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1
Introduction

The plexuses of Auerbach and Meissner are peculiar to the gut; they extend
from the beginning of the unstriated portion of the oesophagus to the end of
the rectum. They have usually been considered to belong to the sympathetic
system, but it appears to me preferable to place them in a class by themselves.
We may speak of them as forming the enteric nervous system. (Langley 1900)

In this context, it is less important that Langley excluded the striated part of the
oesophagus from his definition of the enteric nervous system (ENS). Much more
remarkable seems to be that for Langley, a physiologist, structural reasons were the
most decisive for taking the nervous system within the wall of the gastrointestinal
tract as an entity unto itself. On the one hand, he argued that enteric nerve
cells differ in their histological character from those in para- and prevertebral
ganglia. On the other hand, there were few connections of enteric nerve plexuses
with the central nervous system (CNS) through sympathetic or other autonomic
nerves (which had already been described, however; Auerbach 1862). In his later,
more famous monograph, he divided the autonomic nerves into three groups:
sympathetic, parasympathetic and intestinal nerves (Langley 1921).

This division seems to be all the more modern considering that, during the
following decades, many authors and textbooks moved away from this division.
The significance of enteric neurons was reduced to that of postganglionic relay
stations of vegetative nerves (Müller 1921; Lawrentjew 1929; Botár et al. 1942). In
retrospect, this reduction is, amongst other things, even more surprising because
functional as well as structural characteristics of the ENS, already partly known
at that time, indicated a considerable autonomous character of gut functions. This
autonomous character had by all means been identified with the intrinsic nerves
(Bayliss and Starling 1899; Trendelenburg 1917).

In the 1970s, decades of stagnation of scientific research in this field came to an
end. In particular, the introduction of immunohistochemistry revealed a (chem-
ical) variety of enteric neurons which is unequalled in the remaining peripheral
nervous system. The first monograph in this field carried the same title Langley
used for this part of the nervous system in 1900: ‘The enteric nervous system’
(Furness and Costa 1987). A more up-to-date monograph is that of Furness (2006).

1.1
The Enteric Nervous System

The ENS is the nervous tissue embedded in the layers of the wall of the alimentary
canal. It extends from the beginning of the oesophagus to the internal anal sphinc-
ter. It also includes nerve elements in the pancreas and the walls of gall bladder and
bile ducts. The ENS consists of: (1) enteric neurons whose cell bodies lie within
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wall of the gut, irrespective of the location of their axonal endings (some neurons
project outside the gut); (2) axonal endings of extrinsic neurons (sympathetic and
parasympathetic efferents as well as afferents whose cell bodies lie outside the
above mentioned organs); and (3) enteric glial cells.

The histological description of the ENS is that of enteric plexuses. [Although
linguistically incorrect, ‘plexuses’ is used as the plural form of ‘plexus’.] These are
nerve networks lying within the gut wall, of which there are two general types:
(1) ganglionic plexuses contain clusters of neuronal cell bodies, denoted enteric
ganglia, and interganglionic nerve fibre strands connecting the ganglia in various
directions. Shapes of ganglia as well as the thickness and orientation of connecting
strands determine the architecture of a given network; (2) non-ganglionic plexuses
consist of nerve fibre strands commonly containing only axons and glia cells. The
various plexuses are richly interconnected with each other. Thus, the (gut) ENS
as a whole has a multi-layered tubular shape consisting of several interconnected
network levels. The architecture of both ganglionic and aganglionic plexuses varies
between species and shows interregional differences in the gut of a given species
(e.g. Irwin 1931).

Concerning its fine structure, the enteric nervous tissue resembles more the
central than the remaining peripheral nervous system. It contains only nerve and
glia cells surrounded by a basement membrane but is devoid of connective tissue
(although exceptions have been described by De Souza et al. 1988) and it is not
entered by blood vessels. The border between nervous and other tissues has been
considered to be a blood-plexus-barrier (Gershon and Bursztajn 1978), although
other authors presented results contradicting this concept (Jacobs 1977; Gabella
1982). The fact that drugs that do not enter the CNS, such as hexamethonium, are
effective in the ENS in vivo, indicates that any barrier between the blood and the
ENS is not as secure as that of the CNS. The mean range of intercellular spaces is
approximately 20 nm. There are numerous synapses on both somata and processes
of neurons which frequently display asymmetric membrane specializations (Hager
and Tafuri 1959; Baumgarten et al. 1970; Gabella 1972; Cook and Burnstock 1976a,
1976b; Wilson et al. 1981a, 1981b; Komuro et al. 1982). Up to nine different mor-
phological types of neurons were described at the ultrastructural level (Cook and
Burnstock 1976a). Correlations between light microscopically and (conventional-)
ultrastructurally defined types were only exceptionally established e.g. in the case
of type II neurons (Pompolo and Furness 1988; Song et al. 1995). Some more
conclusions about synaptic connectivities of morpho-chemically defined types of
neurons in the guinea-pig enteric circuits could be drawn by immunocytochemical
studies e.g. on calbindin (CAB)-reactive type II neurons (Pompolo and Furness
1988), on γ-aminobutyric acid (GABA)-reactive type I neurons (Pompolo and
Furness 1990), on serotonin-reactive type I neurons (Young and Furness 1995), on
two functionally different, calretinin (CAR)-reactive type I neurons (Pompolo and
Furness 1995) and on somatostatin (SOM)-reactive filamentous neurons (Port-
bury et al. 1995; Pompolo and Furness 1998). In these and other studies (e.g. Li
et al. 1995; Li and Furness 2000; Portbury et al. 2001), close contacts between
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immunoreactive, vesicle-containing boutons and nerve cell bodies lacking mem-
brane specializations were recorded also and included in the discussion of synaptic
connectivity between enteric neurons.

Enteric glia are different from other peripheral glia (e.g. Schwann cells), but
they display greater resemblance to astrocytes of the CNS. Within ganglia, enteric
glial cells outnumber enteric neurons and they display cell-to-cell-coupling. They
have trophic and protective functions for enteric neurons, may be involved in
neurotransmission and are suggested to be a link between the nervous and the
immune system. Consequently, loss of glial cells or impairment of glial cell integrity
is related to gut diseases. Most enteric glial cells are immunoreactive for S-100 or
glial fibrillary acidic protein (GFAP) and there are results suggesting structural and
chemical heterogeneity among enteric glial cells (Nada and Kawana 1988; Gershon
and Rothman 1991; Hanani and Reichenbach 1994; Bush 2002; Cabarrocas et al.
2003; Jessen 2004; von Boyen et al. 2004; Rühl 2005).

Embryologically, the ENS, both its neurons and glia, derives from different
regions of the neural crest (Young and Newgreen 2002; Burns and Le Douarin
2001). Its vagal part is the most prominent and most important source of enteric
neurons and glia, from here all gastrointestinal regions are colonized. The sacral
neural crest delivers, in addition to the vagal crest, precursors to the postumbilical
gut. Gershon (1997) distinguished a third source, the truncal neural crest, which
colonizes the rostral foregut (oesophagus, cardia).

1.2
Ganglionated Enteric Plexuses

1.2.1
Myenteric Plexus

The location of this network between the longitudinal and circular muscle layer is
consistently described both throughout different species and regions. Thus, in con-
trast to the submucosal plexus, the original descriptions of Auerbach (1862, 1864)
have only been extended but not restricted to subplexuses by later authors (e.g.
Schabadasch 1930; Irwin 1931; Stöhr 1931). Auerbach distinguished primary nerve
strands (‘Maschenwerk 1 ter Ordnung’) which ran in the longitudinal (oro-anal)
direction and showed interconnections via transverse ganglia. Secondary strands
ran circumferentially around the gut showing fine nerve fibres entering the circular
muscle layer. Nerve fibres running parallel to the longitudinal musculature were
also observed but were less prominent. Later authors (e.g. Stöhr 1931) introduced
the term ‘tertiary plexus’. Although this term was differently defined by some
later authors, it is commonly used for nerve fibres branching off from primary
and secondary strands which run irregularly within the meshwork of the primary
strands. The architecture of this tertiary component of the myenteric plexus is
partly dependent on the thickness of the longitudinal muscle layer. This network is
regarded as the major source of innervation for this layer, at least in small animals
(Furness and Costa 1987; Llewellyn-Smith et al. 1993; Furness et al. 2000b).
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The myenteric plexus extends as a continuous ganglionated network from the
beginning of the oesophagus to the internal anal sphincter. Direct connections
between ganglia of the myenteric and the (external) submucosal plexus, intercon-
necting nerve strands, which cross the circular muscle layer have already been
observed by Auerbach (1864), described in detail by Goniaew (1875) and later
confirmed by Drasch (1881), Müller (1892) and others.

1.2.2
Submucosal Plexuses

Meissner (1857) was the first who unequivocally identified an intrinsic ganglion-
ated nerve plexus within the gut wall, specifically that within the submucous layer.
He recognized that this gut layer may be one of the regions of the human body
with the highest density of nerves. He also noted that numerous nerve fibres of this
plexus enter the muscle layer (he meant most probably the external muscle layer).
Billroth (1858) observed that most components of the submucosal nerve networks
were in closer proximity to the mucosa than the muscle. Although both authors
studied larger mammals such as human, pig and cattle, neither differentiated the
submucosal nerve networks into different plexus types. Drasch (1881) found that
the submucosal plexus extends throughout the whole thickness of the submucosa
with ganglia located at different levels.

In contrast to small laboratory animals (guinea-pig, mouse, rat) which dis-
play a single, monolayered submucosal plexus, larger species (e.g. horse, human,
pig) have two or even three different submucosal plexus types. After the descrip-
tion of the myenteric plexus by Auerbach (1862, 1864), Henle (1871) described
the enteric plexuses in a German textbook on neurology (‘Nervenlehre’) as con-
sisting of an outer network and an inner network. Henle termed them ‘Plexus
myentericus externus’ and ‘Plexus myentericus internus’ and he also referred
to Auerbach and Meissner as the first describers of the two networks. The po-
sition of the ‘Plexus myentericus externus’ (Auerbach) was described by Henle
(1871) as lying between the longitudinal and circular muscle layer and that of
the ‘Plexus myentericus internus’ (Meissner) as lying on the outer surface of the
muscularis mucosae. That is, the ‘Plexus myentericus externus’ of Henle (1871)
corresponds to the myenteric, not to a submucosal plexus. The Russian histologist
Schabadasch (1930), who gave the first clear description of two strikingly differ-
ent submucosal plexus types (an outer and an inner one) in Macaques, obviously
misunderstood Henle’s text passage. Schabadasch used the following terms: for
the outer submucosal plexus which lies close to the inner surface of the circular
muscle and which was actually newly discovered by him: ‘Plexus entericus inter-
nus (Henle)’, for the inner submucosal plexus ‘Plexus submucosus (Meissner)’.
In the literature, this historical mistake led numerous authors to designate the
outer submucosal plexus as Henle’s plexus. Already Patzelt (1936) pointed to this
mistake, Stach (1977b, 1979) suggested renaming the external submucosal plexus
after Schabadasch.
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A number of authors have described a third (‘intermediate’) submucosal plexus
invarious species includinghuman(Gunn1968;HoyleandBurnstock1989a, 1989b;
Crowe et al. 1992; Dhatt and Buchan 1994). Consistent nomenclature based on mor-
phological and chemical features of the different plexus types is required to avoid
mistakes such as those described above. The most conclusive depiction, descrip-
tion and nomenclature for human submucosal plexuses was given by Wedel et al.
(1999). These authors demonstrated three ganglionated plexuses in human colonic
submucosa, distinguishable through different topography and network architec-
ture: two submucosal networks were found close to each other in the outer part of
the submucosa whereas the third was situated close to the muscularis mucosae.

The plexus submucosus extremus was located in the outermost portion of the
submucous connective tissue, in close topographical association with the circular
musculature. It contained single neurons and small ganglia. This plexus was orig-
inally described in rats and guinea-pigs (Stach 1972) and later was also found in
other species including human, but not in the rabbit (Christensen and Rick 1987;
Hoyle and Burnstock 1989b). The nerve fibre strands of this network ran parallel
to each other and showed connecting strands running diagonally.

The plexus submucosus externus was observed in close proximity to the former
network, although in a different plane of the outer portion of the submucosa and
showed the widest meshing of the three submucosal plexuses. It contained the
largest submucosal ganglia.

The plexus submucosus internus was found in close proximity to the muscu-
laris mucosae, its ganglia displayed smaller diameters than those of the plexus
submucosus externus.

In the pig, there exist various data indicating different functions of the different
submucosal plexuses. These include differences in histology and vascularization
(Stach 1977a, 1977b), fine structure (Mannl et al. 1986; Brehmer et al. 1994),
immunohistochemical composition (Timmermans et al. 1990; Krammer et al.
1993a) and electrophysiological properties (Thomsen et al. 1997). Also for human,
results of a number of studies indicate that the different submucosal plexuses
have different functions and are not levels of a homogeneous network (Hoyle and
Burnstock 1989b; Domoto et al. 1990; Crowe et al. 1992; Dhatt and Buchan 1994;
Porter et al. 1999).

In contrast to the myenteric plexus which extends as a ganglionated network
from the beginning of the oesophagus to the internal anal sphincter, submucosal
ganglia are rare or even absent from the oesophagus and stomach (Furness 2006;
Neuhuber et al. 2006).

1.3
Non-Ganglionated Enteric Plexuses

The following overview on these plexuses (listed from serosa to mucosa) that
contain few, or in some cases no nerve cell bodies was adopted mainly from
Furness and Costa (1987).
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The subserous plexus is located between the serosa and the longitudinal muscu-
lature, its nerve bundles connect extrinsic with intrinsic nerves. In some regions,
small ganglia occur near the mesenteric attachment or on the surfaces of the
oesophagus and rectum.

The longitudinal muscle plexus consists of fine nerve bundles running parallel
to the muscle bundles. In cases when the muscle layer is thin or in small laboratory
animals, there is no prominent longitudinal muscle plexus, innervation of the
longitudinal muscle layer is realized via the tertiary component of the myenteric
plexus (Furness et al. 2000b).

The circular muscle plexus is oriented parallel to and located within the corre-
sponding muscle layer.

The deep muscular plexus is a prominent aggregation of nerve fibres with the
same origins (mainly the myenteric but also the submucosal plexus) and the same
chemical coding as those of the circular muscle. This plexus separates a thin
innermost layer of circular muscle cells from the major outer portion of this layer.
It has been suggested that the innervation of the circular muscle is asymmetric,
similar to that of arteries (Furness and Costa 1987).

The plexus of the muscularis mucosae is situated mainly at the external surface
of the corresponding layer in small mammals and within the muscle in larger
species.

The mucosal plexus can be subdivided into a subglandular, a periglandular
and—in the small intestine—a villous plexus. It is very rich in nerve fibres and con-
tains, in the human, solitary and aggregated nerve cell bodies (Wedel et al. 1999).

1.4
Morphological Classifications of Enteric Neurons

1.4.1
Dogiel’s Classification

For several reasons, Dogiel’s publications (1895a, 1895b, 1896, 1899) on the mor-
phology of enteric neurons, which culminated in his paper dating from 1899, were
pioneering. Firstly and simply, he was the first to classify different enteric neuron
types. Secondly, he sought for structural features that would allow him to deduce
functional assumptions, e.g. he followed the axonal course of some neurons to
the musculature and thus concluded that they were motor neurons. Thirdly, he
investigated a number of mammalian species and his three-type-classification was
originally an interspecies approach. Fourthly, but actually rather accidentally, in
his last paper (Dogiel 1899) he exclusively depicted intestinal enteric neurons of
the two species which are in the focus of modern ENS research today, namely
the guinea pig (which is today the best known and mostly used animal model in
this field) and human (at whom the efforts of the medical aspect of research are
directed). [Some gallbladder neurons he depicted in his last paper were derived
from the dog.]
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In the following, some characteristics of Dogiel’s three neuron types are sum-
marized because even today when numerous current ENS researchers refer to
neuron morphology, they firstly (and frequently exclusively) use Dogiel’s name,
when in fact they are referring to the two-type-reduction of his classification sys-
tem (see Sect. 1.4.2). Prior to this, it is important to mention that Dogiel applied
an intravital methylene blue staining method and that the human gut segments he
investigated derived from infants aged between 6 and 9 months. All neurons were
described as having a number of dendrites and a single axon (the general view
at that time). Dogiel’s criteria for distinguishing the neuron types included the
shapes and lengths of the dendrites as well as the shapes of the dendritic endings.

1.4.1.1
Type I Neurons

These neurons had stellar-shaped cell bodies with lengths ranging from 13 to 34 µm
and widths between 8 and 21 µm. They were the most numerous neurons in the
myenteric plexus, but were less common in the submucosal plexus. Type I neurons
displayed between 4 and 20 short, flattened dendrites which divided several times
into short, flat branches. The branching points were frequently broadened, the
dendritic endings were sometimes blunt but mostly tapered, terminating as thin
fibres. In some cases, all dendrites emerged from one pole of the soma, with the
axon originating from the other (bipolar cells), whereas in other cases, all processes
emanated from one pole (unipolar cells). Especially in the specimens derived
from human infants, Dogiel observed neurons displaying one or two long, broad
dendrite(s) in addition to numerous short dendrites. The axon (‘Nervenfortsatz’)
mostly emerged with a cone shaped origin from the soma, and sometimes from
one of the dendrites. This neural process was described as thin, sometimes varicose
and frequently emitted thin collaterals. This latter point was very conspicuous in
specimens derived from human infants. Dogiel was able to trace axons through
several ganglia. Few of them (‘einer oder der andere’) he traced to the musculature,
where they terminated in a fine network of fibres surrounding smooth muscle cells.
Therefore, he generally considered type I neurons as motor neurons.

