and third sacral roots and joined IHP
at its posterior edge (Fig. 4).

IHP or pelvic plexus

The superior and posterior angle made up the origin of the
IHP following on from the homolateral HN. The IHP was a
quadrangular shaped plaque of nervous tissue with two
aspects (visceral and parietal), four edges (superior ‘cra-
nial’, anterior ‘ventral’, posterior ‘dorsal’ and inferior
‘caudal’) and four angles (superior, antero-inferior, antero-
superior and postero-inferior). IHP dorsal edge was at the
point of contact with the sacral roots and receives affer-
ences from it, contained in the uterosacral ligaments. IHP

the hypogastric plexus (/HP) at the lateral rectal wall. Pelvic
splanchnic nerves (PSN) join the IHP at its posterior border. Lateral
projections coming from the /HP and HN (lat) are destinated to
uterus, vagina, bladder, uretera and rectum anterior wall. Terminal
antero-inferior efferences of the IHP join the perineum forming a
neural bundle (NB, ant-inf) for the erectile bodies and the urethral
sphincter. SRA superior rectal artery, /RP inferior rectal plexus
(postero-inferior projection, post-inf)
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Fig. 2 Transverse section (5 pum thickness) of a 27-week-old female
fetus (S2 level) stained with Masson trichrome and scanned at optical
resolution of 4,800 dpi. On the left side hand, arrowhead shows left
hypogastric nerve (HN) at the posteromedial aspect of the ureter (Ur)
and medial side of internal iliac artery (IIA). Black square
corresponds to microscopic pictures on the right side hand. HN

Fig. 3 Computer assisted 3-D reconstruction of a 18-week-old
female fetal pelvis, antero-lateral view with bladder transparency
and rectal division at the high rectum level. The middle rectal artery
(MRA) runs through the /HP before joining the rectal wall. Some
fibers leave the hypogastric nerves (HN), passe around the ureter and
penetrate the bladder wall at the ureterovesical junction. Others join

was located on the pelvic side wall, which stretched from
the lateral surface of the rectum of the rectum, passed the
cervix and the vaginal fornix laterally, and extended to the
lateral vaginal wall and the base of the bladder. The bulk of
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(star) is covered with prehypogastric nerve fascia (PHF) and
separated from the sacrum anterior aspect by the presacral fascia
(PSF). The rectal visceral fascia (FR) surrounds the neural and
vascular content of the mesorectum (asterisks). OA ombilical artery,
RW rectal wall

the posterolateral rectal wall. The intersection of the ureter (Ur) with
the posterior wall of the uterine artery (UA) precisely locates the
junction of the HN and the /HP. Box shows the HN joining the
homolateral /HP at the lateral border of the recto-uterine pouch
between the rectum and the vagina

the IHP was localized at the level of the vaginal fornix. In
anteroposterior direction the plexus covered the latero-
ventral part of the rectum, the lateral border of the recto-
uterine pouch and the lateral edge of the uterus and the
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Fig. 4 Pelvic dissection of a 77-year-old female cadaver. The inferior
hypogastric plexus (/HP) efferences (black star) and afferences are
shown. Sacral roots (under blue loops) give the pelvic splanchnic
nerves (under black sutures) which reach the /HP posterior wall. The
hypogastric nerve (HN) reaches the /HP superior angle

vagina. It formed a circumferential neural network outside
of the visceral walls and lied exactly between the fibrous
connective tissue of the rectal adventitia and vaginal serosa
medially and pelvic parietal connective tissue laterally
(Fig. 5). The cranial portion of the IHP was situated
directly beneath the lateral margin of the recto-uterine
pouch, where the HN joined the IHP (Figs. 3, 6). The distal
IHP efferences accompanied the vagina downwards to the
pelvic diaphragm. The middle rectal artery (MRA) was
found to run through the IHP before reaching the rectal
wall.

Efferences from the IHP

The superior part of the rectum received fibers from HN
and from the posterior part of IHP. From the anterior part
of the IHP, groups of fibers course were responsible for the
innervations of the urinary bladder. Branches followed the
course of the uterine artery to the cervix. Postero-inferior
branches rising from the inferior edge of the IHP form the
inferior rectal plexus (IRP) that gave branches to postero-
lateral rectal wall and smooth anal sphincter. IHP antero-
inferior part converged in a caudal direction and reached
down to the pelvic floor. The more the levator ani muscle
approached the rectum, the more the distal plexus was
pushed into a small triangularly-shaped space bordered by
the levator ani muscle laterally, the rectum dorsally and the
vagina ventrally. These antero-inferior fibers formed a
neural bundle and descended along the vagina at the 4 and
8 o’clock positions (Figs. 1, 6). This bundle then gave two
major perineal projections: an anterior projection for the
urethral sphincter complex and an inferior projection des-
tinated to the perineal erectile bodies.

Discussion

After 8 weeks of gestation (Carnegie stage 23), intrapelvic
innervation is mature, stable and comparable with that of
the adult. This anatomic layout does not undergo funda-
mental changes during growth in fetal and post fetal

Fig. 5 Serial transverse sections (5 pm thicknesses) of a 20-week-old
female fetus (S3 level) scanned at optical resolution of 4800 dpi. The
inferior hypogastric plexus (/HP), forming a circumferential network
close to the rectal wall, is stained with HE with weak contrast (left
figure, a) but is well distinguished with anti-PS100 immunolabelling
(right figure, b). Asterisks show the tranversal vagino-rectal branches
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and white arrow shows the postero-inferior projection of the THP
forming the inferior rectal plexus. Black arrow shows the antero-
inferior projections located at the postero-lateral then lateral vaginal
wall and coursing to the perineum. LAM levator ani muscle, OIM
obturator intern muscle
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Fig. 6 Pelvic dissection of a 88-year-old female cadaver. The vagina
(empty star) and uterus have been pulled downward and forward to
visualize the inferior hypogastric plexus (IHP) and its terminal
efferences (neural bundle, black star). The hypogastric nerve (HN,
blue suture) join the THP where the uterine artery (red loop) crosses
the anterior surface of the ureter (green loop), as it was 3D-reformed
in the fetus in Fig. 3. Samely, the HN proximal portion gives branches
to the ureter (black arrowhead)

periods [4, 12]. The female fetus is thus a good anatomic
and physiological model for studies of pelvic-perineal
innervation and results can be extrapolated to adult defin-
itive anatomy. In this study, the HN, specifically identified
with anti-PS100 immunolabelling, was constantly a multi-
trunked structure with several nerve trunks of variable size
coursing at the anterolateral sacral surface. It coursed in a
multifascial environment that we could easily recognize
with Masson trichrome that permitted a specific blue
staining of collagen fibers. In the cadaver study of Par-
askevas et al. [23] two distinct HNs at a short distance with
each other were found in the majority of subjects. More
rarely, they found a wide reticular formation, a band-like
nerve trunk consisting of nerve bundles connected with
loose connective tissue or, less often, a single thin and
rounded nerve. We found here the proximal portion of the
uterosacral ligaments (USL) also contained the HN.
Authors found, with immunohistochemical studies, that the
USL contained the THP only [9, 24]. As we similarly found
with 3D-reconstruction and cadaver macroscopic dissec-
tion, the IHP’s superior topographic reference is the pelvic
ureter at the crossing point of the uterine artery, where HN
joins its top angle. To Mauroy et al. [21] the intersection
with the uterine artery precisely locates the emergence of
the vesical and vaginal efferences and the uterine artery
allows them to be individualized, because their division
into lateral and medial groups is made directly below the
intersection. We found in the fetus, as Baader et al. [5] that
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IHP has no obvious layers, without any particular fascial
sheet identified with Masson’s trichrome. IHP is constantly
positioned medial to the blood vessels. Therefore, to reach
the pelvic organs, some of the arteries have to penetrate it.
It might be the middle rectal artery more commonly, but
although the uterine artery, close to where it crosses the
ureter, the inferior vesical artery or the superior vesical
artery more rarely [5]. We found, as far as our weak
number of subjects was concerned, a constant middle rectal
artery penetrating the IHP before reaching the lateral rectal
wall. We observed that, in fetuses as in adults, the antero-
inferior IHP branches which supply the female sexual and
continence organs in the perineum are bundled at the
posterolateral vaginal wall and anterolateral rectal wall,
coursing from the supralevator compartment to the infral-
evator compartment [7]. Others described a “vaginal ner-
vous plexus” originating from the most distal IHP and
occupying the 2 and 10 o’clock positions on the antero-
lateral vagina and travelling at the 5 and 7 o’clock posi-
tions along the urethra [26].

3D-reconstruction is a widespread method of medical
information diffusion [19]. It might use digital pictures
(CT, MRI, PET) [10], serial immunostained animal or
human histological sections [6, 17] or anatomical cadavers
sections [27]. This is the first 3D reconstruction of female
fetal pelvic autonomic anatomy using the computer-assis-
ted anatomic dissection (CAAD) technique based on
manual contour age of immunolabelled pelvic nerves with
anti-S100 antibody. The method of computerized recon-
struction which was used in this study is accurate and can
be performed easily by non-professional computer users
such as anatomists, morphologists and radiologists [3, 18].
The 3D reconstruction permits to identify the exact orga-
nization of the thin nerves elements, their distributions and
their relationship to the vascular, visceral, fascial and
muscular structures. Thus, the 3D modeling would be a
powerful anatomical and surgical educational tool for stu-
dents and junior surgeons. The interactivity makes it sim-
ple, efficient, attractive and easily accessible and diffusible
[25]. The 3D obtained structures illustrate the morphology
of the studied regions with truthful and straightforward
representations, complementary to cadaver dissection and
blackboard chalk drawings. It allows the possibility of
visualizing one, several or all of the reconstructed struc-
tures, with transparency and moving effects, providing a
“virtual immunologic dissection”. However, our technique
steps are totally manual so the technique is much time
consuming and require much attentiveness and honesty in
the contouring step. More recent work in 3D reconstruction
uses 3D imaging in combination with sectioning to ensure
that the original 3D shape and geometry is retained and
describes systems for undertaking the process of delinea-
tion and tracing [11]. These new softwares would be time-
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earning and might solve one of the main representation
difficulties: “the zigzag” effect due to irregularities of
alignment.

Conclusions

The 3D-Computer-assisted anatomic dissection provides a
better understanding of the origin, pathways, termination
and relationship with the pelvic organs of the nerve ele-
ments that play a role in micturition, continence and sexual
function. Confirmative studies in wild series of adult
cadavers and fetus are required to find inter-individual
variations. In association with basic coloration and im-
munolabelling of tissue sections, and classical anatomical
representations by drawing and cadaver dissection, the 3D
pictures and corresponding animated sequences might
represent precious tools for anatomical and surgical
teaching. Furthermore, it would be a powerful method of
applying anatomic knowledge to surgical technique to
improve nerve preservation and decrease functional com-
plications after pelvic and perineal surgery.
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Article _3: Innervation du clitoris : étude immunohistochimique avec
reconstruction 3D des nerfs caverneux, spongieux et dorsal du clitoris chez

le feetus humain [67].

Moszkowicz D, Alsaid B, Bessede T, Zaitouna M, Penna C, Benoit G, Peschaud F. Neural
supply to the clitoris: immunohistochemical study with three-dimensional reconstruction of
cavernous nerve, spongious nerve, and dorsal clitoris nerve in human fetus. Journal of
SexualMedicine. 2011 Apr; 8(4):1112-22.

IF 2011 : 3,552

Résumé

Objectif : Préciser 1'anatomie topographique et fonctionnelle de I’innervation du clitoris, son

origine, son trajet et sa localisation précise par rapport aux structures pelviennes.

Matériel et méthodes : Des coupes sériées de 5 d’épaisseur ont été effectuées tous les 50 a
150 pm sur le bassin de six feetus humains de sexe féminin entre 18 et 32 semaines de
gestation, obtenus aprés autorisation d’autopsie scientifique par 1’agence de la Biomédecine et
consentement écrit des parents. Les coupes ont été traitées par I’Hématoxyline-Eosine et le
trichrome de Masson puis immunomarquées pour détecter les fibres nerveuses (anticorps anti-
protéine S100), les fibres somatiques (anticorps anti-PMP22), les fibres autonomes
adrénergiques (anticorps anti-TH) et cholinergiques (anticorps anti-VAChHT), les fibres
sensitives (anticorps anti-CGRP) et les fibres pro-érectiles (anticorps anti-nNOS) ainsi que

I’actine lisse des sphincters (anticorps anti-SMA). Les lames ont ensuite été numeérisées par un
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scanner de haute résolution optique et les images bidimensionnelles ont été reconstruites

manuellement en trois dimensions puis traitées par un logiciel d’animation.

Résultats : La bandelette neurovasculaire (BNV) est la portion terminale du plexus
hypogastrique inférieur, riche en fibres pro-érectiles, qui chemine a la face postéro-latérale
puis latérale du vagin. Le nerf caverneux est une projection antéro-inférieure de la BNV dont
les fibres, organisées en plexus, pénetrent les piliers du clitoris. 1l chemine a la face latérale du
vagin et de l'urétre. Au sein du nerf caverneux on trouve des fibres adrénergiques,
cholinergiques et nitrergiques (parasympathiques pro-érectiles) mais pas sensitives. Le « nerf
spongieux » est la branche terminale de la BNV, destinée aux bulbes vestibulaires. Il contient
des fibres adrénergiques, cholinergiques, nitrergiques et sensitives. Le nerf dorsal du clitoris,
branche sensitivomotrice terminale du nerf pudendal, chemine & la face supérieure des piliers
du clitoris et possede une activité pro-érectile (positivité pour I’anticorps anti-nNOS)

segmentaire en rapport avec I’existence de branches communicantes avec le nerf caverneux.

Conclusion: Les données apportées par les données immunohistochimiques
(bidimensionnelles) et anatomiques (3D) nous ont permis de préciser 1’anatomie et la
physiologie de I’innervation des corps ¢érectiles de la femme a partir d’un modéle
expérimental feetal. La nNOS est exprimée par les fibres nerveuses autonomes destinées a la
fois aux corps caverneux et aux bulbes vestibulaires du clitoris. Ces données permettraient le
transfert des connaissances anatomiques vers ’application a des techniques chirurgicales
visant a préserver les nerfs impliqués dans la continence et la fonction sexuelle au cours de la
chirurgie pelvienne et vers le développement de molécules pharmacologiques impliquées dans

le traitement des troubles génito-urinaires postopératoires.
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—>La fonction clitoridienne parait donc avoir deux commandes nerveuses: i) autonome, par le
nerf caverneux, projection antéro-inférieure de la BNV, destinée aux corps caverneux et par le
nerf spongieux, branche inférieure terminale de la BNV, destinée aux bulbes vestibulaires ; ii)
somatique, par le nerf dorsal du clitoris et ses communications avec le NC. L’influx
parasympathique cholinergique/nitrergique véhiculé par la BNV pourrait étre responsable de
la tumescence clitoridienne par relaxation des fibres musculaires lisses des sinus caverneux et
augmentation de la pression artérielle intra-caverneuse. De méme, 1’engorgement des petites
lévres, correspondant a 1’augmentation du flux sanguin dans les bulbes vestibulaires, pourrait
étre commandé par le parasympathique. L’influx sympathique inhibiteur serait alors supporté
par des fibres adrénergiques empruntant les méme voies nerveuse et impliquant des récepteurs
a-adrénergiques responsables de la contraction des fibres musculaires lisses induites par la
noradrénaline. Le NC ne contenant pas de fibre sensitive (CGRP+), la sensibilité épicritique
pourrait étre exclusivement supportée par le somatique infra-lévatorien via le nerf dorsal du
clitoris, branche du nerf pudendal. Les fibres sensitives retrouvées dans le nerf spongieux,
coexistant avec des fibres adrénergiques et cholinergiques, pourraient étre impliquées dans la
sensibilité autonome a la distension des glandes périnéales ou de la muqueuse des petites
levres. Par analogie a la commande de 1’émission séminale par le sympathique, les fibres
adrénergiques du nerf spongieux pourraient étre responsables de la vidange des glandes
périnéales associée a la lubrification génitale. Il s’agirait alors de nerfs sensori-moteurs a

stimulation antidromique et a fonction efférente.
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Neural Supply to the Clitoris: Inmunohistochemical Study with
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ABSTRACT

Introduction. Little detailed information is available concerning autonomic and somatic nerve supply to the clitoris,
potentially causing difficulties for nerve preservation during pelvic and perineal surgery.

Aim. To identify the location and type (nitrergic, adrenergic, cholinergic and sensory) of nerve fibers in the clitoris
and to provide a three-dimensional (3D) representation of their structural relationship in the human female fetus.
Methods. Serial transverse sections were obtained from five human female fetuses (18-31 weeks of gestation) and
subjected to histological and immunohistochemical investigations; digitized serial sections were used to construct a
3D representation of the pelvis.

Main Outcome Measures. Pelvic-perineal nerve location and type were evaluated qualitatively.

Results. 'The female neurovascular bundle (NVB) is the anteroinferior terminal portion of the inferior hypogastric
plexus that runs along the postero-lateral then lateral face of the vagina and is rich in nNOS-positive fibers. The
cavernous nerve (CN) is a thin ventrocaudal collateral projection of the NVB, and this projection does not strictly
follow the NVB course. The CN runs along the lateral surface of the vagina and urethra and penetrates the
homolateral clitoral crus. The CN provides adrenergic, cholinergic, and nitrergic innervation to the clitoris, but not
sensory innervation. The spongious nerve (SN) is the terminal and main projection of the NVB and provides
nitrergic innervation to the vestibular bulbs. The dorsal clitoris nerve (DCN), somatic branche of the pudendal
nerve, runs along the superior surface of the clitoral crus and body and has a segmental proerectile nitrergic activity
related to communicating branches with the CN.

Conclusions. “Computer-assisted anatomic dissection” allowed the identification of the precise location and distri-
bution of the autonomic and somatic neural supply to female erectile bodies, providing an anatomical basis for
nerve-sparing surgical techniques, and participating to the understanding of neurogenic female sexual dysfunction.
Moszkowicz D, Alsaid B, Bessede T, Zaitouna M, Penna C, Benoit G, and Peschaud F. Neural supply to the
clitoris: Immunohistochemical study with 3D reconstruction of cavernous nerve, spongious nerve and
dorsal clitoris nerve in human fetus. J Sex Med 2011;8:1112-1122.

Key Words. Anatomy; Cavernous Nerve; Computer-Assisted Anatomic Dissection; Dorsal Clitoris Nerve; Female
Neurogenic Sexual Dysfunction; Neurovascular Bundle; Spongious Nerve
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Neural Supply to the Clitoris

Introduction

exual dysfunction remains a major cause of post-
S operative morbidity after pelvic surgery [1].
With the aim of improving postoperative functional
results, “nerve-sparing” surgical techniques have
been described for each part of the pelvis: posterior
with protectomy (2], middle with hysterectomy [3]
and anterior with prostatectomy [4]. Nerve preser-
vation techniques are supported by anatomical data
concerning pelvic and perineal innervation [5].
There are two distinct compartments in the lower
pelvis, separated by the levator ani muscle, and
innervated by two nerve pathways [6]. The supral-
evator pathway consists of autonomic nerves, includ-
ing the inferior hypogastric plexus (IHP) and its
efferents. The infralevator pathway is comprised of
somatic nerves, including the pudendal nerve (PN)
with its terminal branches. Although numerous
studies have investigated the neurovascular bundle
(N'VB) and cavernous nerve (CN) in men [7-9], the
autonomic innervation of erectile bodies in women
remains poorly understood [10]. Female clitoridal
neuroanatomy is microscopic and difficult to define
by classical anatomical methods of dissection [11]
and, other than male/female anatomic parallelism,
the concept of female NVB has not been clearly
demonstrated. Furthermore, there is a great vari-
ability in the quality and validity of the neuroana-
tomical descriptions available. Immunostaining
methods allow specific detection of biologically
active substances within the nervous fibers and
tissues and can be used to assess the type of nerve
fibers. The combination of three-dimensional (3D)
reconstruction and immunohistochemical staining
provides is a useful approach for identifying the
peripheral innervations of female deep pelvic organs
and for obtaining anatomic data that can be exploited
surgically [12,13]. The computer-assisted anatomic
dissection technique has helped provide a detailed
knowledge of nerve types, allowing a good under-
standing of the pathophysiology and functional con-
sequences of pelvic surgery [14,15].

We report a study that aims to identify the precise
location and nature of the clitoral nerve supply in the
human female fetus and to provide a 3D representa-
tion of the female NVB and branches and their
relationship to pelvic anatomic structures.

Methods

Fetal Material

This work involved a defined protocol that
required, and received, examination and approval
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by the French Biomedicine Agency. The fetal
preparations were obtained from miscarriages or
legal abortions and were authorized for scientific
use by the parents. There was no abandon of the
body and manipulations were such that skin integ-
rity was preserved during organ removal. The
fetuses were devoid of maceration, or macroscopic
abnormalities, as could be determined by the
pathologists on macroscopic examination.

We studied five female fetuses after between 18
and 31 weeks of gestation, with a crown-rump
length “CRL” of between 140 and 310 mm. The
gestational age of each fetus was determined from
the CRL, corrected by the first-trimester ultra-
sound CRL measurement and confirmed at
autopsy by assessment of organ maturation [16].

