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Abbreviations

(The abbreviations apply to all figures.)

ACh Acetylcholine

AChE Acetylcholine esterase

AMB Nucleus ambiguus

AMBc Nucleus ambiguus, compact formation

ASIC Acid-sensitive ion channels

CGRP Calcitonin gene-related peptide

ChAT Choline acetyl transferase

Co-GOD Cobalt glucose oxidase

DAB Diamino benzidine

DEA-NO Diethylamine-NO

DiA 4-(4-Dihexadecyl-aminostyryl)-N-methylpyridinium iodide

Dil 1,1'-Dioleyl-3,3,3',3'-tetramethylindocarbocyanine methano-
sulfonate

DMPG Deglutitive motor pattern generator

DMX Dorsal motor nucleus of vagus nerve

E Embryonic day

GABA y-Aminobutyric acid

GAL Galanin

GERD Gastroesophageal reflux disease

GFAP Glial fibrillary acidic protein

ICC Interstitial cells of Cajal

IGLE Intraganglionic laminar ending

IMAs Intramuscular arrays

LES Lower esophageal sphincter

L-NAME  NC-nitro-L-arginine methyl ester

L-NNA N-Nitro-L-arginine

mAChR Muscarinic acetylcholine receptor

mGluR Metabotropic glutamate receptor

M-ENK Met-enkephalin

NADPH-d Nicotinamide adenine dinucleotide phosphate diaphorase
NKA Neurokinin A

NK-1R Neurokinin-1 receptor

NO Nitric oxide



X Abbreviations

nNOS Neuronal nitric oxide synthase
NONOate [Z]-1-[2-aminoethyl]-N-[2-aminoethyl]diazen-1-ium-1,2-diolate
NPY Neuropeptide Y

NT Neurotrophin

NTS Nucleus tractus solitarii

NTSce NTS subnucleus centralis

NTSim NTS subnucleus intermedius
NTSis NTS subnucleus interstitialis

P Postnatal day

RLN Recurrent laryngeal nerve

SLN Superior laryngeal nerve

Sp Substance P

TMB Tetramethyl benzidine

Trk Tyrosine receptor kinase

TRP Transient receptor potential

UES Upper esophageal sphincter
VAChT Vesicular acetylcholine transporter
VGLUT Vesicular glutamate transporter
VIP Vasoactive intestinal peptide
VMAT Vesicular monoamine transporter

WGA-HRP  Wheat germ agglutinin-horseradish peroxidase conjugate
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1
Introduction

The esophagus is a relatively simple though vital organ. It consists of a two-layered
muscular tube whose lumen is lined by squamous stratified epithelium. Beyond its
role of propelling food from the pharynx to the stomach by a propulsive contraction
wave representing the esophageal phase of deglutition (Conklin and Christensen
1994; Jean 2001), it is more and more recognized as a sensory organ from which
a variety of respiratory and cardiovascular reflexes can be triggered, thus cooper-
ating with the larynx in protecting the lower airways from aspiration (Barthélémy
et al. 1996; Lang et al. 2002; Lang et al. 2001; Loomis et al. 1997; Medda et al. 2003).
In ruminants, there is additional antiperistalsis for regurgitation. During emesis,
the esophagus is a merely passive conduit except for some antiperistalsis in its
upper part. In the interval between swallows, both oral and aboral ends of the
esophagus are tonically closed by the upper and lower esophageal sphincters, UES
and LES respectively, while the tubular esophagus is flaccid and partly filled with
air. Despite this apparent simplicity, neuronal control of esophageal functions is
quite complex.

Esophageal swallowing requires the well-coordinated opening of the UES, oral-
to-aboral peristalsis, and opening of the LES. These events are organized by a cen-
tral pattern generator in the brainstem and controlled by vago-vagal reflexes
making the esophagus highly dependent on extrinsic vagal innervation (Bieger
1993; Chang et al. 2003; Conklin and Christensen 1994; Jean 2001; Miller 1986). In
addition, the esophagus contains, as all other organs of the gastrointestinal tract,
enteric ganglia providing a local neuronal network for motility control (Conklin
and Christensen 1994). Although the esophagus harbors some mucous glands,
and its blood vessels receive both intrinsic and extrinsic innervation, the major
task of the esophageal nerve tissue is motility control. Understanding the inner-
vation of the esophagus is a prerequisite for successful treatment of a variety of
disorders, e.g., dysphagia, achalasia, gastroesophageal reflux disease (GERD), and
non-cardiac chest pain (Castell et al. 2004; Clouse et al. 1999; Orlando 2003; Orlando
2004; Qualman et al. 1984; Storr and Allescher 1999). In particular, GERD with its
high prevalence of more than 10% represents a significant health problem. This
review aims at summarizing current knowledge of anatomy of esophageal inner-
vation and will focus on peculiarities of motor innervation of striated esophageal
muscle, i.e., enteric coinnervation, and possible involvement of vagal afferent
neurons in myenteric ganglionic circuitry. For a more extensive coverage, in par-
ticular of the older literature and of functional and clinical data, the reader may
consult the classical handbook article by Stéhr (1957) or recent reviews (Chang
et al. 2003; Conklin and Christensen 1994; Orlando 2003; Orlando 2004; Sengupta
2000).

The vagus nerve and branches from the sympathetic trunk and the celiac
ganglion provide motor, preganglionic parasympathetic, and postganglionic sym-
pathetic input, and these elements also carry numerous afferent fibers projecting
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to the brainstem and spinal cord (Aharinejad and Firbas 1989; Collman et al. 1992;
Collman et al. 1993; Fryscak et al. 1984; Hudson and Cummings 1985; Khurana
and Petras 1991). A well developed ganglionated myenteric plexus is present in
both smooth and striated muscle portions of the esophagus (Christensen and
Robison 1982; Greving 1931; Gruber 1968). In the submucous plexus, ganglia are
rare or even absent, especially in small mammals. Extrinsic motor innervation has
to match the peculiar anatomy of the esophageal tunica muscularis which con-
sists either entirely of striated muscle fibers or a mixture of striated and smooth
muscle depending on the species. In contrast to the pharynx, the striated part of
the esophagus also harbors a smooth muscle lamina muscularis mucosae which
typically separates the mucosa from the submucosa all along the gastrointestinal
tract.

1.1
Muscle Layers of the Esophagus

The tunica muscularis of the tubular esophagus in mammals consists of varying
amounts of striated muscle fibers mixed with smooth muscle. This differs markedly
from the esophagus of birds, which is typically built up of smooth muscle only
(Shiina et al. 2005). In rodents, dogs, and sheep, striated muscle accounts for
almost 100% of esophageal length, while in the cat, opossum, dolphin, macaque,
and human the striated portion is more or less confined to the cervical esophagus
and blends with smooth muscle in its thoracic portion (Shiina et al. 2005; Worl and
Neuhuber 2005a). Insertion of striated fibers with elastic brush-like tendons into
the connective tissue layers of the smooth muscle portion was supposed to dampen
the fast contraction twitches, thus smoothening the transition of contraction waves
from the striated to the smooth muscle part of the esophagus (Rohen 1955). Rather
than separable into an outer longitudinal and inner circular muscle layer, the tunica
muscularis of the esophagus consists of spiraling chains of fiber bundles of various
steepness (Kaufmann et al. 1968). Outer and inner spirals are twisted in opposite
directions and at places blend into each other. Striated esophageal muscle fibers
are of the twitch type, although fiber-type composition varies among species (Worl
and Neuhuber 2005a).

In late embryonic and fetal life, the tunica muscularis becomes gradually trans-
formed from smooth into striated muscle from oral to aboral. This transformation
process extends to various levels in different species and is completed in rodents in
the second postnatal week. The origin of striated esophageal muscle is a matter of
debate. In contrast to striated muscle of the pharynx, it is neither branchiomeric
nor of somitic origin. During the past decade arguments for both transdifferenti-
ation of smooth into striated muscle fibers and myogenesis from separate striated
muscle precursors have been put forward (W6rl and Neuhuber 2005b). However,
a recent ultrastructural study demonstrated apoptosis of smooth muscle cells and
also presence of mesenchymal putative striated muscle precursor cells, thus lend-
ing support to the hypothesis of replacement of smooth by newly generated striated
muscle (Wo6rl and Neuhuber 2005b).



Anterograde WGA-HRP Tracing from the Nodose Ganglion 3

The UES is composed of the caudal portion of the inferior pharyngeal constric-
tor, in particular the cricopharyngeus muscle and also the uppermost esophageal
muscle, the cricopharyngeus being the most important component (Lang and
Shaker 2000). All these muscles are striated. In contrast, the LES consists of
smooth muscle in all species, even in those with a striated tubular esophagus.
In most species it is not a typical ring of thickened inner circular muscle layer but
consists of two opposing forceps-like fiber bundles, which were described in the
human LES as semicircular clasps at the lesser curve and gastric sling fibers at the
greater curve, respectively (Liebermann-Meffert et al. 1979; Stein et al. 1995).

The lamina muscularis mucosae with its smooth muscle fibers extends from
the pharyngo-esophageal junction throughout the whole esophagus and further
the entire gastrointestinal tract. It becomes particularly thick in the abdominal
esophagus (Clerc 1983b; Fryscak et al. 1984; Nagai et al. 2003).

In the paragraphs to follow, extrinsic and intrinsic innervation systems will be
described as well as possible cooperation between the two. A brief summary of
current knowledge about the central pattern generator controlling the esophageal
phase of deglutition and of cortical representation of both efferent and afferent
innervation of the esophagus will be included in the section on extrinsic innerva-
tion.

2
Materials and Methods

The methods used to gather the results presented in this review have been de-
scribed in detail in the quoted publications, and some data are included from
unpublished work performed at the Institute of Anatomy, University of Ziirich
on the tracing of ultrastructural wheat germ agglutinin-horseradish peroxidase
(WGA-HRP) and 1,1’-dioleyl-3,3,3’,3’-tetramethylindocarbocyanine methanosul-
fonate (Dil). The methodological modification in ultrastructural WGA-HRP trac-
ing relates to the protocol for identification of anterogradely transported WGA-
HRP in IGLEs. In contrast to the tetramethylbenzidine (TMB) method as utilized
in the original study (Neuhuber 1987), a combination of the cobalt-glucoseoxidase
method (Co-GOD; Itoh et al. 1979) and a silver-gold intensification procedure
(Ag-Au; Liposits et al. 1982) was adopted in these experiments. The advantage
over the TMB method is a significantly better ultrastructural preservation, thus
facilitating identification of specialized contacts of IGLEs with other neuronal and
glial elements of enteric ganglia.

2.1
Anterograde WGA-HRP Tracing from the Nodose Ganglion

Pressure injections of 0.5 to 1.0 pl of 2% WGA-HRP (Sigma, Buchs, Switzerland)
in saline through a glass micropipette into the right nodose ganglion or bilat-
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erally were performed in Wistar rats (body weights 200-250 g; combined flu-
anisone/fentanyl/diazepam IM anesthesia; 2 rats with right nodose, 6 rats with bi-
lateral injections; 3 rats without injection served as controls). All procedures were
approved by the local governmental veterinary authorities of Ziirich, Switzerland.
In the two rats with right nodose injections, supranodose vagotomy was performed
14 days before ganglion injections. After 18 to 48 hours, rats were euthanized with
pentobarbital IP and perfusion fixed with 800 ml of 1.25% glutaraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer after a prewash with saline. Perfu-
sion was completed by a flush of 500 ml of phosphate buffer. Subdiaphragmatic
esophagi and segments of the stomach were sliced on a vibratome at 80-100 pm
and processed for combined Co-GOD/Ag-Au tracer detection. After osmication,
specimens were dehydrated and flat embedded in epoxy resin according to stan-
dard protocols. Myenteric ganglia were identified in semithin sections stained with
methylene blue, and ultrathin sections through ganglia stained with uranyl acetate
were examined in Philips 300 (Philips, Eindhoven, Netherlands) or Zeiss EM 6
(Zeiss, Oberkochen, Germany) electron microscopes. Altogether, serial ultrathin
sections from 12 myenteric ganglia of the subdiaphragmatic esophagus and two
ganglia of the gastric fundus were examined. After combined Co-GOD/Ag-Au pro-
cedure, anterogradely transported WGA-HRP appeared as electron-dense, sharply
demarcated profiles that were not observed in controls. Conventional prints of
electron micrographs were scanned at a resolution of 600 dpi, and images were
optimized for contrast and brightness using Adobe Photoshop CS, version 8.0.1
(Adobe, Unterschleissheim, Germany). To apply text and scale bars, and orga-
nize the final layouts for printing both Photoshop and CorelDraw (Corel, Dublin)
software, version 11, were used.

In order to assess the overall regeneration speed of both efferent and affer-
ent vagal axons in the rat, the cervical vagus nerve was sectioned about 5 mm
distal to the nodose ganglion and immediately reanastomosed in another three
rats anesthetized as described above, and 14 days were allowed for regeneration.
Then, WGA-HRP was injected into nodose ganglia and the anterograde transport
front was determined light microscopically after 2 days of survival by TMB his-
tochemistry on cryostat sections of the vagus nerve along its course. Most of the
labeled regenerating axons had regrown for a distance of about 10-15 mm, and
only very few labeled growth cones were seen at the branching point of the left
recurrent laryngeal nerve, i.e., about 30 mm distal to the point of vagus nerve
reanastomosis. Thus, regenerating vagal nerve fibers grow at maximum for about
30 mm within 14 days, i.e., less than half the distance from the nodose ganglion to
the subdiaphragmatic esophagus. Even if efferent vagal axons regenerating upon
supranodose vagotomy in the rats that were used for ultrastructural studies would
have had taken up and anterogradely transported WGA-HRP injected into the
nodose ganglion, this would not have led to terminal labeling in the subdiaphrag-
matic esophagus. This, and previous evidence of negligible WGA-HRP uptake and
anterograde transport by efferent fibers en passant (Neuhuber 1987), allowed for
ascribing WGA-HRP terminal labeling in myenteric ganglia exclusively to IGLEs
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connected to afferent axons originating from sensory neurons in the nodose gan-
glion. Moreover, recent studies indicated that afferent but not efferent sectioned
vagal axons regenerate into their original terminal fields (Phillips et al. 2003; Powley
et al. 2005).

2.2
Anterograde Dil Tracing from Thoracic Dorsal Root Ganglia

In four Wistar rats (body weights 350-450 g), lower thoracic dorsal root ganglia
(T 10-12) were exposed through a dorsal midline incision and laminectomy under
general fluanisone/fentanyl/diazepam anesthesia. Small amounts of Dil (Molec-
ular Probes, Eugene, OR, USA) dissolved in ethanol (0.3-0.5 pl) were pressure
injected through a glass micropipette uni- or bilaterally over several minutes. Af-
ter wound closure, animals were allowed to recover and survived for 6 weeks.
After IP introduction of a lethal dose of pentobarbital, rats were perfusion fixed
with 500 ml of 4%-phosphate-buffered formaldehyde, and the esophagus and
stomach were excised and stored in the same fixative until examined. Vibratome
slices of segments of the esophagus and cardia 80-100 um thick were coverslipped
in glycerol-propylgallate and examined in a Biorad MRC 1000 (Bio-Rad, Hemel
Hempstead, UK) confocal laser scanning unit attached to a Nikon Diaphot 300 in-
verted microscope (Nikon, Tokyo). The yellow line (568 nm) of the krypton-argon
laser (ILC, Salt Lake City, UT, USA) was used to excite Dil whereas the blue line
(488 nm) was used to generate green background fluorescence of tissues as a sort
of counterstain. Merged two-channel images were converted to TIFF format using
confocal assistant software and adjusted for contrast and brightness using Adobe
Photoshop CS 8.01.