In Figs. 1 and 2, all human type I neurons (as explicitly marked by Dogiel or that
can be deduced from his descriptions) are represented which have been depicted

�
Fig. 1 All human neurons marked or obviously classified as type I by Dogiel (1899) in his
original Figs. 6, 10 and 12. Only those type I neurons were represented including Dogiel’s
original markings which were originally depicted with axons (a, type I neuron; a’, type I neu-
ron with several short and a long dendrite; d, dendrite; k, axonal collaterals;n, axon). The two
neurons below (Dogiel’s Fig. 10) were reduced in size to 75%; they were originally depicted
by Dogiel using a larger objective than all other type I neurons including those in our Fig. 2.
The two neurons marked with ‘st?’ (by author) may correspond to stubby (type I) neurons
whereas the other neurons may rather correspond to spiny (type I) neurons (see Sect. 4)
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Fig. 2 All human neurons marked or obviously classified as type I by Dogiel (1899) in
his original Figs. 7, 8, 9, 11 and 15. Only those type I neurons were represented including
Dogiel’s original markings which were originally depicted with axons (a, type I neuron; d,
dendrite; k, axonal collaterals; n, axon). The two neurons marked with ‘st?’ (by author) may
correspond to stubby (type I) neurons whereas the other neurons may rather correspond
to spiny (type I) neurons (see Sect. 4)
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by Dogiel with their axons. Thus, for example, the neurons of Dogiel’s Fig. 5 (1899)
have been excluded.

1.4.1.2
Type II Neurons

These neurons were angular, stellar or spindle shaped, measuring 21–47 µm in
length and 13–21 µm in width. They had three to ten dendrites and one axon.
These cells were less numerous than the type I neurons in the myenteric ganglia
but were more frequent in the submucosal plexus. After emerging from the soma,
the processes (which Dogiel referred to as dendrites) were relatively thick. At
some distance from the soma, some of them divided at acute angles into two
to four thin branches. Finally, all processes, including their branches, left the
ganglion of origin via interganglionic strands. Dogiel observed that some of these
processes of myenteric type II neurons could be traced through the circular muscle
bundles to the submucosa, whereas some of the dendrites of submucous type
II neurons entered the mucosal plexus surrounding Lieberkühn’s glands. Thus,
Dogiel supposed type II neurons to be either secretomotor or sensory neurons
but as he was of the opinion that the same type of neurons were also present in
organs without glands, such as the heart and blood vessels, he favoured the sensory
role of type II neurons. Both the dendrites and their branches were thin and their
contours were smooth. In contrast to our recent view, Dogiel distinguished axons
from dendrites in this type and described axons as processes emerging from
a conus-shaped origin and displaying varicosities. Axon collaterals were shorter
but displayed the same appearance as the corresponding dendritic branches. They
ran through other ganglia but endings could not be observed.

[RamónyCajal didnotdistinguishbetweenaxons anddendrites in those enteric
neurons which were obviously classified as type II by Dogiel and which displayed
several long processes (‘cellules à expansions longues’, Ramón y Cajal 1911).]

In Fig. 3, all human type II neurons as depicted by Dogiel (1899) are represented.

1.4.1.3
Type III Neurons

These neurons were located both in central and peripheral parts of ganglia as
well as within interganglionic strands. They had two to ten, in some cases even
more dendrites which were rather thick at the point of their origin, but tapered
further away from the cell bodies (‘immer dünner und dünner’). The dendrites
were longer than those of type I neurons. Although similar in shape to dendrites
of type II neurons, the dendrites of type III neurons ended in thin, partly varicous
filaments within the ganglion of origin. These filamentous endings formed peri-
cellular baskets within the ganglia. The axonal origin was cone shaped, the axon
smoothly contoured. From the initial trunk, between one and three dendritic side
branches emerged. The axonal course could be followed through several ganglia
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Fig. 3 All human neurons marked as type II by Dogiel (1899) in his original Figs. 11, 12, 14
and 15 (b, type II neuron; d, dendrite; k, collateral fibre; n, axon)
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but endings could not be observed. Consequently, Dogiel did not speculate on the
functional role of type III neurons.

No human and only two type III neurons from the guinea-pig were depicted by
Dogiel (1899).

1.4.2
80 Years After Dogiel

Based on the works of Ramón y Cajal and formulated by Waldeyer (1891), the
neuron theory (‘Neuronenlehre’) was founded as an alternative to the reticular,
syncytial concept (see below) of the arrangement of the nervous tissue (reviewed
in Kirsche 1984; Peters et al. 1991; Clarke and O’Malley 1996). When Langley (1900,
1921) introduced the name ‘enteric nervous system’ to characterize the peculiarity
of the neuronal elements within the gut wall, the dispute between the proponents
of the two rival theories was in full bloom and remarkably influenced the descrip-
tions of enteric neuroarchitecture for more than half a century. Although Dogiel
favoured the reticular concept of the nervous system, his classification was based
on distinguishing neuronal processes into dendrites (‘Protoplasmafortsätze’) and
axons (‘Axencylinderfortsätze’, ‘Nervenfortsätze’). His attempts were the first to
suggest a correlation between structural and functional features of enteric neu-
rons. Very important for his functional conclusions were the observations that
in some, although rare, instances axons of neurons could be followed to putative
target tissues. Dogiel’s (quite modern) concept was that different shapes of somata
and dendrites correlate with different functions.

Prior to Dogiel, Ramón y Cajal (1893) suggested that enteric neurons have
several long processes which cannot be distinguished into axons and dendrites.
However, the following decades saw less striking progress in this field. A number of
later authors abandoned Dogiel’s distinction between dendrites and axons in type
II neurons (La Villa 1898; Ramón y Cajal 1911; E. Müller 1921; van Esveld 1928;
Oshima 1929; Harting 1931; Sokolowa 1931; Stöhr 1931; Okamura 1934) whereas
others maintained this distinction (Koelliker 1896; Hill 1927; Rossi 1929; Iwanowa
1958). A further dispute arose as to the general feasibility and functional signifi-
cance of a morphological classification of enteric neurons at all. This was declined
by researchers until the recent past (Kuntz 1913, 1923; Johnson 1925; Michail and
Karamanlidis 1967; Christensen 1988). The most important argument favouring
the proponents of a functionally relevant morphological classification became the
presence of several long processes in type II neurons and of one long and several
short processes in other neurons. The validity of this distinction was sufficient for
many authors (Hill 1927; Tiegs 1927; van Esveld 1928; Oshima 1929; Iwanow 1930;
Harting 1931, Lawrentjew 1931; Kolossow and Sabussow 1932; Reiser 1932; Murat
1933; Cavazzana and Borsetto 1948; De Biscop 1949; Jabonero 1951, 1958; Stöhr
1952; Greving 1951b; Temesrékási 1955; Kolossow and Milochin 1963) and resulted
in ‘collapsing of the classifications’ (Furness and Costa 1987) which furthermore
frequently referred to only two types of neurons. The characteristic flat and lamel-
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lar shape of the type I dendrites in various species (‘lamellenförmig’, Dogiel 1899;
‘Dendritenlamellen’, Lawrentjew 1929) became a facultative feature for the differ-
entiation of type I neurons. Based on the shapes and lengths of their short pro-
cesses, occasional subdivisions of the type I neurons had been proposed, but these
merely underlined the general grouping into two types of enteric neurons (Hill
1927; Lawrentjew 1931; Greving 1951a, 1951b; Temesrékási 1955; Jabonero 1958).

Further reasons for the reduction of Dogiel’s original classification were man-
ifold. Many of the authors cited above were followers of the reticular concept of
the nervous system. In an extreme view, the neuronal perikarya were regarded as
cytoplasmatic and nucleated junctions of a complicated neural syncytium extend-
ing between the central nervous system and the target tissues. Consequently, some
authors avoided the terms ‘dendrite’ and ‘axon’ since they would anyhow communi-
cate with each other and described them rather as long and short ‘processes’ (Stöhr
1931; Reiser 1932). Others restricted their results to the ‘proof’ of anastomoses be-
tween dendrites of different neurons as demonstrated by drawings (Cole 1930).

In another view, the nerve cells within the gut were regarded as simple post-
ganglionic neurons of sympathetic and parasympathetic preganglionic nerves.
Important arguments for this view were deduced from the works of E. Müller
(1921), Lawrentjew (1929, 1931), Sokolowa (1931) as well as Iljina and Lawrentjew
(1932) who reported gradients of the distributions of type I and II neurons along
the gastrointestinal tract and related these gradients to the segmental levels of
parasympathetic and sympathetic preganglionic neurons, respectively. This was
exaggerated by Botár et al. (1942) who moreover denied that structural differences
between enteric neurons imply functional differences and that neurons in the gut
establish local reflex arcs as was suggested by Dogiel. They obviously gave up the
concept of the ‘enteric nervous system’ as defined by Langley.

Methodological factors influenced progress in this field also. In contrast to Do-
giel most later authors did not use whole-mount specimens—they used sections.
Some researchers recognized that the classical histological methods used (methy-
lene blue technique, metal impregnations) which stain only subsets of neurons,
may not demonstrate equivalent neuron populations in different species (Otta-
viani 1940). The suggestion was made that unstained neurons may be functionally
different from stained neurons (Schofield 1962).

Nevertheless, some new aspects were introduced during the decades between
Dogiel and the 1970s. L.R. Müller (1912) distinguished two myenteric neuron
types based on the topographical vicinity of their processes to the musculature.
Besides Langley (1900), and in contrast with Dogiel, he was one of the first to
suggest that ganglion cells in the gut are quite different from other autonomic
neurons. He already recognized the absence of pericellular sheaths around enteric
neurons, a feature that has been confirmed more recently by fine structural studies.
Kuntz (1913, 1923) described terminations of nerve fibres (‘synapses’) on enteric
neurons thus favouring the neuron theory of the nervous system. Iwanow (1930)
found axons of type I neurons to be oriented in one direction and Temesrékási
(1955) estimated lengths of axonal projections within the different ganglionated



14 Introduction

plexuses. Ito (1936), as well as Ito and Nagahiro (1937), differentiated three classes
of neurons based on their size and found that the eccentricity of nuclei is a frequent,
non-pathological feature of enteric nerve cells. Small neurons were observed that
did not belong to the types of Dogiel (Stöhr 1952; Gunn 1959, 1968) whereas Fehér
and Vajda (1972) distinguished three types purely on the basis of cell soma size.
Based on their staining intensity, enteric neurons were classified by Honjin et al.
(1959), Michail and Karamanlidis (1967) and Sutherland (1967) into argentophobe
and argentophile neurons. Schofield (1962) considered the number of processes to
be relevant for functional properties, not their lengths and shapes.

Beginning from the late 1970s, the development of new techniques led to a dra-
matic increase of our knowledge of the diversity of enteric neurons. However,
important reviews of that period neither mentioned any light microscopy-based
classification of enteric neurons (Furness and Costa 1980) nor did they refer to
Dogiel’s types (Gershon and Erde 1981).

1.4.3
Stach’s Classification in the Pig: General Remarks

Clear relationships between morphology and function are well established for CNS
neurons, and these relationships provide a solid basis for CNS research. We are
firmly convinced that different functions of enteric neurons will manifest them-
selves somehow in different structural features. To identify these differences, which
are probably in part quite subtle, investigators require not only adequate visual-
ization methodology, technical skill and observational scrutiny. In addition, the
method of intellectual processing is crucial: does an observation serve to confirm
the conventional hypothesis or is it its touchstone? Viewed after an interlude of
decades, many obvious examples supporting the prior, worldly outlook can be
found in the historical literature on the ENS (see Sect. 1.4.2). For many scientists
of past decades, the syncytium theory of the nervous system, the reduction of
the role ‘of the intramural ganglion cells in the intestinal wall’ to postganglionic
relay cells of sympathetic and parasympathetic nerves, as well as the routine use of
histological sections rather than whole-mount preparations seem to have provided
irrefutable evidence for the old views. What was really observed or supposedly ob-
served was then usually slotted into the incontrovertible theory (e.g. the reduced,
two-type-classificationofDogiel)whichalso functionedasaconceptualbasis.Only
in the 1970s, the pressure brought to bear by new results, especially those gained
by immunohistochemistry, become so strong that Langley’s concept of the ENS
had to be revived. But then the lack of advances in morphological concepts during
the past decades took its revenge: with the now tremendously growing insight into
the ENS, morphology was (and still is) quite often considered as an accessory, il-
lustrating rather than a substantial contribution to advances in this field. At times,
depictions of the beautiful Stach neurons were reviewed with admiration, but the
often exaggerated Stach types were viewed with suspicion if not disparagement.
The results presented in Sect. 3 refute these prejudices as we have now correlated
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morphological with chemical differences. It is even more generally accepted that
neurons that differ in their chemical characteristics also differ in function.

The most important difference between the classification system of Stach (1980–
2000) and that of Dogiel (1896, 1899) was that the directions of axonal projections
were not occasional, accessory observations but a main criterion for differentiating
neurons into types. Already the renewed description of type I neurons (Stach 1980)
was based on two main features: short dendrites with lamellar endings and orally
running axons. In contrast, type III neurons (Stach 1982a) were described as
neurons displaying long, slender, tapering dendrites and anally running axons.
Type II neurons (Stach 1981) were non-dendritic and multiaxonal neurons with
mainly circumferential and vertical axonal projections, i.e. the latter axons leave
the myenteric plexus towards the submucosa. [In contrast to Dogiel (1899), Stach
did not differentiate the processes of type II neurons into an axon and dendrites
since all of them had the histological appearance of axons (see Sect. 3.3).] Stach
was compelled to introduce a new type—IV—when he described neurons (Stach
1982b) with short, slender dendrites (unlike those of type III) which had tapering
endings (unlike those of type I) and displayed an axon leaving the myenteric plexus
(unlike types I and III) through interconnecting strands to the submucosa. These
strands cross the circular musculature and connect the myenteric with the external
submucosal plexus (Stach 1983; Brehmer et al. 1998). Further types were described
in the years until 2000 (see Sect. 3).

A number of factors hampered an appreciable impact of Stach’s classification on
the advances made at the same time in the research on the ENS. Firstly, due to the
political isolation of the former German Democratic Republic (East Germany), his
publications were written mainly in German. Secondly (partly related to the first
point), in the 1980s, simultaneously with the main publications of Stach, a number
of modern neuroanatomical methods were applied in the field of the ENS. Stach’s
method of silver impregnation, resulting in brilliant depictions of neurons (as
can be viewed in all of his publications) but, at the same time, being unreliable
and ineffective (as cannot be seen in his publications but can be experienced by
individual investigators) was antiquated in the eyes of most researchers in the field
of the ENS. All the more because until that time the two-type-doctrine of enteric
neurons was generally accepted, a need for further morphological research was
(and partly still is) even occasionally rejected. This situation is in contrast to that
in the CNS where a ‘definite renaissance’ of silver impregnation was seen (Jones
1984) and the need of morphological data on neurons has been stressed (Levitt
2001; van Pelt et al. 2001). Thirdly, the published results of Stach derived exclusively
from the pig. This species is outside the focus of most research groups working
in this field; notably it is seldom used for functional studies. Now we know that
there are some general similarities between shapes of comparable neurons between
different species but we also know that the shapes of corresponding neurons are
not identical. Thus, especially for scientists working with the guinea pig as an
animal model, the Stach classification of neuron types in the pig was considered
as less significant.
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During recent years, we shifted our focus to human enteric neurons and tried
to emphasize the value of detailed morphological studies for modern neurogas-
troenterology. The first step in this direction was the last silver impregnation
study published by Stach et al. (2000). Since that time, the successful application
of immunohistochemical techniques for the visualization of the shapes of enteric
neurons, with comparable quality to silver impregnation, enabled us to correlate
structural with chemical features also of human enteric neurons. Nevertheless,
on the one hand, it seems likely that without the morphological classification of
enteric neurons in the pig, founded by Stach, our corresponding studies in human
(Sect. 4) including the specification and extension of the three-type-classification
of Dogiel would not have been possible. On the other hand, since we are able to
stain human enteric neurons immunohistochemically in a quality comparable to
silver impregnation, the main focus of our current research—the identification
and definition of enteric neuron types—has been shifted from pig to human.

1.4.4
Classification in the Guinea Pig

The guinea pig is the best investigated animal model in the field of the ENS, its small
intestinebeing themost extensively studied region.Theresultsofnumerous studies
applying and combining various neuroscience methods (e.g. immunohistochem-
istry and immunocytochemistry, lesion, tracing and intracellular dye filling tech-
niques, neurophysiological or pharmacological methods) led to an extensive clas-
sification system of enteric neurons which is the basis of our current understanding
of enteric circuits (Costa et al. 1996; Furness et al. 2000a; Brookes 2001a, 2001b).

The first consistent attempt to reinvestigate and extend Dogiel’s (1899) classifi-
cation in the guinea pig was carried out using intracellular dye injections into 204
myenteric neurons of the mid-small intestine (Furness et al. 1988). Four shapes of
neurons were distinguished: Dogiel type II neurons with several long processes,
Dogiel type I neurons with lamellar dendrites, neurons with numerous filamen-
tous dendrites and small neurons with few processes. Among the 204 neurons
investigated, no Dogiel type III neurons were identified, although later a similarity
between filamentous neurons and Dogiel type III neurons was suggested (Port-
bury et al. 1995; Furness 2006). The same spectrum of neurons was classified in the
duodenum (Clerc et al. 1998a). Other studies by different groups described type III
neurons both in myenteric and submucosal plexus (Kobayashi et al. 1984; Furness
et al. 1985; Bornstein et al. 1986; Katayama et al. 1986; Steele et al. 1991). However,
they hardly corresponded to the original descriptions given by Dogiel (Brehmer
et al. 1999b). Using dye filling in combination with other methods, dendritic type II
neurons (originally described in the pig, Stach 1989) could be later identified also
in the myenteric plexus of the guinea pig small intestine (Bornstein et al. 1991b;
Brookes et al. 1995).

Comprehensive studies on the chemical phenotypes of enteric neurons repeat-
edly led to the assumption that the Dogiel classification may not be sufficient for
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describing the morphological and functional heterogeneity. As a result, small and
large Dogiel type I neurons were distinguished as well as Dogiel type I neurons with
lamellar dendrites, with club-like processes and with short filamentous processes
(Furness et al. 1983b; Bornstein et al. 1984; Costa et al. 1996; Brookes 2001a). Some
groups tried to incorporate criteria of Stach’s classification in the pig for neurons
in the guinea pig and classified neurons, e.g. as type IV (Lees et al. 1992; Furness
et al. 2003).

In the guinea pig colon, attempts were made to adapt Dogiel’s original types to
results of combined morphochemical studies (Kobayashi et al. 1985) whereas oth-
ers established a neuron classification specifically for this region (Messenger et al.
1994; Lomax et al. 1999). It has been suggested that the main difference in neuronal
composition between small and large intestine is the existence of different sets of
interneurons reflecting different physiological features (e.g. motility patterns) of
the two intestinal regions (Lomax and Furness 2000; Furness 2006).