Macroscopic Dissection

The entire pelvis, from sacrum to pubic arch, was
removed en bloc and the clitoris was divided close
to the posterior contact with the vulva skin to
preserve skin integrity. Organs were fixed in 10%
paraformaldehyde for 48 hours and serial transver-
sal cross-sections were cut at 4 mm intervals
through the whole anatomic piece. The slices were
embedded in paraffin and series of 5-pum-thick sec-
tions were prepared every 50-150 um. These sec-
tions (between 150 and 250 sections from each
fetus) were whole-mounted on Superfrost glass
slides (Menzel-Glaser, Braunschweig, Germany).

Histological Examination

Pelvic and perineal structures were investigated
by conventional staining with hematein-eosin-
phloxine (HE) and immunohistochemistry using
relevant polyclonal antibodies for labeling neural
structures in pelvic tissues (Table 1) as previously
described [14]. Briefly, after removal of paraffin and
rehydration, antigen retrieval was performed if nec-
essary by microwave retrieval with citrate buffer
pH =6.0. The avidin biotin peroxidase procedure
was performed with a Vector ABC Elite kit (antirab-
bitimmunoglobulin G [IgG] biotinylated secondary
antibodies followed by the avidin-biotin complex;
ref. PK6100, Vector Lab, Burlingame, CA, USA).
The DAB detection kit (DAB, ref. SK-4100, Vector
Lab) was used for chromogenic detection. To
confirm the specificity of the reagents, negative
control slides were prepared for each antibody
(diluted primary antibody was replaced with dilu-
ents). To eliminate false-negative results, positive
control tissue sections were prepared and treated
with IgG at equivalent dilutions (Table 1).

J Sex Med 2011;8:1112-1122
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Primary polyclonal antisera

Table 1

Incubation

Incubation
time

Code

Provider

Species
Rabbit
Rabbit
Rat

Positive control

No

Antigen retrieval

No

temperature

Dilution
1/400

Antigen

Z0311

Dako, Glostrup, Denmark
Abcam, Cambridge, MA, USA

Room
4°C
4°C

4°C

30 minutes
12 hours
12 hours
12 hours
12 hours
12 hours

P-5100
TH

ab112

Human adrenal gland

Human colon

Citrate buffer

1/750

V5387

Sigma, Chicago, IL, USA

Citrate buffer

1/2,000
1/200

VACht
nNOS

J Sex Med 2011;8:1112-1122

160870

Cayman, Ann Arbor, MI, USA
Abcam, Cambridge, MA, USA

Rabbit
Rabbit
Rabbit

Human male cavernous nerve

Sciatic nerve

ab61220

4°C
4°C

1/100
1/200

PMP 22
CGRP

03-16008

ARP; ARP American Research Products,
Belmont, MA, USA

Human thyroid

Citrate buffer

peripheral myelin protein 22; CGRP = calcitonin gene-related peptide.

vesicular acetylcholine transporter; nNOS = neural nitric oxide synthase; PMP22

tyrosine hydroxylase; VAChT =

protein S100; TH =

P-S100

Moszkowicz et al.

All the immunohistochemical detections and
basic colorations were performed manually by the
authors.

Neuronal Immunolabeling (Anti-Cow

Protein S100)

PS100 is a general immunolabeling marker for all
nerves; it specifically identifies the nucleus and
cytoplasm of Schwann cells in formalin-fixed
paraffin-embedded nerve tissue [17].

Autonomic Nervous System Immunolabeling
Cholinergic Fibers (Anti-Rat Vesicular Acetylcholine
Transporter [VAChT]). VAChT mRNA is present
in all principal cholinergic neurons known in the
nervous system and its corresponding immun-
ostain is considered to be a specific marker for
cholinergic neurons and fibers [18].

Adrenergic Fibers (Anti-Rat Tyrosine Hydroxylase
[TH]). TH is involved in the conversion of phe-
nylalanine to dopamine (in the catecholamine bio-
synthetic pathway). It is used as a marker for
adrenergic neurons and fibers [19].

Somatic Nervous System Immunolabeling:
Peripheral Myelin Protein of Myelin Sheath
(Anti-Human PMP22)

PMP 22 is a 22 kDa glycoprotein expressed in
compact myelin of the peripheral nervous system

[20,21].

Immunolabeling Nitrergic Nerve Fibers: Neural
Isoform of Nitric Oxide Synthase (nNOS)

The physiological response to sexual arousal in
female is mediated by cGMP/NO via genital smooth
muscle relaxation [22,23]. The consequences of NO
synthesis, cGMP production, regulated by NO-type
5 phosphodiesterase, include vascular engorgement
of the clitoris and the anterior wall of the vagina [24].
Three types of NOS isoforms: inducible, endothe-
lial, and neural (n) have been identified [25] and are
generated in human clitoris and vagina, and are
distributed in nerve bundles, and the vascular and
sinusoidal endothelium [26-28].

Immunolabeling Sensory Nerve Fibers: Calcitonin
Gene-Related Peptide (CGRP)

CGRP is present in thyroid C-cells [29] and within
sensory system nerves; it is considered to be a
neuromarker of sensory nerve fibers [26,30].

3D Reconstruction

Serial two-dimensional sections, stained and
immunolabeled for nerve fibers and for neu-
rotransmitters, were used for 3D reconstructions.
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Analysis of sections stained with HE under appro-
priately high magnifications (x4 to x20) allowed us
to distinguish various anatomical structures.
HE-stained sections were considered to be the
reference sections. The subsequent section,
treated with anti-S100, revealed pelvic-perineal
nerves. By comparing HE-stained sections with
anti-S100-labeled and sections treated with anti-
VAChT, anti-TH, anti-PMP22, anti-CGRP and
anti-nNOS, we were able to distinguish the nature
of nerve fibers: autonomic (cholinergic or adren-
ergic) or somatic; sensory and erectile. The inter-
val between the sections was negligible (5 um) and
they were thus considered to be superimposable.
All sections were digitized by direct scanning at
4,800 dots/inch resolution, and then images were
stacked and aligned with Adobe Photoshop image
processing software. Pelvic anatomical structures
and nerve fibers were manually outlined in all his-
tological sections; a 3D analysis of location,
course, and distribution of nerve fibers was per-
formed in x- and y-axes as an animated motion
picture with Surfdriver software for Windows
(WinSurf 4.3, Scott Lozanoff, University of
Hawaii, Manoa, HI, USA).

Results

Clitoral Anatomy

The clitoris is positioned deep to the labia minora,
inferior to the pubic arch. It consists of the junc-
tion of erectile bodies: posteriorly paired vestibu-
lar bulbs (VBs) and, anteriorly, crura that take an
inferior concave shape and join distally to form a
single corpora. The urethra and vagina form the
midline of a pyramidal structure: the pyramid apex
is the clitoral body and bulbs form the lateral
margin of the pyramid base beneath the skin of the
labia minora (Figure 3).

Clitoris Neural Supply
Table 2 summarizes the distribution of neu-
rotransmitters in the clitoris. Figure 1 shows
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schematic representations of microscopic images
from Figures 2 to 4.

Somatic Nerve Pathway from the Infralevator
Compartment: The Dorsal Clitoris

Nerve (DCN)

The DCN is a somatic branch of the PN in the
perineum. It ascends along the ischiopubic ramus
periostum. Where the two clitoral crura meet to
become the clitoral body, the DCN passes to its
superior surface. It remains a large trunk until it
joins the distal clitoris, branching all along its path
giving two to three branches that course along 2
and 10 o’clock positions laterally to each side of
both crus and of the body like a “crab claw.” The
DNC, like somatic nerves, is PMP 22 positive. It
contains a mixed association of TH- and VAChT-
positive fibers. Sensory fibers (CGRP+) are found
in its distal part.

Autonomic Nerve Pathways from the
Supralevator Compartment

NVB (Figures 5 and 6). The most caudal part of
the IHP is situated along the vaginal dorso-lateral
border and rectal ventrolateral border. The more
the levator ani muscle approaches the rectum, the
more the IHP fibers are pushed into a small trian-
gular space bordered by the levator ani muscle
laterally, the rectum dorsally and the vagina ven-
trally. IHP gives four main terminal efferences at
its anteroinferior angle. Anteriorly, the fibers
reach the bladder and urethral sphincter. Postero-
medially, fibers course to the posterior vaginal and
anterior rectal walls. Postero-inferiorly, the fibers
project to the posterior rectal wall and smooth anal
sphincter, forming the inferior rectal plexus (IRP).
Anteroinferiorly, although number of nerves has
diminished, the IHP branches still consist of thick
fibers forming a neural bundle that associates with
the vaginal pedicle, constituting a NVB. The NVB
contains both nNOS-negative fibers and nNOS-
positive fibers that are densely clustered around
the vaginal pedicle. Furthermore, the NVB con-
tains VAChT- and TH-positive fibers and rare

Table 2 Summary of neurotransmitter distribution in the neural pathways to the clitoris

Parasympathetic

Nerve Somatic (myelin sheat) Sympathetic Sensory
S100 PMP22 TH VAChT nNOS CGRP
NVB + - Mixed Mixed Dense periarterial clustering +
CN + - ++ +++ 100% 0
SN + - Mixed Mixed ++ +
DCN + * +# +++ Segmental Distal

TH =tyrosine hydroxylase; VAChT = vesicular acetylcholine transporter; nNOS = neural nitric oxide synthase; CGRP = calcitonin gene-related peptide;
NVB = neurovascular bundle; CN = cavernous nerve; SN = spongious nerve; DCN = dorsal clitoris nerve.
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Figure 1 Schematic representation of perineal innervation at the level of the corporis cavernosum clitoridis (ccc, left) and
vestibular bulbs (VBs, right). The cavernous nerve (black arrowheads) branches from the neurovascular bundle (NVB) and
courses between the ischiopubic ramus (IPR) and urethra (Ur). The spongious nerve (white arrowheads) is the terminal
projection of the NVB, destined for the VB. The dorsal clitoris nerve (DCN) originates from the pudendal nerve (PN). The left
black square corresponds to Figure 2, the left blue square to Figure 3 and the right black square to Figure 4. Va = vagina.

Figure 2 Serial transverse sections (5-um thick) from a 19-week-old female fetus (perineal level) scanned at an optical
resolution of 4,800 dpi. Microscopic aspect of the anterior perineal neural supply showing nervous fibers and ganglia of the
spongious nerve (square in the S100-labeled image), the somatic dorsal clitoris nerve (arrowhead in PMP22-labeled image)
and the whole of the proerectile cavernous nerve (arrowheads in the nNOS-labeled image). All the nerves contain
immuno-stained fibers with the anti-VAChT or anti-TH antibodies but cholinergic fibers are mostly in the cavernous nerve
(CN). IPR = ischiopubic ramus, Ur = urethra, Va = vagina, ccc = corpus cavernosum clitoris.

J Sex Med 2011;8:1112-1122
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Figure 3 Serial transverse sections (5-um thick) from a 19-week-old female fetus through the clitoral crus (ccc). The reference
section stained with HE was scanned at an optical resolution of 4,800 dpi (Figure 3A, square) and is shown at x4 magnification,
centered on the clitoris. The proximal (black asterisk) and distal (white stars) portions of the dorsal clitoris nerve are visible.
Fibers of the cavernous nerve (arrowhead) in Figure 3B (x4 magnification), are immunolabeled with anti-S100, and penetrate
the posterior aspect of the clitoral crus (Figure 3C, x20). Figure 3D (x4): cavernous nerve (CN) fibers are totally nNOS-positive
(arrowhead) although proximal portion of the DCN is nNOS-negative (black arrows) and the distal portion of the DCN is
nNOS-positive (white arrows). The DCN is somatic and PMP22-positive although the cavernous nerve (CN) is autonomic and

PMP22-negative (Figure 3E, x4). Other abbreviations: Va = vagina, Ur = urethra, IPR = ischiopubic ramus.

(CGRP-positive) sensory fibers. These autonomic
fibers are PMP 22-negative.

The NVB heads caudally and ventrally along
the dorso-lateral then lateral vaginal wall and
passes through the pelvic floor, from the supral-
evator to infralevator space. It then gives out its
last three collateral branches: anterior to uretral
sphincter (urethral plexus [UP]), anterolateral to
the clitoris corpora cavernosa (CN) and postero-
lateral to VBs (“spongious nerve” [SN]).

CN (Figures 2-6). The CN originates from gan-
glion cell clusters on the posterior side of the infe-
rior margin of the future interpubic disk at the
recto-vaginal angle. After leaving the UP towards
the urethral sphincter, the CN forms the last ante-
rolateral projection of the NVB. It is a microscopic
network, composed of numerous fibers, and takes

an anterocaudal path. It courses along the lateral
vaginal wall and the medial aspect of the levator
ani covered by the endopelvic fascia. It then
courses between the ischiopubic ramus on the
medial side and urethral striated sphincter on the
lateral side where it coexists with the DNC. Thus,
coursing at 1 and 11 o’clock at the anterolateral
urethral walls, it does not exactly follow the path of
the N'VB. Finally, it reaches posterior and poste-
rolateral faces of the homolateral clitoral crus. The
CN is an autonomic structure (PMP22-negative)
in which there are both cholinergic (VAChT+)
fibers and fewer adrenergic (TH+). All CN fibers
are nNOS positive, but are not sensory.

Distal Caverno-Pudendal Communication (Figures 3
and 6). The DCN has a segmental nNOS activity.
Its proximal portion, branching from the PN and

J Sex Med 2011;8:1112-1122
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Figure 4 Microscopic image (x4) of serial transverse sections (5-um thick) from a 19-week-old female fetus. The reference
section stained with HE (Figure 4A) is through the left vestibular bulb (VB), clitoris corpus cavernosum (ccc) and labia minor
(LM). The clitoris neural supply is immunolabeled with anti-S100 (Figure 4B) and anti-nNOS (Figure 4C). The terminal
portions of spongious nerve fibers (arrowheads) are neural nitric oxide synthase (hnNOS+) or nNOS- and reach the posterior
face of the VB; the cavernous nerve fibers (arrows) are all NNOS+ and reach the posterior face of the ccc. The pudendal
nerve (PN) terminates at the medial side of the ischiopubic ramus (IPR) and gives rise to the dorsal clitoris nerve that is
nNOS- in its proximal portion.

Figure 5 Computer assisted three-
dimensional reconstruction of a
19-week-old female fetal pelvis and
perineum. Anterolateral view of the
pelvic and perineal organs (A) with left
coxal bone and right innervation com-
plete transparency (B). The neurovas-
cular bundle (NVB) originates from the
inferior hypogastric plexus (IHP) and
successively gives three major projec-
tions: the urethral plexus (UP) for the
urethral sphincter, the cavernous
nerve (CN) for the corpus caverno-
sum, and the spongious nerve (SN)
for vestibular bulbs (VB). DNC =
dorsal clitoris nerve, PB = pubic bone,
PN =pudendal nerve, C = clitoris
body, EUS = external urethral sphinc-
ter, IRP = inferior rectal plexus.

J Sex Med 2011;8:1112-1122
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Figure 6 Computer-assisted three-dimensional reconstruction of a 19-week-old female fetal pelvis and perineum, lateral
view without bones and without left clitoral crus. Nerve fibers of neurovascular bundle (NVB) immunolabeled with anti-S100
(in yellow) join the vaginal artery and vein (VA/VV) at the vaginorectal angle. Nitrergic fibers (nNOS-positive, in green, with
yellow fibers transparent) are mostly clustered around the vaginal pedicle in the NVB. The cavernous nerve (CN) is totally
nNOS-positive, whereas the spongious nerve (SN), inferior rectal plexus (IRP), and urethral plexus (UP) contain both
nNOS-positive and nNOS-negative fibers. The distal portion of the dorsal clitoris nerve (DCN) is nNOS-positive.
VB = vestibular bulb, CCC = clitoris corpus cavernosum, Va = vagina, EUS = external urethral sphincter, IHP = inferior hypo-

gastric plexus; nNOS = neural nitric oxide synthase.

joining the clitoral crus on each side is nNOS-
negative although its most distal portion, beyond
its top, is nNOS-positive. Our 3D reconstruction
displays the communication between the somatic
DCN and terminal portion of the autonomic CN
fibers.

“SN” (Figures 2 and 4-6). After having branched
from the CN, the NVB continues largely intact.
The most distal—terminal—and main projection
of the NVB, or “postero-lateral” projection, con-
tinues at 2 and 10 o’clock at the anterolateral rectal
wall and changes its path from superoinferior to
posteroanterior before reaching VB on each side.
Its origin is thus posteroinferior to the CN origin
and its pathway is more posterior and medial. The
“SN” contains both nNOS-positive + and nNOS-
negative fibers, adrenergic (TH+) and cholinergic
(VAChTH) fibers and few sensory fibers (CGRP+).
The SN is PMP22-negative.

Discussion

We report a detailed description of the location
and nerve types within the female fetal NVB from
its origin from the IHP, along vagina posterolat-
eral wall, the collateral branches, UP and CN, and
ending as the so-called “SN.”

After eight weeks of gestation (Carnegie stage
23), intrapelvic innervation is mainly mature,
stable and comparable with that of the adult [31].
The NVB anatomic layout does not undergo fun-
damental changes during growth in fetal and post

fetal periods [32] but fetus clitoral position is not
in its final position in adult as the clitoris moves up
during female development [11], potentially
impacting on DCN anatomy. The female fetus is
thus a good anatomic and physiological model for
studies of pelvic-perineal innervation.

Our 3D reconstruction demonstrates that
below the parietal peritoneum, fibers serving
female sexual and continence organs are bundled
in a NVB with the vaginal pedicle. We found a
clear concentration of nerve bundles at 2 and 10
o’clock positions around the anterior rectum and
at 5 and 7 o’clock around the posterior vaginal
wall. Some authors report the existence of female
NVB [33], “vaginal plexus” [28], or “uterovaginal
plexus” [34] but ours is the first complete immu-
nohistochemical study with 3D reconstruction of
IHP terminal branches with focus on NVB and
collateral branches. Most NVB terminal fibers
converge on the VB. By analogy with the male
corpus spongiosum, we propose that these fibers
be called the “SN.”

Clitoral erectile function was found to have two
nerve controls. The first is autonomic. The CC
receives neural supply from the proerectile
(nNOS+) CN that is an anteroinferior collateral
projection of the NVB. VB receive neural supply
from the SN, an inferior terminal projection
of the NVB, which contains proerectile fibers.
The second neural control is somatic, through the
DCN, which takes over erectile activity for the
distal clitoris after the branching of communicat-
ing nerve fibers that reach CN fibers. Cholinergic/
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nitrergic parasympathetic impulses contained in
the NVB and CN may induce clitoral tumescence
because of the relaxation of the smooth muscle of
the cavernous sinuses and increased intracavern-
ous arterial blood flow. Vipergic associated nerves,
releasing vasoactive intestinal peptide (VIP),
would help to dilate the clitoral arterial supply
[35].

Similarly, engorgement of labia minora, which
depends on increasing blood flow in the VB, might
be commanded by the SN parasympathetic
impulses. Sympathetic inhibitory input would be
conveyed by coexisting adrenergic nerve fibers,
involving o-adrenergic receptors and norepineph-
rine induced smooth muscle contraction [22].

As was found in male fetuses, the female CN
contains no sensory fibers [9]. The sensory func-
tion of the clitoris may be exclusively supported by
the infralevatory somatic nervous system, through
PN branches, including the DCN. Sensory fibers
originating from the NVB and found in the SN
that coexist with adrenergic and cholinergic fibers
may be autonomic sensory fibers connected to
perineal glands, with distension sensitivity or con-
nected to labia minora mucosa.

In men, semen emission is dependent on sym-
pathetic neural activity. By analogy, it is possible
that, in women, the adrenergic fibers found in the
SN are responsible for perineal gland smooth
muscle contractions involved in genital secretions
during arousal. Female “ejaculation,” when occur-
ring, may correspond to emptying the content
of major vestibular glands, as a consequence of
orgasmic striated perineal muscle contractions,
under somatic control [36]. Thus, these would be
“sensorimotor” nerves that may be stimulated
antidromically and have an efferent function.

The existence of distal caverno-pudendal com-
munications, as demonstrated by our study, has
been mentioned previously in both female and
male subjects [28,37]. Most descriptions suggest
that the CN sends fibers to join the DCN and
that the CN projects nNOS-positive branches to
the DCN to transform its immunoreactivity from
nNOS-negative to nNOS-positive [37,38]. These
communications might partly explain the hetero-
geneity of sexual function recovery after pelvic
surgery with or without pelvic nerve preservation
[39] and could play a role in nerve plasticity
[40].

Intact sex steroids, autonomic/somatic nerves,
and arterial inflow/perfusion pressure to women’s
genital organs play fundamental roles in main-
taining women’s sexual function [34,41,42].