3
Extrinsic Innervation

3.1
Vagal Innervation

3.1.1
Efferent Vagal Innervation

3.1.11
Nucleus Ambiguus

Striated muscle fibers of the esophagus are innervated by neurons located in the
nucleus ambiguus (AMB) in the ventrolateral medulla oblongata (Bieger and Hop-
kins 1987; Collman et al. 1993; Fryscak et al. 1984; Sang and Young 1998). Within
this nucleus, they are clustered in the compact formation located at its rostral
end (AMBc). There are some species differences as to the cytoarchitectonic par-
titioning of AMB and the detailed somatotopic arrangement of motor neurons
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for esophagus, pharynx, and larynx among rat, rabbit, and cat, and presumably
other species also (Lang et al. 2004). This may correlate with species-different sub-
nuclear organization of premotor neurons in the nucleus tractus solitarii (NTS)
and the wiring of the central pattern generator for swallowing (Gai et al. 1995;
Jean 2001; Lang et al. 2004). Axons exiting the AMB typically travel first dor-
somedially before turning ventrolaterally to their exit through the rootlets of
the vagus nerve, thus forming a “genu” similar to axons of facial motoneurons
(Bieger and Hopkins 1987; Kalia and Mesulam 1980). Axons reach the esopha-
gus through the vagus nerve and its recurrent laryngeal branch (RLN; Gruber
1968) and, to a minor extent, superior laryngeal (SLN) nerves (Andrew 1956)
and establish motor endplates on striated muscle fibers in the esophagus (Neuhu-
ber et al. 1998; Ottaviani 1937/38; Stefanelli 1938). Although these motor end-
plates look at first glance like typical motor endplates of striated muscle, they
are on average smaller and shallower than endplates in the pharynx or skeletal
muscle and the unmyelinated portion of preterminal motor axons is longer than
in skeletal muscle (Gruber 1968; Whitmore 1983; Whitmore and Notman 1987).
This, among other peculiarities, was taken as indication of the unique nature of
esophageal striated muscle. Acetylcholine is the prime transmitter as indicated
by both functional (Bartlet 1968; Kantrowitz et al. 1970; Storr et al. 2001) and
immunohistochemical evidence (Sang and Young 1997; Worl et al. 2002). In ad-
dition, vagal motor terminals contain CGRP (Neuhuber et al. 1994; Sang and
Young 1998) and VGLUT1 (Kraus et al. 2004). The latter suggests that glutamate
acts as a co-transmitter in striated esophagus. There is no indication that AMB
contributes to innervation of myenteric ganglia (Neuhuber et al. 1998; Sang and
Young 1998).

Motor endplates in the rat esophagus from the nucleus ambiguus, as demon-
strated by anterograde tracing with Dil, were distributed largely to the ipsilateral
half of the organ (Neuhuber et al. 1998). However, at upper and lower thoracic lev-
els, some motor axons crossed the midline to establish endplates contralaterally,
too. In a study using electrical stimulation of the rat vagus nerve and the glycogen-
depletion method for demonstrating activated muscle fibers, unilateral right or
left stimulation were each shown to excite 50% of muscle fibers distributed around
the circumference of the esophagus, thus indicating extensive right/left overlap of
motor innervation (Gruber 1978).

Esophageal motor neurons in the AMBc are smaller than pharyngeal motorneu-
rons in the semicompact formation of AMB. Their dendrites are bundled rostro-
caudally, thus presumably favoring synchronous activity (Hayakawa et al. 1996;
Hopkins 1995). Synchronization of neuronal activity during swallowing may also
be facilitated by gap junctions, which are found in about 30% of motor neurons
in the compact formation (Lewis 1994). Ultrastructural analysis of neurons partly
identified by retrograde tracing from pharynx, cervical, and abdominal esopha-
gus revealed that those innervating the abdominal esophagus were contacted by
amajority of Gray’s type I (presumptive excitatory) synapses, while motor neurons
for both the cervical esophagus and pharynx received Gray’s type I and type II
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(presumptive inhibitory) synapses to about an equal extent (Hayakawa et al. 1996;
Hopkins 1995; Saxon et al. 1996). Although the significance of this finding is unclear
at present, it may help in interpreting the increasing rate of enteric coinnervation
in lower parts of the esophagus (see below).

3.1.1.2
Dorsal Motor Nucleus

Smooth muscle fibers of both the tunica muscularis, in species with a “mixed”
esophagus muscle coat, and the lamina muscularis mucosae are innervated by
enteric motor neurons commanded by preganglionic neurons of the dorsal motor
nucleus of the vagus (DMX). In all species, smooth muscle of the LES is controlled
by DMX neurons via an enteric relay. As the lamina muscularis mucosae is also
present in the striated muscle portion of the esophagus, DMX projections to
this part were likewise to be expected. Retrograde tracing studies in rat and dog
(both with an entirely striated tunica muscularis) and cat (with a mixed tunica
muscularis) resulted in labeled cell bodies in the DMX, although tracer injections
into the cervical esophagus were usually less effective than into its abdominal part
(Collman et al. 1993; Fryscak et al. 1984; Hudson and Cummings 1985; Sang and
Young 1998). Esophageal preganglionic neurons are concentrated in the rostral
and caudal portions of the DMX. There is evidence that the rostral cluster provides
excitatory, the caudal one inhibitory input to the tubular esophagus and also the LES
(Chang et al. 2003; Hornby and Abrahams 2000; Hyland et al. 2001; Rossiter et al.
1990). Excitation and inhibition apparently results from preganglionic cholinergic
projections respectively onto cholinergic and nitrergic enteric neurons. Vagally
induced contraction of smooth muscle is mediated through enteric cholinergic
neurons and muscarinic ACh receptors on the postganglionic side and develops
more slowly than the fast contraction of striated muscularis propria, which is
typically mediated by nicotinic ACh receptors (Bieger and Triggle 1985; Storr et al.
2001; Watson et al. 1995).

Anterograde tracing with DiA from the DMX of the rat labeled varicose fibers
in less than 10% of myenteric ganglia in the esophagus, although almost 100%
of myenteric ganglia in the stomach were endowed with labeled fibers in the
same animals (Neuhuber et al. 1998). This suggested a sparse vagal preganglionic
supply to the esophagus in the rat. However, electrical stimulation of the vagus
nerve resulted in prompt activation of the immediate/early gene c-fos in myen-
teric neurons of the rat esophagus (Zheng et al. 1997). This discrepancy may
be partly explained by underestimation of preganglionic innervation in the an-
terograde tracing study due to inadequate access of tracer to esophageal DMX
neurons. Intriguingly, anterogradely labeled preganglionic terminals were more
often found in myenteric ganglia of the cervical than more caudal parts of the
esophagus (Neuhuber et al. 1998). This contrasts with data from retrograde trac-
ing experiments that indicated weak or even no projections from the DMX to the
cervical esophagus of the rat and significant input only to the abdominal por-
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tions (Collman et al. 1993; Fryscak et al. 1984). This was interpreted as reflecting
greater thickness of the lamina muscularis mucosae in the abdominal esopha-
gus or preganglionic innervation mainly devoted to the LES. Nevertheless, since
both retrograde and anterograde tracing methods have their quantitative limi-
tations, the complementary data from all these experiments should be taken as
evidence for preganglionic innervation from the DMX to both striated and smooth
muscle esophagus portions and significant preganglionic vagal innervation from
DMX even in species with entirely striated tunica muscularis. In particular, enteric
coinnervation of striated esophageal muscle fibers that originates in myenteric
ganglia (Neuhuber et al. 1994) allows for interpreting DMX projections to striated
esophagus not only destined to control of smooth lamina muscularis mucosae but
also of striated tunica muscularis. Data from anterograde tracing studies lacking,
preganglionic vagal innervation of enteric ganglia in species with mixed stri-
ated/smooth muscle esophagus, e.g., cat, opossum or human, is presumably even
more pronounced.

3.1.2
Afferent Vagal Innervation

Afferent vagal neurons innervate all layers of the esophageal wall. Their perikarya
reside in the nodose-jugular-petrosal complex and their axons reach the esophagus
via esophageal rami of the vagus nerve and the superior and recurrent laryngeal
nerves. Although vagal afferents were hitherto considered to represent mainly low
threshold sensors serving as the afferent limb in reflexes controlling the “physio-
logical” functions of the esophagus (Andrews and Lang 1982; Clarke and Davison
1975; Sengupta et al. 1989), there are recent indications of a significant popula-
tion of vagal nociceptors innervating the esophagus (Yu et al. 2005). The most
prominent vagal afferent structures in the muscle coat of the esophagus (and also
the rest of the digestive tract) are the so called intraganglionic laminar endings
(IGLEs; Berthoud et al. 1997a; Wang and Powley 2000) that were recently iden-
tified as sites of low threshold mechanosensory transduction (Zagorodnyuk and
Brookes 2000; Zagorodnyuk et al. 2001). In contrast to earlier reports (Asaad et al.
1983; Slawik 1942), muscle spindles could not be found either in the esophageal
body or the UES (Bonington et al. 1988; Neuhuber 1987). Also of particular in-
terest is the rather dense vagal innervation of the mucosa in the upper esophagus
displaying a variety of distinct terminal structures (Diitsch et al. 1998; Wank and
Neuhuber 2001).

3.1.2.1
Vagal Afferent Structures in the Tunica Muscularis

Intraganglionic Laminar Endings
The term intraganglionic laminar ending (IGLE) was coined by José Rodrigo (Ro-
drigo et al. 1975b) in order to describe a bizarre leafy structure equipped with
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numerous delicate spinous extensions in myenteric ganglia of the feline esopha-
gus impregnated with the zinc-iodide-osmium technique (Champy-Maillet stain).
These leaflets originated from relatively coarse myelinated branching nerve fibers
and more or less extensively covered enteric ganglia sandwiched between outer
and inner layers of the tunica muscularis (Rodrigo et al. 1975b). Some of the
processes even penetrated deeply between ganglionic neurons. Similar neuronal
structures had been described with silver or gold impregnation techniques decades
before by Lawrentjew and Nonidez in the esophagus of the dog (Lawrentjew 1929;
Nonidez 1946) and by Ottaviani (his Figs. 1, 3) and Stefanelli (his Fig. 1) in rat
and mouse esophagus (Ottaviani 1937, 1938; Stefanelli 1938). Ottaviani even de-
scribed these structures as “dilatazioni laminari”, and Stefanelli emphasized that
the parent axons of these terminals were less regularly myelinated than thick axons
leading to motor endplates of striated esophageal muscle. Although less strikingly,
nerve fiber arborizations around myenteric ganglia described in other parts of the
gastrointestinal tract also resemble IGLEs (Kolossow and Milochin 1963). These
studies remained largely neglected in the international literature until more re-
cently when IGLEs were re-discovered using anterograde tracing from the nodose
ganglion with tritiated leucine, HRP, lectin coupled HRP, Dil (Fig. 1A, B) or dex-
tranes [rat esophagus: (Neuhuber 1987); guinea pig esophagus: (Lindh et al. 1989);
rat stomach: (Berthoud and Powley 1992); mouse stomach: (Fox et al. 2000)]. It
has been firmly established by control experiments including tracer injections
into the cervical vagus nerve and supranodose vagotomy before nodose tracer
injections (in order to induce degeneration of efferent vagal fibers originating
in the brainstem) that tracer injections into the nodose ganglion specifically la-
bel only afferent fibers originating in this ganglion. Efferent fibers of passage
were labeled only over a few millimeters and could not account for IGLE labeling
in the periphery (Neuhuber 1987; see also Materials and Methods). However, if
tracer, e.g., biotinamide, was applied to cut vagal branches close to the esoph-
agus, efferent fibers were also labeled in addition to IGLEs (Zagorodnyuk and
Brookes 2000). Using the classical zinc-iodide-osmium method, IGLEs were also
found in the esophagus of the opossum (Christensen et al. 1987). In the ruminant
stomach, IGLEs were described using neurofilament immunostaining (Yamamoto
et al. 1994).

A vagal origin of IGLEs had been already shown by (infranodose) vagotomy
experiments (Lawrentjew 1929). However, most of the classical authors regarded
IGLEs as preganglionic efferent endings. Back then the concept of a two-neuron
chain consisting of a preganglionic neuron transmitting its activity via a postgan-
glionic neuron to the effector was relatively novel (Langley 1921). This concept
was based primarily on experiments in the sympathetic nervous system, and re-
searchers were eager to find paradigms where a pre-/postganglionic arrangement
could be demonstrated also in the vagal realm. Visceral afferents, although recog-
nized by early workers (Langley 1921; Miiller 1924), were ill-defined, particularly in
anatomical terms, and not yet described within the scope of intramural ganglionic
circuitry. After half a century of uncertainty, the vagal afferent nature of IGLEs was
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definitely elucidated by selective nodose ganglionectomy in cat (Rodrigo et al. 1982)
and by anterograde neuronal tracing from the nodose ganglion in rat (Neuhuber
1987). In particular, the anterograde tracing technique revealed that IGLEs are
the most prominent vagal afferent terminal structures in the tunica muscularis of
the gastrointestinal tract from the esophagus down to the distal colon, although
their density drops markedly anal to the mid duodenum (Berthoud et al. 1997a;
Wang and Powley 2000). In the esophagus, IGLEs supply virtually every myenteric
ganglion (Neuhuber et al. 1998), and about one half of gastric myenteric ganglia
are innervated by IGLEs (Berthoud et al. 1997a). Thus, the distribution of IGLEs
parallels that of vagal preganglionic efferents (Berthoud et al. 1991).

Remarkably, IGLEs are more evenly scattered along the digestive tract than
the other type of intramuscular vagal afferents, the so-called intramuscular arrays
(IMAs; Fig. 1C, D), which are almost confined to the gastric fundus and sphincter
regions, in particular to the lower esophageal and pyloric sphincters (Berthoud
and Powley 1992; Kressel et al. 1994; Neuhuber et al. 1998; Phillips and Powley
2000; Wang and Powley 2000). In the esophagus, IGLEs are most numerous in
its cervical part and at the level of the esophageal hiatus (Wang and Powley
2000).

Recently, anterograde tracing, though not from sensory ganglia but from pe-
ripheral nerve trunks, revealed IGLE-like structures in the rectum of the guinea pig
that apparently originate in lower lumbar and sacral dorsal root ganglia, thus repre-
senting “parasympathetic” afferents (“rIGLEs”; Lynn et al. 2003, 2005). Until now,
anterograde tracing from thoracolumbar dorsal root ganglia and colonic nerves
that carry “sympathetic” afferents from the distal gut have never labeled IGLEs

>

Fig.1A-H Vagal muscular afferents in the rat esophagus as demonstrated by anterograde Dil
tracing from the nodose ganglion (A-D) and immunocytochemistry for calretinin, a specific
marker for vagal afferents in the rat esophagus (E-H). A, B Vagal afferent axons (arrows)
supplying profuse coarse and fine terminals, so-called IGLEs (red), to myenteric ganglia
situated between the two layers of striated muscle in the thoracic esophagus. Myenteric
neurons and muscle fibers appear green due to their autofluorescence. C, D IMAs (red) in
the lower esophageal sphincter. Afferent axons (arrows) branching into numerous varicose
fibers arranged in parallel between smooth muscle fibers (green). Confocal all-in-focus
images taken from vibratome slices. E IGLEs in the thoracic esophagus immunostained
for calretinin (red). Leafy endings originating from a parent axon (arrow) cover a group
of myenteric neurons (green autofluorescence). F Calretinin immunopositive IGLEs (red)
costaining for VGLUT2 (green) resulting in the mixed color yellow (examples indicated by
arrows). G IGLEs originating from a wavy parent axon costaining for calretinin (green) and
purinergic P2X2 receptor (red) resulting in the mixed color yellow. H Calretinin-positive
IGLEs (green) and CGRP-immunoreactive spinal afferent fibers (red) in close apposition
(yellow), providing a basis for possible peripheral interaction of vagal and spinal afferents.
E-G All-in-focus images of stacks of optical sections; H single optical section. Bars are
50 pm in A-E, 25 um G, and 20 pm in F and H. (E, H From Diitsch et al. 1998, F from Raab
and Neuhuber 2003, G from Wang and Neuhuber 2003, with permission)
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(Aldskogius et al. 1986; Lynn et al. 2003; Nance et al. 1988). Thus, IGLEs appear to
represent typical “parasympathetic,” i.e., vagal and sacral, afferent structures in
the gastrointestinal tract.