Also in the guinea pig stomach, a number of studies dealt with chemistry,
projections and topography of neurons (Schemann 1992, Schemann et al. 1995;
Brookes et al. 1998; Pfannkuche et al. 1998; Reiche and Schemann 1998; Michel
et al. 2000; Schemann et al. 2001). Although most of these studies did not focus on
structural features, it has been noted that Dogiel type II neurons seem to be absent
from the gastric myenteric plexus (Schemann 1992; Brookes et al. 1998).

With the exception of classical observations (Lawrentjew 1929) there are no
more recent investigations focussing on morphological phenotypes of myenteric
neurons in the oesophagus (Neuhuber et al. 2006).

1.4.5
Classifications in Other Species

In species other than pig and guinea pig, classifications were based mainly on
neurochemical characteristics. Attempts to correlate chemistry with morphology
were made only sporadically.

In the rat, Schultzberg et al. (1980) and Sundler et al. (1993) have established
chemical classification of enteric neuronal populations. Browning and Lees (1994,
1996) tried to correlate chemical and electrophysiological categories to the mor-
phological types of Dogiel (1899) and Stach (1989). Mann et al. (1997, 1999)
described shapes, chemistry and projections of Dogiel type II neurons which seem
to be the intrinsic primary afferent neurons (IPANs) in this species.

In the mouse, chemistry and projection patterns of myenteric (Sang and Young
1996, 1998; Sang et al. 1997) and submucosal (Sang and Young 1998) neurons were
investigated.AlthoughDogiel type I neuronswerenoted, no furthermorphological
differentiation was attempted. In the mouse colon, Furness et al. (2004b) and
Nurgali et al. (2004) presented electrophysiological, immunohistochemical and
morphological findings indicating that Dogiel type II neurons are the IPANs also
in the mouse.
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Data about chemical coding and/or structural features of enteric neurons in
other mammals is less systematic. Such studies were performed in dog (Daniel
et al. 1985, 1987; Furness et al. 1990a, 1991; Wang et al. 1997), rabbit (Keast et al.
1987; Gábriel et al. 1997), opossum (Christensen 1988), horse (Pearson 1994),
hamster (Toole et al. 1998) and sheep (Chiocchetti et al. 2004).

However, an important conclusion from the above studies is that interspecies
differences hamper a direct transfer of knowledge from one species to another.
There are some general similarities (e.g. ascending cholinergic and descending
nitrergic pathways occur in all species) but there are a number of differences in de-
tail. This is true for neurochemical properties and probably also for morphological
features of enteric neurons (Sect. 5).

2
Material and Methods

Material handling and methods have been described previously in detail in the
quoted references with two exceptions. First, immunocytochemical investigations
of type V neurons (Sect. 2.2), second, post-mortem tracing by application of two
different tracers (1,1′-didodecyl-3,3,3,3′-tetramethyl-indocarbocyanine perchlo-
rate, DiI, and 3,3′-dioctadecycloxacarbocyanine perchlorate, DiO) into adjacent
villi (Sect. 2.3).

Data of those patients from whom the figures in Sect. 4 originate are listed in
Table 1.

Table 1 Data of those tumorous patients from whom the neurons depicted in Sect. 4 were
derived

Age (years) Sex Segment Oral/anal direction

18 Female Ileum Unknown

21 Female Transverse colon Known

28 Male Duodenum Unknown

41 Male Duodenum Known

42 Female Duodenum Known

53 Female Duodenum Known

54 Male Sigmoid colon Known

63 Female Duodenum Unknown

65 Female Jejunum Unknown

67 Male Duodenum/jejunum Unknown

69 Male Jejunum Known

70 Male Descending colon Known

73 Male Ileum Unknown

76 Female Ileum Known
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2.1
Immunohistochemistry
(Brehmer et al. 2002a, 2002b, 2004a, 2004b, 2004c, 2005, 2006)

Human tissue samples originated from patients undergoing surgery for carcinoma
(Table 1). Only tissue obtained from the non-tumour infiltrated borders of the
resected gut segments were included, at least 5 cm from the tumour. The use of
human tissues for these experiments was approved by the Ethical Committee of
the University of Erlangen-Nuremberg. Intestinal segments were transported in
physiological saline on ice (pH 7.3) to the laboratory. Upon arrival (1–6 h after
resection), they were rinsed in Krebs–Ringer solution at room temperature.

Tissue samples were then transferred to Dulbecco’s modified Eagle’s medium
(DME/F12-Ham,SigmaChemicalCompany, St. Louis,MO,USA)containing10ml/l
antibiotic-antimycotic (Sigma), 50 µg/ml gentamycin (Sigma), 2.5 µg/ml ampho-
tericin B (Sigma), 10% foetal bovine serum (PAA Laboratories), 4 µM nicardipine
and 2.1 mg/ml NaHCO3, bubbled with 95% O2 and 5% CO2 at 37 °C for 2–5 h. There-
after, they were incubated overnight in the same medium with 100 µM colchicine
added to enhance peptide immunoreactivities in the neuronal somata. For fixa-
tion, samples were pinned out on a Sylgard-lined Petri dish and transferred to
4% formalin in 0.1M phosphate buffered saline (PBS; pH 7.4) at room tempera-
ture for 2–3 h. After several washes in 0.05 M Tris buffered saline (TBS; pH 7.4),
longitudinal muscle/myenteric plexus whole-mounts were prepared.

Specimen incubations included the following steps: Preincubation for 2 h in
0.05 M TBS (pH 7.4) containing 1% bovine serum albumin (BSA), 0.5% Triton
X-100, 0.05% thimerosal and 5% normal donkey serum. After rinsing in TBS for 10
min, they were incubated in a solution containing BSA, Triton X-100, thimerosal
(see above) and the primary antibodies (Table 2) for 72 h (4 °C). After an overnight
rinse in TBS at 4 °C, specimens were incubated in an equivalent solution as for the
primary antibodies but with added secondary antibodies (Table 2; room temper-
ature) followed by a rinse in TBS (overnight; 4 °C). To reduce lipofuscin induced
autofluorescence, human whole-mounts were incubated in sodium acetate buffer
(pH 5.0) containing 1 mM CuSO4 for 60–90 min followed by a short rinse in dis-
tilled H2O (Schnell et al. 1999; Brehmer et al. 2004a). Thereafter, whole-mounts
were mounted with TBS-glycerol (1:1; pH 8.6). Whole-mounts incubated in solu-
tions lacking primary antisera (negative controls) showed no staining.

Pig tissue samples (aged between 12 and 15 weeks) were obtained from a slaugh-
terhouse. Duodenal samples were derived from the segment anal to the choledo-
choduodenal junction, jejunal samples from about 50 cm anal to the duodenojeju-
nal flexure, ileal samples from about 1–1.5 m oral to the ileoceacal orifice. Samples
were transferred to the laboratory on ice-cold Krebs solution. Further treatment
was similar to that described above, except the incubation temperature, which was
adjusted to 38.5 °C, the body temperature of juvenile pigs.
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Table 2 List of antibodies

Antigen Host Dilution Source

Primary antisera

Calbindin Rabbit 1:1500 CB-38; Swant

Calcitonin gene-related peptide Goat 1:200 1720-9007; Biotrend

Calcitonin gene-related peptide Rabbit 1:100 11189; Progen

Calretinin Goat 1:400 CG1; Swant

(common) Choline acetyl
transferase

Goat 1:40 AB144P; Chemicon

Galanin Rabbit 1:1000 T-4326; Bachem

Leu-enkephalin Rabbit 1:200 4140-0204; Biotrend

Neurofilament Mouse 1:100 0168; Beckman Coulter

Neurofilament 200 Mouse 1:200 N 0142; Sigma

Neuronal nitric oxide synthase Guinea pig 1:1000 16059; Progen

Neuronal nitric oxide synthase Rabbit 1:400 Dr. Mayer,
University of Graz

Peripheral choline acetyl
transferase

Rabbit 1:4000 Tooyama, Kimura
(2000)

Somatostatin Goat 1:100 7820; Santa Cruz
Biotechnology

Somatostatin Rabbit 1:100 A0566; DAKO

Substance P Guinea pig 1:200 NB 300-187; Acris

Vasoactive intestinal peptide Guinea pig 1:500 16071; Progen

Secondary antisera

ALEXA Fluor 488, donkey anti-mouse 1:1000 A-21202; Mo Bi Tec

ALEXA Fluor 488, donkey anti-rabbit 1:1000 A-21206; Mo Bi Tec

ALEXA Fluor 555, donkey anti-goat 1:1000 A-21432; MoBiTec

ALEXA Fluor 555, donkey anti-rabbit 1:1000 A-31572; Mo Bi Tec

ALEXA, Fluor 647, donkey anti-goat 1:1000 A-21447; Mo Bi Tec

Cy3, donkey anti-goat 1:800 705-165-003; Dianova

Cy3, donkey anti-guinea-pig 1:1000 706-165-148; Dianova

Cy3, donkey anti-rabbit 1:1600 711-165-152; Dianova

Cy5, donkey anti-guinea-pig 1:100 706-175-148; Dianova

Cy5, donkey anti-rabbit 1:100 711-175-152; Dianova

Anti-mouse Ig, biotinylates 1:400 RPN 1001; Amersham

StreptABComplex/HRP 1:1000 K 0377; DAKO

Fab goat anti-rabbit IgG, GP-US 1:20 100.255; Biotrend
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2.2
Immunocytochemistry

Ileal specimens from juvenile pigs (see above) were bubbled with carbogen in
the above culture medium without colchicine for 2 h (38.5 °C). The fixation was
carried out in a PBS solution containing 0.05% glutaraldehyde in addition to 4%
paraformaldehyde. Samples were washed in 50% ethanol (four times for 10 min).
After washing four times for 10 min with PBS, specimens were incubated in 1%
sodiumborohydride in PBS for 1 h. Segments were then washed in PBS and stored
overnight in PBS containing 0.05 % thimerosal (4 °C).

Longitudinal muscle/myenteric plexus whole-mounts were prepared; they were
incubated in 40% methanol/0.15% H2O2 in distilled water (for blocking the en-
dogenous peroxidase). Preincubation was carried out in TBS containing 1% BSA,
0.05% thimerosal and 5% normal donkey serum for 90 min at room temperature.
Thereafter, specimens were incubated with primary antibodies against neurofila-
ment(s) (NF; 1:100) and SOM (1:100; Table 2) in TBS containing 1% BSA, 0.05%
thimerosal and 0.05% Triton-X 100 for 72 h (4 °C). Specimens were washed for
1 day in TBS (4 °C) and then incubated with biotinylated sheep anti-mouse IgG
(1:400; Amersham) dissolved in the same solution as for primary antibodies for
4 h at room temperature. After washing for 1 day, they were incubated for 3 h at
room temperature in avidin-biotin horseradish-peroxidase (1:1,000; Dako). Fol-
lowing a rinse in PBS, the diaminobenzidine (DAB) reaction was carried out. The
specimens were washed in PBS, viewed under a stereomicroscope for morpho-
logical type V neurons, both for single cells and aggregates. These were trimmed
into pieces of about 3×3 mm which were preincubated in TBS containing 1% BSA,
0.05% thimerosal, 1% gelatine and 10% normal goat serum, and then incubated
in the same solution with added 1:20 gold-labelled (1 nm) goat anti-rabbit IgG
(Biotrend) for 3 days at 4 °C. After washing in TBS (containing 1% BSA and 1%
gelatine), they were postfixed in 2.5% glutaraldehyde, washed in PBS and treated
in 1% OsO4 for 1 h. Pieces were rinsed in distilled water and silver enhancement
was carried out (Aurion). After washing in PBS, pieces were dehydrated through
graded ethanol solutions and acetone and flatly embedded in epon (this method
is an adaptation of that of Li and Furness 2000). Finally, sections were cut, stained
with lead citrate for 15 min, and viewed under an EM 906 (Zeiss).

2.3
Double Labelling Post-Mortem Tracing
(Brehmer et al. 1997, 1999a and unpublished results)

Segments of pig small intestine were fixed under distension in 4% paraformalde-
hyde in PBS at room temperature for at least 2 h. Thereafter, pieces of the gut
wall (about 2×2-cm areas from the region between the mesenteric and antime-
senteric part of the circumference) were cut and the fluorescent tracers DiI and
DiO (Molecular Probes, Eugene, OR, USA) were applied into two different mu-
cosal villi using micromanipulator guided glass pipettes. The distance between the
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two application points was less than 1 mm (Fig. 8). After incubation (5–6 months
at 37 °C within the fixative), longitudinal muscle/myenteric plexus wholemounts
were prepared. Thereafter, specimens were incubated in the above-mentioned fix-
ative for 6–10 months at 37 °C (Baker and Reese 1993; Honig 1993). For evaluation
of the specimens, submucosal as well as longitudinal muscle/myenteric plexus
whole-mounts were prepared and viewed.

2.4
Image Acquisition of Immunofluorescent Specimens, Morphometry
(Brehmer et al. 2004a, 2004b, 2004c, 2005, 2006)

Using confocal laser scanning microscopy (Bio-Rad MRC 1000 attached to a Nikon
diaphot 300, equipped with a krypton-argon laser, American Laser Corporation,
Salt Lake City, UT, USA), extended focus images or single optical section images
on the same focus plane were created in the ganglia by applying three different
excitation wavelengths. The filter settings were 568 nm excitation/filter 605 DF322
(for Cy3, Alexa 555), 488 nm/522 DF32 (Cy2, Alexa 488) and 647 nm/680 DF322
(Cy5). Whether a 20× dry (numerical aperture 0.75) or a 40× oil immersion
objective lens (numerical aperture 1.3) was used, the zoom factor was set between
1.0 and 2.0.

For investigation of lipofuscin autofluorescence only double labelling was car-
ried out. One of the three excitation wavelengths (568 nm; Cy3) remained unoccu-
pied by the corresponding secondary antibody, thus enabling observation of the
uncontaminated lipofuscin autofluorescence.

Portraits of ganglia or neurons were prepared using Confocal Assistant 4.02,
Adobe Photoshop CS 8.0.1 and CorelDraw 11. For counting reactive neurons in
immunohistochemical studies, a transparent plastic sheet was placed over the
computer screen and the three corresponding pictures were opened sequentially.
Stained neurons were outlined with three differently coloured marker pens. There-
after, all neurons on the sheet marked by one, two or three colours were counted.

For recording measurements of somata and dendritic fields, a digital camera
system (Spot-RT-realtime, Visitron Systems, Munich, Germany) attached to a Leica
Aristoplan microscope and SPOT advanced software (Version 3.5.6 for Windows,
Diagnostic Instruments, USA) were used.

2.5
Three-Dimensional Reconstructions

A 40× oil immersion objective lens (numerical aperture 1.3) was used to collect the
initial data sets of selected neurons, which were scanned at a resolution of 512×768
voxels using 0.6-µm intervals along the optical axis (z-series). Zoom factors varied
between 1.5 and 2. Each imaged stack was resized to a power of 2, here 512×512 vox-
els (ImageJ 1.33), and deconvolved separately after axial intensity drop correction
(z-drop) using the standard, non-blind deconvoluted from the amiraDeconv pack-
age (TGS, Inc.). Generally, the optical point spread function smears the image along
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the optical axis about three times that in the x- and y-direction as shown by Turner
et al. (1997, 2000). Since deconvolution compensates for the microscope’s point
spread function, a substantial spread effect is still noticeable. A compression pro-
cedure of 3 to 1 in the z-direction almost eliminates the residual spread effect along
the optical axis. We performed this z-compression decreasing the voxel-depth by
a factor of 3 once we applied an auto-adjustment for brightness and contrast to the
whole volume followed by a conversion of the image stack into single images (Im-
ageJ 1.33). The received single optical sections were loaded into Reconstruct 1.0.5.0
(Fiala 2005) and further processedwith quantitative analyses regarding surface and
volume parameters. Therefore, a semi-automated user-guided segmentation trac-
ing the outline of the cell using Reconstruct’s Wildfire region growing tool was
carried out, saving the traces within the original data. Finally, the whole image
stack was loaded into 3D Slicer software (Pieper et al. 2004) where an automated
segmentation orientated on the previous traces was performed. Three dimensional
surface models were generated using the ModelMaker module within Slicer and
exported as high resolution TIF-files.

3
Chemical Coding of Stach’s Neuron Types in the Pig

3.1
Preliminary Note: Cholinergic and Nitrergic Neurons

It has been shown previously that the commonly used antibodies against choline
acetyl transferase (ChAT), which gave efficient results in labelling central cholin-
ergic neurons, resulted in rather weak staining in the ENS of various species
(Furness et al. 1983a; Schemann et al. 1993; Porter et al. 1996; Sang and Young
1998; Hens et al. 2000). Recently, a novel antibody against a peripheral form of
ChAT has been characterized, the peripheral ChAT (pChAT; Tooyama and Kimura
2000) in contrast to the common ChAT (cChAT). The forms of ChAT differ in
their mRNA; however, the pChAT protein displays regions which are suspected
to be essential for its catalytic function. It has been demonstrated that the newly
raised antibody against pChAT did not stain brain regions of known cholinergic
nature but revealed a number of peripheral, including enteric, neurons (Tooyama
and Kimura 2000; Nakajima et al. 2000). In the guinea pig ENS, Chiocchetti et al.
(2003) found that one or the other form of ChAT is preferentially expressed in
cholinergic neurons, i.e. submucosal CAR-reactive neurons are cChAT- but not
pChAT-reactive whereas submucosal primary afferent neurons displayed strong
pChAT but only weak or even absent cChAT reactivity. Our own results suggest that
neither cChAT- nor pChAT-antibodies alone are sufficient for staining the whole
cholinergic population in the pig (Sects. 3.2, 3.4, 3.7) and, that there are at least
two morphologically defined populations (type III and VI neurons; Sects. 3.4, 3.7)
displaying immunoreactivity for both one form of ChAT and neuronal nitric oxide
synthase (nNOS).
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There are also different splice variants of nNOS (Saur et al. 2000); however, we
have not yet been able to differentiate them immunohistochemically.