J Sex Med 2011;8:1112-1122
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Thus, disruption of neural integrity is likely to
interfere with normal sexual functioning,
although psychological and relationship factors
play important roles as well [43]. In fact, clitoral
innervation courses through a region that serves
as a crossroads for digestive, urological, and
gynecologic surgery. In each of these specialties,
both resection and reconstructive surgery should
preserve clitoral innervation, proximally, within
the NVB, and distally, within the CN and SN.
The technique of clitoridoplastie aims to create
the best cosmetic aspect to ensure normal devel-
opment of sexual identity. It recently included a
mobilization of the glans with its NVB [44]. Two
parallel incisions of Buck’s fascia made at 2 and
10-0’clock positions might ensure nerve preser-
vation despite an important symmetric reduction
of the length and diameter of the corpora caver-
nosa, as well as the glans volume. Female incon-
tinence surgery is associated with various rates of
postoperative sexual dysfunction, and the rate
correlates with the circumferential extent of dis-
section. It has been hypothetized that it may
result from both neuronal and vascular disorders,
which encourage analytic micromorphological
studies [45]. With minor periurethral dissections,
sub-urethral slings provide 85% of postoperative
sexual satisfaction, without significant difference
between trans-vaginal and trans-obturator tapes
[46]. Implantation of an artificial urethral sphinc-
ter requires a larger dissection on the pathway of
clitoral’ innervation, but sexual disorders that it
could generate have never been investigated. At
last, to provide a genital sensitivity after a sex
reassignment surgery in transsexual female-to-
male patients, microsurgical coaptation of the
nerves from donor flap to erogenous pelvic
recipient nerves should be preferred to nonerog-
enous nerves such as saphenous, femoral, ilioin-
guinal, or iliohypogastric [47]. Therefore in these
phalloplasties, precise location of the recipient
nerves has to be determined.

Conclusions

This study provides the first anatomic reconstruc-
tion of the female NVB and components travelling
toward erectile bodies, including, for the corpus
cavernosum, the CN, and, for VB (or “clitoral
bulbs”), a nerve plexus we name the “SN.” Both
nerves would be implicated in clitoral and labial
engorgement and tumescence during sexual
arousal. However, these data were obtained in fetal
tissues and further anatomical studies in adult are
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required, considering that anatomical relationship,
as well nervous apparatus, could change anatomi-
cal relationship during puberty and menopause. A
thorough understanding of the neuroanatomy and
physiology of clitoral arousal, would be particu-
larly helpful for the strategic design of female
pelvic surgery, including nerve-sparing tech-
niques, as well as for medical therapies of various
types of arousal disorders, and particularly postop-
erative sexual dysfunction. The role of central neu-
ropeptides within the spinal cord also requires
clarification [48,49]. In animal studies, type 5
phosphodiesterase inhibitors, for example sildena-
fil, promote clitoral smooth muscle relaxation and
consequently increased clitoral and vaginal blood
flow and lubrication [50]. However, the clinical
value of these experimental findings remains
unclear, and they are the subject of continuing
work to develop pleasure-triggers to treat female
sexual dysfunction.
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Article 4 : Innervation sympathique - adrénergique et parasympathique -
nitrergique du sphincter anal interne : analyse 3D [68].

Moszkowicz D, Peschaud F, Bessede T, Zaitouna M, Benoit G, Alsaid B. Internal anal
sphincter parasympathetic-nitrergic and sympathetic-adrenergic innervation: a 3D
morphologic and functional analysis. Dis Colon Rectum. 2012 Apr; 55(4) :473-81.

IF 2011 : 3,132

Résume

Objectifs I’organisation et la fonction de I’innervation du sphincter anal interne (SAI) sont
peu connues. De plus, la fonction sphinctérienne est souvent altérée aprés proctectomie pour
cancer. Notre objectif était d’identifier 1’anatomie topographique et structurelle (nitrergique,
adrénergique, cholinergique) de I’innervation autonome destinée au sphincter anal interne et
d’analyser ses rapports avec les viscéres pelviens en utilisant la technique de Dissection
Anatomique Assistée par Ordinateur (DAAO): prélévement anatomique en bloc, dissection

immunohistochimique des nefs pelvi-périnéaux et reconstruction tridimensionnelle (3D).

Matériel et méthodes: des coupes sériées de Sum d’épaisseur ont été effectuées tous les 50 a
150 um sur le bassin de 14 feetus humains (7 masculins, 7 féminins, 15-31 SG), obtenus aprés
autorisation d’autopsie scientifique par ’agence de la Biomédecine et consentement écrit des
parents. Les coupes ont été traitées manuellement par 1’Hématoxyline-Eosine puis
immunomarqueées pour détecter les fibres nerveuses (anticorps anti-protéine S-100), les fibres
somatiques (anticorps anti-PMP22), les fibres autonomes adrenergiques (anticorps anti-TH) et
cholinergiques (anticorps anti-VAChT), et les fibres erectiles (anticorps anti-nNOS) ainsi que

I’actine lisse des sphincters (anticorps anti-SMA). Les lames ont ensuite été numerisées par un
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scanner de haute résolution optique et les images bidimensionnelles ont été réalignées et

reconstruites manuellement en trois dimensions puis traitées par un logiciel d’animation.

Résultats: Anatomie morphologique : le plexus hypogastrique inférieur est une lame nerveuse
épaisse et fenétrée localisée entre les viscéres pelviens et la paroi pelvienne latérale. De son
bord inférieur, situé au bord postérolatéral du vagin et de la prostate et au bord antérolatéral
du rectum, naissent des efférences terminales: antérieures, formant la bandelette
neurovasculaire, pour le périnée uro-génital; médiales, pour les parois vaginales et rectales et
la prostate ; postéro-inférieures, pour la paroi rectale postéro-latérale et le sphincter anal
interne, formant le plexus rectal inférieur (PRI). Le PRI est composé de ganglions et de fibres
nerveuses microscopiques qui traversent le plancher pelvien et atteignent le sphincter anal
interne ou elles entrent en rapport étroit avec les fibres musculaires lisses sphinctériennes.
Anatomie fonctionnelle : le PRI contient des fibres cholinergiques (VAChT+) et adrénergiques
(TH+). Parmi les fibres cholinergiques, on trouve des fibres nitrergiques (nNOS+) et non-
nitrergiqgues (NNOS-). Les fibres intra-sphinctériennes issues du PRI sont surtout
cholinergiques, mais aussi adrénergiques-sympathiques. Les fibres nerveuses cholinergiques-
nitrergiques sont dispersées de facon circonférentielle dans le SAI, participant a la relaxation

sphinctérienne.

Conclusion: notre étude a permis 1’identification de la distribution de I’innervation autonome
du SAl. Elle contribue a la compréhension de la dysfonction sphinctérienne neurogéne
postopératoire. Ces nouvelles connaissances peuvent étre a la base des techniques
chirurgicales de préservation de D’innervation autonome a destinée génito-urinaire en
permettant 1’implantation peropératoire précise d’électrodes de neurostimulation. La

cartographie 3D des neurotransmetteurs pelvi-périnéaux permettra la selection de molécules
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pharmacologiques utiles au traitement des troubles primitifs et postopératoires de la

continence et de I’exonération.

- Le systeme nerveux parasympathique commande la relaxation du sphincter anal interne via
la stimulation de récepteurs muscariniques et 1’activation de la nNOS permettant la libération
de NO. Nous avons ici montré que le substratum anatomique en est le plexus rectal inférieur,
dont certaines fibres sont simultanément nitrergiques et cholinergiques. De méme, le PRI
contient des fibres sympathiques-adrénergiques, probablement responsables du tonus
sympathique de repos par libération de noradrénaline. Ce neurotransmetteur permet la
contraction du sphincter anal interne en réponse a la stimulation de récepteurs al-

adrénergiques et sa relaxation, en réponse a la stimulation de récepteurs [3-adrénergiques.

- L’incontinence observée aprés proctectomie, faisant partie du syndrome de résection
antérieure, pourrait étre due a la lésion directe du sphincter par étirement lors de la dilatation
anale nécessaire a I’anastomose mécanique circulaire trans-suturaire, comme a la blessure de
la commande nerveuse autonome sympathique, inévitable lors de la section rectale. Les
caractéristiques manométriques du néorectum confectionné avec un réservoir colique dénervé
par sa dissection pourraient également expliquer les mauvais résultats fonctionnels post-
opératoires. La perte de fonction du tonus parasympathique inhibiteur pourrait également étre
a l’origine de contractions anarchiques médiées par 1’acétylcholine et responsables des

impériosités parfois observeées.
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BACKGROUND: Little detailed information is available
concerning morphological and functional autonomic
nerve supply to the internal anal sphincter. However,
denervation of the sphincter potentially affects anal
function after rectal surgery for cancer.

OBJECTIVE: The aim of this study was to identify the
location and type (nitrergic, adrenergic, and cholinergic)
of nerve fibers in the internal anal sphincter and to
provide a 3-dimensional representation of their
structural relationship in the human fetus.

MATERIALS AND METHODS: serial transverse sections
were obtained from 14 human fetuses (7 male, 7 female,
15-31 weeks of gestation) and were studied histologically
and immunohistochemically; digitized serial sections
were used to construct a 3-dimensional representation of
the pelvis.

MAIN OUTCOMES MEASURES: The location and type of
internal anal sphincter nerves were assessed qualitatively.
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RESULTS: Posteroinferior fibers originating from the
inferior hypogastric plexus posteroinferior angle
projected to the posterolateral and posterior rectal wall
and internal anal sphincter, forming the inferior rectal
plexus. The inferior rectal plexus contained vesicular
acetylcholine transporter-positive (cholinergic), tyrosine
hydroxylase-positive (adrenergic/sympathetic), and
neural nitric oxide synthase-positive (nitrergic) fibers.
The intrasphincteric vesicular acetylcholine transporter-
positive fibers included both neural nitric oxide synthase-
negative fibers and neural nitric oxide synthase-positive
fibers (nitrergic-parasympathetic).

LIMITATIONS: The study focused on topographic and
functional anatomy, so that quantitative data were not
obtained. A small number of fetal specimens were
available.

CONCLUSIONS: We report the precise location and
distribution of the autonomic neural supply to the
internal anal sphincter. This description contributes to
the understanding of neurogenic postoperative
sphincteric dysfunction. Three-dimensional cartography
of pelvic-perineal neurotransmitters provides an
anatomical and physiological basis for the selection and
development of pharmacological agents to be used in the
treatment of primary or postoperative continence and
evacuation disorders.

KEY WORDS: Anal sphincter; Anterior resection
syndrome; Autonomic nervous system; Colorectal
cancer; Nervous control of intestinal functions; Nitric
oxide; Pelvic nerves; Total mesorectal excision.
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anatomical methods of dissection, and there is sub-

stantial inconsistency in the quality and validity of
available neuroanatomical descriptions. Immunostaining
methods allow specific detection of biologically active sub-
stances within the nervous fibers and tissues and can be
used to identify nerve fiber types. Computer-assisted ana-
tomic dissection, involving the combination of 3-dimen-
sional (3D) reconstruction and immunohistochemical
staining, is a useful approach for identifying the peripheral
innervations of deep pelvic organs and for obtaining ana-
tomic data that can be exploited clinically." This technique
has helped provide a detailed description of nerve types,
allowing a good understanding of the pathophysiology and
functional consequences of pelvic surgery.> Autonomic, as
well as somatic, innervation is involved in the regulation of
defecation and is the object of much physiopathological
and therapeutic interest.” Nitric oxide (NO), an inhibitory
neurotransmitter widely distributed in the gastrointestinal
tract, is involved in nonadrenergic, noncholinergic intesti-
nal and sphincteric relaxation.’ ~® Nevertheless, the orga-
nization and topographical distribution of neurotransmit-
ters within the autonomic neural supply to the internal
anal sphincter (IAS) remains unclear, although denerva-
tion potentially affects anal function after rectal surgery for
cancer. We report an investigation of the precise location
and functional nature of the IAS autonomic innervation;
we provide a 3D representation of the terminal branches of
the inferior hypogastric plexus and their relationship to
pelvic-perineal anatomic structures.

P elvic neuroanatomy is complex to define by classical

MATERIALS AND METHODS

Fetal Material

This work involved a defined protocol that required, and
received, examination and approval by the French Bio-
medicine Agency. The fetal preparations were obtained
from miscarriages or legal abortions and were authorized
for scientific use by the parents. The fetuses were devoid of
maceration or macroscopic abnormalities as could be de-
termined by the pathologists on macroscopic examination.
We studied 14 fetuses, 7 male and 7 female, with a crown-
rump length (CRL) of 110 to 310 mm. All fetuses studied
had a gestational age between 15 and 31 weeks. The gesta-

TABLE 1. Primary polyclonal antisera (from rabbit)

MOSZKOWICZ ET AL: ANAL SPHINCTER AUTONOMIC INNERVATION

tional age of each fetus was determined from the CRL,
corrected according to the first-trimester ultrasound CRL
measurement, and confirmed at autopsy by assessment of
organ maturation.”

Macroscopic Dissection

The entire pelvis, from sacrum to pubic arch, was removed
en bloc. Organs were fixed in 10% paraformaldehyde for
48 hours and serial transverse cross sections were cut at
4-mm intervals through the whole anatomic piece. The
slices were embedded in paraffin and series of 5-um-thick
sections were prepared every 50 to 150 wm. These sections
(between 150 and 250 from each fetus) were whole-
mounted on Superfrost glass slides.

Histological Examination

Pelvicand perineal structures were investigated by conven-
tional staining with hematin-eosin-phloxine (HE) and im-
munohistochemistry with the use of relevant polyclonal
antibodies for labeling neural structures in pelvic tissues
(Table 1) as previously described.® In brief, after removal
of paraffin and rehydration, antigen retrieval was per-
formed if necessary by microwave retrieval with citrate
buffer (pH = 6.0). A Vector ABC Elite kit (anti-rabbit IgG
biotinylated secondary antibodies followed by the avidin-
biotin complex; ref. PK6100, Vector Laboratories, Burlin-
game, CA) was used for the avidin-biotin-peroxidase pro-
cedure and a DAB detection kit (DAB, ref. SK-4100, Vector
Laboratories, Burlingame, CA) was used for chromogenic
detection. To confirm the specificity of the reagents, neg-
ative control slides were prepared for each antibody (di-
luted primary antibody was replaced with diluents). To
eliminate false-negative results, positive-control tissue sec-
tions were prepared and treated with primary antibodies at
equivalent dilutions, as outlined in Table 1. All the immu-
nohistochemical experiments and standard staining were
performed manually by the authors.

Immunolabeling of Nerve Fibers: Anti-protein S100
Antibody. PS100 is a general immunolabeling marker for
all nerves; it particularly identifies the nucleus and cyto-
plasm of Schwann cells in formalin-fixed paraffin-embed-
ded nerve tissue.”'”

Incubation Incubation Antigen
Antigen  Dilution time temperature retrieval Positive control Provider Code
P-5100 1/400 30 min Room No Human sciatic nerve Dako, Glostrup, Denmark 70311
TH 1/750 12h 4°C Citrate buffer ~ Human adrenal gland abcam, Cambridge, MA ab112
VAChT 1/2000 12h 4°C Citrate buffer ~ Human colon Sigma, St Louis, MO V5387
nNOS 1/200 12h 4°C No Human male cavernous nerve  Cayman, Ann Arbor, MI 160870
SMA 1/150 10 min Room No Human colon abcam, Cambridge, MA ab15267

P-S100 = protein-$100; TH = tyrosine hydroxylase; VAChT = vesicular acetylcholine transporter; nNOS = neural nitric oxide synthase; SMA = smooth muscle actin.
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Cholinergic Fibers Inmunolabeling: Anti-VAChT Antibody.
Vesicular acetylcholine transporter (VAChT) mRNA is
present in all known principal cholinergic neurons in the
nervous system, and VAChT immunostaining is consid-
ered to be a specific marker for cholinergic neurons and
fibers."!

Adrenergic Fibers Inmunolabeling: Anti-TH Antibody.
Tyrosine hydroxylase (TH) is involved in the conversion of
tyrosine to dopamine (in the catecholamine biosynthetic
pathway). It is used as a marker for adrenergic neurons and
fibers.'?

Nitrergic Fibers Immunolabeling: Anti-nNOS Antibody.
NO is the major neurotransmitter mediating neurogenic
relaxation of the human IAS.” Three types of nitric oxide
synthase (NOS) isoforms, inducible (i), endothelial (e),
and neural (n), have been identified.'? The basal IAS tone
is largely controlled by eNOS in the mucosa, whereas the
rectoanal inhibitory reflex (RAIR) is controlled by
nNOS." Significant nNOS gene expression has been de-
scribed in both smooth muscle cells and myenteric neu-
rons of the opossum IAS, and confirmed by reverse tran-
scriptase-polymerase chain reaction.'” Endogenous NO
inhibits small intestine and colonic motility and contrac-
tion frequency in rats.'®

Smooth Muscle Fibers of the IAS Inmunolabeling: Anti-a-
SMA Antibody. a-smooth muscle actin (SMA)."”

Three-Dimensional Reconstruction

Serial 2D sections, stained and immunolabeled for nerve
fibers and for neurotransmitters, were used for 3D recon-
structions. Analysis of sections stained with HE under ap-
propriately high magnifications (X4 to X20) allowed var-
ious anatomical structures to be distinguished. HE-stained
sections were considered to be the reference sections. The
subsequent section, treated with anti-S100, revealed pel-
vic-perineal nerves. By comparing HE-stained sections
and anti-S100-labeled sections with sections treated with
anti-VAChT, anti-TH, and anti-nNOS, we were able to
distinguish the nature of the nerve fibers: autonomic (cho-
linergic or adrenergic) and nitrergic. The intervals between
the sections were negligible (5 wm) and they were therefore
considered to be superimposable. All sections were digi-
tized by direct scanning at 4800 dots inch™' resolution, and
images were stacked and aligned with Adobe Photoshop
image-processing software. Pelvic anatomical structures
and nerve fibers were manually outlined in all histological
sections; a 3D investigation of location, course and distri-
bution of nerve fibers was performed in x and y axes as an
animated motion picture with Surfdriver software for
Windows (WinSurf 4.3).
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RESULTS

Morphological Neuroanatomy

The inferior hypogastric plexus appeared as a small, thick,
fenestrated plate composed of nerve fibers and ganglion
cells positioned between the connective tissue of the rectal
visceral fascia medially and the connective tissue of the
pelvic wall laterally. The number and density of the nerve
fibers were variable, but they were present, on both sides,
in all male and female fetuses. The most caudal part of the
inferior hypogastric plexus was along the vaginal/prostatic
dorsolateral border and rectal ventrolateral border. There
were terminal efferents at the inferior aspect of the infe-
rior hypogastric plexus: to the anterior, the fibers
reached the bladder and smooth urethral sphincter; me-
dially, transversal fibers led to the posterior vaginal/
prostatic walls and anterior rectal wall; and posteroin-
feriorly, fibers headed to the posterolateral and
posterior rectal wall and IAS (Figs. 1-3). These last fi-
bers formed the inferior rectal plexus. The inferior rectal
plexus was a microscopic network, composed of numer-
ous fibers of small caliber that took a posterocaudal path
passing through the pelvic floor, from the supralevator
to infralevator space. These nerve fibers (positive for
anti-S100 antibody labeling) terminated after intermin-
gling with the smooth muscle fibers of the internal
sphincter (positive for anti-SMA antibody labeling)
(Fig. 4).

Functional Neuroanatomy

On each side, fibers and ganglia of the inferior hypogastric
plexus were both positive with cholinergic immunolabel-
ing (anti-VAChT) and adrenergic immunolabeling (an-
ti-TH). Posteroinferior branches of the inferior hypo-
gastric plexus forming the inferior rectal plexus
contained cholinergic (VAChT-positive) and adrener-
gic (TH-positive) fibers. The VAChT-positive fibers in-
cluded both nonnitrergic (nNOS-negative) fibers and
nitrergic (nNOS-positive) fibers (Figs. 1 and 2). Intra-
sphincteric innervation found in transverse sections
through the TAS consisted mostly of VAChT-positive
fibers, but there were also TH-positive fibers originating
from the inferior rectal plexus. IAS nitrergic fibers were
dispersed among cholinergic fibers around the whole
circumference (Figs. 2 and 4).