Chemical Neuroanatomy of IGLEs

The first specific immunohistochemical stains for IGLEs, at least in the esophagus
of the rat, were the calcium-binding proteins calbindin and calretinin (Figs. 1E, 2;
Diitsch et al. 1998; Kressel 1998; Kuramoto and Kuwano 1994; Kuramoto and
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Fig.2A,B Camera lucida drawings of wholemounts of the rat esophageal tunica muscu-
laris for demonstration of calretinin-positive IGLEs. A IGLEs are most dense in the cer-
vical esophagus and relatively sparse at the LES level. Unilateral cervical vagotomy (Xcut)
markedly depleted IGLE staining ipsilaterally. B In the cervical esophagus, IGLEs were
significantly depleted ipsilateral to transection of the recurrent laryngeal nerve (RLNcut)
while transection of the superior laryngeal nerve (SLNcut) had almost no effect. Gray rect-
angle indicates level of RLN cut. Bar in B is 1 cm. (From Wank and Neuhuber 2001, with
permission)

Kuwano 1995). Thus, IGLEs share a chemical coding with low-threshold mus-
cular and cutaneous mechanosensors (Duc et al. 1994). Another calcium bind-
ing protein, neurocalcin, was also detected in IGLEs but additionally in efferent
nerve endings in the esophagus and thus could not be regarded as a specific
marker (Iino et al. 1998). More recently, purinergic receptors P2X2 (Fig. 1G) and
P2X3 (Castelucci et al. 2003; Wang and Neuhuber 2003; Xiang and Burnstock
2004) and vesicular glutamate transporter 2 (VGLUT?2, Fig. 1F; Raab and Neuhu-
ber 2003) were added to the repertoire of specific markers for IGLEs. This is
noteworthy since these latter compounds can be used as selective immunobhis-
tochemical markers in mice also, thus rendering studies on IGLEs in genetically
manipulated animals more feasible than with the time consuming and more la-
borious tracing technique (Fox et al. 2001a; Raab et al. 2003). However, these
compounds differ in their suitability as quantitative markers for IGLEs. A recent
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study in C57Bl/6 mice demonstrated that P2X2 purinergic receptor immunore-
activity revealed only about half the total IGLE population in the esophagus as
calculated from anterograde tracing experiments. In contrast, VGLUT2 immuno-
cytochemistry visualized twice as much IGLEs, apparently the entire population
(Raab and Neuhuber 2005). Remarkably, P2X2 immunoreactive IGLEs were con-
centrated in the abdominal esophagus and were rare in its cervical and thoracic
portions. It remains to be determined if this neurochemical bias represents a spe-
cial feature of C57Bl/6 mice and what its significance might be. The observation
that calretinin immunoreactivity was more intense in IGLEs of the cervical than
abdominal esophagus (Kressel and Radespiel-Troger 1999) already indicated to-
pographical differences of IGLEs regarding equipment with various functionally
relevant molecules, and it is tempting to speculate about relationships between in-
tracellular levels of certain calcium-binding proteins and expression of purinergic
receptors.

IGLEs in rat, mouse, and guinea pig do not stain for CGRP (Fig. 1H; Diitsch
et al. 1998; Lindh et al. 1989; Raab and Neuhuber 2003; Wang and Neuhuber 2003)
although some CGRP immunopositive IGLEs were detected in the ferret (Costa
et al. 2004). Specific immunohistochemistry corroborated earlier data on the mor-
phology of IGLEs and opened new possibilities of multilabel immunostaining for
detecting functionally relevant molecules within IGLEs and for more thoroughly
investigating the relationships of IGLEs with other neuronal and non-neuronal
components of enteric ganglia (Castelucci et al. 2003; Raab and Neuhuber 2004).

The recent availability of specific antibodies against vesicular glutamate trans-
porters (VGLUTs; Fujiyama and Furuta 2001; Tong et al. 2001) and earlier find-
ings of synapse-like contacts between IGLEs and myenteric neurons (Neuhuber
1987) prompted us to test the hypothesis that VGLUT2 is contained in IGLEs.
Anterograde WGA-HRP tracing from the nodose ganglion combined with cal-
retinin immunostaining had demonstrated the colocalization of both tracer and
calretinin in esophageal IGLEs of rats (Kressel 1998; Kressel and Radespiel-Troger
1999). Thus, the rat esophagus, in particular its oral portions, was seen to rep-
resent an ideal model for investigating the existence of VGLUT2 in identified
calretinin positive IGLEs. VGLUT2 labeling in myenteric ganglia almost perfectly
matched calretinin immunostaining of the profusely arborizing laminar structures
that enveloped myenteric ganglia indicating presence of VGLUT2 in IGLEs (Raab
and Neuhuber 2003; arrows in Fig. 1F). Triple-labeling of calretinin, VGLUT2,
and synaptophysin additionally showed extensive colocalization of VGLUT2 im-
munoreactivity (ir) and synaptophysin, demonstrating the location of VGLUT2 in
synaptic vesicles (Raab and Neuhuber 2003). Colocalization of synaptophysin and
VGLUT?2 in IGLEs supports the suggestion that glutamate may be released via fast
synaptic mechanisms from IGLEs. About one third of synaptophysin-ir spots in
calretinin-immunopositive IGLEs were found without VGLUT2-ir, probably indi-
cating that glutamate may not be the only transmitter in esophageal IGLEs stored
in vesicles.
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Since calretinin immunohistochemistry does not stain IGLEs in the mouse
esophagus (Castelucci et al. 2003; Raab and Neuhuber 2003), a specific immuno-
histochemical marker for IGLEs in the mouse was not available until recently.
Therefore, we utilized anterograde tracing from nodose ganglion combined with
VGLUT2 immunohistochemistry in order to test this concept in the mouse. In sec-
tions processed for combined WGA-HRP demonstration and VGLUT2 immuno-
histochemistry, the pattern of VGLUT2 labeling was similar to that described in rat
esophagus (Raab and Neuhuber 2003). Yellow spots resulting from the colocaliza-
tion of green-stained VGLUT2 and red-stained tracer were scattered throughout
the ganglion. Thus, IGLEs in the mouse esophagus also contain VGLUT2 and may
use glutamate as transmitter. There was no evidence for VGLUT2-immunopositive
enteric neurons or other cell types either in rat or mouse (Raab and Neuhuber
2003).

In the guinea pig esophagus, anterogradely biotinamide-labeled IGLEs were
strongly immunoreactive for VGLUT1 and only weakly for VGLUT2 (Zagorod-
nyuk et al. 2003). Thus, species differences appear to exist with respect to the type
of VGLUT utilized in a given neuronal structure. However, recent data from our
laboratory indicate that rat esophageal IGLEs contain VGLUT1 as well as VGLUT2
(Ewald et al., submitted). When a cocktail of antibodies against both VGLUT1
and 2 was combined in multilabeling experiments with a calretinin antibody, colo-
calization rates of the IGLE marker calretinin and VGLUT1/2 amounted to 100%.
This indicates that, at least in rat, every IGLE contains VGLUTSs, either VGLUT1
or VGLUT2 or both. Myenteric neurons were immunonegative for VGLUT2 (Raab
and Neuhuber 2003) and only few of them contained VGLUT1 immunoreactiv-
ity (Ewald et al., submitted). Since IGLEs innervate every myenteric ganglion in
the esophagus (Neuhuber et al. 1998), they probably represent a major source for
neuronally released glutamate.

This evidence from immunohistochemical studies suggests that IGLEs are glu-
tamatergic. The targets of glutamate released from IGLEs have still to be deter-
mined. A recent study provided evidence for expression of metabotropic glutamate
receptors (mGluRs) in vagal afferents and their transport to peripheral afferent
axons in various species including humans (Page et al. 2005b). Vagal mechanosen-
sory afferents from esophagus and stomach of mouse and ferret were inhibited
by glutamate via mGluRs. Thus, glutamate released from IGLEs may act on au-
toreceptors, reducing their mechanosensitivity. Whether glutamate from IGLEs
also affects enteric neurons or glia has to be determined in forthcoming experi-
ments.

IGLEs in the Context of Myenteric Ganglia
In this section, myenteric ganglia of the esophagus will only be discussed as targets
for vagal afferent neurons.

Relationships of IGLEs to Enteric Nitrergic/Peptidergic Neurons In both mouse and
rat esophagus, we saw close relationships of VGLUT2-ir IGLEs with neuronal



Vagal Innervation 15

nitric oxide synthase (nNOS)-, vasoactive intestinal peptide (VIP)-, galanin
(GAL)-, and neuropeptide Y (NPY)-immunopositive varicosities and enteric
neuronal cell bodies, in particular with their dendrites (Raab and Neuhuber
2004). The extensive coexistence of these peptide transmitters with nNOS in
myenteric neurons has already been described in guinea pig small intestine
(Costa et al. 1992) and rat esophagus (Worl et al. 1997). Intense homogeneous
cytoplasmatic nNOS-ir and NADPH-diaphorase staining was found in about
80% of myenteric neuronal cell bodies of rat and mouse esophagus (Grozdanovic
et al. 1992; Neuhuber et al. 1994; Raab and Neuhuber 2004), proximal dendrites,
and varicose fibers. Double-channel confocal analysis revealed that VGLUT2-ir
and nNOS-ir were closely apposed to each other, and even formed key-lock
associations. However, we never found colocalization within the same profile
(Raab and Neuhuber 2004). These close appositions are highly suggestive though
not diagnostic of direct synaptic contacts. For analysis of presumptive direct
contacts, i.e., without intervening glial processes, between varicosities and
between varicosities and neuronal cell bodies, we additionally used electron
microscopy. In a preembedding procedure we performed NADPH-diaphorase
histochemistry for staining nitrergic neuronal components followed by VGLUT2-
immunostaining using diaminobenzidine (DAB) for detection of antibody
binding sites. At higher magnification asymmetric synapses between dendrites
of a NADPH-diaphorase-positive enteric neuron and VGLUT2-DAB-positive
IGLE were evident (M.R., unpublished observation). Close relationships of
anterogradely labeled IGLEs with nitrergic neurons were previously described
in the stomach using confocal laser scanning microscopy (Berthoud 1995).
About one third of NADPH-diaphorase-positive myenteric neurons were closely
associated with Dil-labeled IGLEs. Our data concur well with these findings and
extend them to the esophagus.

Synaptic contacts of IGLEs, i.e., peripheral endings of glutamatergic vagal pri-
mary afferents, with nitrergic enteric neurons apparently mirror the connectivity
of central vagal afferent terminals in the NTS, in particular its central subnucleus
(NTSce; Atkinson et al. 2003; Hayakawa et al. 2003). Here, terminals of vagal pri-
mary afferents, which are devoid of nitrergic markers, frequently synapse with
nitrergic second order neurons. It has been suggested that glutamatergic signals
from vagal afferent terminals may trigger NO release from second order neurons,
which modulates glutamate release from afferent terminals in turn. It is tempting to
speculate that similar processes take place in the periphery. Likewise, modulation
of gastroesophageal afferents by galanin, as recently demonstrated experimentally
(Page et al. 2005a), may also occur under physiological conditions in vivo, based
on the intimate relationship between IGLEs and GAL-containing enteric neurons
(Raab & Neuhuber 2004).

Relationships to Enteric Cholinergic Neurons  The vesicular acetylcholine transpor-
ter (VAChT) gene is transcribed, along with the acetylcholine biosynthetic enzyme
choline acetyltransferase (ChAT), from a genomic location called the choliner-
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gic gene locus (Eiden 1998). All cholinergic neurons of the mammalian nervous
system, both central and peripheral, therefore contain VAChT and ChAT.

Myenteric cholinergic neurons are known as both excitatory motor neurons to
the intestinal longitudinal and circular muscle and excitatory interneurons (Fur-
ness and Costa 1987). In the rat esophagus, enteric ChAT-positive neurons may
serve as motor neurons to the muscularis mucosae or as ascending interneurons
between ganglia in the esophagus (Kuramoto and Brookes 2000). It is not known if
enteric coinnervation of striated muscle fibers from cholinergic myenteric neurons
also exists. Although ChAT-immunopositive enteric neuronal cell bodies in mouse
and rat esophagus never showed VGLUT2-ir, VGLUT2-immunopositive varicosi-
ties were often found in close apposition to ChAT-immunopositive cell bodies and
dendrites (Raab and Neuhuber 2004). Only 4% of mouse esophageal myenteric
ganglia also showed colocalization of VAChT-ir and VGLUT2-ir in IGLEs, proba-
bly representing a minor cholinergic subtype (Raab and Neuhuber 2004). In the
remaining 96% of these mouse ganglia and in all myenteric ganglia of the rat
esophagus we found close appositions of VAChT-ir and VGLUT2-ir, sometimes in
a key-lock manner, but no colocalization within the same profiles. This is illus-
trated by double immunostaining for VAChT and VGLUT?2 of the rat esophagus,
where these intermingling fibers appear as yellow and partly overlaps (Raab and
Neuhuber 2004). Ultrastructural analysis of these close contacts will be necessary
for proper appreciation.

Thus, VGLUT2 containing IGLEs are in close contact with both major enteric
neuron classes, i.e., cholinergic and nitrergic, which suggests glutamatergic inter-
action of IGLEs with both excitatory and inhibitory enteric neurons. These enteric
neurons themselves, at least in the esophagus, do not contain VGLUT2. However,
they may use other vesicular glutamate transporters, e.g., VGLUT1 in the rat (Ewald
et al.,, submitted), thus tending to confute IGLEs as the sole source of glutamate in
myenteric ganglia.

Relationships to Catecholaminergic Neurons Catecholaminergic neurons were de-
tected using immunohistochemistry for tyrosine hydroxylase (TH) and dopamine-
beta hydroxylase (DBH, for distinguishing noradrenergic neurons). VGLUT-ir
IGLEs were often closely apposed to TH- and DBH-positive fibers (Raab and
Neuhuber 2004). Interestingly, also some neuronal perikarya were immunoreac-
tive for TH or DBH. They may represent dopaminergic (Anlauf et al. 2003) or even
noradrenergic myenteric neurons.

IGLEs and Substance P Besides substance P (SP)-immunoreactivity in spinal pri-
mary afferents, most SP-immunopositive varicosities in the enteric nervous sys-
tem are of intrinsic origin and SP is often contained in cholinergic neurons
(Brookes 2001a; Furness and Costa 1987; Li and Furness 1998). However, in
a previous study WGA-HRP transported anterogradely from the nodose gan-
glion could be found colocalized with both calretinin-ir and SP-ir in 27% of rat
esophageal IGLEs (Kressel and Radespiel-Troger 1999). Therefore, it was not sur-
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prising that SP-ir varicosities were found colocalized with VGLUT2-ir in about
one third of mouse and about 80% of rat esophageal myenteric ganglia (Raab
and Neuhuber 2004). Thus, IGLEs not only contain VGLUT?2, indicating a glu-
tamatergic phenotype, but a subset of them also contains SP. The major rea-
son why SP was heretofore never considered as a marker for IGLEs may be
on one hand because of a masking effect in single immunohistochemical SP
preparations by intrinsic or/and spinal primary afferent SP-positive fibers, and
on the other hand due to the fact that not all IGLEs contain SP. Close con-
tacts of VGLUT2- or VGLUT2/SP colocalized spots to SP-immunopositive myen-
teric neurons which are probably also cholinergic, were found in numerous gan-
glia, in agreement with results of IGLEs closely contacting cholinergic enteric
neurons.

Relationship of IGLEs to Spinal Afferent Neurons Spinal primary afferents use glu-
tamate as transmitter at their central terminals (Alvarez et al. 2004; Keast and
Stephensen 2000), and up to 90% of these neurons innervating the esophagus
contain CGRP (Diitsch et al. 1998). CGRP additionally colocalizes with SP in large
granular vesicles of many primary spinal afferents. However, SP is additionally
found in intrinsic neurons and in vagal IGLEs, as described above, and there-
fore not useful as a marker for spinal primary afferents. In contrast, CGRP can
be considered a fairly specific marker for spinal afferents at least in the thoracic
and abdominal esophagus of rat, mouse, and guinea pig. In the cervical esoph-
agus, CGRP is also contained in numerous fine vagal afferent fibers (Wank and
Neuhuber 2001).

Immunostaining of myenteric ganglia of rat and mouse for CGRP showed fine
varicose fibers with sparse ramifications similar to previous descriptions (Diitsch
et al. 1998). Although VGLUT2-ir and CGRP-ir were found closely apposing each
other, sometimes in a key-lock manner, no colocalization within the same profile
was observed within the ganglionic neuropil (Raab and Neuhuber 2003). Similar
close appositions were found between calretinin-positive IGLEs and CGRP-positive
spinal afferents in myenteric ganglia of the rat esophagus (Fig. 1H; Diitsch et al.
1998). This close relationship between vagal and spinal afferent terminals suggests
peripheral interactions between them. This idea is not far-fetched as vagal-spinal
afferent modulation is common at the spinal cord level (Chandler et al. 1991;
Randich and Gebhart 1992).

Relationships of IGLEs to Enteric Glia The phenotype of enteric glia cells closely
resembles that of astrocytes (Jessen and Mirsky 1983). Astrocytes have been
shown to modulate synaptic neurotransmission by releasing glutamate in
a Ca’*-dependent manner (Araque et al. 1998; Kang et al. 1998). In our recent
study we investigated colocalization of the glial markers S100 and glial acidic
fibrillary protein (GFAP) with VGLUT2 in mouse and rat esophagus (Raab and
Neuhuber 2004). In both species, S100-ir and GFAP-ir showed compact staining
of enteric glial cell bodies and their processes while sparing myenteric perikarya.
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However, we never found colocalization of S100-ir and GFAP-ir with VGLUT2-ir
in the same profile, indicating that enteric glia in the esophagus lacks VGLUT2-ir.
It remains to be determined if enteric glia contains other VGLUTSs, for example
VGLUT1 or VGLUT3. Nevertheless, several S100- and GFAP-immunopositive
glial processes were in close contact, or even in key-lock apposition to VGLUT2
immunopositive endings. Single consecutive optical section analysis of these
areas revealed interdigitations of glial processes and VGLUT2-immunopositive
endings, indicating close proximity. Electron microscopy also demonstrated
direct apposition of IGLEs and glial processes (see below). Thus, enteric glia
may interact with IGLEs in a way similar to that of astrocytes with central
neurons.