3.2
Type I Neurons

Stach (1980, 1989) described these neurons as multidendritic and uniaxonal. The
majorityof theaxonsof theseneurons ranorally in theplaneof themyentericplexus
as long as they could be followed, for up to 5 cm. The dendrites were mostly short,
their endings frequently lamellar. This latter term, used only once by Dogiel in his
last paper (1899), has been more strongly emphasized by Lawrentjew (1929), based
on observations in the dog. With this morphological definition (short, lamellar
dendritic/orally running axons), the population of Stach’s type I neurons (in the
pig) has quantitatively been narrowed down in contrast to Dogiel’s type I neurons.
This is an important distinction because we, in the following, meant Stach’s type
I neurons when dealing with the term type I (in the pig) whereas other authors
have used this term for Dogiel’s type I neurons (in various species). In the pig,
a number of short dendritic, uniaxonal neurons were—by Stach and colleagues—
not included in type I because of different dendritic shapes and axonal course (i.e.
type IV neurons, Sect. 3.5).

In the small intestine of the pig, Stach type I neurons occur solely in the
myenteric, but not in the submucosal plexus. In two different studies, using
combined nicotinamide adenine dinucleotide phosphate diaphorase(NADPHd)
reaction and silver impregnation (Brehmer and Stach 1997) as well as immuno-
histochemistry (Brehmer et al. 2004c), we found that Stach type I neurons were
non-nitrergic (Figs. 8A, Fig. 6B). In the latter study, we demonstrated that these
neurons may be cholinergic. In the pig ileal myenteric plexus, 52.5% of Stach type
I neurons investigated displayed co-immunoreactivity for both forms of ChAT,
43.3% were positive only for pChAT whereas 4.2% were positive only for cChAT
(Fig. 4B). We found no type I neurons simultaneously negative for both forms
of ChAT. Further substances that could be demonstrated to be present in sub-

�
Fig. 4 A–C Type I neurons in the pig small intestine. A A myenteric ganglion of pig duode-
num stained for neurofilaments (NF), common choline acetyl transferase (cChAT; A’) and
neuronal nitric oxide synthase (nNOS; A”). The type I neuron with short, partly lamellar
dendrites (I; arrow depicts axon) is positive for cChAT (A’) but negative for nNOS (A”).
In contrast, the type III neuron with long, slender dendrites (III; arrow indicates axon) is
negative for cChAT (A’) but positive for nNOS (A”). Note the different directions of axonal
projection of the two marked neurons. B A myenteric type I neuron of pig ileum with short,
partly lamellar dendrites (I; arrow indicates axon) is positive for both peripheral choline
acetyl transferase (pChAT; B’) and cChAT (B”). A pseudouniaxonal type II neuron (II) is
also positive for both enzymes. C A myenteric type I neuron of pig ileum (I; arrow indicates
axon) is positive for calcitonin gene-related peptide (CGRP; C’) and cChAT (C”). Arrowed
scale bars (50 µm) point orally in A, B and C
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populations of Stach type I neurons are enkephalin (ENK, 78%), substance P (SP,
24%) and calcitonin gene-related peptide (CGRP, 21%; Fig. 4C; all unpublished
results).

In two different approaches, we attempted to estimate the proportions of mor-
phological neuron types in relation to the putative whole myenteric population.
In a silver impregnation study (Brehmer and Stach 1998) we counted the neurons
and the numbers of stained nucleoli of all (also those of unstained) neurons. In
a later study (Brehmer et al. 2002a), we combined immunohistochemistry for NF
with the histochemical cuprolinic blue (CuB) technique which is a presently ac-
cepted pan-neuronal marker (Phillips et al. 2004). The proportion of ileal Stach
type I neurons ranged between 1.7% (Brehmer et al. 2002a) and 3.6% (Brehmer
and Stach 1998). Although they are present also in other gastrointestinal regions,
e.g. in the large intestine, this has not been thoroughly investigated.

ENK- and/or SP-positive type I neurons may be ascending inter- or (excitatory)
motor neurons. Interestingly, Hens et al. (2002) found that ENK/SP co-reactive
neurons project orally to the longitudinal musculature whereas ENK-positive (SP-
negative) neurons project anally and SP-positive (ENK-negative) neurons have
no polarized projection patterns. Cholinergic, SP-reactive neurons in the pig are
regarded as excitatory circular muscle motor neurons (Timmermans et al. 2001;
Brown and Timmermans 2004).

3.3
Type II Neurons

In contrast to Dogiel (1899), Stach (1981, 1989) did not differentiate the processes
of type II neurons into one axon and several dendrites. In the small intestinal
myenteric plexus of the pig, these neurons were defined as non-dendritic and
multiaxonal neurons. They have smoothly contoured cell bodies and are located
frequently at the borders of ganglia or, singly or in clusters, outside the main gan-
glia. All processes of type II neurons, including their branches, leave the ganglion
of origin and display a uniform calibre as long as they can be traced (Fig. 4A). Con-
sequently, based on their histological appearance and course beyond ganglionic
boundaries, they were all regarded as axons (Stach 1981). This morphological view

�
Fig. 5 A–C Myenteric, non-dendritic type II neurons in the pig small intestine. A Three
type II neurons (II) stained for neurofilaments (NF). All processes are axons. The two
lower neurons are positive for calcitonin gene-related peptide (CGRP), the upper neuron is
negative for CGRP (empty II; A’) whereas all three cells are positive for the common choline
acetyl transferase (cChAT; A”). B Two type II neurons (II) triple-stained for NF (B), CGRP
(B’) and cChAT (B”). Note that one axon of the lower type II neuron (marked by two axons)
enters the disrupted interconnecting strand (arrowhead). C Of the four NF-reactive type II
neurons in A, two are positive (II) and two are negative (empty II) for the peripheral choline
acetyl transferase (pChAT; C’) whereas all neurons are positive for cChAT (C”; II). Arrowed
scale bars (50 µm) point orally in A, B and C
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has later been confirmed by electrophysiological experiments in type II neurons
of the guinea pig (Hendriks et al. 1990; Furness et al. 2004a).

Principally, most of the axons of type II neurons run in two ways. Either, circum-
ferentially in secondary strands of the myenteric plexus or, vertically in intercon-
necting strands which are directed to the submucosa and are disrupted in routine
wholemounts which contain only the longitudinal musculature and the adhering
myenteric plexus (Fig. 5B). In special whole-mounts, which additionally contained
the circular muscle and the outermost part of the submucosa, we showed that these
strands cross the circular muscle layer and join the external submucous plexus
(Stach 1983; Brehmer et al. 1998). Thus, they are not a main source for nerve fibres
to the circular muscle plexus. In a post-mortem tracing study, we applied DiI crys-
tals into single villi of the pig small intestinal mucosa (Brehmer et al. 1999a). After
incubation of several months, we found that within all three ganglionated plexuses,
non-dendritic, multiaxonal type II neurons were labelled. In the myenteric plexus,
one of their axons could frequently be followed from a disrupted interconnecting
strand to the perikaryon whereas other axons of the same cell body entered a sec-
ondary strand and took a course parallel to the circular muscle bundles. Thus, type
II neurons of all three plexuses project with one of their axons into mucosal villi.

The unique shape of type II neurons, i.e. the large, smooth cell bodies and the
multiple long processes, together with their frequent extraganglionic myenteric
position enabled Scheuermann et al. (1987) to identify type II neurons of the pig
in a single staining immunohistochemical study for CGRP. Since that time, this
peptide has been considered as marker peptide for pig type II neurons. This chem-
ical coding has been completed by the demonstration of cChAT (Hens et al. 2000)
and pChAT (Brehmer et al. 2004c) in type II neurons (Fig. 5A,B). The former was
a combined tracing and immunohistochemical study corroborating the projection
pattern (into mucosal villi) of type II neurons by their chemical identification, the
latter showed that 94.2% of myenteric type II neurons contain both cChAT and
pChAT whereas 5.8% contain only cChAT (Fig. 5C). However, it has been shown
that at least two other neuron types in the pig displayed ChAT and CGRP reactivity
(type I and V; Figs. 4C, Fig. 9C). Thus, this is not a specific chemical code of type II
neurons. On the other hand, not all type II neurons are reactive for CGRP (Fig. 5A).
Besides CGRP, some myenteric type II neurons also contain vasoactive intestinal
peptide (VIP), some submucosal type II neurons were also shown to contain VIP,
SP, galanin (GAL) or neuromedin U (NMU; Timmermans et al. 1989; Scheuermann
et al. 1991). In contrast to some other morphological types which were hard to visu-
alize by methods other than silver impregnation and NF-immunohistochemistry,
type II neurons could also be represented by shape using various immunohisto-
chemical markers including neuron-specific enolase and intermediate filaments
(Scheuermann et al. 1989; Krammer and Kühnel 1992; Krammer et al. 1993b) as
well as by the nicotinamide dinucleotide technique (Scheuermann and Stach 1983).

The proportion of type II neurons in relation to the whole ileal myenteric neuron
number ranged between 6.5% (silver impregnation; Brehmer and Stach 1998) and
7.9% (NF-immunohistochemistry/CuB; Brehmer et al. 2002a).
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Although there are interspecies differences concerning the chemical coding
and electrophysiological properties between guinea pig, pig and other species
(Cornelissen et al. 2000, 2001; Furness et al. 2004a, 2004b; Nurgali et al. 2004),
type II neurons in the pig are regarded as IPANs (Timmermans et al. 2001; Brown
and Timmermans 2004). These assumptions are based mainly on the morphology
and projections of the neurons (Brehmer et al. 2004b).

3.4
Type III Neurons

Similar to type I neurons, these nerve cells are also multidendritic and uniaxonal
(Stach 1982a). They have long, slender and branched dendrites. In the pig duode-
num and jejunum, these neurons are very conspicuous in the myenteric and the
external submucous plexus. In jejunal myenteric ganglia, the proportion of type III
neurons ranged between 5.3% and 7% whereas in ileal ganglia no more than 0.5%
could be found (Brehmer and Stach 1998). In myenteric ganglia, they are located
in clusters within their central and anal parts. In the external submucosal ganglia,
type III neuron cell clusters are typically located oppositely to groups of type II
neurons (Stach 1977b). The majority of the axons of myenteric type III neurons ran
anally within the myenteric plexus whereas those of the external submucosal type
III neurons rather entered interconnecting strands to the myenteric plexus (Stach
1983; Brehmer et al. 1998). In contrast to the oral parts of the small intestine, the
terminal ileum is almost devoid of typical type III neurons. Since our later NF-
immunohistochemical studies in the pig were carried out mainly in the ileum, we
did not refer to type III neurons here (Brehmer et al. 2002a, 2004c). In combined
NADPHd-/silver impregnation studies (Brehmer and Stach 1997; Brehmer et al.
1998) we found that most but not all neurons displaying type III-like morphology
were nitrergic (Brehmer and Stach 1997; Fig. 4A,B). This has been confirmed by
unpublished results using triple immunohistochemistry. Furthermore, these ex-
periments have shown that type III neurons are negative for cChAT but positive
for pChAT (Figs. 6A–C, 4A, 14B). In this respect, they display similar chemical
characteristics to type VI neurons (Sect. 3.7). However, both morphologically and

�
Fig. 6 A–C Myenteric type III neurons in the pig duodenum. A A neurofilament (NF)-
reactive type III neuron with long, tapering dendrites (III; arrow indicates axon) is positive
for neuronal nitric oxide synthase (nNOS; A’) but negative for the common choline acetyl
transferase (cChAT; A”; empty III). In contrast, a non-dendritic type II neuron (II in A) is
negative for nNOS (A’) but positive for cChAT (A”). B A type III neuron (III; the axon firstly
runs to the left and turns into the anal direction; indicated by two arrows) is positive for
nNOS (B’) and negative for cChAT (B”; empty III). In contrast, a type I neuron (I; arrow
indicates axon) is negative for nNOS (B’; empty I) but positive for cChAT (B”; I). C A type III
neuron (III; arrow indicates axon) is negative for cChAT (C’; empty III) but positive for the
peripheral choline acetyl transferase (pChAT; C’). Arrowed scale bars (50 µm) point orally
in A, B and C
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chemically, the population of type III neurons as presently defined, seems to be het-
erogeneous. Immunohistochemically, both serotonin (Scheuermann et al. 1991)
and nNOS, but no co-localization of the substances could be demonstrated in type
III-like neurons (Timmermans et al. 1994).

Besides type III neurons projecting longitudinally (mostly anally) within the
myenteric plexus, Timmermans et al. (1993) demonstrated intestinofugal neurons
with type III morphology projecting to prevertebral ganglia. These were partly
immunoreactive for serotonin.

Among neurons with type III morphology, there may be both descending inter-
and motor neurons (Brown and Timmermans 2004). As mentioned above, further
combined morpho-chemical studies are needed to decipher subpopulations of
neurons which are presently classified as type III.

3.5
Type IV Neurons

These neurons were defined as multidendritic, uniaxonal neurons (as are type I
and III neurons), displaying mainly short dendrites (as type I neurons; for quan-
titative explanation of the term ‘short’ see Sect. 3.6) with tip endings (as type III
neurons) and axons running into disrupted interconnecting strands (Fig. 5A,B)
indicating a vertical projection pattern (which is different from other myenteric,
dendritic neuron types hitherto described; Stach 1982b, 1989). Furthermore, the
dendritic origins were not evenly distributed around the circumference of the so-
mata (Fig. 7A–C). This feature has been termed a ‘polar’ dendritic emergence, in
contrast to the circumferential or ‘radial’ emergencepatternof thedendritesof type
Ior III neurons.Thepositionof thenucleuswithin the somaof type IVneuronswas,
in contrast to that of type I and III neurons, typically eccentric. Already in the1930s,
it was observed that the position of enteric neuronal nuclei are frequently eccentric
and it has been supposed that this is a non-pathological feature (Ito 1936; Ito and
Nagahiro 1937). Stach (1982b) described this feature as typical for special neuron
types (see also type V neurons: Sect. 3.6). The frequency of type IV neurons in the
upper small intestine is between1.9%and2.2%, in the ileum3.2%(silver impregna-

�
Fig. 7 A–C Myenteric type IV neurons in the pig ileum. A A type IV neuron with few short,
not branched, tapering dendrites (IV). The axon (arrow) enters a disrupted interconnecting
strand (arrowhead). The neuron is co-immunoreactive for both somatostatin (SOM; A’) and
the common choline acetyl transferase (cChAT; A”). B A type IV neuron is co-reactive for
both SOM (B’) and cChAT (B”; weak reactivity, only detectable in the part of the soma
from which the axon emerges). In B, the axon (indicated by two arrows) runs for several
hundred micrometres before entering a disrupted interconnecting strand (arrowhead). C
A type IV neuron (arrow indicates axon) is positive for SOM (C’) but negative for calcitonin
gene-related peptide (CGRP; C”; empty IV). In contrast, two type II neurons are negative
for SOM (C’; empty II) but positive for calcitonin gene-related peptide (CGRP; C”). Scale
bars indicate 50 µm, the arrowed bar in A is oriented orally
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Fig.8 A–C Application of a DiI crystal (A) and situation after the application of both DiI (red)
and DiO (yellow; both indicated by two arrows in A’) into different villi (distance between
two bars = 1 mm; light microscopic illumination). An area of the myenteric plexus excited
for DiI (B) and DiO (B’) as viewed under conventional fluorescence microscopy. Neurons
marked with filled asterisks are specifically labelled but can be detected using the other
excitation wavelength as well (empty asterisks). Using confocal microscopy, these neurons
could be demonstrated by one excitation wavelength only, these were only singly labelled.
The neuron within the box (arrow indicates axon) in B and B’ displayed specific fluorescence
in both excitation wave lengths. This neuron is represented with a merged colour (yellow
in C; arrow indicates axon). Morphologically, this is a type IV neuron (arrowhead in B
indicates disrupted interconnecting strand). Scale bar in B is 50 µm, scale bar in C is 100 µm
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tion;BrehmerandStach1998).Thevalues for the ileum,applyingNF immunohisto-
chemistry combinedwithCuB,werebetween1.9%and2.4%(Brehmer et al. 2002a).

In the special whole-mounts mentioned above, axons of type IV neurons ran
together with those of type II neurons through interconnecting strands. In a post-
mortem DiI tracing study, we showed that both myenteric type II and type IV
neurons project into mucosal villi (Brehmer et al. 1999a). By applying two differ-
ently fluorescent tracers (DiI and DiO) into two adjacent villi of fixed intestinal
segments, some myenteric type IV neurons were found to be labelled by both
tracers (Fig. 9; Brehmer 2000). Thus, it seems likely, that axons of type IV neurons
divide and supply more than one mucosal villus. This may be indicative of a struc-
turally coded basis for the coordinated control of adjacent mucosal areas. Similar
observations made by using different methodical approaches have been made in
the guinea pig (Furness et al. 1985; Song et al. 1992).

As to their chemical coding, Hens et al. (2000), by applying supravital trac-
ing with subsequent immunohistochemistry, demonstrated that myenteric neu-
rons resembling type IV neurons showed immunoreactivity for SOM and cChAT
(Fig. 7A,B). They are, in contrast to type II and V neurons, negative for CGRP
(Fig. 7C). Additionally, we found that type IV neurons express, almost without ex-
ception, co-reactivity for both pChAT and cChAT (Brehmer et al. 2004c). Besides
that, they are non-nitrergic (Brehmer and Stach 1997; Brehmer et al. 2004c).

In addition to pig type II neurons, type IV neurons are the only known popu-
lation projecting from the myenteric plexus to the mucosa (Brehmer et al. 1999a;
Hens et al. 2000). In contrast to putative intrinsic primary afferent type II neurons,
cholinergic, SOM-reactive type IV neurons may have a secretomotor function
(Timmermans et al. 2001; Brown and Timmermans 2004). This is the case for type
IV neurons in the guinea pig small intestine (Furness et al. 2003).

