
Abstract Previous studies have identified the chemis-
tries, shapes, projections and electrophysiological char-
acteristics of several populations of neurons in the distal
colon of the guinea-pig but it is unknown how these
characteristics correlate to define the classes of neurons
present. We have used double-label immunohistochemi-
cal techniques to identify neurochemically distinct sub-
groups of enteric neurons in this region. On the basis of
colocalisation of neurochemical markers and knowledge
gained from previous studies of neural projections, 
17 classes of neurons were identified. The myenteric
plexus contained the cell bodies of 13 distinct types of
neurons. Four classes of descending interneurons and
three classes of ascending interneurons were identified,
together with inhibitory and excitatory motor neurons to
both the circular and longitudinal muscle layers. Dogiel
type II neurons, which are presumed to be intrinsic pri-
mary afferent neurons, were located in myenteric and
submucosal ganglia; they were all immunoreactive for
choline acetyltransferase and often calbindin and tachy-
kinins. Three classes of secretomotor neurons with cell
bodies in submucosal ganglia were defined. Two of these
classes were immunoreactive for choline acetyltransfer-
ase and the other class was immunoreactive for both va-
soactive intestinal peptide and nitric oxide synthase.
Some of the secretomotor neurons probably also have a
vasomotor function. The neural subtypes defined in the
present study are similar in many respects to those found
in the small intestine, although differences are evident,
especially in populations of interneurons. These differ-
ences presumably reflect the differing physiological
roles of the two intestinal regions.
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Introduction

Within the tubular portion of the mammalian gastrointes-
tinal (GI) tract, ganglionated plexuses of the enteric ner-
vous system are situated between the circular and longi-
tudinal smooth muscle layers (the myenteric plexus) and
amongst the connective tissue that lies between the mu-
cosa and the circular muscle layer (the submucosal plex-
us). These plexuses contain the neural components of lo-
cal reflex arcs (sensory neurons, interneurons and motor
neurons) that are responsible for the moment to moment
control of GI motor systems. Within the myenteric plex-
us, the neural circuitry is predominantly involved in the
reflex regulation of the contractile activities of the exter-
nal musculature, whereas motor neurons of the submu-
cosal plexus regulate the secretomotor and vasomotor
activities of the mucosa.

Within the past 30 years, the combination of immuno-
histochemical, electrophysiological, pharmacological,
microsurgical and retrograde tracing techniques has pro-
duced a dramatic increase in the understanding of the
neural circuitry and neurophysiology of the enteric ner-
vous system (Wood 1994; Costa et al. 1996; Timmermans
et al. 1997; Furness et al. 1999). One outcome of these
studies is the discovery that enteric neurons each contain
several chemical markers that provide a chemical code
that relates to the functions and targets of the neurons
(Furness et al. 1989a; Ekblad et al. 1991). Subsequently,
multiple label immunohistochemical techniques have
taken advantage of this chemical code to define seemingly
all the neuron types in the small intestine of the guinea-
pig (Furness et al. 1995, 2000; Costa et al. 1996). Four-
teen different classes of enteric neurons have been iden-
tified on this basis. Less comprehensive neurochemical
classifications have been deduced for neurons within
most regions of the GI tract of guinea-pigs and other
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species including mouse, rat, human, pig, dog and toad
(Timmermans et al. 1990; Li et al. 1993; Murphy et al.
1994; Barbiers et al. 1995; Schemann et al. 1995; Sang
and Young 1996; Porter et al. 1997; Wattchow et al.
1997; Pfannkuche et al. 1998a, 1998b; Wang et al. 1998;
Mann et al. 1999; Vanden Berghe et al. 1999).

Although some neurochemicals are contained within
homologous neurons within different regions of the GI
tract of different species, there are also marked differ-
ences between species and between regions of the GI
tract of the same species (see Furness et al. 1995). In the
distal colon of the guinea-pig, a substantial amount of
data has been accumulated, primarily by using single-
label immunohistochemistry (Messenger and Furness
1990; McConalogue and Furness 1993, 1996;
McConalogue et al. 1994; Wardell et al. 1994; Neunlist
and Schemann 1998) and more recently by filling neu-
rons with intracellular markers via microelectrodes
(Lomax et al. 1999). However, it is not possible to de-
duce the populations of neurons present in the distal
colon from these individual studies as only very limited
colocalisation studies had been undertaken previously.
The use of double-labelling immunohistochemical tech-
niques in the present work enables a direct comparison
of the organisation of enteric circuitry of the distal colon
to be made with the small intestine of the guinea-pig, in
order to detect differences in the organisation between
these two regions of the GI tract that have differing
motor activities.