DISCUSSION

We report here the first detailed description with 3D re-
construction of the location and nerve types of the human
autonomic innervation of the IAS from its origin in the
inferior hypogastric plexus, along the rectum wall, to its
intrasphincteric ending. After 8 weeks of gestation (Carne-
gie stage [13), intrapelvic innervation is mostly mature, sta-
ble, and comparable to that of the adult.'® This anatomic
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FIGURE 1. Application of multiple immunocytochemical markers of autonomic nerves to the inferior rectal plexus. Serial transverse sections
(5 wm thick) from a 18-week-old female fetus. A, The reference section stained with HE was scanned at an optical resolution of 4800 dpi
showing the microscopic aspect of the fibers (black arrowheads) and ganglia (black star, in HE magnification (E)) of the distal inferior
hypogastric plexus on the anterolateral rectal wall, and is shown at X20 magnification (HE (E)), centered on the IRP (black square). The IRP
contains fibers showing immunolabeling with the anti-VAChT (B) or anti-TH (C) antibodies. Some of the VAChT-positive fibers are nNOS-
positive and some nNOS-negative (D). HE = hematin-eosin-phloxine; IRP = inferior rectal plexus; VACht = vesicular acetylcholine transporter;
TH = tyrosine hydroxylase; nNOS = neuronal nitric oxide synthase; U = urethra; V = vagina; R = rectum; MRV = middle rectal vein; MRA =

middle rectal artery.

layout does not undergo any fundamental changes during
growth in the fetal and postfetal periods.'® The fetus is thus
a good anatomic and physiological model for studies of
pelvic-perineal innervation.** Even if reconstructions
based on adult cadaver specimens should have a higher
clinical value, important limitations exist while using the
adult cadaveric sample.! The specimen’s size affects the
easy manipulation of the immunostained sections, and
treatment of the adult images is more complex and time
consuming. The immunolabeling was less specific in the
adult specimens, probably because of the difficulty in con-
trolling the cadaveric postmortal conditions. Finally, in-
cluding the surrounding bones in the case of extended
specimens necessitates sectioning with an autopsy saw,
which could destroy the adjacent tissues and affect the de-
termination of anatomic landmarks, or require a decalcifi-
cation step, tending to reduce the quality of immunohis-
tochemical studies.

The IAS has been reported to receive its parasympa-
thetic nerve supply from the sacral outflow (pelvic
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splanchnic nerves) and its sympathetic supply from
both the thoracicolumbar outflow (sacral splanchnic
nerves) and hypogastric nerves.”">> Here, we show that
the sphincter autonomic neural command was specifi-
cally supplied by the inferior rectal plexus, originating
from the inferior angle of the inferior hypogastric
plexus, the integrative center of parasympathetic and
sympathetic pelvic innervations.

In general, it is accepted that the parasympathetic sys-
tem has an inhibitory effect on the tone of the IAS causing
relaxation mediated via muscarinic receptors and nNOS
activation leading to NO release.” O’Kelly et al® argued, by
superfusion organ bath techniques, the role of NO in the
neurogenic relaxation of the human IAS. They also found,
by using cryostat sections stained for NOS immunoreac-
tivity, that NOS positively stains axons ramifying into and
throughout the IAS where they laid in close proximity to
smooth muscle cells, concluding that NO mediates the
RAIR.> Here, we confirm the parasympathetic nature of
these nerve fibers, which are both nitrergic and cholinergic
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FIGURE 2. Computer-assisted 3D reconstruction of a 20-week-old female fetal pelvis and autonomic innervation (lateral view). Nerve fibers of
the neural bundle immunolabeled with anti-S100 (in yellow, A) originate from the inferior hypogastric plexus (IHP) and give 3 major
projections successively: the urethral plexus (UP) for the smooth urethral sphincter (SUS), the cavernous nerve (CN) for the corpus cavernosum
and the spongious nerve (SN) for vestibular bulbs (VB). Fibers of the inferior rectal plexus (IRP) originating from the inferior hypogastric plexus
posteroinferior angle reach the internal anal sphincter (IAS) on both sides. The inferior rectal plexus contains both nitrergic and nonnitrergic
fibers (NNOS-positive, in magenta, with yellow fibers transparent, B). Ant = anterior; Cr = cranial.

and probably mediate IAS relaxation.**** The enteric ner-
vous system runs intramurally in the gastrointestinal tract,
and is composed of the myenteric plexus and the sub-
mucosal plexus. It causes relaxation of the IAS during def-
ecation, mainly via NO, but also via nonadrenergic, non-
cholinergic neurotransmitters like vasoactive intestinal
peptide, carbon monoxide, and ATP.>*?’

The inferior rectal plexus was found also to contain
sympathetic-adrenergic nerve fibers (TH-positive),
probably responsible for the tonic excitatory sympa-
thetic discharge to the IAS at rest>>® and for the release
of noradrenaline, which has a dual role in the IAS: elic-
iting both contraction (in response to «,-adrenorecep-
tors stimulation) and relaxation (in response to stimu-
lation of B-adrenoreceptors).’

A characteristic believed to be common to chronic
anal fissures is a high resting anal canal pressure due to
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hypertonicity of the IAS. A pharmacological approach to
the treatment of anal fissures (“chemical sphincterot-
omy”) by NO donors, for example, glyceryl trinitrate, or
alternative agents that show a similar effect via membrane
calcium channels, muscarinic receptors, and a,-adrenore-
ceptor antagonist or 3;-adrenoreceptor agonist, is a possi-
ble alternative to surgical sphincterotomy.*”*° By contrast,
«,-adrenoreceptor agonists, such as topical phenyleph-
rine, induces contraction of the IAS and may be beneficial
in the treatment of fecal incontinence.’

Locally advanced cancer of the middle or lower rectum
is usually treated by preoperative chemoradiotherapy fol-
lowed by radical surgery, according to the principles of
total mesorectal excision with sphincter preservation.’!
Fibers of the inferior rectal plexus are inevitably sectioned
during mesorectal division, at a point along the pararectal
inferior rectal plexus pathway, before penetrating the IAS.
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FIGURE 3. Computer-assisted 3D reconstruction from transverse immunolabeled histological sections of a 15-week-old male fetus. A,
Superior view of intrapelvic organs with transparency of the levator ani muscle (LAM). The male neurovascular bundle (NVB, with autonomic
nerve fibers in bright yellow, arteries in red, and veins in blue) travels at the prostate (Pr) posterolateral aspect and rectum anterolateral aspect.
Fibers of the inferior rectal plexus (IRP) originating from the inferior hypogastric plexus posteroinferior angle reach the internal anal sphincter
(IAS) on both sides. B, Same view with representation of the coxal bones (CB) with parietal pelvic muscles and sacrum. C, Lateral view: the
pudendal nerve (PN, with somatic nerves in light yellow) gives collateral branches: inferior rectal nerve (IRN) and perineal nerve (PeN)
providing somatic innervation to the perineum. The PN terminal branch, the dorsal nerve of the penis (DNP), reaches the Penis corporis
cavernosum (CC). D, Posterior view. CS = corpus spongiosum; Pud. Ped. = pudendal pedicle.

The long-term functional results of such procedures are
poor in many patients, especially in cases of low anastomo-
sis. Frequent stools, urgency, clustering, and fecal inconti-
nence comprise the “anterior resection syndrome.”** Con-
tinence disorders may be due to intraoperative direct
injury to the IAS (rectosphincteric incontinence) or its
autonomic nerve supply (neurogenic incontinence).”
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Direct injury to the IAS and intramural sympathetic-
adrenergic innervation by stretching may be partially re-
sponsible for anal hypotonia in patients who have a low
stapled transanal circular anastomosis.”* Denervation of
the remnant sigmoid colon during its mobilization in low
sphincter-saving resections may contribute to the postop-
erative motility characteristics of the neorectum (less
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FIGURE 4. Internal anal sphincter intrinsic innervation. Serial transverse sections (5 um thick) from a 20-week-old female fetus through the
internal anal sphincter (IAS), immunolabeled with anti-smooth muscle actin (SMA; A and B), scanned at an optical resolution of 4800 dpi (A)
and shown at X 10 to X 20 magnifications. Fibers of the inferior rectal plexus (arrowheads) were immunolabeled with anti-5100 (5100; E), and
penetrated the IAS (intrasphincteric fibers are shown by arrows). Some of the inferior rectal plexus fibers are adrenergic (TH-positive; C) and
some cholinergic (VAChT-positive; F) fibers are nitrergic (nNOS-positive; D). VACht = vesicular acetylcholine transporter; TH = tyrosine
hydroxylase; nNOS = neuronal nitric oxide synthase; LAM = levator ani muscle.

propagation of contractions, augmented spastic contrac-
tions, and reduced colonic transit time) and to the defeca-
tory function of patients.’® The increase in mobility is
probably a result of myenteric plexus sympathetic dener-
vation and destruction of an inhibitory a-sympathetic
pathway contributing to the anterior resection syn-
drome.”® The RAIR requires an intact network of intersti-
tial Cajal cells—pacemaker cells of the gastrointestinal
tract that can spontaneously generate electrical cur-
rents—in the IAS. Both loss of nitrergic innervation and
deficiency of interstitial Cajal cells lead to impaired anal
relaxation and may play an important role in this particu-
lar type of rectal evacuation disorder.”” However, the RAIR
may be abolished only temporarily after restorative rectal
resection,’® and, in the long term, may be restored by re-
generation of intramural neurons across the anastomo-
sis.>”

Although most IAS intrinsic autonomic innervation is
unavoidably cut during rectal division, upstream supply-
ing nerve fibers running to and from the inferior hypogas-
tric plexus must be preserved during rectal mobilization.
Intraoperative neuromonitoring is increasingly used in
surgery; it has been introduced to assist pelvic autonomic
nerve preservation, which theorically avoids postoperative
disturbances of genitourinary and digestive function.*
Stimulation of parasympathetic pelvic nerves with moni-
toring of intravesical pressure seems to be predictive of
postoperative bladder function.*' Similarly, intermittent
bipolar electric stimulation of the inferior hypogastric
plexus with simultaneous observation of electromyo-
graphic signals of the IAS appears to be possible in animal
models.*? By describing the terminal fibers of the inferior
hypogastric plexus, our study has improved the descrip-
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tion of topographic and functional anatomical data. This
should help the development and validation of these pro-
cedures in humans, allowing electrophysiologically con-
firmed intraoperative nerve preservation.

CONCLUSIONS

Our 3D reconstruction demonstrates that below the pari-
etal peritoneum, autonomic nerve fibers serving anal func-
tion originate from the posteroinferior angle of the inferior
hypogastric plexus and carry both sympathetic and para-
sympathetic/nitrergic or nonnitrergic impulses to the IAS.
A clear understanding of the neuroanatomy and physi-
ology of the IAS will facilitate the strategic design of
pelvic surgery, including nerve-sparing and stimulation
techniques, and may help establish medical therapies of
anal tone disorders, in particular, anal fissure, anal in-
continence, and anterior resection syndrome. However,
these data were obtained in fetal tissues, and further
anatomical studies, especially in adults, providing qual-
itative and quantitative information about the role of
peripheral and central neuropeptides will be conducted
for a better understanding of pelvic-perineal neuroanat-
omy and physiology.
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Article 5: Communications intra pelviennes autonomiques-somatiques:
dissection anatomique assistée par ordinateur chez le feetus humain [69].

Moszkowicz D*, Alsaid B*, Peschaud F, Bessede T, Zaitouna M, Karam |, Droupy S, Benoit
G. Autonomic-somatic communications in the human pelvis: computer-assisted anatomic
dissection in male and female fetuses. Journal of Anatomy. 2011 Nov; 219(5):565-73.

* Contribution équivalente

IF 2010 : 2,37

Résume

Objectifs: la continence sphinctérienne et la fonction sexuelle requiérent [’activité
coordonnée de voies nerveuses somatiques supra-lévatoriennes et autonomes infra-
lévatoriennes qui communiquent & différents niveaux lors de leur trajet intra-pelvien.
Cependant, les techniques de dissection macroscopique classiques sont limitées pour I’analyse
morpho-fonctionnelle des fibres nerveuses de petit calibre. L’objectif de cette étude était
d’identifier la topographie et la nature de ces communications autonomiques-somatiques par

I’association d’immunomarquages neurales spécifiques et de la reconstruction 3D.

Matériel et méthodes: nous avons étudié 14 pelvis feetaux humains normaux (7 filles, 7
garcons, entre 15 et 31 semaines de gestation), par la technique de Dissection Anatomique
Assistée par Ordinateur avec immunomarquages pan-nerveux, nitrergique et de la gaine de
myéline. Nous avons déterminé la localisation et la distribution des voies nerveuses supra- et

infra-lévatoriennes et représenté leur topographie et leurs rapports en 3D.
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Résultats: ces 2 voies nerveuses apportaient une innervation double a cing cibles: le
sphincter anal, les muscles élévateurs de I’anus, le sphincter urétral, le corps spongieux/bulbes
vestibulaires, les corps caverneux et les muscles striés du périnée. Ces deux voies
communiquaient a trois niveaux : proximal/supra-lévatorien, entre le nerf pudendal et le
plexus hypogastrique inférieur, intermédiaire/intra-lévatorien et distal infra-lévatorien. Le nerf
dorsal (ND) du pénis/clitoris présentait une activité nitrergique segmentaire. Le ND proximal
était nNOS-négatif, alors que sa portion distale était nNOS-positive. La communication
distale impliquait les fibres autonomes nitrergiques du nerf caverneux et des fibres somatiques

nitrergiques du ND qui se croisaient en distalité, formant un “X allongé”.

Conclusion: les structures pelviennes impliquées dans la continence sphinctérienne et la
fonction sexuelle regoivent une innervation double autonome supra-lévatorienne et
somatiques infra-lévatorienne. Nous avons pu décrire des communications proximales,
intermédiaires et distales entre ces deux voies. La communication distale entre le nerf
caverneux et le nerf dorsal du pénis/clitoris serait impliquée dans le transfert de 1’activité
nitrergique érectile en distalité dans les deux sexes. Ces structures, importantes pour 1’érection
et la tumescence clitoridienne, doivent étre préservée par le chirurgien, notamment au cours

des reconstructions du péerinée uro-génital.
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=>» L’organisation de I’innervation génitale semble donc étre tout a fait superposable entre les
2 sexes. Le PHI se projette en distalité vers les corps érectiles en formant une bandelette
nerveuse donnant une branche collatérale caverneuse, et une branche terminale
spongieuse. La description de la fonction, de 1’origine, du trajet et de la terminaison du
nerf caverneux et du nerf spongieux et de leurs rapports avec le viscére de 1’étage moyen
du pelvis nous a permis d’actualiser les connaissance anatomiques et notamment le
concept de « bandelette neurovasculaire postéro-latérale prostatique » décrit par Walsh et

al. en 1982 [70].

=> L’oxyde nitrique synthétisé par la nNOS est un facteur clé de 1’expression de protéines
impliquée dans la neuroplasticité cérébrale. La synthese de NO répond a un influx
calcique activant les recepteurs NMDA post-synaptiques a ’origine de la mise en ceuvre
de la voie du cGMP, de PKG et d’ERK activant la synthése de protéines nucléaires
impliquées dans la plasticité synaptique [71]. Par extrapolation au systéme nerveux
végetatif, les communications nerveuses exprimant la nNOS pourraient servir de support

au phénomeéne de plasticité et de régénération nerveuse post-lésionnelle [72].

=>» La section bilatérale des nerfs caverneux chez le rat supprime 1’érection du corps du pénis
du rat mais pas I’érection du gland [40], ce qui tend a confirmer la description du relai
distal nitrergique de ’activité érectile par les communications autonomiques-somatiques.
L amélioration de la fonction sexuelle observee grace a la neuromodulation trans-sacrale,

pourrait avoir ces communications proximales et distales comme substratum anatomique.
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Abstract

Sphincter continence and sexual function require co-ordinated activity of autonomic and somatic neural
pathways, which communicate at several levels in the human pelvis. However, classical dissection approaches
are only of limited value for the determination and examination of thin nerve fibres belonging to autonomic
supralevator and somatic infralevator pathways. In this study, we aimed to identify the location and nature of
communications between these two pathways by combining specific neuronal immunohistochemical staining
and three-dimensional reconstruction imaging. We studied 14 normal human fetal pelvic specimens (seven male
and seven female, 15-31 weeks’ gestation) by three-dimensional computer-assisted anatomic dissection (CAAD)
with neural, nitrergic and myelin sheath markers. We determined the precise location and distribution of both
the supra- and infralevator neural pathways, for which we provide a three-dimensional presentation. We found
that the two pathways crossed each other distally in an X-shaped area in two spatial planes. They yielded dual
innervation to five targets: the anal sphincter, levator ani muscles, urethral sphincter, corpus spongiosum and
perineal muscles, and corpora cavernosa. The two pathways communicated at three levels: proximal supral-
evator, intermediary intralevator and distal infralevator. The dorsal penis/clitoris nerve (DN) had segmental nit-
rergic activity. The proximal DN was nNOS-negative, whereas the distal DN was nNOS-positive. Distal
communication was found to involve interaction of the autonomic nitrergic cavernous nerves with somatic
nitrergic branches of the DN, with nitrergic activity carried in the distal part of the nerve. In conclusion, the pel-
vic structures responsible for sphincter continence and sexual function receive dual innervation from the auto-
nomic supralevator and the somatic infralevator pathways. These two pathways displayed proximal,
intermediate and distal communication. The distal communication between the CN and branches of the DN
extended nitrergic activity to the distal part of the cavernous bodies in fetuses of both sexes. These structures
are important for erectile function, and care should therefore be taken to conserve this communication during
reconstructive surgery.

Key words: cavernous nerves; computer-assisted anatomic dissection; inferior hypogastric (pelvic) plexus; nitrergic
nerve; pudendal nerve; spongious nerves; supra and infralevator pathways communications.

which involve reflex loops supported by neural loops sur-
rounding the levator ani muscles (LAM). Classically, two
Urination, defecation and sexual function are under the distinct compartments in the lower pelvis are recognised,
control of the somatic and autonomic nerve pathways, separated by the LAM, and innervated by two nerve
pathways (Benoit et al. 1999). The supralevator pathway
mostly involves autonomic nerves: the superior hypo-

Introduction

g(r)r;:/’::nzli:f; Laboratoire de chirurgie expérimentale, EA 4122, g.astnc plexu? (SHF) with hypogastric n.erve? (HN), the pell-
Faculté de Médecine. 63 rue Gabriel Péri, 94270 Le Kremlin-Bicétre, vic splanchnic nerves (PSN) and the inferior hypogastric
France. E: drbayan@gmail.com (pelvic) plexus (IHP) with its terminal projections. This
*Equivalent contribution. plexus has been the subject of various anatomical descrip-
Accepted for publication 7 July 2011 tions, which have tended to adopt a systematic approach
Article published online 22 July 2011 to the complex distal branches (Fritsch, 1989; Colleselli
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etal. 1998; Baader & Herrmann, 2003; Mauroy et al.
2007a; Alsaid et al. 2011; Moszkowicz et al. 2011a). The
infralevator pathway consists of somatic nerves: the
pudendal nerve (PN) and its terminal branches. There is
less debate about the distribution of nerves in the
somatic system than in the autonomic system, but various
descriptions of the somatic innervation of the LAM have
been reported (Roberts et al. 1988; Narayan et al. 1995;
Wallner et al. 2008).

The dorsal penis/clitoris nerve (DN) has been shown to
contain autonomic nerve fibres, suggesting that there may
be communicating branches at several levels of the pelvis
and perineum (Yucel etal. 2004; Martin-Alguacil et al.
2008a). Many descriptions of the pathways followed by
these communicating branches have been the published,
based on gross anatomical investigations and the micro-
dissection of IHP terminal branches and PN branches in
adult specimens (Paick et al. 1993; Colombel et al. 1999;
Moszkowicz et al. 2011b). More recently, specific neuronal
immunohistochemical staining and three-dimensional
reconstruction imaging techniques have facilitated efforts
to determine the topography and nature of these branches
in fetal specimens (Yucel & Baskin, 2003).

The existence of these autonomic-somatic communicating
branches suggests possible plasticity in the supply of nerves
for clitoris/penis erection, bladder and urethral and anal
sphincter contraction/relaxation. This plasticity is of poten-
tial clinical interest for the rehabilitation of postoperative
uro-genital and digestive dysfunctions and their pharmaco-
logical treatment.

The aim of this study was to improve the anatomical
description of the infra- and supralevator pathway branches
and the autonomic-somatic communications of these
branches, by performing an immunohistochemical analysis
with three-dimensional reconstruction.

Materials and methods

This work was carried out according to a specific protocol sub-
mitted to and approved by the French Biomedicine Agency. The
fetal specimens were obtained from miscarried fetuses or
fetuses aborted legally, and authorisation for the scientific use
of this material was obtained from the parents. The fetuses had
no maceration or macroscopic abnormalities on macroscopic
pathology examination.

Table 1 Primary polyclonal antisera.

We studied 14 fetuses, seven male and seven female, with a
crown-rump length (CRL) of 110-310 mm. All fetuses studied
had a gestational age between 15 and 31 weeks. The gesta-
tional age of each fetus was determined from the CRL and fetal
heel-to-toe length, corrected for the first-trimester ultrasound
CRL measurement, and was confirmed, on post mortem exami-
nation, by estimating organ maturation (Hern, 1984).

The entire pelvis, from the sacrum to the pubic arch, was
removed en bloc. Organs were fixed by incubation in formalin
(10% formaldehyde) for 48 h. We then cut the tissue into trans-
verse slices at 4-mm intervals. The tissue slices were placed in
baskets, processed and embedded in cardboard moulds filled
with paraffin. We then cut series of 5-um-thick sections at 50—
150-um intervals with a sliding microtome. In total, we obtained
150-320 sections for each fetus.