3.6
Type V Neurons

This very peculiar neuron population exists in two forms, as single type V neurons
andasaggregate typeVneurons (Stach1985, 1989). Similar to type I, III and IVneu-

�
Fig. 9 A–C Myenteric type V neurons in the pig ileum. A The marking (V) indicates one of
two neurons of a type V aggregate, the other neuron is less well stained with neurofilaments
(NF) and is situated above and to the right of the marked type V neuron (arrow indicates
axon). The marked neuron has two long and branched dendrites surrounding another
neuron and is immunonegative for neuronal nitric oxide synthase (nNOS; A’; empty V) but
positive for common choline acetyl transferase (cChAT; A”). B A type V aggregate consisting
of nine neurons (the upper and most lower neuron is marked with V; two of the axons are
marked with arrows). All neurons are positive for both the peripheral and the common
choline acetyl transferase (pChAT, cChAT; B’, B”). C A single type V neuron with three long,
branched dendrites (V; arrow indicates axon) is co-immunoreactive for both calcitonin
gene-related peptide (CGRP;C’) and somatostatin (SOM; C”). Arrowed scale bars (50 µm)
point orally in A, B and C
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Fig. 10 Chemical coding of boutons apposing the dendritic tangle of a type V neuron
aggregate. All four images are single optical sections through the aggregate. The boutons
are co-immunoreactive for both calcitonin gene-related peptide (CGRP; red in A) and
somatostatin (SOM; blue in A’). Since the material was not treated with colchicine prior to
fixation, the reactivity for CGRP and SOM within the somata is weak or even absent. In A”,
the neurofilament (NF)-stained neurons and their dendritic tangle are seen. In the merged
picture (A”’), the close topographical correlation between the numerous boutons (mixed
colour: purple) and the dendritic tangle is obvious. Arrowed scale bar (50 µm) points orally

rons, they have been defined as multidendritic and uniaxonal. However, frequently
the ‘multi’dendritic appearance is reduced to very few, sometimes only one, albeit
very long and extensively branched dendrite(s) (Fig. 14A,C). The axonal projection
pattern of type V neurons is mainly directed anally. They display, similar to type
IV neurons, a polar arrangement of their dendrites and an eccentric nucleus. Their

�
Fig. 11 A,B A type V neuron aggregate consisting of five neurons, stained for neurofilaments
(NF) and visualized by DAB reaction, has been trimmed under the light microscope (5× V
in A; a type II neuron is additionally marked) and subsequently viewed under the electron
microscope (5× V in B; the type II neuron is additionally marked). The box indicates the
area which is magnified in Fig. 12A. Scale bar in A is 50 µm, scale bar in B is 10 µm
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preferred location along the pig small intestine is the ileum. Here, their proportion
has been estimated to be 2.3% (silver impregnation; Brehmer and Stach 1989) and
1.1% (NF-immunohistochemistry/CuB; Brehmer et al. 2002a). In contrast, in the
jejunum their frequency was between 0.4% and 0.7% (Brehmer and Stach 1998).

A very conspicuous morphological feature of ileal myenteric ganglia are the type
V neuron aggregates (Figs. 9B, 10, 11). These are accumulations of 2–12 (seldom
even more) type V neurons. Their dendrites extend mostly towards the centre
of the aggregates where they form tangles, whereas the somata, typically with
peripherally displaced nuclei, are located circumferentially around the tangles.
Among their other morphological characteristics, single type V neurons have
some similarities to both type IV and type II neurons.

In a morphometric study, we attempted to provide objective information on the
differences in dendritic architecture between type IV and single type V neurons
(Brehmer and Beleites 1996). Ileal myenteric neurons displaying a polar emergence
pattern of dendrites and an eccentric position of the nucleus, were divided into two
groups based on their axonal course (type IV into interconnecting strands leaving
themyentericplexus, typeVanallywithin themyentericplexus).Usingacomputer-
aided morphometric program, we estimated somal areas and diameters as well as
the followingdendriticparameters: numbersofprimarydendrites, singledendritic
lengths,numbersofdendriticbranchingpoints andnumbersof terminal segments.
We found that the longest dendrite of a type V neuron (the ‘prominent’ dendrite)
including all of its branches, is many times longer than the corresponding somal
diameter whereas, in type IV neurons, the longest dendrite is at most twice the
somal diameter. In the pig, single type V neurons may have two or three prominent
dendrites. Furthermore, we observed that, according to the single dendritic lengths
which we arranged in histograms, dendrites of type V neurons displayed two
frequency peaks. We assumed that type V neurons may have two populations of
dendrites, a feature probably important for their functional role.

Due to their few but long processes and their smoothly contoured somal
outlines, type V and type II neurons display some similarities in shape. This simi-
larity in shape is historically illustrated in both human, by Cavazzana and Borsetto
(1948: Fig. 21), and pig, by Gunn (1968: Fig. 15), who depicted type V neurons but
misidentified them as type II neurons. The morphological decision of whether

�
Fig. 12 A–C Synapses on type V neurons. A This is the magnified view of the box in Fig. 11B.
There is a dendrite of a type V neuron which is synaptically contacted by several boutons
(zone between the two arrows). B A bouton immunoreactive for somatostatin (SOM) vi-
sualized by colloidal gold is in synaptic contact with a type V neuronal soma (identified
by double staining for neurofilaments (NF)/diamino benzidine (DAB) reaction). The post-
synaptic membrane is thicker than the presynaptic one (zone between the two arrows).
C A bouton immunoreactive for SOM visualized by colloidal gold is in synaptic contact with
a type V dendrite (identified by double staining for NF/DAB). The postsynaptic membrane
is thicker than the presynaptic one (zone between the two arrows). Scale bar in A is 2 µm,
scale bars in B, C are 1 µm
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a process is an axon or a dendrite is thus crucial for the differentiation of type II
and type V neurons.

The significance of detailed morpho-chemical analyses has been emphasized
by two multilabel immunohistochemical studies. Previously, all CGRP-immuno-
reactive neurons in the pig were considered to represent non-dendritic type II
neurons due to their smoothly contoured cell bodies (Scheuermann et al. 1987;
Hens et al. 2000). Using combined CGRP/NF/cChAT immunohistochemistry,
we found that CGRP/NF/cChAT-co-reactive neurons with smoothly contoured
outlines and few, long processes could morphologically be subdivided into type II
(non-dendritic, multiaxonal neurons projecting circumferentially and vertically)
and type V neurons (dendritic, uniaxonal neurons projecting anally; Figs. 9, 5, 7).
From this virtual discrepancy, i.e. morphological diversity versus chemical
similarity, we postulated the need for a more precise chemical analysis of these
two neuron types (Brehmer et al. 2002a). This subsequent immunohistochemical
analysis demonstrated that CGRP is co-localized with SOM exclusively in myen-
teric type V but not in type II neurons in pig ileum. Additionally, both methionine-
and leucineENK (metENK, leuENK) as well as both cChAT and pChAT but not
nNOS have been found in type V neurons (Fig. 9A,B; Brehmer et al. 2002b, 2004c).

We found numerous close appositions of boutons on perikarya and dendrites
of both single (Brehmer et al. 2002b) and aggregate type V neurons (Fig. 7).
These boutons displayed immunoreactivities for the same marker combinations
as did the somata (here we demonstrated CGRP/SOM). Consequently, we tried to
identify synapses and the chemical coding of their presynaptic terminals on type
V neurons. As a first step, NF/DAB-stained wholemounts were prepared. There-
after, type V aggregates or single neurons, respectively, were located, trimmed,
photographed and embedded for electron microscopy. Numerous synapses dis-
playing membrane specializations were seen within the dendritic tangles of type
V neuron aggregates (Figs. 10, 11A). Presynaptic clear and dense core vesicles
were seen in the presynaptic boutons. In most cases, the postsynaptic membrane
was thicker (Fig. 12B,C) whereas, in some cases, no difference in thickness be-
tween pre- and postsynaptic membranes could be observed. As a second step, we
tried to identify the chemical nature of the presynaptic boutons. Wholemounts
were double-stained for NF/DAB and SOM or CGRP, respectively, with colloidal
gold as second antibody. Gold-labelled, presynaptic boutons containing SOM and
apposing NF/DAB-positive type V neuronal perikarya and dendrites could be
demonstrated (Fig. 12B,C). Likewise, CGRP-immunopositive presynaptic boutons
were found. Thus, type V neurons are contacted synaptically by boutons displaying
the same chemical code as the neurons themselves.

From the above, it is concluded that type V neurons may act as descending,
cholinergic interneurons. We have argued that they may be equivalent to the
ChAT/SOM descending interneurons of the guinea pig (Brehmer et al. 2004b).
However, the possibility that submucosal non-type V or prevertebral neurons
displaying the same chemical code as myenteric type V neurons (CGRP/SOM)
may synaptically contact myenteric type V neurons cannot be excluded at present.
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3.7
Type VI Neurons

The morphological hallmark of this neurons is, in addition to the somal dendrites,
the so-called axonal dendrites which arise from the prominent axon hillock and
the proximal axonal segment of these neurons (Stach 1989). Thus, they are multi-
dendritic and uniaxonal neurons. Most of the axons of myenteric type VI neurons
project anally in the plane of the myenteric plexus (Fig. 12). These neurons are also
present in the external submucous plexus from where the axons enter interconnect-
ing strands towards the myenteric plexus, but their further course is not known.
The dendrites are of medium length, partly branched with tip endings. These neu-
rons are mainly present in the ileum, their proportion in this segment is between
1.3% (Brehmer et al. 2002a) and 2% (Brehmer and Stach 1998). In the jejunum,
their frequency is lower (between 0.4% and 0.7%; Brehmer and Stach 1998).

Type VI neurons are a nitrergic population as has been demonstrated with
both NADPHd reactivity combined with silver impregnation and immunohisto-
chemistry (Brehmer and Stach 1997; Brehmer et al. 1998, 2004c). Interestingly,
they were immunonegative for cChAT but 95% of them were positive for pChAT
(Brehmer et al. 2004c; Fig. 13A,B). Furthermore, about 90% of nNOS-reactive type
VI neurons are positive for VIP and about 70% of VIP-positive type VI neurons
were co-reactive for GAL (Fig. 13C; unpublished results).

Applying two surgical techniques leading to hypertrophy of the external muscle
coat, we investigated morphometrically somal sizes of neuron types I, II, IV, V
and VI (Brehmer et al. 2000). The only population displaying marked somal en-
largement which could be related to zones of muscular hypertrophy unequivocally
was the type VI neurons. In a subsequent study (Brehmer et al. 2001) we com-
pared dendritic parameters of type VI neurons (projecting mainly anally) with
those of type IV neurons (projecting vertically to the mucosa; Sect. 3.5) within
mechanically stressed ileum of pigs. In contrast to type IV neurons which were
unchanged throughout, type VI neurons displayed increased dendritic parame-
ters correlated with sites of muscular hypertrophy and type VI somal hypertrophy.
These parameters included total dendritic lengths, numbers of dendrites, num-
bers of branching points and numbers of dendritic endings. In conclusion, as
these neurons were located in hypertrophied ileal segments and projected mostly

�
Fig. 13 A–C Myenteric type VI neurons in pig ileum. A A type VI neuron with characteristic
axonal dendrites (emerging between the soma marked with VI and the axon marked with
arrow) is co-reactive for both peripheral choline acetyl transferase (pChAT; A’) and neuronal
nitric oxide synthase (nNOS; A”). In contrast, a type I neuron (I) is positive for pChAT (A’)
but negative for nNOS (A”; empty I). B A type VI neuron (VI; arrow indicates axon) is
reactive for pChAT (B’) but non-reactive for the common choline acetyl transferase (cChAT;
B”; empty VI). C A type VI neuron (arrow indicates axon) is co-reactive for both vasoactive
intestinal peptide (VIP; C’) and galanin (GAL; C”). Arrowed scale bars (50 µm) point orally
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anally onto the region of mechanical or functional stenosis, respectively, it may
be suggested that these neurons have received signals from the changed segment
which led them to enhanced activity, maybe as inhibitory muscle motor neurons or
descending interneurons. This enhanced activity may have caused their somal and
dendritic hypertrophy reflecting structural plasticity. However, it was important
for us to note that the type-specific features (most importantly the axonal den-
drites) were preserved; thus, hypertrophied type VI neurons could unequivocally
be distinguished from other neuron types.

Pig type VI neurons, reactive for both nNOS and a cholinergic marker (pChAT),
chemically resemble subpopulations of both human and guinea pig (each display-
ing reactivity for cChAT and nNOS), presumed descending interneurons (Furness
et al. 2000a; Porter et al. 2002). Thus, type VI may be a population of descending
interneurons in the pig.

3.8
Type VII Neurons

These dendritic, uniaxonal neurons have been originally described in material
from human, pig and dog (Stach et al. 2000). Type VII neurons are a very peculiar
population, i.e. they are restricted to the duodenum and proximal jejunum and
represent a very small population (about 0.4% in NF/CuB double-stained whole-
mounts; unpublished results). The somata of these neurons are commonly larger
than thoseof the surroundingother types (e.g. types I, II, III) anddisplay frequently
frayed outlines as visualized by staining for the cytoskeletal marker NF. This is in
contrast to the outlines of the somata of other neuron types which are smoothly
contoured between the origins of processes. The distinctive morphological feature
is one or few main dendrites which emerge frequently near the axonal origin
(‘axonpolar’ position of main dendrites; Fig. 13). There are frequently numerous
other dendrites but they are very short and inconspicuous. The axons of type VII
neurons are very prominent and can frequently be followed to the edge of the
whole-mount. In about 90% of cases, they run anally, the remainder orally.

Our previously unpublished observations on their chemical coding indicate that
89% of type VII neurons are co-immunoreactive for cChAT and nNOS (Fig. 14A),
while pChAT could only be found in a minority of neurons (about 25%–30%;

�
Fig. 14 A–C Myenteric type VII neurons in pig duodenum. A A type VII neuron displaying
one main dendrite (arrow indicates axon) is co-reactive for both common choline acetyl
transferase (cChAT; A’) and neuronal nitric oxide synthase (nNOS; A”). B A type VII neuron
displaying two main dendrites (arrow indicates axon) is co-immunoreactive for both cChAT
(B’) and the peripheral choline acetyl transferase (pChAT; B”). In contrast, a type III neuron
is negative for cChAT (B’; empty III) but positive for pChAT (B”). C A type VII neuron with
two main dendrites (arrow indicates axon) is co-reactive for both calbindin (CAB; C”) and
calretinin (CAR; C”). Arrowed scale bars (50 µm) point orally
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Fig. 14B). Furthermore, ENK, VIP (but not GAL), CAB and CAR were present in
a majority of type VII neurons (Fig. 14C).

There are no further data on type VII neurons in the literature. However,
their topographically restricted occurrence (duodenum, upper jejunum) argues
for a specialized function of this intestinal segment. Differences in motor patterns
of various human gut regions have been described (Kellow et al. 1986).

3.9
Dendritic Type II Neurons, Mini Neurons, Giant Neurons

Apart from casual observations, these neuron populations have not yet been
thoroughly investigated in our NF studies. Descriptions of dendritic type II and
giant neurons have been based primarily on silver impregnated whole-mounts
(Stach 1989; Stach et al. 2000) whereas the populations of mini neurons were
defined mainly by their immunohistochemical coding (Stach 1989; Timmermans
et al. 1997).

Dendritic type II neurons are, in contrast to non-dendritic type II neurons as
described above, dendritic and multiaxonal neurons. In the pig, their predominant
occurrence is the submucosal plexus, mainly those of the large but also of the
small intestine. Their axonal projection pattern in the pig is not known but, at
least partly, they may project to the mucosa. It seems that their chemical coding
in the pig is similar to the non-dendritic type II neurons, i.e. they contain CGRP
but not SOM (Fig. 15).

Mini neurons are small neurons displaying frequently short, scarcely stained
dendritic trees. Several populations have been defined immunohistochemically.

Fig. 15 A ganglion of the inner submucous plexus with a marked, neurofilament (NF)-
reactive dendritic type II neuron (dII; two arrow indicate two axons) displaying several
short, non-branched dendrites with tip endings. The neuron is reactive for calcitonin gene-
related peptide (CGRP; A’) but negative for somatostatin (SOM; A”; empty dII)
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Firstly, VIP/GAL-immunoreactive neurons which are probably cholinergic and, at
least in the inner submucosal plexus, non-nitrergic (Stach 1989; Timmermans et al.
1997). They are located in all three ganglionated plexuses of the pig small intestine,
most frequently in the inner submucosal plexus. In view of the morphological
type VI neurons displaying VIP/GAL/nNOS co-localization, it has to be rechecked
whetherbothpopulationsoccur separately in themyenteric (and, likely, also the ex-
ternal submucosal) plexus. Secondly, cholinergic NMU/SP-immunoreactive neu-
rons are present mainly in the inner submucosal plexus (Timmermans et al. 1989).
Thirdly, GABA-reactive neurons, mainly in the inner submucosal plexus, were
about 40% were coreactive for SP (Wu et al. 1998). Fourthly, small nitrergic neu-
rons present mainly in the myenteric and outer submucosal but only sparsely in the
inner submucosal plexus (Brehmer and Stach 1997; Brehmer et al. 1998; Van Gin-
neken et al. 1998). The first three populations may be integrated in mucosal and/or
vascular regulation whereas the latter may rather be involved in motor processes.

Giant neurons are, by number, surely the smallest population known so far.
They have been found exclusively in the most oral part of the duodenum (up to
several centimetres beyond the pyloric sphincter) in human, pig and dog. They
have long, branched, tapering dendrites and an axon running mainly anally in
pig and dog (in human also longitudinally but the direction was unknown). Their
function is unclear.

4
Morphological Neuron Types and Their Chemical Coding in the Human

Our only silver impregnation study dealing with the morphology of human enteric
neurons (Stach et al. 2000) was carried out on a relatively small sample in com-
parison to the material available in animal studies. An important parameter of the
classification in the pig ENS, the oro-anal orientation of axonal projections, could
not be determined in this study. Nevertheless, we tried to find equivalences of neu-
rons between human and animals based on morphological grounds. Equivalent
neuron populations in different species fulfil corresponding roles (e.g. primary
afferent, interneuronal, motorneuronal) within their respective enteric circuits. In
some cases, our later immunohistochemical studies confirmed our original sug-
gestions of equivalences (e.g. type II). In other instances, we had to correct them
(e.g. type I). Finally, in some cases we have not yet achieved conclusive results
(e.g. type IV).

4.1
Nomenclature Used for Human Enteric Neurons

Any nomenclature has to consider both historical aspects and actual requirements.
In detail, inclusion of these two factors into a conclusive classification system is
difficult.
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In our silver impregnation study (Stach et al. 2000), we found numerous uni-
axonal neurons displaying relatively short, spiny dendrites. These resembled both
Dogiel type I neurons (one axon, several short dendrites) and, in some respect,
Stach type I neurons in the pig (except the absence of marked lamellar dendritic
endings and the unknown direction of their axonal projection). These ‘spiny’
neurons were termed ‘type I’ neurons (Stach et al. 2000).