Ultrastructure of IGLEs

Ultrastructural analysis of tracer-identified IGLEs in the rat esophagus (Neuhuber
1987; Neuhuber and Clerc 1990) and of IGLEs of the rat esophagus immunostained
for neurocalcin (Iino et al. 1998) revealed their superficial location immediately
beneath the basal lamina of myenteric ganglia, thus facing the periganglionic ex-
tracellular matrix (Figs. 3-7, 9, 10). This typical superficial location was already
noticed at the light microscopic level (Nonidez 1946). Parent axons of IGLEs mea-
sured typically 2-3 pm in diameter but were unmyelinated at the level of the
myenteric ganglion (Fig. 4A), losing their myelin sheaths at various distances away
from the ganglia (Stefanelli 1938). The large leafy endings which often measured 5
to 10 um in length (Figs. 3A, 6B) were connected by thin axonal segments (Figs. 5A,
6B) and stacked with mitochondria, a feature considered typical for afferent nerve
endings (Figs. 3, 5, 6A, 7, 9A, 10A) (Iggo and Andres 1982). Other parts of IGLEs
were filled with small clear vesicles which, however, were not related to synaptic
contacts in most cases (Figs. 5B, 6B). The cytoplasm beneath the plasma mem-
brane facing the extracellular matrix contained a fine filamentous material, the
so-called receptor matrix (Figs. 3B, 6A; Iggo and Andres 1982; von Diiring and
Andres 1990). At places, finger-, hook- or mushroom-like extensions of IGLEs
even protruded into the periganglionic extracellular matrix (Figs. 3B, 4B, 9B).
Collagen fibrils often appeared to attach to the basal lamina covering IGLEs, and
membrane thickenings reminiscent of hemidesmosomes or focal adhesion plaques
were evident (Fig. 6A). Thus, IGLEs share ultrastructural features of established
mechanosensors. The either more smooth or more dentate surface of myenteric
ganglia probably depended on the contraction stage of the esophagus and hence
its myenteric ganglia at the time of fixation (Gabella 1990; Gabella and Trigg 1984).
IGLEs and their delicate processes interdigitated with glial processes that also
reached the surface of the ganglion (Figs. 4B, 7, 9). IGLEs also extensively inter-
mingled with other neuronal and glial profiles in deeper regions of the ganglia
(Fig. 8; Iino et al. 1998). Sometimes, IGLEs were connected to neuronal perikarya
or dendrites by symmetric contacts of the adherens type (Fig. 7A; Neuhuber 1987).
Of particular interest were specialized contacts of IGLEs with enteric neuronal
cell bodies and, more often, dendrites displaying all the ultrastructural features
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Fig.3 A,B Electron micrographs of superficial areas of myenteric ganglia in the abdominal
rat esophagus. Several anterogradely labeled IGLE profiles containing sharply demarcated
electron dense HRP reaction product (black) are indicated by large arrows. Small arrows
denote IGLEs facing the periganglionic extracellular matrix. In B, small arrow points to
finger-like IGLE process covered by basal lamina. Note fine filamentous material underlying
the plasma membrane, typical for receptor matrix. Bars are 5 pm in A and 2 pm in B
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Fig.4A,B IGLE profiles in myenteric ganglia of the rat abdominal esophagus anterogradely
labeled with WGA-HRP (black) from the nodose ganglion. In A, two large unmyelinated
axonal profiles are labeled which represent parent axons of IGLEs. They contain neuro-
filaments, microtubules and many mitochondria, and are enwrapped by several layers of
glial lamellae. In B, a hook-like IGLE process accompanied by a thin glia leaflet (asterisk)
projects to the periganglionic extracellular matrix. Arrow indicates the “free” surface of the

IGLE separated from the extracellular matrix by a basal lamina. Bars are 1 pm
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Fig.5A,B Two overlapping electron micrographs of the same ganglionic area in the abdom-
inal esophagus. A Two WGA-HRP (black) labeled IGLE profiles stacked with mitochondria
are connected by a thin axonal segment (asterisk). In B, two additional labeled IGLE profiles
are seen, one of them almost completely surrounded by extracellular matrix and filled with
small clear vesicles. Bars are 1 pm
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of asymmetric chemical synapses (Figs. 6A, 7B, 8, 9; Neuhuber 1987; Neuhuber
and Clerc 1990). These synapses were typically located opposite the “free” surface
of IGLEs, on which latter surface the contacts with the extracellular matrix were
established. Several of these contacts with enteric neurons were found in every
ganglion investigated. Although neurocalcin is not a specific marker for IGLEs,
the neurocalcin-positive profile depicted in Fig. 4D of the Iino et al. paper (1998)
may indeed represent a synaptic contact formed by an IGLE process. Dendrites
of enteric neurons often contained large granular vesicles indicative of storage of
peptides (Figs. 6A, 8B, 9). Similar dendritic structures had been described in the
rat pelvic ganglion (Yokota and Burnstock 1983). Small round clear vesicles and an
occasional large granular vesicle were clustered within IGLEs at these specialized
contacts, thus suggesting IGLEs as presynaptic structures impinging onto myen-
teric neurons (Neuhuber 1987; Neuhuber and Clerc 1990). The presence within
IGLEs of VGLUT2 colocalized with synaptophysin (Raab and Neuhuber 2003) sup-
ports the idea that these contacts represent true chemical synapses with glutamate
contained in the small vesicles. The large granular vesicles may contain substance P
as suggested by data on colocalization of substance P-ir with calretinin (Kressel
and Radespiel-Troger 1999) and VGLUT2 (Raab and Neuhuber 2004) in IGLEs.
Some synaptic contacts formed by IGLEs were capping spiny dendrites of enteric
neurons resulting in ring-like profiles if the section plane was perpendicular to
the axis of the spine (Fig. 8B). Pre- and postsynaptic densities were often not as
pronounced as in central nervous system synapses, which is not unusual in the
autonomic nervous system (Smolen 1988). Synaptic zones occupied only a small
fraction of total IGLE membrane area directly apposed to enteric neurons. How-
ever, this is common also in large synapses of vagal afferents in the NTS (Hayakawa
et al. 2003) and in synapses in other parts of the central nervous system (Sétzler
et al. 2002). IGLEs in the rat stomach revealed basically the same ultrastructural
features. In particular, they extensively contacted extracellular matrix and estab-
lished close non-synaptic and also some synaptic contacts with enteric neurons
(Fig. 10).

From an anatomical point of view IGLEs resemble specialized encapsulated
afferent terminals, e.g., Meissner, Merkel, Ruffini, or Pacinian corpuscles (Halata
1975; Iggo and Andres 1982; Kannari et al. 1991; Munger et al. 1988), as they
are specifically related to other cellular elements, i.e., enteric neuronal and glial
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Fig. 6 AB Two WGA-HRP (black) labeled IGLEs in the abdominal esophagus. The IGLE
in A contains densely packed mitochondria and establishes a direct specific contact with
a small enteric dendritic profile containing two large granular vesicles (small arrow). This
contact is located opposite the “free” surface of the IGLE. Note membrane thickenings on
the IGLE’s “free” surface and underlying receptor matrix where bundles of collagen fibrils
(large arrow) abut onto the basal lamina covering the IGLE. In B, a superficially located IGLE
profile emanates from a thin-caliber axon coursing perpendicularly from the top. Asterisk
indicates unlabeled bouton filled with small clear vesicles. Bars are 1 pm
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cells. They also share basic morphological traits with vagal and glossopharyngeal
chemosensory endings in paraganglia, i.e., large size, content of small clear vesicles
and synaptic contacts with associated cells, and, in case of chemosensory endings,
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Fig.7A,B Two consecutive ultrathin sections through a labeled (black) IGLE profile located
on the surface of a myenteric ganglion in the abdominal esophagus immediately beneath
the basal lamina. In A, large arrow points to a contact of the adherens type with the
underlying myenteric neuronal cell body. In B, large arrow indicates a synaptic contact with
the same neuron with pre- and postsynaptic densities, presynaptic dense projections, and
an accumulation of small round clear vesicles on the side of the IGLE. Note that the synapse
is located opposite the “free” surface of the IGLE. Small arrows point to thin glial leaflets
interdigitating with the IGLE on the ganglionic surface. Bars are 1 pm in A and 0.5 um
inB
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Fig. 8 AB Two labeled IGLE profiles in deeper regions of myenteric ganglia synaptically
contacting small enteric dendrites (asterisks). Note pre- and postsynaptic densities and
accumulation of small round clear vesicles in IGLEs. The small dendrite in B contains two
granular and several clear pleomorphic vesicles. Bars are 0.5 pm



26 Extrinsic Innervation

the glomus cells (Dahlqvist et al. 1994; Fidone et al. 1975; Kummer and Neuhuber
1989). Thus, IGLEs together with associated enteric ganglia may be considered
complex sensor structures. This is in striking contrast to the classical concept
of free nerve endings as the structural substratum of visceroafferent terminals
(Grundy 1988; Iggo 1957; Leek 1972).

Development of IGLEs

Postmortem anterograde Dil tracing in fixed fetal mouse specimens revealed pu-
tative IGLEs in the esophagus as early as E15 (Sang and Young 1998). Immuno-
histochemistry for calretinin demonstrated IGLEs in the rat esophagus somewhat
later and showed their increasing complexity over the first postnatal week pro-
gressing from cranial to caudal (Suft et al. 1997). This discrepancy may indicate
that synthesis, axonal transport and accumulation of calretinin in peripheral vagal
afferent terminals to immunohistochemically detectable amounts required several
days beyond structural establishment of IGLEs had taken place. The cranio-caudal
development of IGLEs parallels the development of esophageal muscle and its in-
nervation (see below) and is even slightly ahead of the transition from smooth to
striated muscle. IGLEs in the stomach become detectable several days later than in
the esophagus and displayed a mature configuration at P10 (Swithers et al. 2002).
This indicates oral-to-aboral ingrowth of vagal afferents along the gastrointesti-
nal tract. However, different types of afferents follow different time schedules as
indicated by the later appearance of IMAs than IGLEs in the gastric fundus.

Neurotrophin Dependence and Plasticity of IGLEs

Development of IGLEs appears to depend on neurotrophins. Anterograde tracing
from the nodose ganglion in NT-47/~ knockout mice revealed that IGLEs were
almost lacking in the duodenum while gastric IGLEs were not altered (Fox et al.
2001a). Anterograde WGA-HRP labeling of IGLEs in the esophagus of mutant mice
revealed that they depend in a similar way on NT-3 and its high affinity receptor
TrkC (Raab et al. 2003). In NT-3*/"- mice IGLEs were reduced by about 50%
while TrkC*'~ mice showed a less pronounced reduction. In particular, NT-3/TrkC
dependence points to similarities of IGLEs with low threshold mechanosensors in
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Fig.9A,B Two labeled IGLEs establishing synaptic contacts with enteric dendrites. A IGLE
profiles separated from the periganglionic extracellular matrix only by basal lamina, partly
covered by delicate glial processes (arrows). IGLEs are filled with mitochondria and small
round clear vesicles clustered at synaptic contacts (see also inset). The dendrite labeled
by asterisk is contacted by two active zones. Note large granular vesicle in the dendrite.
B Labeled IGLE profile on the surface of a myenteric ganglion projecting a hook-like
process (small arrow) into the extracellular matrix. The IGLE is covered by basal lamina and
partly by delicate glial processes. Large arrow points to a synaptic contact with a dendrite.
Note accumulation of small clear vesicles inside the IGLE. Again, the synapses are located
opposite the “outer” surface of IGLEs. Bars are 1 um in A and B, and 0.5 um in the
inset
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skeletal muscles, which are typically depleted in NT-37/~ mice (Ernfors et al. 1994;
Kucera et al. 1995). This is in line with both morphological and functional data
indicating a mechanosensor function of IGLEs.
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Fig. 10 A,B IGLEs in a myenteric ganglion of the stomach. A Large labeled profile contain-
ing numerous mitochondria and facing the periganglionic extracellular matrix (asterisks).
B Two labeled profiles (asterisks), presumably belonging to the same IGLE complex, flank-
ing a large dendrite of a myenteric neuron (N). Both IGLE profiles are rich in mostly small
clear and some granular vesicles. In this sample, no synaptic contact can be discerned. Bars
are 2 um

Most IGLEs in the esophagus and stomach are resistant to capsaicin (Berthoud
etal. 1997b). This corresponds to a lack of the immunohistochemically detectable
vanilloid receptor VR1/TRPV1 in some of these terminals (Patterson et al. 2003).
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However, chemical or inflammatory challenge may enhance the expression of
TRPV1 or acid-sensitive ion channels (ASIC; Holzer 2003; Holzer 2004) that could
be relevant for the pathogenesis of mechanical hypersensitivity.

The regenerating capacity of vagal neurons shows significant differences. Stud-
ies in the esophagus, stomach, and small intestine of vagotomized rats demon-
strated that IGLEs regenerated while vagal efferents did not (Phillips et al. 2003).
Nevertheless, regeneration of IGLEs and IMAs was incomplete even after 45 weeks,
and regenerating fibers often established abnormal patterns.

Functional Considerations

Mechanosensory Function  The first to ascribe a mechanosensor function to IGLEs,
based on morphological observations, was Nonidez (1946). Other classical authors,
who correctly recognized the vagal origin of IGLEs in the esophagus, considered
them as terminals of preganglionic efferent vagal neurons and used these ob-
servations in support of Langley’s preganglionic/postganglionic concept for the
vagus nerve also (Lawrentjew 1929; Ottaviani 1937/38; Stefanelli 1938). Ironically,
the observation of synaptic contacts of IGLEs with myenteric neurons (Neuhu-
ber 1987) and the recent finding of VGLUT2 colocalized with synaptophysin in
IGLEs (Raab and Neuhuber 2003) favor an efferent function of these well estab-
lished afferent terminal structures. Although the afferent vagal nature of IGLEs
had been determined by Rodrigo and colleagues, these authors entertained the
idea of a tension receptor function of IGLEs with some reservation (Rodrigo
et al. 1982). However, based on the observation that tracer labeled IGLEs were the
only vagal afferent structures in the tunica muscularis of the rat esophagus, and
on ultrastructural findings demonstrating similarities with established somatic
mechanosensors, IGLEs were proposed as the anatomical equivalent to muscular
mechanosensors detecting shearing forces between outer and inner layers of the
tunica muscularis and deformation of myenteric ganglia during passive distension
or peristalsis (Neuhuber 1987; Neuhuber and Clerc 1990). This idea was further
elaborated in the extensive systematic studies of Berthoud, Powley and colleagues
who on the basis of careful morphological observation and thoughtful functional
reasoning attempted to ascribe various aspects of muscular mechanosensation in
the gastrointestinal tract to the two different types of proposed vagal mechanosen-
sors, IGLEs and IMAs (Berthoud and Powley 1992; Phillips and Powley 2000;
Wang and Powley 2000). Furthermore, endowment with calretinin and calbindin
(Diitsch et al. 1998; Kuramoto and Kuwano 1994) and dependence of IGLEs on
NT-3 (Raab et al. 2003) has been established as compatible with a mechanosensory
function.

These inferences from anatomy received strong and definite support from el-
egant studies combining anterograde tracing and single fiber recording in ex
vivo preparations of the guinea pig esophagus and stomach (Zagorodnyuk and
Brookes 2000; Zagorodnyuk et al. 2001; Zagorodnyuk et al. 2003). IGLEs identified
by anterograde biotinamide tracing from branches of the vagus nerve attached
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to a wholemount of the esophagus or stomach could be convincingly correlated
to hot spots of mechanosensory transduction as localized by stimulation with
von Frey hairs and electrophysiological recording from vagal filaments with the
wholemount under tension. Thus, IGLEs can be considered the structures subserv-
ing low-threshold mechanosensation in the digestive tract in the sense of slowly
adapting tension receptors (Clarke and Davison 1975; Iggo 1957; Leek 1972; Mei
1983). Although their sensitivity can be modulated by ATP, the sensory trans-
duction process itself appears to be independent of chemical transmission and
most likely involves stretch sensitive membrane channels (Zagorodnyuk et al.
2003). Other molecules also may modulate mechanosensory properties of IGLEs,
in particular GABA(B) agonists, which were shown to inhibit vagal mechanosen-
sors in the ferret esophagus (Page and Blackshaw 1999). However, species differ-
ences appear to exist with respect to GABA(B) receptor expression on peripheral
mechanosensory terminals. Although GABA(B) receptors could be immunohis-
tochemically identified in nodose ganglion neurons, they were not detectable in
IGLEs of guinea pig (Zagorodnyuk et al. 2002). Recently, glutamate was shown
to inhibit mechanosensation in the esophagus via metabotropic glutamate recep-
tors (Page et al. 2005b). Since IGLEs contain both VGLUT2 (Raab and Neuhu-
ber 2003) and VGLUT1 (Ewald et al., submitted) and likely also release gluta-
mate, they may regulate their own mechanosensory properties in an autocrine
manner.