We investigated intrapelvic and perineal innervation by con-
ventional histological [haematoxylin-eosin (HE)] and immunohis-
tochemical staining of neural structures, as previously described
(Alsaid et al. 2009). All immunohistochemical and histological
staining procedures were performed manually by the authors.
Briefly, the neuronal markers used were detected with poly-
clonal antibodies against protein S100, the neural isoform of
nitric oxide synthase (nNOS) and peripheral myelin protein
(PMP 22) (Table 1). The nNOS is generated in human erectile
bodies and is mostly found in the cavernous tissue of the clitoris
and the penis, particularly in the pro-erectile nerve bundles and
vascular and sinusoidal endothelium (Burnett et al. 1992; Hoyle
et al. 1996; Martin-Alguacil et al. 2008b). The nNOS antiserum
used recognises a peptide of 155 kDa on Western blots of
mouse brain (quality control data supplied by the manufacturer)
(Baizer & Broussard, 2010). PMP 22 is a 22-kDa glycoprotein pro-
duced by myelinating Schwann cells in the compact myelin of
the somatic peripheral nervous system (Snipes et al. 1992;
Bremer et al. 2010). The avidin-biotin-peroxidase detection pro-
cedure was carried out with the Vectastain ABC kit (ref. PK6100;
Vector Laboratories, Burlingame, CA, USA). Chromogenic detec-
tion was performed with the DAB detection kit (DAB, ref.
SK-4100; Vector Laboratories). As a control for all immuno-
histochemical analyses, we used non-immune serum or IgG at
an equivalent dilution.

Serial stained and immunolabelled two-dimensional sections
were used for three-dimensional reconstructions. Analyses of
HE-stained sections under appropriately high magnification (x4
to x40) made it possible to identify the various anatomical struc-
tures (organs, bones and fascia). Subsequent sections, treated
with an antibody against $100, were used to identify pelvic-peri-
neal nerves and communicating branches. By comparing HE-
stained sections with sections stained with antibodies against
5100, PMP22 and nNOS, we were able to determine the nature
of the nerve fibres identified: somatic or autonomic and

Incubation Incubation Antigen Positive
Antigen Dilution time temperature retrieval control Species Provider Code
S-100 1/400 30 min Room No Human sciatic nerve Rabbit Dako; DK 20311
nNOS 1/200 12h 4-°C No Human adult cavernous Rabbit Cayman; USA 160870
cnerve
PMP22 1/100 12h 4°C No Human sciatic nerve Rabbit Abcam; USA Ab61220
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nitrergic (erectile). The sections were taken at almost the same
level, with a negligible interval between sections (5 um). The
computer system comprised a personal laptop computer (Win-
dows XP) equipped with the Epson Perfection V750 digitisation
system, siLverrasT Al digitisation software, Apose pHoTOsHOP image
processing software and surroriver software for Windows (winsurr
image reconstruction software, version 4.3). All the sections
were digitised by direct scanning at a resolution of 4800 dots
per inch (dpi), and then the images were then stacked and
aligned. The brightness and contrast of histological tissue
images were adjusted in apoge pHoTosHop. The pelvic anatomical
structures and nerve fibres were outlined manually on all histo-
logical sections. A three-dimensional analysis of the location,
course and distribution of the nerve fibres was then carried out
along the x- and y-axes to generate a movie.

Results

Supralevator pathway

The IHP acted as a four-sided integration centre for the
autonomic supralevator pathway. It received two groups of
afferent branches: the HN from the SHP and the PSN from
two to four sacral roots. The upper part of the IHP put out
branches to the upper part of the rectum and the neck of
the bladder. The lower part of the IHP gave rise to efferent
branches running in three distal directions: postero-inferior,
lateral and antero-inferior (Fig. 1B).

The postero-inferior branches travelled toward the rectal
wall and the smooth anal sphincter. Fibres in lateral direc-
tions branched out toward the LAM. Nerve fibres from the
IHP converged anteriorly and distally to form the neuro-
vascular bundles (NVB) with the adjacent vessels. The NVB
descended at the 4-5 and 7-8 o’clock positions to the pros-
tate in males or to the vagina in females. Some NVB nerve
fibres branched medially to innervate the seminal complex
(prostate, seminal vesicles and vas deferens) or the vaginal
wall. More caudally, the NVB gave rise to nerve fibres fol-
lowing three major projections: an anterior projection for
the urethral sphincter complex, an antero-lateral projection
[cavernous nerves (CN)] travelling anterolaterally to the
prostate/vagina to reach the corpora cavernosa, and a
postero-lateral projection [spongious nerves (SN)] contin-
uing posterolaterally to the prostate/vagina to innervate
the corpus spongiosum.

Efferent distal branches from the lower part of the IHP
tended to radiate out in five main directions: (1) internal
anal sphincter; (2) LAM; (3) bladder neck and internal ure-
thral sphincter; (4) seminal complex/vagina and corpus
spongiosum; and (5) corpora cavernosa (Fig. 1C,D).

Infralevator pathway

The PN and its branches were involved in the infralevator
pathways. The PN originated at the sacral plexus. It passed
between the piriformis and coccygeus muscles and crossed
the spine of the ischium, subsequently following the same
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Fig. 1 (A,B) Three-dimensional computer-assisted anatomic dissection
from transverse immunolabelled histological sections of a 15-week-old
male fetus. (A) Lateral view of intrapelvic organs showing the
infralevator neural pathways of the pudendal nerve (PN) behind the
levator ani muscles (LAM) and its terminal branch [dorsal nerve of the
penis (DNP)]. (B) Same view with transparency of the LAM, showing
the distal distribution of the inferior hypogastric (pelvic) plexus (IHP),
in three directions: postero-inferior for the anal sphincter, lateral for
the LAM, and anterior-inferior for the neurovascular bundles (NVB),
which travel posterolaterally to the prostate (P), nerve fibres from the
NVB forming three projections: anterior for the urethral sphincter (US),
antero-lateral cavernous nerve (CN) for the corpora cavernosa (CC)
and postero-lateral spongious nerves (SN) for the corpus spongiosum
(CS). (C) Same lateral view with the two pathways, (D) Schematic
diagram of the supra- and infralevator pathways. These two pathways
ensure the dual innervation of five targets: (1) anal sphincter (AS); (2)
LAM; (3) urethral sphincter (US); (4) CS and perineal muscles; and (5)
CC. Communications between the two pathways occurred at three
levels (blue arrow in D): proximal communication, intralevator
communication (IC) and distal communication (DC). The two
pathways crossed distally in an X-shaped area in two spatial planes
(cycle in C,D).

course as the internal pudendal vessels in the pudendal
canal (Alcock’s canal).

The LAM received branches from the infralevator path-
way. These branches left the PN at the level of spine of the
ischium, before entering the pudendal canal. The PN gave
off the inferior rectal nerves, two sets of which (posterior
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and lateral) penetrated the external anal sphincter. The
external urethral sphincter also received different branches
of the PN arising just before its penetration of the urogeni-
tal diaphragm. Terminal branches of the PN were grouped
together in two nerves: the perineal nerve to the perineal
muscles and the dorsal nerve of the penis/clitoris (Fig 1A).

Branches from the PN extended in five main direc-
tions: (1) external anal sphincter; (2) LAM; (3) external
urethral sphincter; (4) bulbospongiosus muscles and cor-
pus spongiosum/vestibule; and (5) ischiocavernosus mus-
cles and corpora cavernosa of the penis/clitoris
(Fig. 1C,D).

The supralevator-autonomic and infralevator-somatic
pathways displayed proximal, intermediate and distal con-
nections.

Proximal communications

Some fibres branched out from the PN just after its separa-
tion from the sacral plexus and before it reached the course
of the infralevator pathway, joining the supralevator
branches of the IHP via the lateral face of its posterior por-
tion and intermingling with them. These branches consti-
tuted proximal communications between the infra and
supralevator pathways. The number and density of these
fibres were variable, but they were consistently present, on
both sides, in both male and female fetuses (Fig. 2). These

somatic (PMP 22-positive) fibres were non-nitrergic (nNOS-
negative) in both sexes and on both sides.

Intermediate communications

Lateral fibres from the IHP travelled laterally to the parietal
pelvic fascia, entering the LAM and continuing distally
between the iliococcygeus and the pubococcygeus muscles.
Most of these fibres dispersed in the LAM, but we were
able to follow some, with great care, to more distal posi-
tions. They split off from the inferior border of the LAM
and continued in the direction of the pudendal pedicles
(Fig. 3). This situation was observed in two male subjects,
with a 50-um interval between sections used. The observed
fibres were autonomic (PMP 22-negative) and non-nitrergic
(nNOS-negative).

Distal communications

The distal communications occurred at the level of the
penile/clitoral root. The supralevator CN travelled along
the antero-lateral surface of the urethral sphincter to reach
the medial surface of the crural bodies. They then dispersed
in the penile/clitoral hilum accompanying the cavernous
arteries. The CN were strongly nitrergic (nNOS+) and their
autonomic non-myelinated nature was confirmed by a lack
of staining for myelin (PMP22-) (Fig. 4).

Fig. 2 Serial transverse sections of 21-week-
old female (A,B) and 20-week-old male (C,D)
fetuses, at 150-um intervals, immuno-stained
with antibody against S100 and scanned at
an optical resolution of 4800 dpi, showing
the microscopic (x4) appearance of the nerve
fibres (frame in A,B). (E) Three-dimensional
computer-assisted anatomic dissection from
transverse immuno-labelled histological
sections of the male fetus showing the two
levels of section in (C,D). Nerve fibres leave
the pudendal nerve (PN) (A,C arrowhead) to
reach the inferior hypogastric (pelvic) plexus
(IHP) via the lateral face of its posterior
portion (B,D arrowhead) (SN, sciatic nerve).
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Fig. 3 (A,B) Microscopic appearance (x4) of
serial transverse sections of 15-week-old male
fetus (50-um intervals) at the level of
membranous urethra, immuno-stained with
antibody against S100. (C) Three-dimensional
computer-assisted anatomic dissection
showing the two levels of section in (A,B).
Nerve fibres from the inferior hypogastric
(pelvic) plexus (IHP) travelled distally in the
levator ani muscles; some fibres (arrowhead
in A) cross the lower border of the muscle in
the direction of the pudendal pedicle (Pud.
Ped.) (arrowhead in B).

The infralevator PN became the dorsal nerve (DN) of the
penis or clitoris after it had crossed the urogenital dia-
phragm and reached the crural bodies. The somatic DN
(PMP22+) had segmental nNOS activity (Fig. 5). Its proximal
portion, branching off from the PN, was nNOS-negative.
However, a weak nNOS signal was obtained for the most
distal portion, beyond the top. Dorsal nerve branches on
the dorsal side of the corpora cavernosa distal to the pubic
arch were positive for the marker of nitrergic activity.

Two to three nerve fibres branching from the DN that
were found to be PMP22+, confirming their somatic nature,
displayed strong nitrergic activity (nNOS +) in both sexes
(Fig. 4). The change in the nitrergic nature of the DN
related to these retrograde branches: the DN became
nNOS-positive when the CN interacted with DN branches
(Fig. 6).

With our three-dimensional reconstruction, it was possi-
ble to represent the supra- and infralevator pathways on
both sides of the LAM and their relations. The infralevator
PN pierced the urogenital perineal diaphragm and
ascended to reach the cavernous bodies, whereas the su-
pralevator CN, when dispersing in the penile/clitoral hilum,
tended to follow a descending course. An X-shaped area, in
two spatial planes, in which the two pathways crossed was
noted (Fig. 1C,D). Distal communication between the
somatic DN branches and the autonomic CN occurred at this
cross-over point, with the DN carrying nitrergic activity
distally (Fig. 6).

Discussion

This study provides information about the dual innervation
of pelvic structures by the autonomic supralevator and
somatic infralevator pathways and the communications
between these pathways, based on the computer-assisted
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anatomic dissection (CAAD) of both male and female
human fetuses.

At the end of the 8 weeks of gestation (Carnegie stage
23), the neuro-anatomical topography of the fetus resem-
bles that in adults (Fritsch, 1989; Arango-Toro & Domenech-
Mateu, 1993; Alsaid et al. 2011). Moreover, the immunohis-
tochemical characteristics of the penile dorsal nerve in fetal
specimens were consistent with the results obtained for
adults (Yucel & Baskin, 2003). The fetus is considered an
anatomically and physiologically good experimental model
for studies of pelvic-perineal innervation.

We have previously described the concept of the supra-
and infralevator pathways (Benoit et al. 1999), with the IHP
and its efferences ensuring the autonomic innervation of
the anatomical structures above the LAM. The PN and its
branches are located below the pelvic diaphragm and sup-
ply the somatic impulse toward the perineum and the
external genital structures. Interaction between the two sys-
tems ensures a normal micturition/defecation-continence
cycle and normal sexual function. The efferences from the
IHP have been the subject of various descriptions based on
anatomic dissection (Baader & Herrmann, 2003; Costello
et al. 2004; Mauroy et al. 2007b). However, we subdivided
the distal branches of the lower part of the IHP into three
directions: postero-inferior for the rectum and anal sphinc-
ter, lateral for the LAM, and antero-inferior for the pros-
tate/vagina, the urethral sphincter and the erectile bodies.

The PN gives off the inferior rectal nerve, which extends
to the external anal sphincter muscle, the perineal nerve,
which extends to the perineal muscles (bulbospongiosus
muscles and ischiocavenosus muscle), and the dorsal nerve
of the clitoris/penis. Somatic innervation of the external
urethral sphincter has been reported before, with some
authors claiming that this innervation is generated by a su-
pralevator somatic branch (Karam et al. 2005) that may
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Fig. 4 (A,E) Transverse sections at the level of ischiopubic root (IPR), showing the clitoris and the penile hilum in 26-week-old female and 20-
week-old-male fetuses, respectively. Sections immunostained with antibody against S100 and scanned at an optical resolution of 4800 dpi.
Microscopic appearance of the dorsal nerve of the clitoris (DNC) in B (from inset in A) and dorsal nerve of the penis (DNP) in (F) (from inset in E)
and their surrounding nerve fibres, treated with an antibody against nitrergic fibres (anti-nNOS) (in C and G) and an antibody against the myelin
sheath (anti-PMP22) (in D and H). At the proximal part of the corpora cavernosa (CC) in both sexes, nerve fibres branching from the DN (back
arrow in B, F) had strong nitrergic activity (white arrowhead in C, G) in both sexes. The proximal portion of the DN had no nitrergic activity at this
level (white star in C, G). These branches were somatic (PMP22+, black arrow in D,H) and had the same somatic nature as DN (PMP22+, black
star in D,H). The cavernous nerves (CN) directed to the corpora cavernosa (CC) were strongly nitrergic (black bold arrow in C,G) and autonomic

and non-myelinated in nature (PMP22—-, white bold arrow in D,H).

originate from the sacral plexus. Others have reported this
somatic innervation results from the PN crossing the uro-
genital diaphragm or from perineal branches of the PN
(Junemann et al. 1987; Narayan et al. 1995). The somatic
system is easier to describe than the autonomic system, but
several studies on cadavers have yielded conflicting results
concerning the innervation of the LAM by branches of the
PN (Roberts et al. 1988; Shafik et al. 1995; Barber et al.
2002) or by the levator ani nerve (LAN) (Wallner et al.
2008), which arises directly from the sacral plexus.

Dual autonomic supralevator and somatic infralevator
innervation occurred in five directions, playing a role in uri-
nation, defecation and sexual function. Innervation of the
anal sphincter, the urethral sphincters and the LAM is
responsible for micturition-continence and defecation
cycles. Innervation of the other two structures is of impor-
tance in ejaculation/orgasm (seminal complex, vagina, cor-
pus spongiosum and bulbospongiosus muscles) and in
erection (corpora cavernosa and ischiocavenosus muscles)
functions. This description of this dual innervation improves
our understanding of the reflex loops around the LAM and

demonstrates the importance of autonomic nerve fibre
preservation during surgical procedures, as these fibres play
an important role in pelvic functional cycles.
Autonomic-somatic communications were found to occur
between the supralevator-autonomic and the infralevator-
somatic pathways at several levels. Proximal communication
between the supra- and infralevator pathways has been
reported before (Arango-Toro & Domenech-Mateu, 1993;
Benoit et al. 1999) and our description of some fibres of the
PN joining the supralevator course of the IHP and intermin-
gling with it are consistent with these previous studies.
There have been reports of intermediate intralevator com-
munication. Wallner et al. (2008) reported a somatic commu-
nicating nerve branch between the LAN and the PN in more
than half the hemi-pelvises studied. In our study, the LAN was
not identified distinctly. The only branches identified in rela-
tion to the sacral plexus were the proximal infra-supralevator
communication between the PN and the IHP. No distinct path-
way was observed when these communicating branches,
which intermingle with the autonomic plexus, were followed.
We observed some nerve fibres branching off from the IHP
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Fig. 5 (A,D) Schematic diagrams of pelvic transverse sections at the ischio-pubic root (IPR) in female and male fetuses, (B,C) Serial transverse
sections of 26-week-old female fetuses at the level of the clitoris hilum (frame in A) immuno-stained with antibody against S100 in (B) and
antibody against nNOS in (C) and scanned at an optical resolution of 4800 dpi. (E-H) Microscopic appearance (x10) of the dorsal nerve of the
penis (DNP) in 20-week-old-male fetuses; proximal portion near the penile hilum (black frame in D) and distal portion in the penis (grey frame in
D), immuno-stained with antibody against S100 in (E,G) and antibody against nNOS in (F,H). The cavernous nerves (CN) travel antero-lateral to the
urethra (U) and reach the corpora cavernosa (CC). CN gave a positive signal with anti-nNOS antibodies in both sexes (black arrow in C,F), The
somatic dorsal nerve of the clitoris (DNC) and the DNP had segmental nitrergic activity and their proximal portions were negative for nNOS (white
arrowhead in C,F), with parietal anti-nNOS staining observed in the distal portions (black arrowhead in C,H).

Fig. 6 (A) Computer-assisted anatomical dissection (CAAD) of the pelvic structure with pubis transparency in a 26-week-old female fetus, shown
in antero-lateral view. (B) Zoomed view (frame in A) without the bone. (C) Same view with nerve fibre transparency, with nitrergic nerve fibres
shown in pink. The distal branches from the inferior hypogastric (pelvic) plexus (IHP) formed the neurovascular bundles (NVB). Some nerve fibres
converged in an anterior position to innervate the urethral sphincter (US). The NVB continued its postero-lateral course to the vagina, to reach the
corpus spongiosum vestibular bulb via the spongious nerves (SN). The cavernous nerves (CN) travelled anterolaterally to the vagina (V) and reached
the corpora cavernosa of the clitoris (C). All the CN fibres were nitrergic. The pudendal nerve (PN) became the dorsal nerve of the clitoris (DNC),
which had segmental nitrergic activity, with a non-nitrergic proximal portion (white arrowhead in C) and a nitrergic distal portion (black
arrowhead in C). The change in the nitrergic nature of the DN related to the DNC branches (black arrow in B,C), which interacted with the
nitrergic CN and carried the nitrergic activity to the DN. This interaction occurred in the X-shaped region of communication between the infra-
and supralevator pathways.

toward the LAM and travelling laterally to the pelvic fascia. pudendal pedicle. These fibres were very fine and were
Most were dispersed in the lower part of the muscle, butsome observed in only two subjects. These fibres were considered
followed an intralevator course to the emergence of the to constitute intermediate communications between the
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autonomic supralevator and the somatic infralevator path-
ways, partly accounting for the autonomic innervation of the
proximal part of corpora cavernosa. Given the small number
of subjects concerned, further studies are required to deter-
mine the occurrence of the intralevator communications and
to clarify their nature.

Various reports have considered the distal communicat-
ing branches between the cavernous and dorsal nerves and
their potential importance in erectile function. In a previous
dissection study (Colombel et al. 1999), we identified com-
municating branches from the CN that joined the DN at an
acute angle but did not determine their nature. Paick et al.
(1993) also reported that the CN sent connecting branches
to the DN or completely merged into the DN. They sug-
gested that the DN acts as a ‘carrier’ of the CN to the distal
corpora cavernosa and glans. More recently, Yucel & Baskin
(Yucel & Baskin, 2003; Yucel et al. 2004) demonstrated
segmental nitrergic activity of the DN in both sexes. They
used three-dimensional reconstruction to identify branches
from the cavernous nerve joining the dorsal nerve of the
penis and sending out nNOS-positive fibres in males. In
females, they put forward an explanation for the loss of
nNOS positivity in the dorsal nerve fibres of the clitoris prox-
imal to the clitoral body hilum, involving possible communi-
cation between nNOS-immunoreactive CN and the distal
dorsal nerve of the clitoris. In our study, based on similar
methods, we confirmed the occurrence of segmental nitrer-
gic activity in both sexes. This conversion was related to the
interaction between the CN and the DN in the hilum of the
penis/clitoris. We also highlighted the existence of some
somatic nitrergic DN branches carrying the nitrergic reac-
tion from the CN to the distal part of the DN. These obser-
vations are consistent with the description of the DN as a
carrier of autonomic nitrergic activity to the distal part of
the cavernous tissues (Paick et al. 1993; Yucel & Baskin,
2003; Yucel et al. 2004). The nerves in the corpora cavern-
osa are known to extend from the CN. However, we
observed that the distribution of the CN was limited to the
penile/clitoris root and the proximal part of the corporeal
bodies, with the DN supporting innervation to more distal
areas. The DN is considered to be the nerve conferring
sensitivity on the external genital organs, the glans skin in
particular. The DN is not considered an autonomic nerve,
but it contains autonomic nerve fibres supplying distal nit-
rergic reactivity, highlighting the importance of the DN in
erection physiology.