Later, in an immunohistochemical study (Brehmer et al. 2004a), we found that
these spiny ‘type I’ neurons projected anally and were nitrergic. Both features were
in striking contrast to the pig type I neurons namely, the latter project orally and
are non-nitrergic (Sect. 3.2). Thus, these neurons fulfilled criteria for Dogiel type
I but hardly for Stach type I neurons.

In the same study, we identified smaller, somewhat inconspicuous NF-positive,
nNOS-negative neurons with very short, ‘stubby’ dendrites whose axons ran fre-
quently in the oral direction (Brehmer et al. 2004a; these neurons were obviously
not impregnated in the above silver impregnation study). These human ‘stubby’
neurons were more similar to Stach type I neurons in the pig (oral axonal course,
non-nitrergic phenotype) than to the human spiny ‘type I’ neurons. Thus, the
‘stubby’ neurons displayed criteria of both Stach’s and Dogiel’s type I neurons.
However, the term type I was already ‘occupied’ by the spiny type I neurons in
human (Stach et al. 2000).

We assume that Dogiel has added both our recent stubby and spiny neurons to
his type I neurons (see Figs. 1, 2). Based on our current knowledge, it is essential
to designate different structures with different names. Below, we give an overview
on the neuron types and explain why we have used their terms. We start with the
best-defined populations.

Type II neurons (Sect. 4.2) are the non-dendritic, pseudouni- or multiaxonal
neurons. This definition considers criteria given by Dogiel (1899) and Stach et al.
(2000) and is, to our knowledge, generally accepted.

Stubby (type I) neurons (Sect. 4.3) and spiny (type I) neurons (Sect. 4.4) are
different populations which resemble each other in their pure outward shape
namely, they are uniaxonal and have relatively short dendrites. Their structure
corresponds to that of Dogiel type I neurons. Thus, this term means a fundamental
category which does not allow any specific functional suggestion. In our opinion,
the situation is similar to that of pyramidal neurons which differ between layers
and regions in the cerebral cortex as to their dendritic architecture, synaptic input,
axonal projections etc.

Type V neurons (Sect. 4.5) frequently display a single stem-like process from
which both the axon and dendritic branches emerge. They were first described in
the pig (Stach 1989) and later in human (Stach et al. 2000).

Type III neurons (Sect. 4.6) are uniaxonal neurons displaying comparatively
long, branched dendrites (Dogiel 1899; Stach et al. 2000).

Dendritic type II neurons (Sect. 4.7) are pseudouni- or multiaxonal neurons
with slender, branched dendrites. They were first described in the pig (Stach 1989)
and later in the human (Stach et al. 2000).



48 Morphological Neuron Types and Their Chemical Coding in the Human

4.2
Type II Neurons
(Dogiel 1899; Stach et al. 2000; Brehmer et al. 2004a, 2004b)

As already described in the pig, these neurons were multiaxonal and mostly non-
dendritic also in human (Fig. 16). Their cell bodies were located within ganglia
or outside them within secondary strands. They had one (bifurcating) to six long
processes which appeared histologically to be axons, i.e. they left the ganglion
of origin and displayed a uniform calibre as long as they could be traced. Af-
ter ramification, both branches preserved this axonal character. The axons run
both circumferentially, within secondary strands of the myenteric plexus, and
vertically, i.e. they entered disrupted interconnecting strands leading towards the
submucosal/mucosal layers. We suggest that at least a part of the latter axons run
from the myenteric plexus at least up to the submucosa (see below).

Although these neurons were in general non-dendritic, their somata some-
times did not display the smooth contours as described in other species. There was
a considerable number of type II neurons displaying somata of a rough or even
rugged surface. Partly, somal extensions had the appearance of short dendrites.
Irregular or ‘multiangular’ surfaces of originally smooth somata of sensory neu-
rons have been described as age-related changes (Kiss 1933; Scharf 1958). It is also
possible that the overnight incubations in culture medium containing colchicine
may have produced these shapes. The dendrite-like processes were interpreted
as non-obligatory, variable features of human myenteric type II neurons. Similar
features were also demonstrated in guinea pig and mouse type II neurons (Furness
et al. 1988; Nurgali et al. 2004). These dendrite-like structures are morphologically
quite different from those of the dendritic type II neurons (Sect. 4.7). As to their
lipofuscin pigmentation pattern, they displayed fine, less intensely autofluorescent
granules (Fig. 16A’). We found both ganglia containing up to 10 type II neurons and
ganglia without any type II neuron. They were also found on ganglionic boundaries
and, mostly singly, within interganglionic or secondary strands.

We have demonstrated a number of substances in morphologically defined
human type II neurons. A majority of them displayed immunoreactivity for CAR,
SOM and SP (Fig. 16B,C) whereas CAB and CGRP were present in only a minority of

�
Fig. 16 A–C Human non-dendritic, multiaxonal type II neurons. A A neurofilament (NF)-
positive type II neuron (II) with three axons (arrows). In A’, no immunostaining was applied;
very fine granular, isolated autofluorescent lipofuscin granula can be observed (empty II).
The neuron is negative for neuronal nitric oxide synthase (nNOS; A”, empty II) (duodenum,
28-year-old patient). B Two NF-stained type II neurons are co-immunoreactive for both
somatostatin (SOM; B’) and calretinin (CAR; B”) (descending colon, 70-year-old patient). C
A NF-stained type II neuron with two axons (arrows) is co-immunoreactive for both SOM
(C’) and substance P (SP; C”) (jejunum, 65-year-old patient). Scale bars are 50 µm, arrowed
scale bar in B points orally



Type II Neurons 49



50 Morphological Neuron Types and Their Chemical Coding in the Human

type II neurons. These results concur with most findings of earlier studies by other
groups.Timmermanset al. (1992) aswell asDhatt andBuchan (1994)demonstrated
CGRP in only a few human myenteric neurons. Besides some type II, there are also
some other neurons positive for this peptide. CAR has been demonstrated to be
co-localized with SP in myenteric neurons of human small intestine (Walters et al.
1993) whereas co-localization of SOM and SP was demonstrated by Accili et al.
(1995) and Hens et al. (2001) but not by Dhatt and Buchan (1994). Wattchow
et al. (1997) found CAR-reactive somata in the myenteric plexus as well as CAR-
reactivenervefibres inboth submucosaandmucosaofhumancolon.These authors
suggested that at least a proportion of myenteric CAR neurons may have vertical
projections. Thus, there are some literature data which support our suggestion that
human myenteric type II neurons, most of them reactive for SOM, SP and CAR,
project into the mucosa. Hens et al. (2001) were able to demonstrate myenteric
neurons labelled from the human small intestinal mucosa, some of which were
reactive for both SOM and SP. These authors did not use cytoskeletal markers but
described some of the traced neurons to have a multidendritic appearance whereas
others revealed smooth cell bodies and were reactive for SP.

From these indications, we suggest that type II neurons are the human IPANs
(Sect. 5.2.1)

4.3
Stubby (Type I) Neurons
(Brehmer et al. 2004a, 2005)

These neurons displayed relatively small somata, one axon and had short, stubby,
partly lamellar dendrites which were mostly not branched (Fig. 17).

The somata were flattened in the myenteric plane. Stubby neurons were clearly
smaller than type II neurons. The mean values of somal areas of stubby neurons
were between 259 (±47; sigmoid colon of a male patient aged 54 years) and 487 µm2

(±113; ileum of a female patient aged 77 years) whereas those of type II neurons
were between 633 (±108) and 972 µm2 (±228; measurements of type II and stubby
neurons were from the same patients). Stubby neurons tended to display the coarse,

�
Fig. 17 A–C Human stubby neurons. A A neurofilament (NF)-stained neuron (st; arrow in-
dicates axon) with short, stubby dendrites. It displays the coarse, aggregated pattern of
lipofuscin pigmentation (empty st in A’) and is non-reactive for neuronal nitric oxide syn-
thase (nNOS; A”; empty st) (duodenum, 63-year-old-patient). B A NF-stained stubby neuron
(st; arrow indicates axon) with short, scarcely branched dendrites displaying partly lamellar
endings. It is co-reactive for leu-enkephalin (ENK; B’; st) but negative for substance P (SP;
B”; empty st) (sigmoid colon, 54-year-old patient). C Two NF-stained neurons, the one on
the left is a stubby neuron (st; arrow indicates axon), that on the right is a spiny neuron (sp;
arrow indicates axon). The stubby neuron is reactive for ENK (C’; st), in contrast, the spiny
neuron is negative (empty sp). Both neurons are negative for SP (C”; empty st, empty sp)
(ileum, 76-year-old patient). Scale bars are 50 µm, arrowed scale bars in B, C point orally
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intensely fluorescent pattern of lipofuscin pigmentation (Fig. 17A’). In some stubby
neurons the pigment granules surrounded the nucleus forming a closed circle, in
others they occupied only a part of the soma sometimes additionally occupying
the proximal part of a dendrite.

The dendrites generally emerged from the circumference of the soma but only
rarely from the inner (circular muscle) or outer (longitudinal muscle) surfaces
(Figs. 19, 20). The ratios of mean dendritic field area per mean somal area of
stubby neurons ranged between 2.0 and 2.6 in the small and between 2.2 and 2.8 in
the large intestine. Both values reflect their relatively short dendrites in both the
small and large intestines.

Their axons were relatively thin and they left the ganglion of origin within
primary strands frequently in the oral direction. They could mostly be followed
beyond the next ganglion but seldom beyond a second ganglion. We found that
50.4% of axons of stubby neurons projected orally, while 29.4% ran anally. The
axonsof the remaining20.2%couldeithernotbe followedafter leaving theganglion
of origin or ran circumferentially within primary strands and no oral/anal turn
was observable. Only exceptionally, have we observed axons of stubby neurons
entering secondary strands of the myenteric plexus.

As to their chemical coding, we found that the majority of leuENK-positive
myenteric neurons had the NF morphology of stubby neurons (97.5%; Fig. 17B,C).
The proportion of leuENK-immunoreactive neurons related to the putative
whole myenteric neuronal population (as visualized by immunoreactivity for
anti HU-protein, HU) was between 5.9% in the small and 8.3% in the large
intestine. Of the leuENK-positive, stubby neurons, only 8.7% were simultaneously
SP-immunoreactive. There were also a number of leuENK-negative, stubby
neurons which have not yet been estimated by number. Both leuENK-positive and
-negative stubby neurons were frequently surrounded by intensely fluorescent
leuENK-positive boutons (Fig. 17B’). Similar observations were made using
antibodies against metENK, but this has not yet been evaluated quantitatively.

Earlier reports have described ENK-immunoreactive neurons in the human
myenteric plexus (Kapadia and Kapadia 1986; Dhatt and Buchan 1994; Krantis
et al. 1998). At least some of them may be the source of ENK-positive fibres within
the external musculature (Kapadia and Kapadia 1986; Lolova et al. 1986; Wattchow
et al. 1988), suggesting that these neurons are muscle motor neurons. However,
apart from rare exceptions, we did not observe axons of leuENK-positive/stubby
neurons running into the secondary strands of the myenteric plexus which may
the principal gateway for innervation of the (circular) musculature also in human.
On the other hand, it may be that motor axons run first within the primary strands
for some distance and then leave them to run into the secondary strands. Such
axonal courses were already observed by Dogiel (1899). In the guinea pig, ENK-
immunoreactive neurons of one population are circular muscle motor neurons
(Costa et al. 1996; Furness et al. 2000a), while other ENK neurons are ascending
interneurons (Brookes et al. 1997). As revealed by NF staining, the latter authors
described these neurons as small, uniaxonal Dogiel type I neurons with short, usu-
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ally lamellar dendrites. This morphological description is quite similar to that of
the stubby neurons. Since we demonstrated leuENK-positive boutons surrounding
several leuENK-reactive, stubby neurons, it seems not unlikely that at least some
of the ENK-reactive neurons in the human are interneurons.

As to the co-localization of ENK and SP in a minority of stubby neurons, the
latter peptide has been demonstrated in ascending circular muscle motor neu-
rons of the human colon (Wattchow et al. 1997). Wattchow et al. (1988) showed
partial coexistence of SP and ENK in external muscle fibres of human intestine
and suggested that these fibres were excitatory. We cannot answer the question
of whether ENK-reactive, stubby neurons with and without additional SP reac-
tivity are also functionally different or are rather chemically variable subtypes of
a common population. Both ENK- (Lolova et al. 1986; De Laet et al. 1989; Johan-
son et al. 1991; Munakata et al. 1997; Porter et al. 1998) and SP-reactive neurons
(Porter et al. 1998; Neunlist et al. 2003) were shown to participate in plastic changes
in pathological conditions. ENK/SP-co-reactive structures will have to be further
evaluated in future studies as will the leuENK-negative, stubby neurons. Interest-
ingly, in thepigmyentericplexus, there is adifference inprojectionpatternbetween
ENK-positive/SP-negative neurons (mainly descending) and ENK/SP-co-reactive
neurons (mainly ascending; Hens et al. 2002).

Some of the neurons depicted by Dogiel are somewhat similar to our stubby
neurons (Figs. 1, 2). However, it should be noted that Dogiel (1899) described
and depicted the dendrites of his type I neurons to bear secondary and tertiary
branches. Since most of the dendrites of our stubby neurons were not branched it
seems that Dogiel (1899) may have focused on other than stubby neurons (probably
spiny neurons; Sect. 4.4) when establishing his type I population.

Based on their projection pattern and chemical coding, we conclude that stubby
neurons may be either ascending motor or interneurons (Sects. 5.2.2. and 5.2.3).

4.4
Spiny (Type I) Neurons
(Brehmer et al. 2004a, 2006)

These neurons displayed, in the small intestine, somewhat larger somata than
stubby neurons (Fig. 17C; although this has not yet been analysed statistically).
They had mostly spiny, less frequently also lamellar dendrites which were partly
branched and one axon (Fig. 19).

Their somata were mostly smaller than those of type II neurons, except in the
duodenum of a patient aged 42 years. In this wholemount, the somal areas of
spiny neurons were 607 µm2 (±114), those of type II neurons 641 µm2 (±153). The
remaining values showed significant differences in each wholemount, ranging be-
tween 487 µm2 (±127) and 701 µm2 (±166) for spiny neurons and between 630 µm2

(±135) and 914 µm2 (±172) for type II neurons.
Their dendrites emanated radially fromtheperikaryon, someof thembranched,

partly multiple, but in general the side branches were short. The tips of dendrites
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were mostly spiny or thorny although some were also club-shaped or lamellar.
Their origins were scattered not only along the somal circumference but also
over the whole somal surface including the upper and lower sides. Frequently,
whole cells had a hedgehog-like appearance. These characteristics were more pro-
nounced in the small intestine. In the large intestine, most of the spiny neurons
possessed shorter dendrites, which had partly spiny, partly slender, tapering end-
ings (Figs. 20, 18). Infrequently, they were lamellar in shape. The ratio somal
area/dendritic field area was between 3.7 and 4.6 in the small intestine which re-
flects the longer dendrites of spiny neurons in contrast to stubby neurons (Fig. 19).
However, in the colon, the ratio was between 2.5 and 2.8 thus, there was no differ-
ence to the ratio in comparison to stubby neurons (2.2 to 2.8; Fig. 20).

Spiny neurons had thick, prominent axons which could be easily followed within
primary strands of the plexus and through other ganglia. In most cases, they
emerged as direct anal projections, sometimes they emanated orally, reverting to
ananal course after a short run.We found that, of the axonswhich couldbe followed
beyond the next neighbouring ganglion, about 95% ran anally and 5% orally.

While almost all VIP/nNOS-positive neurons were NF-reactive spiny neu-
rons and all spiny neurons displayed nNOS reactivity, not all spiny neurons
displayed simultaneous VIP co-reactivity. This proportion of neurons needs to be
investigated further.

The proportion of VIP/nNOS-co-reactive neurons in relation to the number of
HU-positiveneurons rangedbetween5.8%(small intestine) and17.5%(large intes-
tine). The suitability of HU as a pan-neuronal marker has been proposed for enteric
neurons derived from both laboratory animals (Karaosmanoglu et al. 1996; Phillips
et al. 2004) and human (Ganns et al. 2006). The only earlier study presenting com-

�
Fig. 18 A–C Human spiny neurons. A A neurofilament (NF)-stained spiny neuron (sp; arrow
indicates axon) displays the coarse, aggregated lipofuscin pigmentation pattern (A’; empty
sp) and is reactive for neuronal nitric oxide synthase (nNOS; A”; sp) (jejunum, 69-year-old
patient). B A NF-stained spiny neuron (sp; arrow indicates axon) is co-reactive for both
vasoactive intestinal peptide (VIP; B’; sp) and nNOS (B”; sp) (duodenum/jejunum, 67-year-
old patient). C A NF-stained spiny neuron (sp; arrow indicates axon) is co-reactive for
both VIP (C’; sp) and nNOS (C”; sp) (ileum, 73-year-old patient). Scale bars are 50 µm,
arrowed scale bar in A points orally

Fig. 19 A,B 3D reconstruction of human spiny and stubby neurons from small intestine. A
A spiny neuron (sp; arrow indicates axon) is immunonegative for leu-enkephalin (ENK; A’;
empty sp) but positive for vasoactive intestinal peptide (VIP; A”). A”’ The neurofilament
(NF)-stained neuron after 3D reconstruction. B A stubby neuron (st; arrow indicates axon) is
immunopositive for leu-enkephalin (ENK; B’) but negative for vasoactive intestinal peptide
(VIP; B”; empty st). B”’ The NF-stained neuron after 3D reconstruction (both neurons from
duodenum, 42-year-old patient). The spiny neuron in A”’ has been enlarged after recon-
struction thus equalizing the difference in original magnifications between the neurons in
A and B. The difference in size between the two neurons in A”’ and B”’ is realistic. Arrowed
scale bars (50 µm) point orally
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Fig. 20 3D reconstruction of human spiny and stubby neurons from large intestine. A
A spiny neuron (sp; arrow indicates axon) is negative for leu-enkephalin (ENK; empty sp in
A’) but positive for vasoactive intestinal peptide (VIP; A”) whereas a stubby neuron (st; arrow
indicates axon) is positive for ENK (A’) but negative for VIP (A”; empty st). Both neurons
are 3D reconstructed in (A”’) and (A””). In the latter, they are rotated around the transverse
axis of the image and so they are seen from the reverse side. Note that the quantitative
differences between spiny and stubby neurons as observed in the small intestine (soma
size, dendritic lengths; see Fig. 19) are scarcely observable in the large intestine. However,
the difference in dendritic shape (stubby versus spiny) is clearly visible (transverse colon,
21-year-old patient). Arrowed scale bar (50 µm) points orally

parable values in relation to the putative whole myenteric neuronal population was
that of Pimont et al. (2003). These authors estimated the proportion of nNOS/VIP
neurons in the human gastric fundus to be 7.2%±6%. Both Keränen et al. (1995),
by using NADPHdiaphorase histochemistry instead of nNOS immunohistochem-
istry, and Porter et al. (1997), by applying combined DiI tracing for circular muscle
motor neurons and subsequent immunohistochemistry, found neurons displaying
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this chemical code in the human colonic myenteric plexus. Neither related the
proportions of VIP/nNOS-neurons to the whole neuronal population.