Remarkably, IMAs, which were also anterogradely labeled in vagus nerve-
stomach in vitro preparations, could not be correlated with mechanosensory
transduction sites as yet (Zagorodnyuk et al. 2001). This is surprising as IMAs
represent long trails of branching varicose vagal afferent fibers embedded within
smooth muscle and arranged parallel to the muscle fibers (Berthoud and Powley
1992; Phillips and Powley 2000). Thus, their anatomy seemed at first glance much
more compatible with predictions from physiological studies as to what tension
receptors might look like, than were IGLEs.

Low-threshold tension receptors are vital to proper functioning of the tubular
esophagus. Chronic deafferentation may lead to severe motility disorders. Vagal
deafferentation in the sheep resulted in the inability to swallow a solid bolus while
saliva was still swallowed (Falempin et al. 1986). In dogs treated with acrylamide,
the development of megaesophagus could be linked to neuropathic dysfunction of
vagal low-threshold, fast-conducting tension receptors in the esophagus (Satchell
and McLeod 1984). Congenital idiopathic megaesophagus in dogs (Holland et al.
2002) and similar conditions in human (Longstreth and Walker 1994) may result
from similar defects in vagal mechanosensors. This may be explained partly by the
intricate connection of esophageal afferents to core structures of the swallowing
central pattern generator (Jean 2001). Studies using electrical stimulation of the
superior laryngeal nerve or natural bolus stimuli for elicitation of deglutition
highlighted the activation (as shown by enhanced c-fos expression) of sensory relay
nuclei which also harbor premotor neurons, i.e., the NTSce in case of the esophageal
phase (Lang et al. 2004; Sang and Goyal 2001). Disruption of afferent feedback to



Vagal Innervation 31

this central pattern generator contributes to deficient peristalsis control, which
may even alter the structure of the esophagus.

Local Effector Function The ultrastructural finding of synaptic contacts between
IGLEs and myenteric neurons with accumulation of predominantly small clear vesi-
cles near the membrane suggested an efferent influence of vagal mechanosensors
on local neurons. Alluding to the paradigm oflocal effector function of peptidergic
thin caliber primary afferent fibers (Holzer 1988), a similar local effector function
was also proposed for IGLEs, thus suggesting that IGLEs may be considered to be
complex vagal sensor-effector structures (Neuhuber 1987). Earlier results indicat-
ing that axon reflexes in the gastrointestinal tract are mediated by vagal afferents
were taken as support for this proposal (Delbro 1985). In a similar vein, the fact
that IGLEs and IMAs in the fundic stomach were sometimes seen to originate
from the same parent axon suggested an axon reflex arrangement, with IMAs as
sensors and IGLEs as the efferent branch (Berthoud and Powley 1992). Likewise,
gastric relaxation upon distension of the distal esophagus was partly ascribed to
an axon reflex in vagal afferents supplying both the distal esophagus and myen-
teric ganglia in the stomach with collaterals (Wei et al. 1997). Disappointingly,
a functional study using antidromic electrical stimulation of vagal afferents was
unable to provide significant evidence for c-fos induction in myenteric neurons
of the rat esophagus and stomach, although stimulation of preganglionic vagal
efferents was effective (Zheng et al. 1997). However, the recent finding that IGLEs
contain VGLUT?2 colocalized with synaptophysin again fuels the old idea of a local
effector role of IGLEs (Raab and Neuhuber 2003). Given the intricate relation-
ships of IGLEs with nitrergic enteric neurons (Berthoud 1995; Raab and Neuhuber
2004), a local feedback regulation by glutamate release from IGLEs stimulating
NO release from enteric neurons, which in turn modulates glutamate release from
IGLEs similar to mechanisms described in the NTS (Atkinson et al. 2003), can be
suggested.

3.1.2.2
Vagal Afferent Innervation of Mucosa and Submucosa

Vagal afferent innervation of the esophageal mucosa and submucosa had been
investigated for quite a while with electrophysiological (Andrew 1957; Clerc 1984;
Page et al. 2002; Sengupta and Gebhart 1994) and also morphological methods
(Cecio and Califano 1967; Robles-Chillida et al. 1981; Rodrigo et al. 1975a; Ro-
drigo et al. 1980a; Rodrigo et al. 1980b). In more recent years, neuronal trac-
ing and immunohistochemistry have added valuable new data (Clerc and Con-
damin 1987; Diitsch et al. 1998). Against a background of increasing incidence
of gastroesophageal reflux disease and related complications, ranging from re-
flux induced asthma to Barrett’s carcinoma, understanding of the functional
anatomy and pathophysiology of esophageal mucosal afferents is particularly
significant.
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Both anterograde tracing from vagal sensory ganglia and immunohistochem-
istry for calcium binding proteins in the rodent esophagus indicated the greatest
innervation density to be in the upper cervival esophagus, corresponding to the
oralmost 10 mm in the rat (Fig. 11; Diitsch et al. 1998; Neuhuber 1987; Wank
and Neuhuber 2001). Innervation density steeply decreased in the lower cervical
and thoracic esophagus, then slightly increased again in its abdominal portion.
In the upper cervical esophagus, numerous thin varicose calretinin-positive fibers
formed a dense net stretched in the long axis of the tube. Many of these fibers
had short finger-like branches directed to the epithelium. Others were simple
unbranched varicose fibers, many costaining for CGRP. In addition, there were
thin varicose fibers staining for CGRP only. Transsection of the superior laryngeal
nerve ablated almost all of the thin calretinin-positive fibers and the majority
of CGRP-positive axons, while cutting the recurrent laryngeal nerve had little
such effect (Fig. 11C; Wank and Neuhuber 2001). Retrograde tracing combined
with immunocytochemistry indicated that the cell bodies of origin displaying
a compatible chemical phenotype reside in the jugular-petrosal ganglia (Wank
and Neuhuber 2001).

In addition to these thin caliber afferent axons, specialized afferent terminals
immunoreactive for calretinin and calbindin deriving from thick caliber axons and
exhibiting complex arborizations were present in the uppermost 5 mm segment
of the esophagus (Fig. 11B; Diitsch et al. 1998; Wank and Neuhuber 2001). They
accounted for about 20 terminal complexes in each rat, most of them abutting
and even penetrating the epithelium with fine branches. Some of these endings
were associated with submucosal blood vessels or were located in the submucosal
connective tissue without obvious relationships to other structures. The axons
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Fig. 11 A-C Vagal afferent innervation of the esophageal mucosa in the rat. A Camera
lucida overview of mucosal wholemounts immunostained for calretinin. Nerve fibers are
most dense in the upper cervical portion and in the aboral third of the organ. The middle
third is almost free of vagal afferent mucosal innervation. Unilateral transection of the
cervical vagus nerve (Xcut) resulted in some patchy loss of calretinin stained fibers in
the lower third, whereas fiber density in the upper portion was unaffected. B Confocal
image of two calretinin-positive complex Ruffini endings in the mucosa of the uppermost
cervical esophagus, emanating from a bifurcating thick parent axon. Note thin varicose
fibers partly accompanying the thick axon, partly running alone longitudinally. C Calretinin-
positive nerve fibers in the cervical esophageal mucosa were almost completely depleted
by bilateral SLN transection (SLNbicut, b) and depleted on the side of unilateral SLN
transection (SLNunicut, c), while transection of the left cervical vagus (which also carries
afferent axons of the RLN) was ineffective (cervXcut, a). Unilateral transection of SLN also
markedly reduced the density of CGRP-positive nerve fibers in the cervical esophagus (d),
indicating a vagal afferent contribution in addition to the fiber population originating in
dorsal root ganglia. Arrowheads indicate the side ipsilateral to nerve transection. Bars are
100 pm in B and 1 cm in C. (A, B From Diitsch et al. 1998, C from Wank and Neuhuber 2001,
with permission)
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leading to these complex terminals traveled exclusively in the superior laryngeal
nerve as evidenced by their disappearance upon SLN cut. At first glance, because
of their leafy appearance these complex endings resembled IGLEs, a resemblance
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underlined by their chemical coding for calretinin and calbindin and immunoneg-
ativity for CGRP (Diitsch et al. 1998; Kuramoto and Kuwano 1994; Wank and
Neuhuber 2001). Similar terminals of vagal afferent fibers, classified by some au-
thors as Ruffini endings, were demonstrated in the esophagus of both cat and
monkey using the zinc-iodide-osmium stain (Rodrigo et al. 1980a; Rodrigo et al.
1980b), and in rabbit using gold impregnation (Cecio and Califano 1967). The
laryngeal mucosa of rat and dog has also been found to harbor this type of sen-
sor (Yamamoto et al. 1998; Yamamoto et al. 1997). They are also reminiscent of
Ruffini endings in periodontal ligaments (Kannari 1990) and Golgi tendon organs
(Schoultz and Swett 1974). Again, complex mucosal terminals in the esophagus
share calretinin immunoreactivity with periodontal Ruffini endings (Ichikawa
et al. 1997).

It is tempting to ascribe distinct functions to these various types of vagal
mucosal afferents. Both caliber and chemical coding of thin fibers reaching the
esophagus via the superior laryngeal nerve suggest a chemosensory or even no-
ciceptive role. This has to be elucidated by direct functional testing. The complex
endings in the mucosa and submucosa of the uppermost esophagus connected
to thick caliber axons most likely represent low-threshold mechanosensors. Their
intraepithelial extensions suggest also thermo- or chemosensory function. Inter-
estingly, functional studies have indicated greater sensitivity of the upper versus
lower esophagus to both mechanical and chemical stimulation (Hummel et al.
2003). The most parsimonious explanation for this is greater afferent innervation
density of the upper part of the organ. Dense innervation of the uppermost esoph-
agus makes sense if one considers the importance of protective reflexes triggered
in this area.

3.1.23
Central Projections of Vagal Afferents from the Esophagus

Transganglionic tracing studies combined with nerve transections have demon-
strated the central termination sites of vagal afferents from the esophagus. Affer-
ents from all portions of the organ project to the central subnucleus of the nucleus
tractus solitarii (NTSce) in a somatotopic manner, oral portions of the organ be-
ing represented rostral to more caudal portions (Fryscak et al. 1984; Altschuler
et al. 1989). However, afferents from the cervical esophagus, at least in the rat,
follow two different pathways and project to two distinct subnuclear regions in the
NTS. Most of muscular afferents, largely equivalent to IGLEs, travel in the recur-
rent laryngeal nerve (Fig. 2B) and project to the NTSce. Mucosal afferents with
both thin and thick caliber axons, including presumptive chemo- and nociceptors,
coursing through the superior laryngeal nerve project heavily to the interstitial
and intermediate subnuclei of the NTS (NTSis and NTSim, respectively; Fig. 12;
Wank and Neuhuber 2001). This is noteworthy because the NTSce is the estab-
lished premotor neuron pool for the compact formation of the nucleus ambiguus,
i.e., the esophageal motor neurons (Cunningham and Sawchenko 1989; Hayakawa
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Fig.12 Summary diagram of vagal afferent innervation of the cervical esophagus in the rat.
Muscular afferents, largely representing IGLEs, are carried by the RLN and cervical vagus
(CervX), with minor contributions by the SLN to their cell bodies in the nodose ganglion
(NG), and terminate in the central subnucleus of the NTS (NTScen). Mucosal afferents travel
through the SLN, and only to minor extent via the glossopharyngeal nerve (IX), to their
perikarya in petrosal-jugular ganglia (PG, JG) and project to the NTSis. AP, area postrema;
IV, fourth ventricle; Rph, ramus pharyngeus n. vagi; XII, hypoglossal nucleus. (From Wank
and Neuhuber 2001, with permission)

etal. 1997), while the NTSis and NTSim receive convergent afferents from pharynx,
larynx, and tongue (Altschuler et al. 1989; Hamilton and Norgren 1984; Nazrud-
din et al. 1989; Neuhuber and Fryscak-Benes 1987) and harbor premotor neurons
for pharyngeal and laryngeal motor neurons (Barrett et al. 1994; Broussard et al.
1998). In addition, the NTSis projects to the NTSce (Broussard and Altschuler
2000a; Broussard and Altschuler 2000b). Thus, the NTSis is in a strategic position
for coordinating protective and aversive reflexes in the upper aerodigestive tract,
and mucosal afferents from the upper esophagus appear to directly feed into this
network.

Transganglionic tracing from both thoracic and abdominal esophagus labeled
afferent terminals in the NTSce (Altschuler et al. 1989; Wank and Neuhuber 2001).
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This may indicate that vagal mucosal afferents from these parts of the esophagus
also project to the NTSce. However, since vagal mucosal innervation of the thoracic
and abdominal esophagus is much less dense than of its cervical part (Diitsch et al.
1998), a projection of mucosal afferents to the NTSis and NTSim was probably not
adequately demonstrated by transganglionic tracing.

3.1.24
Vagal Nociceptors

Although classically considered a non-nociceptive pathway (Sengupta and Geb-
hart 1994), some recent studies on afferents from esophagus and also other vagally
innervated organs suggest presence of nociceptive or nociceptive-like afferents in
the vagus nerve and its branches. Esophageal balloon distension in the rat with
presumptive nociceptive volumes resulted in greater pseudoaffective responses (as
determined by neck muscle electromyography) when the cervical as compared to
the lower thoracic esophagus was stimulated (Hummel et al. 2003). These differ-
ences were even more pronounced with HCI stimulation of the mucosa. Trans-
section of the superior laryngeal nerve reduced this response. Other experiments
on gastric afferents using various chemical stimuli (Danzer et al. 2004; Holzer
2004; Holzer et al. 2004; Lamb et al. 2003) also indicated a significant role of va-
gal afferents in chemonociception while mechanonociception was still ascribed
to spinal afferents (Jou et al. 2002; Ozaki and Gebhart 2001; Ozaki et al. 1999).
A recent report showed slowly conducting vagal afferents from all portions of the
guinea pig esophagus displaying graded responses to increasing distension pres-
sures (Yu et al. 2005). Most of these fibers were also sensitive to capsaicin and were
interpreted as vagal nociceptors. Even if these afferents do not lead to conscious
pain experience in a classical sense, they may contribute to the emotional aspect
of pain and may trigger respiratory and cardiovascular reflexes and homeostatic
reactions which are of pathophysiological significance. Another factor which has
to be considered in this context is sensitization of non-nociceptive vagal afferent
neurons by, e.g., acid challenge, inflammatory cytokines or nerve growth factor
(Dinh et al. 2004; Holzer 2003; Holzer 2004). These substances can lead to increased
expression of TRPV1 (Matthews et al. 2004) and possibly also other receptors, e.g.,
ASIC, that are of paramount importance in chemonociception by previously non-
nociceptive afferents. These recent data may stimulate reconsideration of current
models for understanding mechanisms of non-cardiac chest pain arising in the
esophagus.

3.2
Spinal Innervation

3.2.1
Efferent Spinal Innervation

Spinal efferent innervation of the esophagus is accomplished by the sympathetic
nervous system. Preganglionic sympathetic neurons presumably reside in the tho-
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racic spinal intermediolateral nucleus and in more medially located areas, as can be
inferred from studies on preganglionics of the greater splanchnic nerve (Cervero
and Connell 1984; Neuhuber et al. 1986). Postganglionic axons from neurons in
superior cervical, stellate, thoracic, and celiac ganglia reach the esophagus via deli-
cate branches (Aharinejad and Firbas 1989; Hudson and Cummings 1985; Uddman
etal. 1995). Data obtained with catecholamine fluorescence histochemistry comply
well with more recent immunohistochemical results showing that the main tar-
gets of sympathetic postganglionic axons are myenteric ganglia and blood vessels
(Baumgarten and Lange 1969; Raab and Neuhuber 2004). Although not directly
investigated, noradrenergic sympathetic innervation may have the same inhibitory
effect on esophageal enteric neuronal functions as it has in the intestines (Furness
and Costa 1987).