This hypothesis has significant implications for surgery
and improves our understanding of erectile dysfunction
after pelvic surgery, radical prostatectomy in particular. It
suggests possible plasticity in the supply of nerves for penis
erection. The notion of segmental DN nitrergic activity is
important during sex reassignment surgery and reconstruc-
tion of the external genital. In clitoroplasty or phalloplasty,
the mobilisation of the glans with its NVB (Acimi, 2008)
should respect the course of the antero-lateral cavernous

nerve. In transsexual female-to-male surgery, the precise
location of the recipient nerves must be determined distally
to the X-shaped area of communication, to preserve nitrer-
gic activity in the distal part of the erectile bodies.

Sacral neuromodulation (SNM) has recently shown clini-
cally important benefit for the sexual function of both
genders, mainly in individuals with lower urinary tract
symptoms (Pauls et al. 2007; Lombardi et al. 2008). The
mechanism by which SNM works is not completely known
(Bernstein & Peters, 2005) but one potential explanation is
its action on the parasympathetic system that influences
both detrusor contraction and erectile function through
somatic spinal loops (Leng & Chancellor, 2005). Autonomic
manifestations of sexual function improvement might
involve the distal caverno-pudendal nitrergic communi-
cations.

Conclusion

The pelvic structures responsible for sphincter control and
sexual function receive dual innervation from the auto-
nomic supralevator and the somatic infralevator pathways.
These two pathways display proximal, intermediate and
distal communications. The CN and branches from the DN
communicate distally in an X-shaped region in which these
pathways cross each other in two spatial planes. This inter-
action carries nitrergic activity to the distal part of the
cavernous bodies in both sexes and is important for erectile
function. The existence of these autonomic-somatic commu-
nicating branches suggests possible plasticity of the nervous
supply of potential clinical interest for the prevention of
postoperative urogenital and digestive dysfunctions and for
pharmacological and rehabilitation treatments for these
dysfunctions. However, these data were obtained in fetal
tissues and further anatomical studies in adult are required,
considering that anatomical relationship, as well nervous
apparatus, could change anatomical relationships during

puberty.
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Article 6 : Préservation de I’innervation a destinée génitale de la femme au
cours de P’exérése totale du mésorectum : quel plan de dissection

antérieur ? [4]
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Résumé

Objectifs: chez ’homme, la dysfonction érectile liée aux blessures des structures nerveuses
autonomes apres exeérese totale du mésorectum (ETM) est une cause majeure de morbidité
post-opératoire. Cependant, chez la femme, 1’innervation des corps érectiles est moins connue
et les caractéristiques du plan de dissection antérolatérale du rectum au cours de I’ETM doit
étre précisé. L’existence d’un septum recto-vaginal (SRV) et sa structures demeurent le sujet
de controverses. L’objectif de cette étude était donc d’identifier le septum recto-vaginal chez
le foetus humain féminin et le sujet adulte afin de définir ses rapports avec les fibres nerveuses

destinées aux corps érectiles.

Materiel et méthodes: dissections macroscopiques, études histochimiques et
immunohistochimiques avec reconstruction 3D réalisées chez 6 sujets adultes frais et 6 fcetus

de sexe féminin.
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Résultats: Le SRV était clairement définissable chez tous les adultes. Il se composait de
multiples feuillets de tissue conjonctif associés a des fibres musculaires lisses issues des
parois utérine et vaginale. Les fibres nerveuses issues de la partie distale du PHI et
responsables de la fonction sexuelle convergent vers le diaphragme uro-génital. Elles sont
regroupées et associées aux pédicules vasculaires vaginaux longs pour former les bandelettes
neuro-vasculaires (BNV), situées a 2 et 10 heures sur la face antérolatérale du rectum,
véhiculant des fibres sympathiques, parasympathiques, nitrergiques et sensitives. Ces troncs
neurovasculaires regroupant 1’ensemble des fibres nerveuses érectiles destinées au périnée
(cholinergiques et nNOS +) peuvent étre léses lors de la dissection antérolatérale du rectum.
Ces BNV envoient des fibres nerveuses destinées a la paroi postérieure du vagin, qui se
situent en avant du septum rectovaginal (SRV). Trois efférences principales sont issues des
BNV a hauteur du bas rectum : le plexus uréthral, destiné au sphincter urétral, le nerf
caverneux, destiné aux corps caverneux du clitoris et le nerf spongieux, destiné aux bulbes
vestibulaires. La dissection antérolatérale du rectum devrait donc, si les conditions
carcinologiques le permettent, passer dans un plan situé entre le prolongement latéral
postérieur du SRV en arriére et la face postérieure de la BNV en avant. En effet, une lésion
tronculaire des BNV au cours de cette dissection, ou convergent 1’ensemble des fibres
destinées a I’innervation des corps érectiles et du sphincter urétral, pourrait conduire a une
dysfonction multiple avec trouble de la continence, de la tumescence clitoridienne et de la

sécrétion génitale.

Conclusions: afin de réduire le risque de dysfonction sexuelle aprés ETM pour cancer, si les
conditions carcinologiques le permettent, il convient de respecter un plan de dissection au
contact du mésorectum antérieur, en arriére de 1’extension postérieure du SRV, respectant

I’innervation autonome a génito-urinaire.
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Abstract

Background Erectile dysfunction, principally related to
injury of the autonomic nerve fibers in men, is a major cause
of postoperative morbidity after anterolateral dissection
during total mesorectal excision (TME) for rectal adeno-
carcinoma. However, the autonomic innervation of erectile
bodies is less known in women, and the anterolateral plane
of dissection during TME remains unclear. The existence of
the rectovaginal septum (RVS) is controversial. The purpose
of the present study was to identify the RVS in the human
fetus and adult female by dissection, immunohistochemis-
try, and three-dimensional reconstruction, and to define its
relationship with erectile nerve fibers so as to determine the
anterolateral plane of dissection during TME, which could
reduce postoperative sexual dysfunction in women.
Method Macroscopic dissection, histologic studies, and
immunohistochemistry examination with 3D reconstruction
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were performed in six fresh female adult cadavers and six
female fetuses.

Results The RVS was clearly definable in all adult
specimens. It was composed of multiple connective tissue,
with smooth muscle fibers originating from the uterus and
the vagina. It is closely applied to the vagina and has a
relationship with the neurovascular bundles (NVBs) that
contain erectile fibers intended for the clitoris. The NVBs
are situated anteriorly to the posterior extension of recto-
vaginal septum. This posterior extension protects the NVBs
during the anterior and anterolateral dissection for removal
of rectal cancer.

Conclusions To reduce the risk of postoperative sexual
dysfunction in women undergoing TME for rectal cancer,
we recommend careful dissection to the anterior mesorec-
tum to develop a plane of dissection behind the posterior
extension of the RVS if oncologically reasonable.

Introduction

Sexual dysfunction remains a major cause of postoperative
morbidity after prostatectomy with total mesorectal exci-
sion (TME) for rectal adenocarcinoma [1, 2]. Erectile
dysfunction is principally related to injury of the nerve
fibers of the inferior hypogastric (pelvic) plexus (IHP)
during anterolateral dissection [3]. The neurovascular
bundles (NVBs) and their relationship with rectal fascia
and Denonvilliers’ fascia have been widely studied in men
[4-6] to determine the best approach to rectal dissection
during TME. Accordingly, nerve-sparing surgical tech-
niques have been described in men to improve postopera-
tive functional results after TME [7, 8].

The current description of the surgical technique is
supported by anatomical data of pelvic and perineal
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innervation [9-12]. However, the autonomic innervation
of erectile bodies is less known in women, and the exis-
tence of the rectovaginal septum (RVS; the equivalent
of Denonvilliers’ fascia in men) [13] is controversial.
Consequently, the anterior and anterolateral plane of dis-
section during TME in women remains unclear.

Pelvi-perineal innervation is microscopic and difficult to
define by classical anatomical methods of dissection.
However, specific biologically active substances within the
nerve fibers and tissues can be detected by immunohisto-
chemical methods and used to determine the nature of
nerve fibers and their relationship with the anatomic
structures. Three-dimensional (3D) reconstruction of serial
immunolabeled histologic sections thus constitutes an
interesting tool with which to identify the peripheral
innervations of female deep pelvic organs and to obtain
usable surgical anatomic data [14—17].

The purpose of the present study was to identify the RVS
in the human fetus and adult female, and to define its rela-
tionship with the neurovascular bundles by dissection,
immunohistochemistry, and 3D reconstruction so as to deter-
mine the anterior plane of dissection during TME, thereby
reducing postoperative sexual dysfunction in women.

Methods
Specimens
Fetal specimen

This work involved a defined protocol that required and
received examination and approval by the French Bio-
medicine Agency. We studied the pelvic portion of six
normal female fetuses between 25 and 31 weeks of ges-
tation. Specimens were fixed in formalin, cut into blocks,
and embedded in paraffin to obtain a series of 5 pm sec-
tions at 50-200 pm intervals.

Adult fresh cadaveric specimens

Six adult female cadavers (age range at death: 77-89 years)
were dissected at the Anatomy Laboratory of the Saint-Péres
School of Medicine, University Paris V. Although the exact
cause of death was unknown, macroscopic examination
showed that the pelvis was free from visible tumors and had
not been subject to surgical intervention. All the intrapelvic
organs and their surrounding tissues were removed in a
single block. Specimens included the rectum, the uterus, the
vagina, the bladder and urethra, and the inferior hypogastric
plexus (IHP) with afferent and efferent fibers. Tissues were
cut into transverse sections after formalin fixation, and each
transverse section was divided into multiple blocks (two to
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four portions) with standard and/or mega-cassettes for
embedding in paraffin. We then cut series of 5 pim sections at
intervals of 200-250 pum. Two of the six specimens were cut
midsagittally and examined.

Histologic and immunohistochemistry examination

The pelvic autonomic nerves were investigated by conven-
tional histologic staining methods (hematoxylin/eosin [H&E],
and Masson trichrome stain, which was intended to distin-
guish the fascial connective tissue) and immunohistochemical
staining of the neural structures as previously described
[14, 15]. The following immunomarkers were used: protein
S-100 for nerve fibers, vesicular acetylcholine transporter
(VAChT) for cholinergic fibers, tyrosine hydroxylase (TH)
for adrenergic-sympathetic fibers, calcitonin gene-related
peptide (CGRP) for sensory nerve fibers, smooth muscle actin
(SMA) for smooth muscles fibers, and neural nitric oxide
synthase (nNOS) for nitrergic erectile nerve fibers [18-21].

Three-dimensional (3D) reconstruction of the female fetus

Serial 2D sections, stained and immunolabeled for nerve
fibers and for neurotransmitters, were used to perform the 3D
reconstructions. Analysis of sections stained with H&E and
Masson trichrome under appropriately high magnifications
(x4-x20) allowed us to distinguish various anatomical
structures. The H&E-stained sections were considered to be
the reference sections. The subsequent section, treated with
anti-S100, revealed pelvic-perineal nerves. By comparing
H&E-stained sections and anti-S100-labeled sections, as
well as those treated with anti-VAChT, anti-TH, anti-PMP22
anti-CGRP, and anti-nNOS, we were able to distinguish the
nature of nerve fibers: autonomic (cholinergic or adrenergic)
or somatic; sensory and erectile. All sections were digitized
by direct scanning at 4,800 dots-inch™! resolution, and then
images were stacked and aligned with Adobe Photoshop
image processing software. Pelvic anatomical structures and
nerve fibers were outlined manually in all histological sec-
tions and reconstructed in 3D using Surfdriver software for
Windows (WinSurf 4.3).

Results

Recto-vaginal septum (RVS)

Macroscopic dissection of midsagittal sections in the adult
(Fig. la)

The RVS was found cranially from below the recto-uterine
pouch in all female cadavers examined. This structure was
independent of the peritoneum of the recto-uterine pouch.
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Fig. 1 Adult recto-vaginal septum (RVS). Macroscopic dissection of
midsagittal section of a 78-year-old adult cadaver showing the RVS,
stained with Masson trichrome (b), located at the posterior vaginal
wall (PVW) and anterior rectal wall (ARW). The RVS contains smooth

It was easily separated from the fascia propria of the rectum,
which surrounds the anterior rectal wall and its mesorectum.
There was strong connective tissue between the RVS and the
anterior fascia propria, but at the level of the lower rectum,
the anterior mesorectum was very thin and the fascia propria
of the rectum was attached to the RVS.

Histologic examination (Figs. 1b,c; 2; 3a)

The RVS was clearly definable in all specimens. Histo-
logically, it was composed of multiple connective tissue
layers that were closely applied to the vagina and contained
smooth muscle fibers from the vagina and the inferior
segment of the uterus. Ventrocranially, it formed an

Theése de Sciences D. Moszkowicz

muscle fibers (immunolabeled with anti-smooth muscle actin (SMA),
¢ black square, x4 magnification) originating from the vagina and
uterus (U; white arrowhead). RUP recto-uterine pouch; bold asterisks
anterior mesorectum

incomplete anatomic partition between the posterior and
the middle compartments. However, there was no layer of
smooth muscular fibers laterally at any level, and the RSV
had no definable lateral edge. The multiple connective
tissue layers were separated laterally and made a “Y”
shaped extension that joined the lateral vaginal wall ante-
riorly and the fascia propria of the rectum posteriorly.

Recto-vaginal septum and neurovascular bundles:
relationship (Figs. 4, 5)

The inferior hypogastric plexus (IHP) was located on the

pelvic side wall, stretched from the lateral surface of the
rectum, passed the cervix and the vaginal fornix laterally, and
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Fig. 2 Fetal RVS and neurovascular bundle (NVB). Histologic
5-um-thick transverse sections of a 26-week-old female fetus scanned
at an optical resolution of 4,800 dpi. The RVS (asterisks) is composed
medially of multiple connective tissue (Masson trichrome staining,

extended to the lateral vaginal wall and the base of the bladder.
It contained a mixed association of TH, VAChT, CGRP, and
nNOS-positive fibers. The anteroinferior part of the IHP
converged in a caudal direction and reached down to the pelvic
floor. The closer the levator ani muscle was to the rectum, the
more the distal plexus was pushed into a small triangular space
bordered by the levator ani muscle laterally, the rectum dor-
sally, and the vagina ventrally. These antero-inferior fibers
were gathered in neural bundles forming NVBs with the
vaginal pedicle. The NVBs were situated at the 2 o’clock and
10 o’clock positions around the anterior rectum and at the 5
o’clock and 7 o’clock positions around the posterior vaginal
wall. These bundles then formed two major perineal projec-
tions: an anterior projection for the urethral sphincter complex
and an inferior projection for the perineal erectile bodies. The
NVBs contained nNOS-positive fibers, which were densely
clustered around the vaginal pedicle. Furthermore, the NVBs
contained VAChT- and TH-positive fibers and occasional
sensory fibers (CGRP-positive).

The last four collateral branches of the NVBs were:
medial to the posterior vaginal wall, anterior to the uretral
sphincter (urethral plexus), anterolateral to the clitoris
corpora cavernosa (cavernous nerve), and posterolateral to
the clitoris bulbs (spongious nerve).

The trunk of the NVBs was situated between the
anterolateral and posterolateral extension of the RVS—i.e.,
between “the two arms of the elongated Y,” and all the
nerves of the NVBs were scattered in the loose connective
tissue. Posterolateral extension of the RVS separated the
NVBs from the rectal fascia.

Discussion

The rectovaginal septum (RVS), which corresponds to
Denonvilliers’ fascia in men, is composed of multiple
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bold asterisks, b) and forming laterally anterior (white arrow) and
posterior (black arrow) extensions in the form of a “Y,” where the
neurovascular bundle is situated (black arrowhead S100 immunola-
beling; a). Va vagina; R rectum

connective tissue layers and smooth muscle fibers origi-
nating from the uterus and vaginal muscular walls. It is
closely applied to the vagina and has relationship with the
neurovascular bundles giving rise to vaginal and perineal
efferent fibers. Injury to the NVBs during TME may lead to
severe sexual dysfunction because sympathetic, parasym-
pathetic, and erectile efferent fibers intermingle at this
level.

The existence of the RVS in women is controversial.
Some authors claim that there is no fascial layer between
the posterior vaginal wall and the anterior rectal wall [22—
24]. However, macroscopic and microscopic studies in the
fetus have shown dense collagen tissue and multiple layers
of connective tissue between the rectal and vaginal wall
from 25 weeks of gestation [25]. Furthermore, smooth
muscle fibers inserted between several layers of connective
tissue have been described in the adult and form an inde-
pendent anatomic structure between the anterior genital
compartment and the posterior visceral compartment in the
female [26]. This structure presents the RVS and it is the
equivalent of Denonvillers’ fascia described in men as a
prostate-peritoneal aponeurosis.

According to our macroscopic findings, the RVS is
closely applied to the posterior vaginal wall. Indeed, we
observed that the smooth muscle fibers, situated between
the dense collagen tissue, originate from the uterus and the
vaginal wall, in contrast to observations by Aigner et al.
and Ludwikowski et al. [26, 27]. To Aigner et al. [26], the
septum originated from the longitudinal muscle layer of the
ventral rectal wall. These smooth muscle fibers are present
only between the rectum and the vagina. Therefore, the
RVS (smooth muscle fibers and connective tissue) is a
structure that can be easily seen medially. On the other
hand, it does not exist laterally as such. It gives an anterior
and posterior extension in the form of a “Y.” We also
noted that the posterolateral extension joins behind the
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Fig. 3 Anterolateral plane of surgical rectal dissection. a Histologic
transverse sections of a 80-year-old adult cadaver stained with
Masson trichrome showing the RVS (white stars) with its posterior
extension (black arrow), in relation to the vaginal pedicle (black
arrowheads) and the neural bundle (white arrowheads). b Manual
illustration of a transverse section of the neurovascular bundle (NVB)
between the rectum and the vagina, showing its relationship with the
RVS (bold asterisks). Red arrows show the ideal anterolateral plane
of surgical dissection, behind the rectovaginal septum posterior
extension, in order to avoid a potential NVB injury

fascia propria of the rectum that coats the anterior meso-
rectum, in contrast to observations of Zhai et al. [28], who
concluded that the posterior layer of the rectovaginal sep-
tum was the fascia propria itself. The anterolateral exten-
sion joins anteriorly the lateral side of the vagina. This
finding is different from the traditional description of
Denonvilliers’ fascia in men, where the fascia is composed
of two layers, anterior and posterior, and that the posterior
layer is the fascia propria of the rectum [29-32].

In our study, we did not observe any attachment of the
RVS to the peritoneum of the recto-uterine pouch, in
contrast to the observations of Zhai et al. [28]. The septum
is gradually thinner and finally disappears at the level of the
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Fig. 4 Morphologic and functionnal systematization of the NVB.
Histologic 5-um-thick transverse sections of a 30-week-old female
fetus scanned at an optical resolution of 4,800 dpi, stained with
hematoxylin/eosin (a) and immunolabeled with anti-S100 antibody
(b), anti-TH (¢), anti-nNOS (d), and anti-VAChT (e). Neurovascular
bundles consist of nerve fibers and vaginal blood vessels scattered
throughout the posterior and anterior extension of the RVS in a
triangularly shaped space. LAM levator ani muscle; PM piriform
muscle; PN pudendal nerve

perineal body [33]. At the lowest level of the rectum, the
posterior vaginal wall and the anterior rectal wall are side
by side and attached to the lowest part of the rectum.
Three-dimensional reconstruction of the fascia (RVS) was
not possible, because it is not a cylinder structure that can
be outlined.

The neurovascular bundles were initially described by
Walsh et al. [34] in men. We previously demonstrated by
immunohistochemistry and 3D reconstruction that fibers
supplying sexual organs were bundled in neurovascular
bundles with the vaginal pedicle below the parietal peri-
toneum. These nerve bundles, originating from the IHP,
contained sympathetic, parasympathetic, and erectile nerve
fibers. Their terminal branches were the urethral plexus, the
cavernous nerve for the clitoris corpora cavernosa, and the
spongious nerve for the clitoris spongious bulbs [18]. In
the present study, these NVBs are confirmed to be located
at the 2 o’clock and 10 o’clock positions around the
anterior rectum but are found anteriorly to the posterolat-
eral extension of the RVS. This extension protects the NVB
during anterior dissection of the rectum. A triangular zone
can be described between the two lateral (posterior and
anterior) extensions of RVS where the NVBs are situated.