In contrast, many more studies on human material demonstrated either nNOS
reactivity (alternatively, NADPHdiaphorase activity) or VIP immunoreactivity.
Proportions of neurons with nNOS reactivity or NADPHdiaphorase activity (with-
out simultaneous demonstration of VIP) have been given by Wester et al. (1999):
40% in neonates and 25%–30% in 15-year-old juveniles. Belai and Burnstock
(1999), in small intestinal samples, found between 20% and 56% in control adult
and aged human subjects whereas Pimont et al. (2003) estimated 40.8%±4.5%
in gastric fundus. Our values ranged between 29.4% (duodenum) and 42% (sig-
moid colon). The population of nNOS-reactive neurons is commonly referred
to as nitrergic although, it is not yet clear which of the three different nNOS
proteins described by Saur et al. (2000) is actually present at the site of nNOS-
immunoreactivity. This may be functionally significant.

As yet, we could not recognize a clear correlation between age, segment and
proportion of nitrergic neurons. In rats, Phillips et al. (2003) found that age-related
cell loss occurred preferentially in non-nitrergic populations indicating that nitric
oxide may play a role in neuronal survival (Keilhoff et al. 2002; Sandgren et al.
2003). In contrast, Wu et al. (2003) showed that age-related proportional changes
in the neuronal composition of the rat oesophagus enteric ganglia display strain-
dependent differences. In Wistar rats, due to a more prominent non-nitrergic cell
loss, a relative increase in number of nitrergic neurons with age could be observed,
whereas in Sprague-Dawley rats, no difference between the dimension of cell loss
between nitrergic and non-nitrergic neurons occurred.

The proportion of human myenteric VIP-positive neurons (without simulta-
neous demonstration of nNOS/NADPHd) has been given by Dhatt and Buchan
(1994) in the ileum as 5% of all neurons, by Pimont et al. (2003) in the gastric
fundus as 19.6±6.9%, by Singaram et al. (1995) in the ascending colon as 39.7%, by
Neunlist et al. (2003) in the colon as 6.9% and by Anlauf et al. (2003) in small and
large intestine counts as varying between 11% and 14%. Our values of VIP-positive
neurons (irrespective of their nNOS co-reactivity) lay between 7.1% (jejunum)
and 22.4% (sigmoid colon). It is obvious that results of various studies differ. On
the one hand, this may be due to different methodological approaches (different
staining techniques, quantification procedures). On the other hand, it may be that
numbers and proportions of (enteric) neurons may range more significantly in
humans (especially elderly) than in laboratory animals, the latter being kept under
standardized conditions. Furthermore, it is established that VIP not only acts as
a neurotransmitter but also plays a role in neuroprotection, growth regulation
and functions as an anti-inflammatory agent (Ekblad and Bauer 2004). Several au-
thors investigated the numbers and proportions of VIP-positive neurons in various
pathological conditions. Singaram et al. (1995) found a reduced number of VIP
neurons in constipated patients whereas demonstration of increased numbers was
given by Sjolund et al. (1997) in patients with slow transit constipation and by Belai
et al. (1997) in segments with Crohn disease. On the other hand, Neunlist et al.
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(2003) could not demonstrate significant alterations between control segments
(of non-inflamed intestine) and segments from both inflamed and non-inflamed
regions of gut from patients suffering from ulcerative colitis. Thus, the propor-
tion of VIP neurons seems to depend on a number of factors. Besides that, it is
not clear which subpopulations of neurons are normally VIP-negative but express
VIP immunoreactivity under various pathological conditions. It may be possible
that nitrergic neurons upregulate their VIP expression but also that non-nitrergic
neurons change their chemical phenotype.

From the above, we suggest that spiny neurons may be descending motor or
interneurons (Sects. 5.2.2 and 5.2.3).

4.5
Type V Neurons
(Stach et al. 2000; Brehmer et al. 2004a, 2004b)

Similar to type V neurons in pig, their (very likely) counterparts in human occur
as single cells and in aggregates. In contrast to the pig where they are prominent
in the ileum, they represent a conspicuous population in human duodenum and
jejunum (Figs. 21, 24A–C). Here, both single and aggregated neurons were ob-
served. However, the aggregates were not as conspicuous and tightly packed as
known from the pig ileum.

Most usually, type V neurons displayed a relatively small (in relation to, e.g.
type II neurons), always smoothly contoured soma (in contrast to type II neurons;
see Sect. 4.2) with one single stem-like process from which both the very long and
branched dendrites with tapering endings and the one axon emerged (Fig. 21).
Thesemorphological features closely resemble thegeneral structureof invertebrate
neurons i.e. the soma is set off from all processes (Ramón y Cajal 1911; Strausfeld
1976; Brown 1991). The single stem process of invertebrate neurons has also been
called ‘cell body fibre’, ‘neurite’ or ‘segmento intercalar indiferente’ by these and
other authors. The resemblance with invertebrate neurons described for human
type V neurons is even more pronounced than in pig type V neurons. In this
species, the axon has frequently a separate somal origin, in addition to one or
few dendrites emerging from the soma. However, in some human type V neurons,
the axons directly emerge from the soma, also two or three dendrites—instead of
a single stem-like process—can emerge from the soma.

This resemblance in shape between type V and invertebrate neurons may
not be pure coincidence. Data and suggestions from quite different scientific
fields point to a possible common evolutionary root of recent invertebrates and
the gut including its ENS (Romer 1972; Hahn and Bishop 2001; Shimizu et al.
2004).

Type V neurons could be found both within ganglia and within interganglionic
strands. They mostly displayed a fine granular, less intensely autofluorescent pat-
tern of lipofuscin pigmentation in their soma.
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�
Fig. 21 A–G Human type V neurons. A A human type V neuron (V) with the character-
istic single stem-like process from which dendritic arborizations and the axon (arrow)
emerge. The neuron displays the fine granular pattern of autofluorescent lipofuscin pig-
mentation (A’; empty V) and is non-reactive for neuronal nitric oxide synthase (nNOS; A”;
empty V) (jejunum, 69-year-old patient). B–G Type V neurons (arrows indicate axons; st,
stubby neuron in C). B–E Duodenum, 53-year-old patient; F duodenum, 41-year-old patient;
G ileum, 18-year-old patient. Scale bars are 50 µm; arrowed scale bars in A–F point orally

The axons were thin and could seldom be followed beyond the next ganglion,
let alone the ganglion beyond that. In most cases they were directed anally within
the primary strands of the myenteric plexus.

As to their chemical coding, the only definite characteristic known as yet is
that they are non-nitrergic (Fig. 21A). In a comparative study of type II versus
type V (Brehmer et al. 2004b), we found that 18.6% of type V neurons contained
SOM, 2.7% contained CAR and 0.5% displayed SP immunoreactivity. Thus, type
V neurons differed distinctly from type II neurons, whose majority displayed co-
reactivity for all combinations of the three markers. Unpublished observations
showed that a minority of type V neurons contained also ENK. However, apart
from NF we did not find any other immunohistochemical marker which stained
a majority of type V neurons.

We suggest that, due to their similar morphology, type V neurons in human
and pig are equivalent neurons and that their possible counterparts in guinea pig
may be the cholinergic, SOM immunoreactive descending interneurons with long
branched dendrites (Portbury et al. 1995; Song et al. 1997b; Pompolo and Furness
1998). In all three species, they occur singly or in groups. This is very conspicuous
in pig (Stach 1985, 1989; Brehmer et al. 2002b) and in guinea pig (Portbury et al.,
1995; Song et al., 1997b) and less conspicuous in human. However, the typical
tangling of dendrites as observed in the pig can also be found in human type V
aggregates.

4.6
Type III Neurons
(Stach et al. 2000; Brehmer et al. 2004a, 2004b)

These neurons had a single axon and several long, mostly slender and branched
dendrites which emerged radially from their soma (Fig. 24). Their position in the
myenteric plexus was frequently outside the ganglia, lying mostly singly beside pri-
mary strands, partly close to emerging smaller interganglionic or even secondary
strands (Fig. 22B,C,H,K). Nevertheless, their axons did not enter the secondary
strands but ran within the primary strands. A preferred oral/anal orientation of
the axonal course could not yet be observed.

Similar to type II and type V neurons, type III neurons displayed a fine granular,
less intensely autofluorescent pattern.
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Fig.22 A–K Human type III neurons. A–K Type III neurons displaying long, partly branched
dendrites with mainly tapering endings which generally emerge radially from their somata
(arrows indicate axons). A duodenum, 53-year-old patient; B duodenum, 28-year-old pa-
tient; C, D, F–K ileum, 18-year-old patient; E duodenum, 41-year-old patient. Scale bars are
50 µm; arrowed scale bars in A and E point orally
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At present, we don’t know whether this is a homogeneous population. Their
dendritic shape and branching pattern is somewhat different from neuron to
neuron. A common chemical feature is their non-nitrergic phenotype. Type III
neurons were conspicuous when we tried to define the specific chemical coding of
type II neurons. In some but not all specimens, several type III neurons displayed
the same combinations of markers as did type II neurons (SOM/CAR, SOM/SP or
SP/CAR, respectively). However, a number of type III neurons in these specimens
were not co-reactive but this proportion has not yet been investigated in detail.
The fact that type III neurons displaying the same chemical code as type II neurons
could be found in only some of our specimens may point to a chemical plasticity
in this population.

4.7
Dendritic Type II Neurons
(Stach et al. 2000; unpublished observations)

Apart from some single examples in our NF-stained specimens, we have no further
information on this population beyond that described in the above paper. These
neurons have one immediately branching or two or three axons and a number of
slender, branched and tapering dendrites (pseudouni-, bi- or triaxonal; Fig. 22). All
neurons observed in NF/nNOS-stained specimens were non-nitrergic. In contrast
to the pig where they occur mainly in the submucosal plexus, in human they were
found in the myenteric plexus. This topographical occurrence is similar to the
guinea pig, were myenteric dendritic type II neurons have been characterized as
primary afferent neurons, partly with long anal projections (Bornstein et al. 1991b;
Brookes et al. 1995).

Fig.23 A–C Humandendritic type IIneurons.A–CDendritic type IIneurons (dII)displaying
long, slender dendrites and are pseudouniaxonal (A, B; arrows indicate axons) or biaxonal
(C; arrows indicate axons) (duodenum, 53-year-old patient). Arrowed scale bars are 50 µm
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�
Fig. 24 A–D Myenteric ganglia from human duodenum (28-year-old patient). A, B Marked
neurons are type II (II), type V (V) and spiny neurons (sp). C, D Marked cells (with
corresponding Roman letters) include type II, III and V neurons. Furthermore, there are
some neurons with main dendrites (empty arrowheads; arrows in D indicate their axons).
Scale bars are 100 µm

4.8
Spiny Neurons with Main Dendrites or Human Type VII Neurons?
(Stach et al. 2000; Brehmer et al. 2006)

Exclusively in the duodenum and upper jejunum, we found neurons which dis-
played, in addition to commonly shaped spiny dendrites, very long main dendrites
(Fig. 23C,D). These main dendrites had very short, spiny side branches. Apart
from these prominent main dendrites and their exclusive topographical occur-
rence which is restricted to the duodenum and oral jejunum, we have, at present,
no hint to place them in their own category (equivalent to the pig and dog: type
VII in human?). Also their chemical code hitherto defined (VIP/nNOS/NF) does
not argue for a separate type. Presently, we regard the main dendrites as a region-
specific feature of spiny neurons rather than these neurons as a region-specific
type. Further studies are required to solve this problem.

5
Discussion

5.1
What Does NF Immunohistochemistry Achieve?

Classifications of both silver impregnation and NF immunostaining (Sects. 3 and 4)
refer to only subpopulations of neurons, namely those containing NF (Vickers and
Costa 1992). Both methods visualize only one—although prominent—part of the
cytoskeleton of those neurons which contain NF. In the present classifications of
human and pig enteric neurons, neither neurons that do not contain NF (Eaker
and Sallustio 1994; Eaker 1997; Ganns et al. 2006) nor the shapes of the membrane-
covered surfaces of NF-immunoreactive neurons are considered. Furthermore,
both silver impregnation and NF immunostaining are unable to visualize the
axonal morphology distant from the soma, i.e. axonal branching and terminal
axonal fields. These were, mostly, visualized by intracellular dye injections into
single cells and resulted in the representations of the ‘axonal morphology’ of
guinea pig IPANs (Bornstein et al. 1991b; Clerc et al. 1998b), myenteric inter- or
motor neurons in small (Furness et al. 1989, 2000b; Bornstein et al. 1991a) or large
intestine (Lomax et al. 1999), of submucosal neurons (Song et al. 1997a) or of IPANs
in the mouse (Nurgali et al. 2004).
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5.2
General Remarks on Equivalent Neurons of Different Species

The ENS of the guinea pig consists of three main neuronal elements for intrinsic
coordination of major gastrointestinal functions: (1) intrinsic primary afferent
(sensory) neurons which are the first links of neuronal reflex arcs and can be acti-
vated by chemical and/or mechanical stimuli; (2) several types of interneurons pro-
jecting anally, orally or intestinofugally; and (3) various types of effector neurons
innervating the muscle layers of both gut wall and intrinsic blood vessels, the mu-
cosa and probably also immune cells. It is likely that this general division into three
functional groups of neurons is valid throughout species, and that equivalent neu-
ron populations fulfil corresponding roles within their respective enteric circuits.

Application of various neuroscience methods and method combinations (e.g.
immunohistochemistry, immunocytochemistry, lesion, tracing and intracellular
dye filling techniques, neurophysiological and pharmacological approaches) re-
sulted in the establishment of 14 different enteric neuron types in the guinea pig
small intestine (Costa et al. 1996; Furness et al. 2000a). Due to fragmentary data
derived from species other than guinea pig, knowledge on equivalences of enteric
neuron types between species is speculative. There are some general principles of
enteric neuronal organization e.g. ascending cholinergic and descending nitrergic
pathways (Timmermans et al. 1997; Reiche and Schemann 1998) or acetylcholine
and SP as transmitters for excitatory as well as nNOS and VIP as inhibitory trans-
mitters for muscle innervation (Wood et al. 1999). However, in detail, the chemical
coding is well known to show species differences (Gershon et al. 1994). Moreover,
studies in human specimens displayed changes of chemical codes in pathological
conditions (Camilleri 2001), even beyond the gut regions directly affected by the
disease (Schneider et al. 2001). Thus, for interspecies comparisons, the chemical
coding of neurons is only of limited value.

Interspecies comparisonsbasedonmorphologicaldescriptionshave toconsider
the method of visualization. Visualization of, e.g. a cytoskeletal protein may result
in quite a different depiction of the same neuron than would intracellular dye
filling or immunostaining for a neuroactive substance. Thus, caution is required
when comparing results obtained in the same species but with different methods.
In case of myenteric type II neurons in human small intestine, we have argued
that morphology is an important link when trying to decipher equivalences of
neuron populations between different species. In the end, the main argument of
researchers suggesting neuronal subtypes to be IPANs in species other than guinea
pig is derived from morphology: neurons with smooth cell bodies and several long
processes, suspected to be Dogiel type II neurons, were and are suggested to be
sensory. Another positive example for the value of detailed morphological analyses
of enteric neurons may be the type V neurons. Although in human (in contrast
to the pig, Brehmer et al. 2002b) we have not yet found specific markers for their
chemical characterization (apart from NF), their structural features are so unique
that it seems obvious to suggest a common functional role in both species.
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As mentioned above, in case of human stubby (type I) versus spiny (type I)
neurons (Stach et al. 2000; Brehmer et al. 2004a, 2005, 2006), we have experienced
that the pure outward shape of neurons is an insufficient criterion for suggesting
interspecies equivalences. The combined knowledge of as many as possible criteria
(morphological, including synapses received and projection to targets, chemical
etc.) is needed to deduce from experimental results the position of a given neuronal
population within its enteric circuit. Another example in this context is the type III
neurons. In pig small intestine, the Stach type III neurons are a morphologically
well-defined population with a characteristic dendritic tree, axonal projection
pattern and topographical distribution along the gut, between different plexuses
and within ganglia. In contrast, human type III neurons are a less prominent
population. Apart from the pure presence of ‘neurons with long, slender and
branched dendrites’ in human myenteric ganglia (described but not depicted from
human gut by Dogiel 1899) and their non-nitrergic phenotype (in contrast to most
of the typical type III neurons in the pig), our knowledge on this population is
hardly beyond that of Dogiel.

In the CNS, it is well known that neuron types, e.g. pyramidal cells of the cerebral
cortex, are equivalent elements throughout phylogenetic and ontogenetic develop-
ment. Although they are subjected to adaptive processes influencing and changing
various morphological aspects, principal structural features remain stable and al-
low their definition as ‘pyramidal cells’ across species boundaries (Ramón y Cajal
1911; Marín-Padilla 1998). Also the first classification of enteric neurons by Dogiel
(1899) was an ‘interspecies’ approach. However, it is well known from both central
and peripheral neurons that equivalent neurons of different species alone does
not rule out somewhat differently sized and shaped dendritic arbors. Dendritic
shapes are the result of a number of quite different, both activity-dependent and -
independent influences, e.g. neurotrophic factors during embryonic development,
phylogenetic level, species size, size of innervation target, synaptic activity etc.
(Ramón y Cajal 1911; Purves and Lichtmann 1985; Purves et al. 1986; Wong and
Ghosh 2002).