3.2.2
Afferent Spinal Innervation

Axons of dorsal root ganglion neurons at cervical and thoraciclevels travel through
fine branches from the sympathetic trunk and, to the abdominal portion, also
through the greater splanchnic nerve and the celiac ganglion. Retrograde trac-
ing studies in rat, mouse, cat, and dog demonstrated a broad distribution of
spinal esophageal afferents from upper cervical to upper lumbar dorsal root gan-
glia (Collman et al. 1992; Diitsch et al. 1998; Green and Dockray 1987; Hudson
and Cummings 1985; Khurana and Petras 1991; Sang and Young 1998). For ex-
ample, dorsal root ganglia C1-L2 contributed afferents to the dog esophagus
(Khurana and Petras 1991), and results in the other species were quite similar.
As indicated by retrograde tracing combined with immunohistochemistry, up to
90% of spinal afferent neurons contain CGRP and about 40% costain for sub-
stance P, nNOS, and/or calbindin (Diitsch et al. 1998; Green and Dockray 1987;
Kuramoto and Kuwano 1995; Sang and Young 1998; Uddman et al. 1995). Since
CGRP is lacking in most nodose ganglion neurons and in IGLES (Diitsch et al.
1998; Lindh et al. 1989), this peptide can be used as a fairly specific marker
for spinal afferent fibers at least in the thoracic and abdominal esophagus. In
wholemount specimens of the mucosa, a delicate net of fine varicose fibers stain-
ing for CGRP was revealed (Diitsch et al. 1998). In contrast to the marked dif-
ferences in density of calretinin immunoreactive vagal afferents, CGRP positive
spinal afferents are distributed rather evenly from oral to aboral. It is only in
the upper cervical esophagus where, in addition to spinal afferents, a majority of
CGRP fibers is contributed by the superior laryngeal nerve (Fig. 11C; Wank and
Neuhuber 2001). Upon entering into the esophagus, CGRP positive spinal affer-
ents are distributed through the myenteric plexus, either terminating in myen-
teric ganglia (Fig. 13C) or en route to the mucosa. Anterograde tracing from
dorsal root ganglia directly demonstrated labeled axons in myenteric ganglia
of the esophagus (Fig. 13A, B; Clerc and Mazzia 1994; Mazzia and Clerc 1997).
In striking contrast to vagal IGLEs, these fibers and branches are far less nu-
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merous and complex. Intraganglionic spinal afferent terminals were seen as fine
varicosities rather than coarse lamellar expansions as typical for IGLEs. How-
ever, spinal afferents also establish direct contacts to myenteric ganglion neu-
rons as evidenced by electron microscopy (Mazzia and Clerc 1997). Intraepithelial
innervation in thoracic and abdominal esophagus by spinal afferents is sparse
(Robles-Chillida et al. 1981; Rodrigo et al. 1975a; Rodrigo et al. 1985). This con-
trasts to vagal mucosal afferents in the upper cervical esophagus and partic-
ularly in the pharynx where intraepithelial innervation is fairly dense (Diitsch
et al. 1998; Terenghi et al. 1986; Wang and Neuhuber 2003; Wank and Neuhuber
2001).

Spinal afferent fibers from the cervical esophagus enter the spinal cord via both
cervical and, upon descending in the sympathetic trunk, upper thoracic spinal
nerves, while thoracic esophageal afferents reach the spinal cord through thoracic
spinal nerves. Thus, second order neurons in the thoracic dorsal horn may receive
convergent input from widely distributed portions of the esophagus (Qin et al.
2003; Qin et al. 2004).

Although central projections of spinal afferents from the esophagus to date
have not been studied with transganglionic tracing, it can be assumed that their
termination pattern in the spinal cord is similar to those of splanchnic and hy-
pogastric nerve afferents, i.e., laminae I, outer II, V, and X (Cervero and Connell
1984; Morgan et al. 1986; Neuhuber 1982; Neuhuber et al. 1986). Second order
spinal neurons activated upon esophageal distension were located largely within
these laminae (Euchner-Wamser et al. 1993; Qin et al. 2004).

>

Fig. 13 AB Confocal images of spinal afferent axons labeled by anterograde tracing with
Dil (red) from lower thoracic dorsal root ganglia. Fine varicosities originating from rela-
tively thick parent axons are dispersed over myenteric ganglia of the rat thoracic esoph-
agus. Autofluorescence of ganglionic neurons and striated muscle fibers is coded green.
C NADPH-d-positive myenteric neurons (blue) in the rat esophagus intermingling with
CGRP-immunoreactive spinal afferent fibers (brown). Some CGRP-positive varicosities
closely contact myenteric neurons as indicated by left arrow. D VIP-immunoreactive neu-
ronal cell bodies (red) surrounded by VAChT-positive cholinergic varicosities (green) in
a myenteric ganglion of the human esophagus. Confocal all-in-focus image. E, F En-
teric coinnervation. E CGRP-positive vagal motor axon (black) forming a motor end-
plate on a striated muscle fiber in the rat esophagus. A thin varicose GAL-positive en-
teric nerve fiber (white) accompanies the vagal motor axon and intermingles with vagal
motor terminals in the endplate area. As shown in the inset, enteric terminals, as la-
beled with coarse electron-dense NADPH-d reaction product, are in direct contact to
both a vagal CGRP motor terminal, as demonstrated with fine electron-dense DAB re-
action product, and the striated muscle fiber (M). F Motor endplate in the rat esoph-
agus labeled with a-bungarotoxin (red). Coarse vagal cholinergic boutons (blue) inter-
mingle with fine enteric terminals immunostained for nNOS (green). Bars are 40 um
in C, 20 pm in A, B, D, and E, 10 um in F, and 0.5 um in the inset in E. (E From
Worl et al. 1998, inset in E from Worl et al. 1997, F from Worl et al. 2002, with permis-
sion)
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3.2.2.1
Functional Aspects

Electrophysiological studies of spinal afferents from the esophagus in various
species demonstrated that they include muscular, mucosal, and serosal sensors
(Clerc 1984; Clerc and Mei 1983a). They typically exhibited features compatible
with a nociceptive function since they conducted at a slow rate, responded to
graded distension either with increasing spike frequency or at high threshold, and
displayed sensitivity to bradykinin (Sengupta et al. 1990; Sengupta et al. 1992).
Their sensitivity to H" via the capsaicin receptor TRPV1 can be inferred from
their chemical coding, i.e., substance P and CGRP content, and from functional
studies. Intriguingly, the recently described vagal afferents from the guinea pig
esophagus with cell bodies in the jugular and nodose ganglia displayed similar
properties, in particular graded responses to distension and sensitivity to cap-
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saicin (Yu et al. 2005). Although experimentally demonstrated in gastric and
not strictly esophageal spinal afferents, upregulation of TRPV1 by acid chal-
lenge (Schicho et al. 2004) can also be expected to occur in the latter. Thus,
the increased nerve fiber immunostaining for TRPV1 as reported in the inflamed
human esophagus (Matthews et al. 2004) could well be attributed to spinal af-
ferents. In the periphery, i.e., the various layers of the esophageal wall and its
enteric ganglia, substance P and CGRP containing spinal primary afferents may
be engaged in local reflexes resulting in vasodilatation and increased vascular
permeability, the so-called neurogenic inflammatory response (Holzer 1988a; San-
dler et al. 1993), or in effects on motility. Capsaicin application to the whole
guinea pig esophagus in vitro resulted in muscular contraction (Barthé et al.
1999) while it reduced the force of vagally induced striated muscle contraction
in the hamster (Izumi et al. 2003). In both situations, however, capsaicin may
have led to release of substance P and CGRP from spinal and probably also vagal
capsaicin-sensitive primary afferents with subsequent stimulation of, respectively,
excitatory and inhibitory enteric motor neurons. Recently, neurokinin-1 recep-
tor (NK-1R) was immunohistochemically demonstrated on myenteric neurons of
the rat esophagus (Kuramoto et al. 2004). About 75% of NK-1R positive neu-
rons were ChAT immunoreactive, i.e. presumptive excitatory cholinergic, while
25% were presumptive inhibitory, and about 50% of NK-IR positive were closely
approached by primary spinal afferents costaining for substance P and CGRP.
These results provide a link for the proposed local reflex. Since the tunica mus-
cularis of all three species, i.e., guinea pig, hamster, and rat, consists of stri-
ated muscle, enteric motor neurons may exert their contractile or relaxing effects
via coinnervation of motor endplates, or by innervating the smooth muscularis
mucosae.

Spinal afferents from the esophagus converge with cutaneous afferents onto
the same second order spinal neurons, thus providing a substratum for referral
of pain from the esophagus to skin areas (Euchner-Wamser et al. 1993). Second
order spinal neurons also receive convergent input from various other viscera,
in addition to the esophagus (Jou et al. 2002). A prediction of this multiplicity
might have been made from the extensive overlap of spinal primary afferent pro-
jections from esophagus, stomach, and duodenum (Khurana and Petras 1991) as
well as from heart and bronchpulmonary area (Kummer et al. 1992; Kuo et al.
1984). Viscero-visceral convergence provides a pathophysiological basis for de-
velopment of esophageal hypersensitivity upon duodenal acidification (Hobson
et al. 2004).

Vagal afferent modulation of second order spinal neuronal activity via descend-
ing projections also occurs in case of the esophagus, as has been shown for afferents
from other chest organs (Chandler et al. 1991; Hummel et al. 1997; Randich and
Gebhart 1992). Spinal and vagal afferents may interact at spinal cord and probably
also higher levels, thus determining the intensity of painful sensation from the
esophagus. In a recent study using balloon distension or hydrochloric acid stim-
ulation of upper or lower esophagus in the rat, pseudoaffective responses (neck
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muscle EMG activity, taken as equivalent to pain reactions) were significantly
higher upon upper versus lower stimulation (Hummel et al. 2003). The responses
to upper stimulation were gradually reduced by consecutive sectioning of the cer-
vical vagus nerve (which carries esophageal afferents of the recurrent laryngeal
nerve) and the SLN, thus eliminating the dense vagal afferent innervation of the cer-
vical esophagus. However, the same neurectomy procedures gradually increased
the responses upon stimulation of the lower esophagus. This may be explained by
release of spinal second order neurons from tonic descending inhibition mediated
by vagal afferents.

3.3
Innervation of Esophageal Sphincters

3.3.1
Upper Esophageal Sphincter

The various components of the upper esophageal sphincter (UES) are innervated
by neurons of the nucleus ambiguus that send axons through both the superior
(Kobler et al. 1994; Sanders and Mu 1998) and recurrent (Brok et al. 1999; Mu and
Sanders 1996) laryngeal nerves and the pharyngeal branch of the vagus (Fukushima
et al. 2003). Tonically contracted at rest, its relaxation at the transition from the
pharyngeal to the esophageal phase of swallowing is coordinated by the deglutition
central pattern generator (Lang and Shaker 2000). Supposedly, the dense mucosal
afferent innervation of the pharynx (Terenghi et al. 1986; Wang and Neuhuber
2003) and upper esophagus (Diitsch et al. 1998; Wank and Neuhuber 2001) is
intimately related to UES motor control (Ali et al. 1994).

3.3.2
Lower Esophageal Sphincter

The LES is also of crucial importance for proper swallowing as its relaxation al-
lows for transport of the bolus into the stomach. However, ill-coordinated LES
relaxation contributes to gastroesophageal reflux disease (GERD). Thus, under-
standing the neuronal regulation of LES is mandatory for effective treatment of
this condition; for proper appreciation of the enormous body of literature on LES
control, the reader is referred to recent reviews (Chang et al. 2003; Goyal et al. 2001;
Orlando 2001). Relaxation of LES is mediated by vagal preganglionic projections
onto inhibitory nitrergic local neurons (see below). Not surprisingly, inhibitory
nitrergic myenteric motor neurons are relatively more numerous than excitatory
cholinergic neurons at the level of the LES as compared to stomach and small
intestine (Brookes 1996). The perikarya of most motor neurons, both choliner-
gic and nitrergic, are located in the area of the sphincter itself indicating short
axonal projections. Some reside in the abdominal esophagus, nitrergic neurons
here located more oral than cholinergic ones. There is no significant ascending
projection to the sphincter from myenteric neurons in the stomach. The important
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role of inhibitory local neurons is emphasized by the lack of VIP- and NADPH-
diaphorase-positive neuronal perikarya and nerve fibers in the LES of patients
suffering from achalasia (Aggestrup et al. 1983; Mearin et al. 1993; Vanderwinden
1994). In contrast, excitatory cholinergic innervation is not affected in this condi-
tion (Holloway et al. 1986).

Afferent innervation of the LES is provided by both vagal and dorsal root
ganglion neurons (Clerc 1983a). In electrophysiological studies, slowly adapting
muscular mechansosensors from both sources were found, while mucosal afferents
were exclusively vagal (Clerc 1984; Clerc and Mei 1983b). Anterograde tracing from
vagal and dorsal root ganglia in cat revealed afferent fibers in both muscularis and
mucosa of the LES (Clerc and Condamin 1987; Clerc and Mazzia 1994; Mazzia and
Clerc 1997; Mazzia and Clerc 2000). Anterograde tracing in the rat demonstrated
that IGLEs were few in the sphincter area proper whereas IMAs were present
particularly in the inner zone of the circular muscle (Neuhuber et al. 1998; Wang
and Powley 2000).

LES pressure control is achieved by a balanced interplay of both vagal and
splanchnic reflex mechanisms involving cholinergic, adrenergic, nitrergic, and
peptidergic signals, and many studies have been devoted to the neuromuscular
mechanisms of LES relaxation (Aggestrup et al. 1986; Allescher et al. 1988; Be-
har et al. 1982; Beyak et al. 2003; Gilbert and Dodds 1987; Gonella et al. 1977;
Gonella et al. 1979; Gonella et al. 1980; Niel 1986a; Niel 1986b; Smid and Black-
shaw 2000b). LES relaxation during deglutition results from activation of intrinsic
nitrergic inhibitory neurons by preganglionic vagal efferents with cell bodies in
the caudal DMX (Chang et al. 2003; Hornby and Abrahams 2000; Hyland et al.
2001). Activation of the proper set of preganglionic vagal efferents is managed
by a central pattern generator located in the medulla oblongata (see next sec-
tion). Transient LES relaxation, which may lead to gastroesophageal reflux, is
triggered by stimulation of gastric vagal afferents and mediated via vago-vagal
reflexes (Mittal et al. 1995; Orlando 2001; Orlando 2003; Sifrim and Holloway
2001). The pattern of brainstem neuronal activation by gastric-afferent-induced
LES relaxation as detected in the mouse by c-fos expression differs significantly
from the deglutitive pattern induced by SLN stimulation (Sang and Goyal 2000). In
particular, while deglutitive activity is seen in NTSis, NTSim, NTSce, and AMBc,
gastric-afferent LES relaxation is paralleled by c-fos expression in commissural
and dorsomedial NTS subnuclei and the caudal (“inhibitory”) DMX, but not in the
aforementioned nuclei. Data from experiments in ferrets suggested involvement
also of tachykininergic spinal afferents in LES relaxation, which may activate en-
teric inhibitory neurons via axon reflexes (Blackshaw et al. 1997). However, studies
on isolated muscle strips from the human LES argue against this mechanism (Smid
and Blackshaw 2000a). Vagal reflex mechanisms leading to LES relaxation can be
inhibited by GABA(B) agonists binding to receptors expressed on both vagal ef-
ferent and afferent neurons (Blackshaw et al. 2000; Page and Blackshaw 1999),
a finding that may be of considerable therapeutic significance in GERD (Cange
et al. 2002).
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34
Swallowing Central Pattern Generator

Although beyond the scope of this review, some aspects of the swallowing central
pattern generator (deglutitive motor pattern generator, DMPG; Bieger 1993; Jean
2001) may help in understanding peculiarities of extrinsic and intrinsic innervation
of the esophagus.