Previous data have shown that erectile dysfunction in
men after TME is a result of parasympathetic nerve dam-
age [35-38]. However, female sexual dysfunction after
pelvic surgery has largely been neglected in the colorectal
literature. In our study the two key steps during TME for
rectal cancer in women during which the NVBs or their
branches are at risk of injury are the anterior and antero-
lateral dissections.
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Fig. 5 Three-dimensional (3D) view of fetus intrapelvic organs with
pelvic nerves. Superior infraperitoneal 3D view of a 30-week-old
female fetus: intrapelvic organs with immunolabeled pelvic nerves
showing the position of the inferior hypogastric plexus (IHP) on the
lateral aspects of the rectum. From the IHP, efferent branches rise in
distal directions: postero-inferior for the rectal wall, lateral for the
levator ani muscles, and antero-inferior to form the NVBs. Some
fibers from the NVBs branch medially to innervate the posterior

The NVBs, which are the erectile nervous trunks, give
out a few nitrergic vasoactive branches for the posterior
vaginal wall, which then run in front of the RVS and are
probably responsible for vaginal lubrication. If the RVS is
removed during TME, these nerves can be injured, result-
ing in sexual dysfunction such as vaginal dryness.

During anterolateral dissection, the NVBs can be hurt.
Indeed, they lie in front of the posterolateral extension of
RVS and are protected by this extension. Thus, if the
posterolateral extension of the RVS is preserved during
anterior resection of the rectum, the NVBs could also be
preserved. This therefore defines an anterior plane of
dissection between the RVS anteriorly and the fascia
propria of the rectum posteriorly. Injury to the NVBs
seems to be most likely when surgeons choose the sur-
gical plane in front of the RVS, because the surgical
plane easily shifts ventrolaterally toward the trunk of
NVBs.

There is some dispute as to whether the best plane for
performing TME for rectal cancer is in front of or behind
the RVS [3, 35, 36, 39]. Heald et al. [39, 40] described
Denonvilliers’ fascia in men as constituting the anterior
surface of the rectum, lying on the rectal side of the plane
in which TME surgery is conducted. So, TME should
resect Denonvilliers’ fascia. Lindsey and colleagues rec-
ommend a mesorectal plane of dissection along the proper
rectal fascia immediately behind Denonvilliers’ fascia in
men [3, 35, 36]. Our study confirms that the anterior dis-
section plane in women with rectal cancer is probably
behind the RVS. Indeed, the NVB with erectile fibers for
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vaginal wall. More caudally, the bundle puts out fibers in three major
projections: an anterior projection for the urethral sphincter complex,
an anterolateral projection (the cavernous nerve) that travels antero-
laterally to the vagina to reach the corpora cavernosa, and a
posterolateral projection (the spongious nerve) that continues pos-
terolaterally to the vagina to innervate the corpus spongiosum. In
inset, blue arrows show the directions of the IHP and NVB main
terminal efferences. Ur urethra

the clitoris runs directly in front of the posterolateral bor-
ders of the RVS. Damage at this level can therefore give
rise to severe sexual dysfunction.

In contrast, when the rectal tumor is anterior, making it
necessary to increase the circumferential resection margin,
the RVS can be removed, but the dissection plane should
return as soon as possible to the fascia propria of the rec-
tum laterally to reduce the risk of injury to the NVBs.

Conclusions

In women, the NVBs containing erectile fibers intended for
the clitoris are situated anteriorly to the posterior extension
of the RVS, which is the equivalent of Denonvilliers’ fascia
in men. This posterior extension protects the NVBs during
the anterior dissection for removal of rectal cancer.

We therefore recommend careful dissection to the
anterior mesorectum to develop a plane of dissection
behind the posterior extension of the RVS if oncologically
reasonable. If the rectal tumor is anterior, and if it is nec-
essary to remove the vaginal wall partially and thus remove
the RVS, the plane of dissection should join as soon as
possible the posterior extension of the RVS to avoid lesions
of the NVBs.
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Which Anterior Plane?

Fig. 4 Three-dimensional (3D) view of fetus intrapelvic organs with
pelvic nerves. Superior infraperitoneal 3D view of a 30-week-old
female fetus: intrapelvic organs with immunolabeled pelvic nerves
showing the position of the inferior hypogastric plexus (IHP) on the
lateral aspects of the rectum. From the IHP, efferent branches rise in
distal directions: postero-inferior for the rectal wall, lateral for the
levator ani muscles, and antero-inferior to form the NVBs. Some
fibers from the NVBs branch medially to innervate the posterior
vaginal wall. More caudally, the bundle puts out fibers in three major
projections: an anterior projection for the urethral sphincter complex,
an anterolateral projection (the cavernous nerve) that travels antero-
laterally to the vagina to reach the corpora cavernosa, and a
posterolateral projection (the spongious nerve) that continues pos-
terolaterally to the vagina to innervate the corpus spongiosum. In
inset, blue arrows show the directions of the IHP and NVB main
terminal efferences. Ur urethra
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Fig. 5 Morphologic and functional systematization of the NVB. bundles consist of nerve fibers and vaginal blood vessels scattered
Histologic 5-pum-thick transverse sections of a 30-week-old female throughout the posterior and anterior extension of the RVS in a
fetus scanned at an optical resolution of 4,800 dpi, stained with triangularly shaped space. LAM levator ani muscle; PM piriform
hematoxylin/eosin (a) and immunolabeled with anti-S100 antibody muscle; PN pudendal nerve

(b), anti-TH (¢), anti-nNOS (d), and anti-VAChT (e). Neurovascular
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V. Conclusions et perspectives

La fonction sexuelle peut étre altérée chez les femmes traitées pour un cancer, notamment
colorectal [73, 74]. Les différentes composantes de la réponse sexuelle peuvent étre
concernées et la genese de ces troubles est souvent multifactorielle et fréquemment iatrogéne,
impliquant la radiothérapie et la chirurgie pelviennes qui peuvent étre a 1’origine de 1ésions
peu réversibles de I’innervation pelvi-périnéale.
Notre travail anatomique a permis d’améliorer la compréhension de la physiopathologie de
certains troubles fonctionnels post-opératoire en chirurgie pelvienne. Cela a pu conduire, a
I’occasion d’une collaboration au sein du laboratoire, a la description d’une zone
particulierement a risque de blessure nerveuse lors de la proctectomie pour cancer, située a la
face antérolatérale du bas rectum, en rapport avec le septum recto-génital, correspondant a la
position de la bandelette neurovasculaire devant étre préservée par le chirurgien.
Nos résultats anatomiques et physiologiques devront étre confirmés par des travaux de
recherche fondamentale et corrélés a la pratique clinique par des travaux de recherche
clinique.
Le projet de recherche s’articulera autour de deux axes principaux :
1- Recherche expérimentale chez le feetus humain et le petit rongeur
a. Cartographie immunohistochimique des autres neurotransmetteurs pelviens et

périnéaux impliqués dans la fonction sexuelle de la femme, avec

reconstruction 3D assistée par ordinateur : VIP, ocytocine, neuropeptide Y et

sérotonine notamment.

b. Cartographie des neurotransmetteurs exprimés par les branches afférentes au

plexus hypogastrique inférieur
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i. par transport axonal rétrograde de la forme neurale de la nitric oxide
synthase (NNOS) et du virus de la pseudo-rage afin de préciser le rdle
du systéeme nerveux parasympathique crénial dans la fonction érectile
en déterminant 1’origine et le trajet dans le systéme nerveux central des
fibres parasympathiques contenues dans les nerfs hypogastriques.

ii. par analyse moléculaire du contenu en neurotransmetteurs des nerfs
splanchniques pelviens apres capture microscopique LASER sur coupe
histologique de pelvis de feetus humain de sexe féminin (niveau
d’expression des ARN messagers correspondants a la nNOS et au VIP).
Nous aurons recours a la RT-PCR en employant les amorces
spécifiques des neurotransmetteurs et au Western Blot pour préciser
I’expression protéique des médiateurs.

c. Travail électrophysiologique de neurostimulation peropératoire du PHI chez la
femelle du rat avec détection doppler de la tumescence clitoridienne afin de
confirmer les résultats anatomiques et physiologiques obtenus (travail en cours,

dirigé par le Dr Bessede).

2- Recherche appliquée

a. Etude anatomopathologique sur piéce opératoire d’exérése des visceres
pelviens (travail en cours, dirigé par le Dr Peschaud).

b. Corrélation des résultats anatomo-pathologiques obtenus a I’administration de
questionnaires d’évaluation de la fonction sexuelle et d’explorations
fonctionnelles pré- et post-opératoires chez la femme adulte.

c. Etude clinique d’évaluation de techniques chirurgicales de préservation

nerveuse modifiées, par ccelioscopie et laparotomie.
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d. Mise en place d’un protocole de neurostimulation peropératoire permettant le
développement de techniques chirurgicales de préservation nerveuse confirmée
par électrophysiologie avec détection électromyographique génitale, comme

cela a déja été fait par détections anale et urinaire [75-77].

3- Recherche en pédagogie médicale
La valeur pédagogique des images 3D obtenues grace a notre technique reste a
démontrer auprés d’étudiants en anatomie et de chirurgiens en formation, en la
comparant aux méthodes classiques (mais néanmoins indispensables)

d’enseignement (résultats soumis).
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Résumé

Introduction. Le traitement de l’adénocarcinome rectal implique 'exérése extrafasciale du mésorectum asso-
ciée a la préservation de l’innervation autonome a destinée génito-urinaire. Les dysfonctions urinaires et sexuel-
les sont néanmoins fréquentes au décours de cette chirurgie, particulierement si la tumeur est antérieure, si
elle est fixée ou si le pelvis est étroit. Une meilleure connaissance de ’anatomie de U’innervation pelvipérinéale
pourrait contribuer a améliorer les résultats des techniques chirurgicales de préservation nerveuse.

Matériel et méthodes. Afin d’identifier la localisation et la fonction (nitrergique, sympathique-adrénergique,
parasympathique-cholinergique et sensitive) des fibres nerveuses destinées au clitoris et au sphincter urétral,
des coupes sériées du petit bassin de sept foetus humains féminins (de 18 a 32 semaines de gestation) ont été
traitées par techniques histologiques et immunohistochimiques, numérisées puis reconstruites en 3 dimensions
et animées.

Résultats. Les structures nerveuses afférentes au plexus hypogastrique inférieur (PHI) - nerfs splanchniques pel-
viens (NSP), nerfs splanchniques sacraux (NSS) et nerfs hypogastriques (NH) - sont richement interconnectées et
véhiculent de facon mixte l'influx sympathique et parasympathique pelvien. Ces structures sont facilement
identifiables (pour les NH) ou situées a distance du plan de l'exérése rectale (pour les NSP, NSS) et sont donc
peu a risque lors de la dissection rectale postérieure. Les fibres nerveuses issues de la partie distale du PHI et
responsables de la fonction sexuelle convergent vers le diaphragme uro-génital. Elles sont regroupées et asso-
ciées aux pédicules vasculaires vaginaux longs pour former les bandelettes neuro-vasculaires (BNV), situées a 2
et 10 heures sur la face antérolatérale du rectum, véhiculant des fibres sympathiques, parasympathiques, nitrer-
giques et sensitives. Ces troncs neurovasculaires regroupant l’ensemble des fibres nerveuses érectiles destinées
au périnée (cholinergiques et nNOS +) peuvent étre ésés lors de la dissection antérolatérale du rectum. Ces BNV
envoient des fibres nerveuses destinées a la paroi postérieure du vagin, qui se situent en avant du septum recto-
vaginal (SRV). Trois efférences principales sont issues des BNV a hauteur du bas rectum : le plexus uréthral,
destiné au sphincter urétral, le nerf caverneux, destiné aux corps caverneux du clitoris et le nerf spongieux,
destiné aux bulbes vestibulaires. La dissection antérolatérale du rectum devrait donc, si les conditions carcinolo-
giques le permettent, passer dans un plan situé entre le prolongement latéral postérieur du SRV en arriere et la
face postérieure de la BNV en avant. En effet, une lésion tronculaire des BNV au cours de cette dissection, ou
convergent [’ensemble des fibres destinées a l'innervation des corps érectiles et du sphincter urétral, pourrait
conduire a une dysfonction multiple avec trouble de la continence, de la tumescence clitoridienne et de la sé-
crétion génitale.

Conclusions. Notre « Dissection anatomique assistée par ordinateur » a permis de préciser la distribution et la
fonction des fibres nerveuses autonomes destinées aux organes génitaux et a ’urétre. Cela a permis d’approfon-
dir la connaissance des bases anatomiques et physiologiques utiles au développement des techniques chirurgica-
les de préservation nerveuse, participant ainsi a une meilleure compréhension des dysfonctions sexuelles et
urinaires neurogénes postopératoires.
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Service de Chirurgie Oncologique et digestive, Hopital Ambroise Paré, 9 Avenue Charles de Gaulle, 92100 Boulogne, France. E-
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Abstract

Introduction. Optimal treatment of rectal adenocarcinoma involves total mesorectal excision with nerve-
preserving dissection. Urinary and sexual dysfunction is still frequent following these procedures, particularly
when the tumour is located anterolaterally, when it is fixed and when the pelvis is narrow. Improved knowledge
of pelvic nerve anatomy may help to optimize surgical nerve preservation.

Methods. To identify the location and function (nitrergic, sympathetic-adrenergic, parasympathetic-cholinergic
and sensitive) of genitals and urethral sphincter neural supply, serial transverse sections were obtained from
seven human female fetuses (18-32 weeks of gestation) and subjected to histological and immunohistochemical
investigations; digitized serial sections were used to construct a 3D animated representation of the pelvis.
Results. Inferior hypogastric plexus (IHP) afferences - pelvic splanchnic nerves (PSN), sacral splanchnic nerves
(SSN) and hypogastric nerves (HN) - are widely interconnected and support a mixed sympathetic and parasympa-
thetic neural impulse. These nerve structures are easily recognized (as HN) or are located from afar the dissec-
tion plane (PSN, SSN) and are at low risk of injury during posterior rectal dissection. Nerve efferences originating
from the IHP distal part convey the sexual erectile impulse and converge to the pelvic floor. They are grouped
with the vaginal pedicles, forming a neurovascular bundle (NVB), located at 2 and 10 o’clock at the rectum ante-
rolateral wall, conveying sympathetic, parasympathetic, nitrergic (cholinergic-nNOS+) and sensitive fibers.
These neurovascular trunks can be injured during rectal anterolateral dissection. These NVBs send nerve bran-
ches to the vagina posterior wall, that course at the anterior side of the rectovaginal septum (RVS). Three main
efferences originate from the NVB at the low rectum level: the urethral plexus, for the urethral sphincter, the
cavernous nerve, for the corpora cavernosa of clitoris, and the spongious nerve, for the vestibular bulbs. The
NVBs are situated anteriorly to the posterior extension of rectovaginal septum and, if oncologically reasonable, a
careful dissection to the anterior mesorectum to develop a dissection behind the posterior extension of recto-
vaginal septum would be preferable. In fact, multiple dysfunctions affecting urinary continence, clitoral tumes-
cence and genital secretion could result from a NVB injury.

Conclusions. “Computer-assisted anatomic dissection” allowed the identification of the precise function and
distribution of the autonomic neural supply to the female genitals and urethra, providing an anatomical basis for
nerve-sparing surgical techniques, and participating to the understanding of postoperative neurogenic sexual and

urinary dysfunctions.

La proctectomie avec exérése totale du mésorectum (ETM) et
préservation nerveuse est la chirurgie de référence du cancer
du rectum (1). Cette chirurgie est associée a des séquelles
urinaires et sexuelles dans 10 a 70 % des cas liées, notam-
ment, a des ésions iatrogénes des nerfs pelvi-périnéaux (2).
Ces nerfs peuvent étre lésés en plusieurs endroits - plexus
hypogastrique supérieur (PHS), nerfs hypogastriques (NH),
plexus hypogastriques inférieurs (PHI) et branches efférentes -
car leur identification précise peut étre difficile en raison de
leur taille et de leur proximité avec les organes pelviens (3).
La connaissance approfondie de cette innervation pelvienne
est donc nécessaire pour la prise en charge des cancers du
rectum.

La réponse sexuelle est régulée par les systémes nerveux so-
matique et autonome, périphérique et central. Au niveau
périphérique, la réponse sexuelle dépend de |’activation, par
le systéme autonome, de mécanismes de contréle neuromus-
culaires et vasoactifs impliqués dans la congestion des corps
érectiles et de la muqueuse vaginale et dans la lubrification
vaginale (4). De plus, un arc réflexe d’afférences génitales
passant par les nerfs somatiques pudendaux controle la
contraction orgasmique des muscles striés du périnée.
L’oxyde nitrique (NO) est le principal médiateur physiologique
de la fonction érectile, et son enzyme de synthése, la NO
synthétase (NOS), est exprimée dans le tissu caverneux du
clitoris et du vagin humains, dans les nerfs du systeme ner-
veux autonome et dans les endothéliums vasculaires et sinu-
soidaux (5, 6). La rupture de Uintégrité des commandes ner-
veuses mais aussi hormonales et vasculaires de la réponse
sexuelle sont donc susceptibles d’interférer avec la fonction
sexuelle, bien que des facteurs psychologiques et relationnels
puissent y jouer des roles importants (7).

La majorité des travaux s’intéressant aux séquelles sexuelles
apres proctectomie sont réalisés chez ’homme et tres peu de
travaux concernent exclusivement les femmes chez qui ’ana-
tomie de ’innervation pelvipérinéale est mal connue (8). La
réduction de ces séquelles fonctionnelles postopératoires
nécessite une meilleure compréhension de l’anatomie ner-
veuse pelvi-périnéale, qui peut étre éclaircie par de nouvelles
techniques d’étude. En effet, l'anatomie topographique de
’innervation pelvienne est classiquement étudiée par dissec-
tion macroscopique des nerfs sur sujet frais ou formolés et la
dissection de l’environnement adipeux et osseux des structu-
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res nerveuses présentent le risque de détruire les nerfs ou de
perturber leur organisation spatiale. L’utilisation combinée
d’un prélévement macroscopique en bloc et de méthodes
immunohistochimiques permet de respecter l'intégrité des
nerfs et de détecter les neurotransmetteurs au sein des tissus
nerveux. Ces techniques permettent d’obtenir des renseigne-
ments précis sur le trajet, le type de fibres et leurs rapports
anatomiques. De plus a partir de ces coupes histologiques
immunomarquées et des techniques de traitement d’images
en 3D par ordinateur, il est possible de reconstruire, de visua-
liser dans U'espace, et d’animer les structures anatomiques
afin de réaliser une Dissection Anatomique Assistée par Ordi-
nateur (DAAO) (9, 10).

Pour contribuer a améliorer les résultats fonctionnels sexuels
de la chirurgie d’exérése rectale pour cancer chez la femme,
les objectifs de ce travail étaient d’étudier |’anatomie topo-
graphique et structurelle de Uinnervation pelvi-périnéale chez
le foetus féminin en utilisant la technique de Dissection Ana-
tomique Assistée par Ordinateur (DAAO) et de compléter
cette étude par une étude du septum recto-vaginal sur sujet
anatomique adulte afin d’améliorer la compréhension des
déterminants anatomiques et physiologiques des dysfonctions
sexuelles et urinaires survenant aprés proctectomie.

Matériel et méthode

Des coupes sériées de 5 um d’épaisseur ont été effectuées
tous les 50 a 150 pm sur le bassin de sept feetus humains de
sexe féminin entre 18 et 32 semaines de gestation. Les coupes
ont été traitées manuellement par |’"Hématoxyline-Eosine et
le trichrome de Masson puis immunomarquées pour détecter
les fibres nerveuses (anticorps anti-protéine S-100), les fibres
somatiques (anticorps anti-PMP22), les fibres autonomes adré-
nergiques (anticorps anti-TH, tyrosin hydroxylase) et choliner-
giques (anticorps anti-VAChT, vesicular acethylcholine trans-
porter), les fibres sensitives (anticorps anti-CGRP, calcitonin
gene related peptid) et les fibres érectiles (anticorps anti-
nNOS, neural nitric oxide synthase) ainsi que [’actine lisse des
sphincters. Les lames ont ensuite été numérisées par un scan-
ner de haute résolution optique et les images bidimensionnel-
les ont été reconstruites manuellement en trois dimensions
par contourage des structures anatomiques (logiciel Surfdriver
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pour Windows, Winsurf) puis traitées par un logiciel d’anima-
tion.

Les organes pelviens de six sujets adultes de sexe féminin (77-
89 ans) ont été prélevés en bloc puis sectionnés dans le sens
sagittal et les coupes histologiques ont été traitées par le
trichrome de Masson pour identifier les fibres conjonctives
des fascias, ["anticorps anti-protéine S100 pour identifier les
fibres nerveuses et ’anticorps anti-actine lisse pour identifier
les fibres musculaires lisses des fascias.

Résultats

Branches afférentes du plexus hypogastrique
inférieur

Les structures nerveuses afférentes du plexus hypogastrique
inférieur (PHI) - nerfs splanchniques pelviens (NSP), nerfs
splanchniques sacraux (NSS) et nerfs hypogastriques (NH) -
sont richement interconnectées et véhiculent de facon mixte
U’influx sympathique-adrénergique (TH positif) et parasympa-
thique-cholinergique (VAChT positif) pelvien (tableau 1).