Thus, there is yet a lot of work to do until we will be able to put the human
morphological enteric neuron types into ‘classes’ (Brookes 2001a) categorized
by their functional role and to suggest their equivalences with corresponding
populations in laboratory animals such as the guinea pig.

5.3
Putative Functional Categories of Human Enteric Neurons

5.3.1
Human Intrinsic Primary Afferent Neurons

In pig (Stach 1981, 1989; Brehmer et al. 1999a; Hens et al. 2000), guinea pig (Furness
et al. 1990b), rat (Mann et al. 1997), human (Stach et al. 2000, Brehmer et al. 2004b),
mouse (Nurgali et al. 2004) and sheep (Chiocchetti et al. 2004) there are myen-
teric neurons displaying type II morphology. That is, they are principally non-
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dendritic but pseudouni- or multiaxonal. They project, one the one hand, within
the myenteric plexus, mainly circumferentially, and, on the other hand, vertically,
through interconnecting strands to submucosal and, probably also in human,
mucosal layers. Immunohistochemically, these neurons reveal general similarities
(e.g. their cholinergic, non-nitrergic phenotype) but also differences. In the pig
they contain both forms of ChAT, CGRP and in some cases SP (Scheuermann
et al. 1987; Hens et al. 2000; Brehmer et al. 2002a), in the guinea pig they show
immunoreactivities for ChAT, CAB, tachykinins and the neurokinin receptor 3
(Furness et al. 2000a), in human they are non-nitrergic and the vast majority
contain SOM, SP and CAR (Brehmer et al. 2004a, 2004b). CGRP, also present in
some type II neurons (Brehmer et al. 2004b), was suggested to be present in sensory
neurons (Timmermans et al. 1992; Foxx-Orenstein et al. 1996).

Also electrophysiologically, interspecies differences were demonstrated. In
guinea pig and mouse, the slow after-hyperpolarization phenomenon is regarded
as typical for morphological type II neurons (Furness et al. 2004a; Nurgali et al.
2004) whereas in those of the pig it is less marked (Cornelissen et al. 2000) and its
general presence in human myenteric neurons is at least questionable (Brookes
et al. 1987). Also the synaptic properties of type II neurons differ between guinea
pig (Furness et al. 2004a) and pig (Cornelissen et al. 2001). It seems not unlikely
that these morphologically equivalent neurons in different species have equivalent
functions, namely that of human IPANs (Furness et al. 2004a). At present, we have
only few, unpublished data on human submucosal type II neurons. This has to be
further investigated.

5.3.2
Human Interneurons

Combined tracing and immunohistochemical studies provided the most profound
basis for identification of these neurons in human gut since their results combined
at least two independent features, i.e. axonal projection and chemistry. Wattchow
et al. (1995), using DiI tracing from the myenteric plexus, found uniaxonal neurons
projecting up to almost 7 cm anally (descending interneurons) and up to almost
4cmorally (ascending interneurons).Thevastmajorityof themwereequippedwith
short, lamellar dendrites and were classified as Dogiel type I neurons (Wattchow
et al. 1995). Fifty-one per cent of the proposed descending interneurons in the
large intestine were found to be immunoreactive for VIP but not for tachykinin
(Wattchow et al. 1997). Porter et al. (2002) found ChAT to be present in most
ascending interneurons, only a small minority contained nNOS. In contrast, 23%
of orally projecting interneurons were reactive for tachykinins, only 2% for VIP
(Wattchow et al. 1997). Porter et al. (2002) found nNOS-positive, ChAT-positive
and ChAT/nNOS-co-reactive descending interneurons in the colon. Wattchow et al.
(1997) also demonstrated CAR in 23% of proposed descending interneurons and
in 3% of proposed ascending interneurons. In human gastric fundus, similar
groups of chemically coded neurons with differences in their relative proportions
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were found (Pimont et al. 2003), those containing both ChAT and nNOS may be
interneurons also in the stomach.

We suggest that our spiny (type I) neurons (Brehmer et al. 2004a, 2006), im-
munoreactive for VIP/nNOS/NF, may be descending interneurons corresponding
to VIP-reactive neurons demonstrated by Wattchow et al. (1997) since their ax-
ons were observed to run mostly anally, not infrequently for distances more than
1cm without leaving the myenteric plexus. However, an inhibitory motor neuronal
function cannot be excluded. Stubby (type I) neurons reactive for ENK and NF,
some co-reactive for SP (Brehmer et al. 2004a, 2005), may be either ascending
interneurons, corresponding with the population of tachykinin-immunoreactive
neurons by Wattchow et al. (1997) or (excitatory) motor neurons.

Further studies suggested GABA, partly co-localized with NADPHd (Nichols
et al. 1995; Krantis et al. 1998) to be involved in interneuronal circuits. Anlauf
et al. (2003) found three major groups of chemical phenotypes, cholinergic, cat-
echolaminergic and nonadrenergic/non-cholinergic neurons. They argued for an
interneuronal role of subpopulations of cholinergic neurons. Human choliner-
gic neurons displayed extensive co-immunoreactivity for VIP (Anlauf et al. 2003;
Schneider et al. 2001). Serotonin, a candidate for interneuronal transmission also
in human, has been demonstrated in myenteric and submucosal nerve cell bodies
(Wakabayashi et al. 1989). Anlauf et al. (2003) demonstrated serotonin-positive
fibres in both myenteric ganglia and musculature. An interneuronal role of neu-
ropeptide Y (NPY) has been discussed by Peaire et al. (1997) who demonstrated
the NPY receptor subtype Y1 on nitrergic neurons in both the myenteric and
submucosal plexus.

5.3.3
Human Muscle Motor Neurons

Similar to interneurons, combined tracing and immunohistochemical studies were
the most significant studies for identification of these populations in human in-
testinal samples. Wattchow et al. (1995) found myenteric neurons mostly of Dogiel
type I morphology with short projections (maximum 16mm) to both the circu-
lar (small and large intestines) and the longitudinal musculature (small intestine).
Most of the orally projecting circular muscle motor neurons contained tachykinins
(Wattchow et al. 1997) and ChAT (Porter et al. 1997) whereas most anally directed
muscle motor neurons were positive for VIP (Wattchow et al. 1997) and nNOS,
and were partly coreactive for both markers (Porter et al. 1997). A (excitatory)
motorneuronal function cannot be excluded for our stubby (type I) neurons since
Wattchow et al. (1988) found nerve fibres reactive for SP and/or ENK in the external
muscle of human intestine. Similarly, spiny (type I) neurons may be also inhibitory
motor neurons. Proposed circular muscle motor neurons were also found in sub-
mucosal ganglia, partly also displaying reactivity for nNOS and VIP (Porter et al.
1999). The presence of VIP in myenteric nitrergic neurons as well as in circular
muscle has also been shown by Keränen et al. (1995).
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Haem oxygenase is the enzyme for production of carbon monoxide. Neurons
immunoreactive for this enzyme, some of them co-reactive for nNOS, may be
involved in inhibitory muscle innervation (Miller et al. 2001). Another co-existing
substance possibly involved in inhibitory neurotransmission to the muscle may be
adenosine triphosphate (Belai and Burnstock 2000). A further peptide suggested
to be involved in (excitatory) motor processes is GAL. It has been demonstrated in
both myenteric and submucosal neurons (Hoyle and Burnstock 1989b), its action
on motility has been investigated by Bálint et al. (2001). Adenosine receptors have
been found on a number of human enteric neurons including VIP- and SP-positive
neurons in both the myenteric and submucosal plexus (Christofi et al. 2001).

Neurotransmission from enteric excitatory and inhibitory motor neurons to
the gut musculature is considered to be primarily via the interstitial cells of Cajal
(Ward and Sanders 2001; Huizinga et al. 2004). These act as pacemakers of gut mo-
tor activity, transmit nerve signals to smooth muscle and are sensors of mechanical
activity (Thuneberg 1982; Huizinga et al. 2004). Signal transmission between in-
terstitial and muscle cells is likely realized via gap junctions (Daniel 2004).

5.3.4
Other Human Effector Neurons

In contrast to the pig (type IV neurons), we were not yet able—apart from single,
occasional observations—to identify a human myenteric neuron population pro-
jecting through interconnecting strands towards the submucosa, additionally to
type II neurons. However, such neurons seem to exist. Hens et al. (2001), by tracing
from mucosal villi, found five chemical phenotypes including SOM, SP, SOM/SP,
VIP and neurons non-reactive for each of these markers. Most of the neurons were
multidendritic whereas a minority was suggested to be of type II morphology.
Domoto et al. (1990) found mucosal projections of submucous neurons contain-
ing VIP. Similar to the myenteric plexus, an overlap between VIP and ChAT was
demonstrated in the human submucosa (Schneider et al. 2001). Besides SP and
VIP, Crowe et al. (1992) found also leuENK-, SOM- and serotonin-immunoreactive
submucous neurons. Some ENK- (Ferri et al. 1982; Keast et al. 1985) and also
NPY-reactive fibres (Keast et al. 1985) were found in human intestinal mucosa.

5.4
Plasticity

Although the gastrointestinal tract harbours the largest number of neurons outside
the CNS and is, in this context, not smaller than the spinal cord (Furness and Costa
1987), our knowledge on diseases related to defects in the innervation of the gut is
rather limited. As a consequence, a number of gastrointestinal disorders is referred
to as ‘functional’ (Thompson et al. 1999; Rasquin-Weber et al. 1999) because of the
absence of morphological abnormalities of gut tissues including the ENS (Goyal
and Hirano 1996). This situation, namely the lack of understanding of enteric cir-
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cuits and its possible disturbances, may be comparable to that prior to understand-
ing the correlation between structure, chemistry and function of motor areas in the
brain: at that time Parkinson tremor and other disorders were called ‘functional’
(Kopin 1993; Keppel Hesselink 1996; Yanagisawa 1996; Wood et al. 1999). Neverthe-
less, neurogastroenterology as a new subspeciality of gastroenterology has been
established and the gut is considered as a ‘neurological organ’ (Holzer et al. 2001).

An important question to be answered prior to designate the change of a pa-
rameter as pathological is to characterize age-related, non-pathological alterations
(Wade 2002). Ageing per se seems not to change functional parameters towards
a pathological situation which implies that there is a ‘functional reserve’ of the
gastrointestinal tract (Firth and Prather 2002). However, there are some features
which may point to specific age-related changes in both laboratory animals and
humans and which may potentially affect gastrointestinal functions. These in-
clude, e.g. decrease of numbers of enteric neurons, preservation of nitrergic rather
than cholinergic neurons and, that intrinsic sensory neurons may be among the
‘age-labile’ neurons (Santer and Baker 1988; Santer 1994; Phillips et al. 2003; Wade
and Cowen 2004; Abalo et al. 2005).

Apart from neuron loss, it is known from central neurons that there are age-
related alterations of dendritic morphology (Coleman and Flood 1987; Works
et al. 2004). These changes are species and region specific. Morphometric investi-
gations on dentate granule cells of hippocampus of rhesus monkeys showed that,
during ageing, distal dendritic branching decreased whereas proximal dendritic
branching increased (Luebke and Rosene 2003). This example highlights firstly,
the need of detailed morphological knowledge of types of neurons as a basis for
revealing type-related changes and secondly, that age-related plastic changes of
dendritic morphology are a complex event. In the ENS, age-related plastic changes
of dendritic morphology of special neuron types are fully unknown, which is not
surprising since the knowledge on the dendritic morphology of distinct human
neuron types is still fragmentary.

Another age-related feature in postmitotic cells such as (enteric) neurons is
the inevitable accumulation of the ‘age pigment’ lipofuscin, already in neurons
of comparatively young human patients (Brehmer et al. 2004a). It is not clear
what the biological consequences of the different pigmentation patterns found in
human enteric neurons are. It would be interesting to know if nitrergic neurons
in the rat also show the coarse pattern of pigmentation as demonstrated, e.g. in
human spiny neurons. If so, it would mean that the consequence of an intense
accumulation of lipofuscin in neurons may not be cell death or, in turn, neurons
unable to accumulate great amounts of lipofuscin (e.g. human type II neurons)
may be prone to cell death.

For decades, the search for neuropathological changes in gut segments affected
by inflammation, tumour or Hirschsprung disease was done using classical his-
tological methods (Masson 1921–1930, cited by Reiser 1932; Rieder 1935; Miyake
and Oda 1938; De Biscop 1949). These authors noted, among other things, degen-
erative changes of neurons including general changes on their nuclei, cytoplasm
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and processes. More recently, also neuropathological correlates of functional gas-
trointestinal disorders and changes in specific inflammation states (the latter being
reviewed in Geboes and Collins 1998) were searched for. Besides changes in nerve
cell and plexus architectures described already earlier, also numbers of enteric neu-
rons and their changes were considered (Smith 1972; Schuffler et al. 1978, 1985;
Schuffler and Jonak 1982; Krishnamurty et al. 1985; Yoshida et al. 1988; Chinn and
Schuffler 1988; Geboes and Collins 1998; Wedel et al. 2002).

Since, in the guinea pig, the importance of chemical coding for the identifica-
tion of enteric neurons has been recognized, a number of studies dealt with the
neurochemical characterization of human enteric neurons and their alterations in
diseased states (reviewed in:Goyal andHirano1996;Giaroni et al. 1999;Holzer et al.
2001; SchemannandNeunlist 2004). There areonly very fewanomalies inwhich the
causal connection between neuropathy and clinical symptoms is obvious or very
likely, e.g. in Hirschsprung disease where the segmental absence of enteric neurons
causes spastic contraction of the musculature (De Giorgio et al. 2004) or in infantile
hypertrophic pyloric stenosis where a lack of nNOS in pyloric tissue and subse-
quent lack of nitric oxide, an important inhibitory neurotransmitter, is obviously
responsible for the inability of the pyloric sphincter to relax (Vanderwinden et al.
1992). There is growing evidence that changes in the ENS due to inflammation af-
fect most if not all elements of enteric circuits (Mawe et al. 2004; Lomax et al. 2005).

Recent classifications on neuropathies are based on numerous single, relatively
unstructured assessments of tissue biopsies and provide only a limited insight
into structure–function relationships (De Giorgio and Camilleri 2004), both un-
der physiological and pathophysiological conditions. Novel classifications of neu-
ropathies not only require a more quantitative, systematic assessment of tissue
samples but have to be based on a more precise knowledge of the morphological
and immunohistochemical starting points of healthy human enteric neurons in
different age classes from which pathological alterations may begin to develop.
One general difficulty to do this (as we have tried and will try) is, that the access to
adequate human tissue samples is generally restricted. The resulting main prob-
lem in defining standard values is to have to do this, unlike in laboratory animals,
under non-standard conditions. Tissue samples considered to be ‘healthy’ derived
mostly from patients suffering from tumours although both earlier and more re-
cent authors have tried to characterize changes of enteric neurons and plexuses
in tumorous patients (e.g. Rieder 1935), even when the tumour was outside the
gastrointestinal tract (Chinn and Schuffler 1988). To repeat, the basic requirement
for defining pathological alterations of enteric neurons is the detailed knowledge
of their healthy morphology. Although it was not her intention, Smith (1972)
demonstrated this necessity when searching for neuropathological correlates in
a case of intestinal pseudo-obstruction: she depicted a neuron which was ‘swollen
and has lost its dendrites’ (Smith 1972: Fig. 10.3 on page 53), this was, in fact, an
unequivocal type II neuron without any obvious morphological alterations.

Concerning our efforts to classify human enteric neurons, the role of dendritic
morphology is, at present, only a diagnostic one, not more than it was at the
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time of Dogiel and Ramón y Cajal. There is growing evidence that dendrites are
an important neurocellular component which integrates a major proportion of
afferent information and influences the way and direction of signal processing,
whether onto the soma or, conversely, onto dendritic endings for signal transfer to
neighbouring neurons (Euler and Denk 2001; Wong and Ghosh 2002; Häusser and
Mel 2003). ‘The great diversity of dendritic morphology ... (probably) corresponds
to an equally large variety of dendritic mechanisms and functions’ (Euler and
Denk 2001). There is no other possible first step to understand these connections
between structure and function in enteric neurons than to decipher the principles
and dynamics of their shapes, i.e. to define their typical and significant structural
features in consideration of plastic changes caused by influences of development
including ageing processes and/or disease.

6
Summary

The ENS contains numerous different neuron populations which belong to three
main groups, primary afferent neurons, interneurons and effector neurons. The
most extensive knowledge on the different enteric neuron types is derived from
studies in the guinea pig. A significant obstacle for the transfer of this knowledge to
putative equivalent enteric neurons of other species, including human, is species
differences as to their morphological, chemical, physiological etc. phenotypes.
Modern morphological classifications are based on the work of the Russian histol-
ogist Dogiel. Since the late 1970s, refined morphological classifications of enteric
neurons beyond Dogiel have been attempted mainly in two species, the pig and the
guinea pig. These reflect the immunohistochemical diversity of enteric neurons
more precisely but are far from being complete. In this paper, we follow two aims.
First, we have presented an overview on the chemical coding of the morphological
neuron types described by Stach in the pig intestine. In doing so, we have pointed
out the difference between the definitions of type I neurons given by Dogiel and
Stach. Second, we have attempted to provide a basis for the morpho-chemical clas-
sification of human enteric neurons as revealed by their immunoreactivity for NFs
and several neuroactive substances or related markers. According to results from
guinea pig, where there is functional evidence, human morphological type II neu-
rons (non-dendritic, multiaxonal; co-reactive for NF, CAR, SOM, SP) seem to be the
intrinsicprimaryafferentneurons.This conclusion isbasedprimarilyonstructural
equivalence.HumanENK-positive, stubby(type I)neuronsmaybeascending inter-
or motorneurons. In contrast, nitrergic, VIP-reactive spiny (type I) neurons may be
descending inter- or motor neurons. Further, morphologically defined human neu-
ron types, i.e. type III, type V and dendritic type II neurons, are non-nitrergic but
could not be chemically defined as yet. Future investigations of morpho-chemical
characteristics of human enteric neurons including also other cytoskeletal markers
will provide a broader basis for neurohistopathological diagnostics of gut diseases.
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