As shown by elaborate studies in several species, in particular rat and sheep,
both of which possess a striated esophageal muscle coat, the DMPG consists of
a neuronal network in the medulla oblongata harboring second order neurons
receiving primary afferent input, interneurons, premotor neurons, and motor neu-
rons innervating muscles engaged in both oropharyngeal and esophageal stages
of deglutition. For esophageal deglutition, the key neuronal pool resides in the
NTSce, which receives vagal afferents from the esophagus (in particular its muscle
coat) and projects monosynaptically to esophageal motor neurons in the com-
pact formation of the AMB. Interneurons in the immediate vicinity of the NTSce
are likely also to be part of the so-called dorsal swallowing group. Interneurons
around the AMB, so-called periambigual neurons in the ventrolateral medulla. are
also involved as part of the ventral swallowing group. Glutamate, acetylcholine,
GABA, nitric oxide, and somatostatin appear to be the main transmitters in-
volved in excitatory and inhibitory control of esophageal peristalsis (Bieger 2001;
Cunningham and Sawchenko 1990; Jean 2001; Wiedner et al. 1995). Elicitation
of esophageal deglutition by either electrical SLN stimulation or quasi-natural
bolus stimuli resulted in enhanced c-fos expression in the NTSce and AMBc in
mouse and the homologous NTS and AMB subnuclei in cat, and also in both
the rostral and caudal DMX (Lang et al. 2004; Sang and Goyal 2001). Synaptic
activation of the NTSce and the AMBc was expected from previous anatomical
and functional studies. Activation of rostral (excitatory) and caudal (inhibitory)
DMX neurons in cat most likely indicates preganglionic vagal control of both
peristalsis in the tubular esophagus and relaxation of the LES. In mouse with
an entirely striated tubular esophagus and a smooth LES, the same c-fos ac-
tivation pattern was seen. This indicates DMX-induced relaxation of LES plus
a DMX contribution to peristalsis control in the tubular esophagus. DMX activ-
ity during peristalsis in tubular striated esophagus may be related to control of
the smooth lamina muscularis mucosae. However, it may also point to DMX in-
fluence on myenteric neurons coinnervating striated muscle fibers (see below).
This suggests cooperation of the DMX and the AMB in regulation of motility of
striated tunica muscularis. This may apply not only to species with an entirely
striated but also to those with a mixed esophagus, e.g., cat and human. Coordi-
nated activation of DMX neurons is mediated most likely by NTSce interneurons
projecting to vagal preganglionics. This circuit probably also orchestrates gas-
tric adaptive relaxation at the completion of the swallowing act (Rogers et al.
1999, 2003).
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A notable difference between oropharyngeal and esophageal stages of degluti-
tion is that the latter is modulated by peripheral afferent input to a much greater
extent (Jean 2001; Miller 1986). Thus, the propagation of esophageal peristalsis and
the amplitude of pressure propelling the bolus can be finely tuned to accommo-
date its size and consistency. As noted above, disruption of this afferent feedback
abolishes this accommodative function and leads to motility disorders and even
megaesophagus (Falempin et al. 1986; Satchell and McLeod 1984).

Although swallowing occurs in utero, the DMPG appears not to be fully devel-
oped at birth (Jean 2001; Miller 1986). This may help in understanding why enteric
coinnervation of striated esophageal muscle in rodents is much more pronounced
in early postnatal stages than at a later time (Breuer et al. 2004; Worl et al. 2002). As
will be outlined below, peripheral mechanisms of peristalsis control may be more
important postnatally than in adulthood.

3.5
Cortical Representation of the Esophagus in Human

Transcranial magnetic stimulation was used in order to elucidate the cortical mo-
tor representation of various muscles involved in swallowing (Hamdy et al. 1996).
A discrete somatotopic order in both primary motor and premotor cortices was
found for mylohyoid, pharynx, and esophagus muscles. Interestingly, although this
representation was bilateral, asymmetry existed independent of handedness. Pre-
sumably, these cortical areas project to the central pattern generator in a lateralized
manner. This lateralization may be compensated for by commissural projections at
brainstem level (Jean 2001) and by overlapping innervation of esophageal muscle
by both vagi (Gruber 1978).

Several studies were devoted to localize the cortical representation of affer-
ents from the esophagus. Electrical and mechanical stimulation were applied,
and electro- and magnetoencephalography, positron emission tomography, and
functional magnetic resonance imaging were used to detect cortical activation.
Electrical stimulation activated primarily A delta vagal afferents, presumably both
mucosal and muscular. Although results differed in some detail, presumably due
to technical reasons, e.g., stimulation modalities or sites within the esophagus,
both primary and secondary somatosensory cortices (SI and SII, respectively)
were consistently activated by non-painful stimulation. Painful stimulation led
to more pronounced responses in these areas and additionally resulted in ac-
tivity in insular and anterior cingulate cortices (Aziz et al. 1997; Furlong et al.
1998; Hecht et al. 1999; Loose et al. 1999; Schnitzler et al. 1999). It is reason-
able to assume that vagal afferent pathways are primarily involved in mediat-
ing non-painful cortical events, whereas discomfort and pain may be mediated
primarily by spinal afferents (Sollenbéhmer et al. 1996). However, recent indi-
cations for vagal nociceptors in the esophagus (Yu et al. 2005) and ample evi-
dence for modulation of spinal nociceptive second order neurons by vagal affer-
ents (Chandler et al. 1991; Hummel et al. 2003; Hummel et al. 1997; Ren et al.
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1989) suggest that sensation from the esophagus is the result of a complex inter-
play of both vagal and spinal afferent pathways. In particular, chemical nocicep-
tive stimulation may primarily activate vagal afferents (Holzer et al. 2004; Lamb
et al. 2003).

4
Intrinsic Innervation

4.1
General Organization

The esophagus harbors a well developed intrinsic nervous system consisting of
a ganglionated myenteric plexus and an aganglionic (in small mammals) or
sparsely ganglionated (mostly in larger mammals) submucosal plexus (Cecio 1976;
Christensen and Robison 1982; Greving 1931; Gruber 1968; Teixeira et al. 2001). It
is well established that these local ganglia are essential for peristalsis regulation in
the smooth muscle esophagus and for both excitatory and inhibitory innervation
of the lamina muscularis mucosae (Bieger and Triggle 1985; Christensen et al.
1995; Conklin and Christensen 1994). Curiously though, these myenteric ganglia
are also present in the striated muscle portion of the esophagus, a finding that
has been enigmatic for a long time (Gruber 1968; Weisbrodt 1976). Density and
sizes of myenteric ganglia vary along the esophagus and among species. For ex-
ample, ganglia in the cervical esophagus of the rat are larger and contain more
neurons than in the abdominal part of the organ (Neuhuber et al. 1998) while the
reverse is true for the mouse (Raab et al. 2003). In the area of the LES proper,
myenteric ganglia are sparse in most species (Christensen and Robison 1982).
Although myenteric ganglia in the esophagus are significantly smaller than their
counterparts in other gastrointestinal organs (Christensen et al. 1983), their in-
trinsic organization is similar. In particular, they contain basically the same set
of excitatory (cholinergic; Kuramoto and Brookes 2000; Sang and Young 1998)
and inhibitory (nitrergic; Fig. 13C; Fang and Christensen 1994; Grozdanovic et al.
1992; Morikawa and Komuro 1998; Ny et al. 1994; Ny et al. 1995; Rodrigo et al.
1998; Singaram et al. 1994; Worl et al. 1994; Wu et al. 2003b) neurons, the former
projecting mainly ascending and the latter projecting mainly descending. Like-
wise, several peptides known from enteric neurons elsewhere were described in
esophageal ganglia, and their coexistence patterns were similar (Aggestrup et al.
1985; Leander et al. 1982; Melander et al. 1985; Uddman et al. 1978; Uddman
et al. 1980; Wattchow et al. 1987; Wienbeck 1987). In particular, VIP (Fig. 13D),
galanin, and NPY are typically colocalized with nitrergic markers in presumptive
inhibitory neurons (Reichel et al. 1995; Worl et al. 1998; Worl et al. 1997), while
substance P may be contained in cholinergic neurons. On the other hand, signifi-
cant morphological and functional differences between esophageal and intestinal
enteric neurons were revealed upon closer scrutiny. Differences in the propor-
tions of Dogiel type I and type II neurons between esophagus and intestines were
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already noted by classical investigators (Lawrentjew 1929). Electrophysiological
studies demonstrated some peculiarities of myenteric neurons of the rat esoph-
agus (De Laet et al. 2002) that preclude functional phenotyping along the lines
established for the guinea pig intestine (Furness and Costa 1987). In the guinea
pig some myenteric esophageal neurons also project their axons out of the organ
to innervate the trachealis muscle (Fischer et al. 1998). This connection reflects
the close developmental relationship between the two structures and mediates
nonadrenergic, noncholinergic relaxation of the trachealis muscle upon vagal
stimulation.

As with other organs of the gastrointestinal tract, smooth muscle of the esoph-
agus harbors interstitial cells of Cajal (ICC) intercalated between nerve fibers and
smooth muscle cells (Berezin et al. 1994; Daniel and Posey-Daniel 1984; Faussone-
Pellegrini and Cortesini 1985). However, ICC as identified by the Kit receptor
were also found in the striated tunica muscularis of the mouse (Rumessen et al.
2001) and the pig esophagus (Wu et al. 2003a). Here, they were contacted by nitr-
ergic nerve fibers of presumably intrinsic origin and may function as specialized
mechanosensors. A link between ICC and mechanosensory function is also sug-
gested by their association with IMAs in the stomach (Fox et al. 2002; Fox et al.
2000; Fox et al. 2001b).

Thus, the intrinsic nervous system of the esophagus is as specialized as intrinsic
neural networks in other digestive organs in depending on functional demands.
Still, the most striking feature of myenteric neurons in the esophagus is their
affinity to striated muscle fibers. In the following, anatomy and possible functional
significance of this so-called enteric coinnervation of striated esophageal muscle
is briefly summarized. For a more detailed account the reader is referred to the
recent review of Worl and Neuhuber (2005a).

4.2
Enteric Coinnervation

There is no doubt that smooth muscle of both the tunica muscularis and muscu-
laris mucosae are innervated by myenteric neurons that are in turn controlled by
the DMX. However, the classical view that striated esophageal muscle is exclusively
innervated by cholinergic vagal input from the brainstem via motor endplates has
been repeatedly challenged by findings and suggestions in favor of a contribu-
tion of the esophageal myenteric plexus to such innervation (Gruber 1968; Gruber
1978; Jurica 1926; Toyama et al. 1975; Weisbrodt 1976). This issue was found to
be definitely resolvable by using NADPH-d histochemistry and nNOS immuno-
cytochemistry in combination with markers for vagal motor fibers, e.g., CGRP,
VAChT, or anterograde tracing from the nucleus ambiguus. Thus, we were able to
demonstrate that a majority of motor endplates in the rat esophagus are associated
with fine varicose NADPH-d/nNOS-positive nerve fibers (Neuhuber et al. 1994;
Worl et al. 1994). In these and later studies two morphologically and chemically
distinct types of nerve endings on motor endplates could be demonstrated: coarse
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boutons immunoreactive for CGRP and VAChT arising from thick axons, and
smaller NADPH-d/nNOS-positive boutons arising from thin fibers (Figs. 13E, F).
Fibers leading to coarse boutons could be demonstrated to originate in the nu-
cleus ambiguus while the origin of the small boutons turned out to be myenteric
ganglia. This unorthodox double supply of striated muscle fibers by both vagal
and enteric neurons was termed enteric coinnervation. Shortly before this, nitric
oxide (NO), which is synthesized by a multienzyme complex including NOS and
NADPH-d, had been proposed as the main inhibitory mediator of nonadrener-
gic, noncholinergic (NANC) neurons in the gastrointestinal tract (Bult et al. 1990;
Gibson et al. 1990; Tottrup et al. 1991). Nitrergic coinnervation was restricted
to the esophagus and could be detected in neither branchiomeric nor myotomal
musculature (Neuhuber et al. 1994; see, however, Hisa et al. 1996 for the rare coin-
nervated motor endplate in the larynx). Since the pattern of activity of the UES,
whose major tone-generating muscle is the cricopharyngeus, is different from
that of the other pharyngeal constrictors (Kobler et al. 1994; Lang and Shaker
2000; Sivarao and Goyal 2000), the question arose whether enteric nerve fibers
also contribute to its motor innervation. Therefore we investigated the pharyngo-
esophageal junction of the rat with histochemistry for NADPH-d and AChE. The
first enteric coinnervated motor endplates were detected immediately caudal to the
semicircular compartment of the rat thyropharyngeus muscle (Beyer et al. 1996),
which is considered homologous to the human cricopharyngeus muscle (Kobler
et al. 1994). Thus, enteric coinnervation is restricted to the tubular esophagus
caudal to the UES. This new evidence for an enteric coinnervation of esophageal
motor endplates draws the attention to a component of esophagus innervation
that was hitherto neglected in concepts of peristalsis control in the striated muscle
part. In retrospect, coinnervating thin caliber nerve fibers coursing parallel to
thick motor axons can be recognized in early work of Ottaviani (his Figs. 5, 8;
Ottaviani 1937/38). This author considered them either vagal “satellite” fibers or
sympathetic.

4.2.1
Spatial Relationships of Vagal and Enteric Terminals and Neurochemical Coding

Confocal laser scanning and electron microscopy revealed intimate relationships
between enteric and vagal terminals on motor endplates on the one hand, and
enteric terminals and the sarcolemma on the other, suggesting both pre- and
postsynaptic modulatory effects of enteric neurons on vagal neuromuscular trans-
mission in striated esophageal muscle (Fig. 13E, F; Worl et al. 1997). In further
studies it was demonstrated that VIP, NPY, GAL (Fig. 13E), and M-ENK were
also present in enteric neurons and nerve terminals on motor endplates in the
esophagus of different species, and that in most cases these peptides were co-
localized (Worl and Neuhuber 2005a). It is noteworthy that these peptides are
typical for inhibitory neurons in the enteric nervous system of the intestine (for
review see Brookes 2001; Furness 2000). Nerve terminals coded similar to enteric
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inhibitory neurons were completely separated from vagal cholinergic endings
(Fig. 13E, F). Although the peptides and transmitters localized in enteric nerve
terminals were described several years ago, knowledge about receptors of these
ligands on esophageal motor endplates remains scarce. Until now it could be
demonstrated only by immunocytochemistry, that: (1) soluble guanylyl cyclase
(sGC), the most important receptor for the signaling molecule NO (Friebe and
Koesling 2003; Koesling et al. 2004; Kuhn 2003), can be localized to a zone im-
mediately beneath the motor endplate, indicating a postjunctional mechanism of
NO signaling; (2) muscarinic acetylcholine receptors (mAChRs) are located on
coinnervating enteric terminals in close proximity to cholinergic vagal terminals,
indicating a function as a sort of sensor for acetylcholine release; and (3) mu-
opioid receptor antisera stain the entire sarcolemma including the endplate area
of almost all muscle fibers (Neuhuber et al. 2001). Based on the reduction of va-
gally induced contractions of striated esophageal-muscle by mu-opioid receptor
agonists, as shown in a recent in vitro study, a role of mu-opioid receptors in the
peripheral modulation of esophageal contractions was suggested (Neuhuber et al.
2001; Storr et al. 2000).

422
Comparative Anatomy of Enteric Coinnervation

Originally described in the rat (Neuhuber et al. 1994; Woérl et al. 1994), enteric
coinnervation has meanwhile been found also in the esophagus of other mam-
mals, including mouse, hamster, guinea pig, rabbit, cat, pig, sheep, and monkey
(Worl and Neuhuber 2005a). In addition to the results in lower animals, we like-
wise found enteric nerve fibers on motor endplates in the human esophagus by
means of enzyme histochemistry for NADPH-d and AChE (Sorensen et al. 1995).
Taken together, the wide distribution of enteric coinnervation among mammalian
species, including human, possessing either mixed or entirely striated esophagus
strongly suggests a significant functional role.

The percentage of vagally innervated motor endplates additionally receiving
enteric nerve fibers, the so-called coinnervation rate (Neuhuber et al. 1994; Worl
et al. 1994), varied depending on both species and markers used for enteric neu-
rons. For example, in NMRI mice nitrergic coinnervation rates were as low as
10%, while in BALB/c and C57Bl/6 mice these were significantly higher at 32% and
37%, respectively (Wo6rl and Neuhuber 2005a). Average coinnervation rate in rats
even reached values between 55% and 88% as determined with nNOS and galanin
immunohistochemistry, respectively. In C57Bl/6 mice, nNOS immunohistochem-
istry revealed coinnervation at a rate of 37% whereas galanin showed a value of
15% (Breuer et al. 2004). This may reflect species-specific variability of expression
levels for the respective markers or simply be due to technical factors. Determi-
nation of coinnervation rates in cervical, thoracic, and abdominal portions of
the esophagus revealed in most species increasing values from oral to aboral, the
highest values being found in the abdominal esophagus. In our original study
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in rat using NADPH-d as a marker, coinnervation rates of 42, 59, and 72% were
found for the cervical, thoracic, and abdominal esophagus, respectively (Neuhuber
et al. 1994).

As low coinnervation rates were not related to gross swallowing disorders, these
differences raised doubts concerning the significance of enteric coinnervation for
normal functioning of the adult esophagus. Investigation of enteric and vagal
innervation during development of the esophagus revealed average coinnervation
rates of more than 80% in early postnatal stages in rats and in NMRI and BALB/c
mice (Vietze et al. 1995; Worl et al. 2002). These high coinnervation rates declined
over several weeks until a stable adult situation was reached. Hence, the question
arose whether enteric coinnervation may be functionally important mainly during
development of esophageal striated muscle.