Branches efférentes du plexus hypogastrique
inférieur - Rapports avec le septum recto-vaginal

Les fibres nerveuses issues de la partie distale du PHI et res-
ponsables de la continence urinaire et de la fonction sexuelle
convergent vers le diaphragme pelvien. Elles sont regroupées
et associées au pédicule vasculaire vaginal long pour former la
bandelette neurovasculaire (BNV) constituée de fibres nerveu-
ses adrénergiques (TH+), cholinergiques (VAChT+), sensitives
(CGRP+) et nitrergiques (nNOS+) et située a 2 et 10 heures sur
la face antérolatérale du rectum. Ce tronc neurovasculaire
regroupe ’ensemble des fibres nerveuses érectiles destinées
au périnée.

Trois efférences principales sont issues de cette BNV a hau-
teur du bas rectum : le plexus uréthral, destiné au sphincter
uréthral, le nerf caverneux, destiné aux corps caverneux du
clitoris et le « nerf spongieux », destiné aux bulbes vestibulai-
res du clitoris (vidéo 1). Ces plexus nerveux sont riches en
fibres nitrergiques-cholinergiques (nNNOS+) (tableau 1).

Le septum rectovaginal (SRV, équivalent masculin du fascia de
Denonvilliers) est une structure mixte contenant des fibres
conjonctives et des fibres musculaires lisses issues de ['utérus
et du vagin. Latéralement, il émet deux extensions, anté-
rieure qui fusionne avec le fascia vaginal et postérieure qui
fusionne avec le fascia viscéral rectal, en forme de « Y allon-
gé ». La BNV envoie des fibres nerveuses destinées a la paroi
postérieure du vagin qui se situent en avant du SRV sur la
ligne médiane. Latéralement, le tronc de la BNV se situe en
avant de ’extension postérieure du SRV.

Discussion

Anatomie appliquée a la technique chirurgicale de
résection rectale et aux résultats fonctionnels
sexuels et urinaires postopératoires

Notre étude a permis de discuter la conception classique de
’innervation intra-pelvienne de la femme et des zones a ris-
que de blessure nerveuse (11). Les structures classiquement
considérées comme purement sympathiques ou parasympathi-
ques ne véhiculent pas qu’un seul type d’influx et sont, par
ailleurs, richement interconnectées. De plus, certaines struc-
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Sympathique Parasympathique Sensitif

TH VAChT nNOS CGRP

NH 4 + + +
TS +++ ++ ++ +
NSP  mixte mixte ? +
BNV mixte mixte Dense +
Regroupement péri-artériel
NC  ++ +++ 100 % 0
NS mixte mixte ++

Tableau 1. Résumé de la répartition des neurotransmetteurs
pelvipérinéaux.

NH : nerf hypogastrique ; TS : tronc sympathique ; NSP : nerf
splanchnique pelvien ; BNV : bandelette neurovasculaire, NC : nerf
caverneux ; NS : « nerf spongieux » ; NDC : nerf dorsal du clitoris ; TH :
anti-tyrosine hydroxylase ; VAChT : anti-transporteur vésiculaire de
’acétylcholine ; nNOS : neural Nitric Oxide Synthase ; CGRP : Calcitonin
Gene Related Peptid.

tures sont apparues comme situées a distance du plan de
U’exérése rectale et d’autres comme beaucoup plus exposées
lors de la dissection du rectum.

Ligature de I’artére mésentérique inférieure et dissec-
tion rectale postérieure

La préservation du plexus mésentérique inférieur lors de la
ligature de ’artére mésentérique inférieure et la préservation
des nerfs hypogastriques par clivage rétrorectal en avant du
fascia préhypogastrique (12) sont bien connues des chirur-
giens. Notre étude immunohistochimique a permis de mettre
en évidence, au sein du plexus hypogastrique supérieur (PHS)
et du nerf hypogastrique (NH), la coexistence de fibres choli-
nergiques (VAChT+) et adrénergiques (TH+). Classiquement,
ces nerfs sont considérés comme purement sympathiques
(adrénergiques) (9, 13). La présence des fibres cholinergiques
au sein des NH peut avoir plusieurs explications. Dans un tra-
vail récent de notre équipe, l'origine des fibres cholinergiques
cheminant dans le NH était attribuée a trois sources possi-
bles : des fibres du nerf vague (X) parasympathiques qui se-
raient transmises aux NH par les plexus cceliaque, mésentéri-
que et hypogastrique supérieur ; des fibres ascendantes issues
des nerfs splanchniques pelviens via le plexus hypogastrique
inférieur (PHI) ; des fibres pré-ganglionnaires sympathiques
issues des nerfs splanchniques lombaires ou thoraciques tra-
versant les ganglions mésentériques pour rejoindre les plexus
hypogastriques supérieur et inférieur (9). Ainsi, les fibres
cholinergiques du NH sont soit des fibres sympathiques pré-
ganglionnaires soit des fibres parasympathiques. Nos résultats
sont en faveur de cette derniere hypothése, puisque ces mé-
mes fibres sont simultanément cholinergiques et nNOS positi-
ves et ont donc un effet de relaxation musculaire lisse, phé-
nomene attribué au systéme nerveux autonome parasympathi-
que. Au vu de nos résultats immunohistochimiques, le trauma-
tisme chirurgical des NH, structures classiquement considé-
rées comme purement sympathiques responsables de |’éjacu-
lation, pourrait étre responsable d’insuffisance érectile, ce
qui est corroboré par les résultats d’études cliniques (14).
Nous avons montré la coexistence, dans le tronc sympathique
paravertébrale (TS), d’un contingent mixte de fibres adréner-
giques (anticorps anti-TH) sympathiques, mais aussi de fibres
cholinergiques (anticorps anti-VAChT) et nNOS positives
(anticorps anti-nNOS) parasympathiques. De méme, les nerfs
splanchniques pelviens véhiculent une innervation mixte adré-
nergique et cholinergique. Cependant, la topographie de ces
structures nerveuses, en dehors de curages ganglionnaires
latéraux extensifs, les rend peu vulnérables au traumatisme
chirurgical lors de l’exérése totale du mésorectum.
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Dissection rectale antérolatérale

Nous devons a Walsh la description originelle aujourd’hui pré-
cisée, notamment par notre équipe, de la bandelette neuro-
vasculaire latéro-prostatique (10, 15, 16). A [’occasion de nos
travaux, destinés a comprendre les déterminants anatomiques
de séquelles sexuelles de la chirurgie rectale pour cancer
chez la femme, nous avons pu mettre en évidence une
concentration de fibres nerveuses a la face antérolatérale du
rectum et postérolatérale du vagin a l’origine de ’innervation
des corps érectiles et du sphincter uréthral de la femme.
L’existence de cette bandelette nerveuse, appelée parfois
« plexus vaginal » (17), a déja été évoquée mais sans systé-
matisation morphologique ni fonctionnelle. Elle est souvent
assimilée au seul nerf caverneux. Au cours de cette étude,
nous avons pu décrire précisément cette BNV qui se distribue
en fait dans trois directions principales, formant le plexus
urétral (PU), le nerf caverneux (NC) et le « nerf spon-
gieux » (NS) (18). La majorité des fibres de la BNV, apres le
départ du NC, convergent vers les bulbes vestibulaires (BV, ou
bulbes du clitoris), équivalent du corps spongieux de
’homme. Ainsi nous avons proposé de regrouper sous le terme
de « nerf spongieux » l’ensemble des fibres nerveuses desti-
nées a ces BV. D’autre part, I’existence de communications
entre le nerf dorsal du clitoris (NDC) et le nerf caverneux (NC)
a été mise en évidence dans nos travaux et a déja été évo-
quée et discutée dans la littérature, chez la femme comme
chez ’homme (17, 19, 20). Ces communications pourraient
expliquer la conservation de la fonction érectile aprés prosta-
tectomie radicale sans préservation nerveuse (21) et étre
impliquées dans les phénomeénes de plasticité nerveuse obser-
vés apres lésion nerveuse (19). L’innervation des corps érecti-
les de la femme, corps caverneux (CC) et bulbes vestibulaires
(BV) qui composent tous deux le clitoris (22), dépend donc
d’une double commande : commande autonome, par le nerf
caverneux (NC) pour les corps caverneux (CC) et par le nerf
spongieux (NS) pour les bulbes vestibulaires (BV), tous deux
riches en fibres érectiles nNOS positives ; commande somati-
que, par le nerf dorsal du clitoris (NDC), branche du nerf pu-
dendal, qui prend le relai de Uactivité érectile du clitoris
distal par U'intermédiaire de branches communicantes issues
du NDC. L’influx cholinergique/parasympathique et nitrergi-
que contenu dans la BNV et dans le NC devrait étre responsa-
ble du phénomene de tumescence clitoridienne par vasodila-
tation et augmentation de la pression intra-caverneuse. Nous
avons par ailleurs constaté que le NC ne contient pas de fibre
sensitive, comme cela avait été remarqué chez ’lhomme (10).
La fonction sensitive du clitoris pourrait donc étre supportée
par le systeme nerveux somatique sensitif véhiculé par les
branches terminales du nerf pudendal (NDC, nerf périnéal).
Les fibres sensitives contenues dans la BNV et dans le NS, qui
coexistent avec des fibres cholinergiques et adrénergiques,
pourraient étre des fibres sensitives autonomes dirigées vers
les bulbes vestibulaires et/ou jouant un réle dans la sensibili-
té a la distension des glandes périnéales.

Ainsi, notre étude chez le feetus a permis de mettre en évi-
dence des zones semblant particuliérement exposées lors de
la dissection du rectum sous péritonéal. Lors de ’ouverture
du fond du cul de sac rectovaginal (Douglas) sur la ligne mé-
diane, la partie proximale du septum rectovaginal (SRV) n’ap-
parait pas comme une structure indépendante individualisa-
ble, car il s’agit plutot de fines couches de tissu conjonctif et
musculaire lisse. Le clivage entre la face postérieure du vagin
et la face antérieure du rectum devrait se faire en arriere du
SRV a condition d’obtenir une marge de résection circonféren-
tielle antérieure suffisante. En effet, cette dissection respec-
terait les fibres nerveuses destinées a la paroi vaginale posté-
rieure et situées en avant de ce septum. Parmi ces fibres,
certaines sont nNOS positives, intervenant probablement dans
la vasomotricité de la paroi vaginale et jouant ainsi un role
dans la lubrification vaginale (5).

En poursuivant cette dissection latéralement et vers le bas, a
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hauteur du moyen rectum puis du bas rectum, les bandelettes
neurovasculaires (BNV) sont plus exposées, car situées a 2 et
10 heures a la face antérieure du rectum. Il semble exister un
plan de dissection permettant de préserver la BNV, entre le
prolongement latéral du septum rectovaginal (SRV) fusionné
au fascia viscéral rectal et le bord postérieur de la BNV. Il
conviendrait donc, lors de la dissection antérolatérale du
rectum, de rejoindre aussi directement que possible la face
antérieure du rectum, dans un plan situé entre le prolonge-
ment latéral du SRV en arriere et la face postérieure de la
BNV en avant, afin de ne pas étendre la dissection vers le
tronc de la BNV. En effet, une lésion tronculaire de la BNV au
cours de cette dissection, ou convergent l’ensemble des fibres
destinées a l’innervation des corps érectiles et du sphincter
uréthral, pourrait conduire a une dysfonction multiple avec
trouble de la continence, de la tumescence clitoridienne et
de la lubrification vulvaire car, a ce niveau, les efférences
sympathiques et parasympathiques coexistent. De plus, cette
innervation est terminale, a la différence des afférences du
PHI qui sont richement interconnectées. En effet, le NC, der-
niére collatérale de la BNV, est érectile pur a dominance pa-
rasympathique et sa blessure a son origine occasionnera inévi-
tablement une « dysfonction érectile » postopératoire.

Intéréts pédagogiques de la technique de Dissec-
tion Anatomique Assistée par Ordinateur (DAAO)

La reconstruction en trois dimensions de coupes histologiques
immunomarquées permet de déterminer, au sein de fibres
nerveuses de tres petit calibre (25 um de diamétre), la locali-
sation et la nature des neurotransmetteurs et des récepteurs.
Ainsi, cette méthode de DAAO développée dans le laboratoire
et utilisée ici est une méthode fiable de recherche en anato-
mie. Le potentiel pédagogique de cette technique semble tres
étendu (23) :
« enseignement de l’anatomie en 3D, a ’aide de films d’a-
nimations représentant les structures anatomiques, que l’on
peut virtuellement visualiser sous toutes leurs faces,
« disséquer » ou rendre transparentes. Le corolaire direct
de cet enseignement est la réalisation en temps réel de
schémas anatomiques sur tablette graphique qui pourraient
remplacer le dessin a la craie sur tableau noir ;
enseignement de la technique chirurgicale, qui pourrait
aussi étre complété en simulant la résection d’organe et en
insistant sur les rapports anatomiques importants
(illustrations des techniques de préservation nerveuse) ;
stockage des données obtenues permettant leur réutilisa-
tion de facon illimitée et leur compilation pour la création
d’atlas électroniques interactifs et de sites internet consa-
crés.

Conclusion

Notre étude a permis de développer un premier modele ana-
tomo-physiologique et pédagogique d’innervation du pelvis et
du périnée du feetus féminin. Ce modele est techniquement
accessible et les données anatomiques obtenues sont fiables
grace a une maturité nerveuse acquise précocement au cours
de la gestation. Le concept de bandelette neurovasculaire de
la femme a ainsi été précisé avec systématisation morphologi-
que et fonctionnelle. Cela a permis d’approfondir la connais-
sance des bases anatomiques et physiologiques, utiles au dé-
veloppement des techniques chirurgicales de préservation
nerveuse et participant ainsi a une meilleure compréhension
des dysfonctions sexuelles et urinaires neurogénes postopéra-
toires.

Page 94



e-mémoires de 'Académie Nationale de Chirurgie, 2011, 10 (2) : 046-051 50

Questions

Questions du Docteur Frédéric Bargy

Question 1

Quelle est U'origine des feoetus utilisés dans !’étude et leurs
termes respectifs ?

Réponse

Cette étude a été réalisée sur des piéces anatomiques issues
de foetus de sexe féminin issus du service de foetopathologie
de ’hopital Trousseau, aprées validation par I’Agence de Bio-
médecine. Un formulaire de consentement pour autopsie de
foetus était systématiquement signé par les parents, autori-
sant de pratiquer des examens a visée scientifique compor-
tant des prélévements qui seraient conservés dans un but de
recherche.

Tous les feetus avaient entre 18 et 32 semaines de gestation
et leur anatomie était ainsi comparable a ’anatomie défini-
tive de ’adulte.

Question 2

Avez-vous observé les lames pelviennes et quels rapports
avez-vous retrouvé avec les plexus hypogastriques inférieurs ?
Réponse

Les coupes colorées avec le trichrome de Masson (identifiant
les fibres conjonctives des fascias) sur les foetus les plus agés
ne nous ont pas permis d’identifier les classiques lames sagit-
tales du pelvis. Les plexus hypogastriques inférieurs ne sem-
blent pas posséder des réelles tuniques conjonctives et sont
appliqués au contact direct des fascias viscéraux pelviens.
Question 3

Quelles structures conjonctives avez-vous mis en évidence sur
le trajet du nerf pudendal ?

Réponse

L’autopsie feetale implique la parfaite restauration de l'inté-
grité tégumentaire. Ainsi, nos prélévements n’ont pas empor-
té le nerf pudendal au cours de son trajet dans la fosse ischio-
rectale. Néanmoins, nous avons pu étudier sa portion termi-
nale (le nerf dorsal du clitoris).

Question 4

Avez-vous retrouvé des fibres végétatives destinées vers les
muscles ischio-caverneux et bulbo spongieux ?

Réponse

Nous avons pu mettre en évidence des fibres autonomes issues
du plexus hypogastrique inférieur au sein du muscle élévateur
de ’anus et semblant se diriger vers le périnée urogénital
(publication en cours). Leur role exact n’est pas encore
connu.

Question du Docteur Yves Laburthe-Tolra

La reconstitution du chevelu plexique périviscéral suppose des
contourages trés fins, non superposés, tres difficiles a réali-
ser, comme je l’ai expérimenté manuellement avec les logi-
ciels qui existaient il y a 3 ans. Nous avons, avec le Pr Patrick
Barbet, eu l’occasion de présenter a ’Académie, en 2008, les
résultats de nos travaux sur les 100 cas d’embryons jeunes
examinés par une technique voisine, a ’Hopital Saint Vincent
de Paul, a Paris, au niveau des membres supérieurs. Les résul-
tats présentés ce jour résultent-ils d’une meilleure perfor-
mance, de ["opérateur et du matériel ?

Réponse

Nous avons utilisé la derniére génération de tablette graphi-
que avec écran intégré et un matériel informatique optimal
(écran large, mémoire vive importante) permettant d’obtenir
un contourage précis. Grace a la derniére version du logiciel
de contourage (Surfdriver), il a été possible de faire des
contourages pour 16 structures différentes sur le méme objet,
le nombre d’objets disponibles étant illimité. Néanmoins, les
plus récents logiciels de contourage automatique permet-
traient théoriquement d’optimiser cette étape de contourage
mais leur utilisation est encore difficile.

Commentaires du Professeur Michel Malafosse

J’exprime toutes mes félicitations a l'auteur de ce travail
d’anatomie magnifique : vit-on jamais aussi parfaitement le
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« chevelu » des nerfs du bas pelvis ? Mais il est juste que le
chirurgien donne son point de vue : il ne lui est guére possible
qu’il puisse imaginer de les voir au cours de ’acte opératoire
aussi parfaitement, quoique le souci de les préserver reste sa
préoccupation permanente.

Dans U’exérése rectale pour maladie inflammatoire, cette
préservation est essentielle compte-tenu de la bénignité his-
tologique de la maladie a traiter et du jeune age fréquent des
patients concernés ; on y parvient trés habituellement car,
apres avoir repéré ces nerfs sous le promontoire, on les suit,
et des qu’ils deviennent de repérage incertain il ne faut plus
vouloir les disséquer, d’autant que le tissu cellulaire périrec-
tal est souvent modifié par inflammation : U'exérése doit
alors étre poursuivie en « mordant » sur la paroi rectale mus-
culeuse (je rappelle que la recto-colite et la maladie de Crohn
sont des maladies de la seule muqueuse) autant que de besoin
et aussi bas dans le pelvis qu’il est nécessaire. A cette condi-
tion on peut dire que les séquelles fonctionnelles génito-
urinaires sont quasi-inexistantes.

Le probleme est évidemment tout différent dans la chirurgie
du cancer du rectum, car le but a atteindre est ici de faire
une exérése « carcinologique », c’est-a-dire en passant au
large de la zone tumorale et sans l"ouvrir : du respect de ce
principe dépend le pronostic tant local que vital. C’est dire
qu’on ne saurait faire U’ablation d’un cancer rectal invasif
qu’en réalisant l’exéréese totale du mésorectum sans l’ouvrir a
aucun endroit, selon la technique décrite par HEALD ; cette
technique nécessite une dissection aussi patiente que possible
des nerfs, fondée sur une connaissance parfaite de leur anato-
mie : c’est dire tout ’intérét pour le chirurgien du travail que
vient de nous présenter D. Moszkowicz, |’anatomiste ! Mais le
chirurgien doit malheureusement le rappeler : la marge de
« sécurité » de U’exérése en largeur prime : donc, en regard
de la zone tumorale qu’on peut a présent bien repérer par les
moyens d’imagerie du rectum, ce serait une faute de ne pas
sacrifier les nerfs pelviens, si cela est nécessaire a la préser-
vation du pronostic vital qui passe d’abord par le souci d’évi-
ter au maximum les récidives locales. Le travail de D. Moszko-
wicz, par la minutie de sa description, contribue a atteindre
ce but.
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Video 1. Séquence animée présentant la reconstruction 3D du pelvis et du
périnée d’un feetus féminin de 19 semaines de gestation avec immuno-
marquage neuronal par l’anticorps anti-protéine S100 et ’anticorps anti-
nNOS. Les branches terminales du plexus hypogastrique inférieur
(innervation autonome, nerf spongieux et nerf caverneux) et du nerf
pudendal (innervation somatique, nerf dorsal du clitoris) destinées no-
tamment aux corps érectiles (corps caverneux du clitoris, bulbes vestibu-
laires) véhiculent une innervation érectile nitrergique (nNOS positive,
fibres en magenta). Tableau 1. Résumé de la répartition des neurotrans-
metteurs pelvipérinéaux.

Voir la vidéo a http://www2.biusante.parisdescartes.fr/
acad-chir/?ti_xxx=2011x10x2
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€ Résumé de la thése : I’innervation pelvi-périnéale de la femme est assurée par des
efférences du plexus hypogastrique inférieur qui est le centre d’intégration sympathique et
parasympathique du pelvis. Au sein des branches efférentes de ce plexus, nous avons mis en
évidence la coexistence de neurotransmetteurs cholinergiques, adrénergiques et sensitifs mais
aussi I’abondance de fibres nerveuses contenant la forme neurale de 1’enzyme de synthése de
I’oxyde nitrique, notamment dans les fibres destinées aux organes érectiles du périnée, au
sphincter urétral et au sphincter anal lisses, ou ce neurotransmetteur participe a la commande
de la relaxation musculaire lisse. Ces structures doivent étre respectées par le chirurgien pour

prévenir les dysfonctions sexuelles et sphinctériennes post-opératoires.
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