423
Ontogeny of the Esophageal Neuromuscular Junction

In order to elucidate the precise developmental timing of vagal and enteric in-
nervation of striated muscle, esophagi from mice from age E 17 to 3 months
were triple stained for VAChT, nNOS, and a-bungarotoxin and investigated at
1 mm intervals along their entire length using confocal laser scanning microscopy
(Breuer et al. 2004). At closer scrutiny, enteric nerve fibers appeared to grow to-
ward newly developed endplates once they had become innervated by vagal motor
fibers. There was even a certain stage when all endplates were contacted by en-
teric fibers. While vagal innervation remained stable through adulthood, enteric
fibers retracted from many endplates (Breuer et al. 2004; Worl et al. 2002). As out-
lined above, the proportion of coinnervated endplates in adult individuals varied
among species and even mouse strains. The factors determining this species-
specific coinnervation rate remain to be elucidated. However, although variable in
adult animals, coinnervation rates were at almost the same level in perinatal rats
and mice. The time course of this well-ordered sequential development of enteric
coinnervation is in perfect register with the cranio-caudal transition from smooth
to striated tunica muscularis that takes place from late fetal to early postnatal
life in rodents. At the end of this process, the tunica muscularis of the tubular
esophagus is entirely striated. This does not necessarily mean that the coinnerva-
tion of enteric neurons is causally related to smooth-to-striated transformation.
Indeed, striated muscle fibers develop apparently normally in the esophagus of
Mash 17/~ knockout mice, which almost completely lack enteric neurons, hence
coinnervation, in the esophagus (Sang et al. 1999). However, these mice die shortly
after birth when smooth-to-striated muscle transformation is not yet complete
(Worl and Neuhuber 2000), an untimely demise that precludes detailed studies
on the full developmental sequence of the esophageal tunica muscularis in these
animals. Transition from smooth to striated muscle also occurs in the esophagus
of other species, notably the human (Jit 1974). However, this change apparently
dies out in the upper thoracic area and does not reach the esophago-gastric junc-
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tion. As younger stages of striated myogenesis are found more caudal than older
ones, development of motor endplates and their vagal and enteric innervation
is also caudo-cranially aligned. Careful analysis of the spatio-temporal organiza-
tion of these processes led us to conclude that enteric nerve fibers are attracted
by and maintained on all maturing motor endplates, only to be retracted from
the majority thereof when their maturity is accomplished, all in a well-ordered
sequence (Breuer et al. 2004). This process suggests an important role for en-
teric coinnervation in the development of neuromuscular contacts and probably
also in that of striated muscle fibers themselves. For a more detailed review of
neuromuscular development of the rodent esophagus see Wo6rl and Neuhuber
(2005a, b).

It has been suggested that the presence of enteric terminals at motor endplates
of adult animals represents a non-specific residual from early developmental stages
when the tunica muscularis still consisted of smooth muscle fibers embedded in
a meshwork of enteric nerve fibers (Sang and Young 1997). However, the obser-
vations that enteric nerve fibers contacted striated esophageal muscle fibers at
specialized sites, i.e. motor endplates, and that these contacts appeared in an or-
dered cranio-caudal and temporal sequence after vagal neuromuscular junctions
had been established (Breuer et al. 2004; Worl et al. 2002) argue against this sugges-
tion. Rather, the transient presence of nNOS-positive enteric nerve terminals on
every developing motor endplate during maturation of vagal myoneuronal contacts
suggests an import role for enteric coinnervation in the ontogeny of esophageal
striated muscle (Breuer et al. 2004). Remarkably, in rat and in three mice strains
with significantly different adult coinnervation rates, the perinatal innervation
patterns were more or less identical (Breuer et al. 2004; Vietze et al. 1995; Worl
et al. 2002). It is possible that enteric coinnervating nerve fibers are involved in
maturation of the neuromuscular junction itself (Breuer et al. 2004). Mash1~/~
mice, which have almost no enteric neurons in the esophagus, have significantly
more vagal motor terminals in developing endplates, suggesting disturbed devel-
opment of vagal myoneural contacts (Sang et al. 1999). In addition, the prominent
enteric coinnervation in the early postnatal period may indicate functional com-
pensation for a presumably immature central pattern generator (Jean 2001; Miller
1986) by local modulation of striated muscle contractions. Local neural circuits
could play a more important role in the regulation of peristalsis in developing
than in adult esophagus (Breuer et al. 2004). Possible components of these local
circuits are IGLEs as primary afferent elements and their synaptic contacts to
myenteric motor neurons. Depending on the advancement of smooth-to-striated
transformation of the tunica muscularis at the respective postnatal stages, these
myenteric neurons may innervate smooth muscle or coinnervate striated muscle.
In addition, IGLEs also appear to contact excitatory and inhibitory interneurons
(Raab and Neuhuber 2004). Clearly, our understanding of development of intrinsic
neuronal circuits in the esophagus is still too fragmentary as to corroborate this
hypothesis.
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5
Functional Considerations

5.1
General Remarks

In addition to the complexity of the DMPG, innervation of the esophagus is more
complex than that of other muscles involved in deglutition. The most striking dif-
ferences are (1) vagal efferent innervation originating from two different brainstem
nuclei, i.e., the AMB and DMX, and (2) vagal afferent neurons intermingling with
enteric circuitry via IGLEs. This peculiarity is further emphasized by the notion
that even in species with an entirely striated esophagus, e.g., rat and mouse, myen-
teric neurons, and probably also the DMX supplying them with preganglionic
fibers, are engaged in innervation of the tunica muscularis through coinnerva-
tion of striated muscle fibers. This innervation pattern is summarized in Fig. 14.
In the following section, some ideas taking into account these peculiarities are
proposed.

5.2
Cooperation Between Extrinsic and Intrinsic Systems

The chemical coding of enteric coinnervation and spatial relationships of vagal
and enteric nerve terminals in motor endplates point to an inhibitory effect of
enteric neurons on esophageal motility at the motor endplate level. Thus, efforts
were undertaken to prove this hypothesis by functional experiments. In a first
approach using a vagus nerve-esophagus preparation from the rat, the influence
of VIP, GAL, the NOS inhibitor L-NNA, and the NO-donor DEA-NO on vagally in-
duced contraction of the striated esophageal muscle was tested, but no significant
effect could be ascertained (Storr et al. 2001). However, a similar vagus nerve-
esophagus preparation from the hamster yielded results supporting an inhibitory
effect on vagally mediated contractions of esophageal striated muscle (Izumi et al.
2003). Both vagally induced contraction force and ACh release were significantly
diminished by mimicking or activating the intrinsic nitrergic neuronal system.
Different inhibitors of NOS and NO donors L-NAME and NONOQate were used,
which might partly explain results directly contrary to those of Storr et al. (2001).
Interestingly, this effect could also be elicited by applying capsaicin and piperine to
the organ bath. This is the first study to experimentally demonstrate an inhibitory
effect of nitrergic coinnervating nerve terminals on esophageal striated muscle
contractions in vitro in support of the idea of a physiological relevance for this
novel innervation component. Remarkably, the inhibition of muscle contraction
was accomplished not through direct stimulation of nitrergic neurons, but via
capsaicin-sensitive afferent neurons, which in turn supposedly supply the direct
stimulation to nitrergic myenteric neurons. Thus, Izumi and colleagues (2003)
probably interfered with a local reflex arc involving capsaicin-sensitive neurons
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that activated inhibitory nitrergic neurons to decrease the striated muscle contrac-
tion force (Izumi et al. 2003). Since most vagal primary afferent IGLEs (Berthoud
et al. 1997b) and enteric neurons in the rat esophagus (Neuhuber et al. 1994) are
capsaicin resistant, the most likely source for the capsaicin-sensitive nerve fibers
are spinal ganglia (Holzer 1988). Spinal primary afferents from the esophagus
and gastrointestinal tract typically co-express SP, NKA, and CGRP (Diitsch et al.
1998; Holzer 1988; Holzer and Holzer-Petsche 1997a; Holzer and Holzer-Petsche
1997b; Kuramoto et al. 2004; Rodrigo et al. 1985). Tachykinins and CGRP re-
leased from primary afferents mediate the “local effector” function of their source
(Holzer 1988). Spinal afferent nerve fibers were shown to contact myenteric neu-
rons in the esophagus (Mazzia and Clerc 1997), and these neurons express NKA
receptors (Kuramoto et al. 2004). Thus, key elements of a local reflex arc from
capsaicin-sensitive afferents via nitrergic myenteric neurons to motor endplates
are present in the esophagus. Modulation of gastrointestinal motility by capsaicin-
and piperine-sensitive primary afferent neurons has been reported previously
(Holzer et al. 1987; Takaki et al. 1990). In addition, IGLEs may locally influence
myenteric neurons through release of glutamate and SP (Kressel and Radespiel-
Troger 1999; Raab and Neuhuber 2003; Raab and Neuhuber 2004). Thus, both
capsaicin-sensitive (spinal) and capsaicin-resistant (IGLEs) afferents may feed
into a local reflex arc for modulation of vagally induced muscle contraction in the
esophagus.

AMBc neurons innervating the abdominal esophagus in the rat receive sig-
nificantly fewer inhibitory Gray type II synapses than ambiguus motor neurons

>

Fig. 14 Summary diagram of vagal and spinal innervation of the esophagus. The compact
formation of the nucleus ambiguus (A) provides innervation of striated muscle (thick con-
toured) via motor endplates. Inhibitory myenteric neurons (filled circle) coinnervate these
motor endplates. Preganglionic neurons in the rostral dorsal motor nucleus (DMXro) inner-
vate excitatory cholinergic neurons (open circles), while neurons in the caudal dorsal motor
nucleus (DMXcd) innervate inhibitory nitrergic myenteric neurons (filled circles), thus
providing excitatory (ascending) and inhibitory (descending) innervation, respectively, to
smooth muscle (thin contoured) of both the tunica muscularis (TMP) and lamina muscu-
laris mucosae (LMM). Preganglionic innervation from DMXcd to coinnervating myenteric
nitrergic neurons is hypothetical. For the sake of clarity, excitatory and inhibitory neurons
to TMP, LMM and motor endplates are summarized in one open circle and one filled circle,
respectively. Low threshold muscular mechanosensory information from IGLEs (shaded)
connected to the nodose ganglion (NOD) afferent axons is relayed through the central
subnucleus of the solitary complex (NTSce) to esophageal motor neurons in the nucleus
ambiguus and probably also to the DMX. Reciprocal connections of IGLEs to myenteric
neurons are suggested by double arrows. Preganglionic sympathetic innervation from the
intermediolateral nucleus (IML) in the spinal cord is relayed through sympathetic gan-
glia (SYMP). Dorsal root ganglion (DRG) afferents make en passant contacts with myen-
teric neurons. Innervation of the LES is similar to that of smooth muscle of the tubular
esophagus except for a paucity of IGLEs, which are probably substituted for by IMAs. M,
mucosa
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supplying the cervical esophagus and pharynx (Hayakawa et al. 1996; Hopkins
1995; Saxon et al. 1996). The significance of this finding is unclear at present. How-
ever, paucity of inhibitory synapses on esophageal motor neurons may result in
greater demand for peripheral inhibitory modulation of striated muscle contrac-
tion in the abdominal esophagus, thus requiring the higher coinnervation rates
that are typically found in the abdominal esophagus (Neuhuber et al. 1994; Worl
and Neuhuber 2005a).

Both vagal and enteric nerve terminals on motor endplates in the rat esophagus
have been shown to be immunoreactive for the M2 subtype of mAChRs (Neuhu-
ber et al. 2001). This may indicate multiple modulatory roles for ACh. First, ACh
released from vagal motor terminals may modulate its own release via presynaptic
autoreceptors. Such autoreceptors involved in feedback regulation of ACh release
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have been demonstrated in neuromuscular junctions of both mouse (Minic et al.
2002) and rat (Santafe et al. 2003). Second, ACh from vagal terminals may modulate
via mAChRS’ release of, e.g., NO from enteric coinnervating terminals, similar to
what has been shown in various situations (Hebeiss and Kilbinger 1999; Lanzafame
etal. 2003; Sterin-Borda et al. 2003). Since NO and possibly other transmitters also
present in enteric terminals, e.g., VIP and NPY, can in turn modulate ACh re-
lease (Prast and Philippu 1992), mutual regulation of vagal and enteric terminals
could take place in esophageal motor endplates. As a third possibility, ACh re-
leased from vagal terminals during peristalsis could trigger a retrograde signal
in coinnervating enteric neurons that may be picked up by IGLEs. Thus, IGLEs
may detect motility-related events in the esophagus via retrograde signals from
enteric neurons. Communication between enteric neurons and IGLEs, e.g., via
NO release, may easily occur given the intricate structural relationship between
them.

However, at present only scarce experimental evidence exists for vagal-enteric
interactions at the endplate level (Izumi et al. 2003), and none for involvement
of enteric coinnervation in inhibitory modulation of striated esophageal muscle
contraction in vivo. Rather, distal and deglutitive inhibition as observed in the
striated rat esophagus appear to be entirely mediated by medullary mechanisms
(Dong et al. 2000). Nevertheless, a further possibility exists for inhibitory modula-
tion of vagally mediated contraction of striated esophageal muscle. Interestingly,
the proximal striated muscle of the human esophagus behaves manometrically
more like the distal smooth muscle rather than like the striated muscle of the
pharynx, i.e., striated muscle of the proximal esophagus contracts more slowly
than expected (Peghini et al. 1998). The mechanism of this contraction delay is
unclear. It is tempting to speculate that slowing down the fast-contracting stri-
ated muscle for better coordination with the slow contracting smooth muscle is
an important function of enteric coinnervation. This accommodation may con-
tribute to uniformity in progression of peristalsis through the esophagus. This
slowing down of striated muscle contraction is present also in species with an
entirely striated muscle coat (Jean 2001). Since striated esophageal muscle fibers,
e.g., in rat, are of the fast-twitch type, this reduction in velocity cannot by fully
explained by factors intrinsic to the muscle fibers. In this context it would be in-
teresting if high or low coinnervation rates in different species or mouse strains
correlate with predominance of fast- and slow-twitch muscle fibers, respectively.
It remains to be elucidated if the role of preganglionic innervation from the DMX
to myenteric ganglia in the striated esophagus is to activate inhibitory enteric
neurons that slow down striated muscle contraction during peristalsis. Interest-
ingly, recent c-fos studies in the mouse demonstrated activity in both rostral
and caudal areas of the DMX during the esophageal phase of swallowing (Sang
and Goyal 2001). If electrical stimulation of the SLN was set at 10 Hz, which
was able to elicit the whole swallowing sequence, enhanced c-fos expression
was seen over more extended areas of the DMX than with 5 Hz stimulation,
which elicited the buccopharyngeal sequence and LES relaxation only. This sug-
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gests involvement of DMX in control of peristalsis in the entirely striated tubu-
lar esophagus of the mouse. Enteric esophageal neurons coinnervating striated
muscle may represent a relay in this pathway. DMX activation during tubular
esophageal peristalsis may also simply relate to control of the smooth muscularis
mucosae.

6
Concluding Remarks

Studies over the past two decades have significantly broadened our knowledge
of the complexity of esophageal innervation. Although many of the experimental
data, in particular on enteric coinnervation of striated muscle fibers and possible
involvement of terminals of vagal and spinal primary afferent neurons in synaptic
circuitry of myenteric ganglia, have yet to be evaluated as to clinical impact, some
results have already opened new therapeutic options, e.g., treatment of GERD with
GABA(B) agonists based on experimental insights on GABA(B)-receptor-mediated
inhibition of gastroesophageal mechanosensors. It can be expected that the recent
discovery of key molecules of the glutamatergic system in vagal mechanosensors,
i.e., VGLUT1 and VGLUT2 and metabotropic glutamate receptors, will have similar
consequences for the treatment of esophageal motility disorders. Likewise, the de-
tailed knowledge of the structure of, and of functionally relevant molecules within,
both motor and sensory terminals in the esophagus provides a reasonably sound
basis for future studies on the pathogenesis of various motility-related diseases of
the esophagus. For example, previous experimental observations on acrylamide-
induced afferent neuropathy associated with megaesophagus may be re-evaluated
and expanded toward molecular analysis of changes in IGLEs that had not yet
been identified as tension receptors when these studies were performed 20 years
ago. The possibility that expression of TRPV1 or ASIC is upregulated in IGLEs
under inflammatory conditions, thus leading to mechanical hypersensitivity, i.e.,
visceral allodynia, remains to be explored. Recent insight into development of
esophageal muscle and its innervation will probably help in understanding devel-
opmental malformations such as atresia of the esophagus. Thus, combination of
fine-grained anatomical, molecular, and functional approaches will hopefully fur-
ther improve the currently rather unsatisfactory therapeutic options for esophageal
neuromuscular disorders.
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