Materials and methods

Tissue was obtained from guinea-pigs of both genders, in the
weight range 200–400 g. Animals were stunned by a blow to the
head and killed by severing the carotid arteries and spinal cord.
All procedures were approved by the University of Melbourne
Animal Experimentation Ethics Committee. Segments of colon,
between 2 and 5 cm from the pelvic brim, were removed, opened
along the mesenteric border, pinned tautly on balsa board and im-
mersed in Zamboni’s fixative (2% formaldehyde plus 0.2% picric
acid in 0.1 M sodium phosphate buffer, pH 7.0) at 4°C overnight.

In order to visualise cell-body immunoreactivity for neuropep-
tides, some preparations were incubated in colchicine, under ster-
ile conditions, for 24 h prior to fixation, as described previously
(Furness et al. 1989b). To enhance serotonin (5-HT) immunoreac-
tivity in myenteric cell bodies, some preparations underwent a 
5-HT loading protocol (see Young and Furness 1995) prior to fixa-
tion in 4% formaldehyde overnight. Localisation of gamma-
aminobutyric acid (GABA) was improved by loading fresh tissue
with GABA (5×10–9 M) prior to fixation. This was achieved by
placing tissue in culture medium that was warmed to 37°C and
that was buffered with medical air containing 5% carbon dioxide
for 20 min. The culture medium also contained nicardipine
(3×10–7 M) to suppress muscle movement, amino-oxyacetic acid
(2×10–5 M) to block GABA transaminase activity and β-alanine
(10–3 M) to prevent glial uptake of GABA. Following this loading
protocol, tissues were pinned on balsa wood and fixed in Zam-
boni’s fixative containing 0.05% glutaraldehyde for 4 h. Tissue
that was fixed in Zamboni’s solution was cleared of fixative with
3×10 min washes in dimethylsulphoxide, followed by 3×10 min
washes in phosphate-buffered saline (PBS; pH 7.2). Tissue that
was fixed in formaldehyde was cleared of fixative by 3×10 min
washes in PBS.

Immunohistochemistry

Following fixation and clearing, three types of dissections were
performed. The mucosa, submucosa and circular muscle were re-
moved to produce whole-mounts of longitudinal muscle plus the
myenteric plexus. In the second type of preparation, the circular
muscle layer was left intact, together with the longitudinal muscle
and myenteric plexus, and the third type of dissection removed the
mucosa and muscularis externa to leave behind the intact submu-
cosa. All preparations were incubated in a 10% solution of normal
horse serum and 1% Triton X-100 in 0.1 M sodium phosphate
buffer for 30 min at room temperature, prior to exposure to combi-
nations of primary antisera (Table 1).

Following incubation for one or two nights at room tempera-
ture in combinations of antisera, tissue was washed in PBS and
then incubated in a mixture of secondary antibodies (Table 2)
comprising one antibody linked to biotin and one directly labelled
with fluorescein isothiocyanate (FITC) for 2 h. The tissue was
then washed for 30 min in PBS and incubated with streptavidin-
Texas Red for 90 min. A final wash in PBS was made before tis-
sue was mounted in glycerol buffered with 0.5 M sodium carbon-
ate buffer (pH 8.6).

Preparations were examined on a Zeiss Axioskop microscope
equipped with the appropriate filter cubes for discriminating be-
tween FITC and Texas Red fluorescence. Images were recorded
by using an ImagePoint cooled charge-coupled device camera
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Table 1 Characteristics of pri-
mary antibodies Tissue antigen Host Dilution Code (reference)

Calbindin Rabbit 1:1600 DEMLR 1(Furness et al. 1988) 
Calretinin Rabbit 1:1000 7696 (Mann et al. 1997)
Bombesin Mouse 1:100 2AII (Costa et al. 1984) 
CGRP Rabbit 1:1000 MacI (Morris et al. 1984)
Enkephalin Mouse 1:200 Seralab, Crawley Down, Sussex, UK
GABA Rabbit 1:1600 (Maley and Newton 1985)
VAChT Goat 1:1000 1624 (Li and Furness 1998)
5-HT (serotonin) Rat 1:500 3M55 (Wardell et al. 1994)
NCB antigen Rabbit 1:200 CBII (Young et al. 1993)
Neural NOS Rabbit 1:200 N74 (Anderson et al. 1995)
Neural NOS Sheep 1:2000 H05 (Williamson et al. 1996)
NPY Rabbit 1:1600 JM263 (Maccarrone and Jarrott 1985)
Somatostatin Mouse 1:400 S895 (Buchan et al. 1985)
TK Rat 1:200 NCI/34HL (Cuello et al. 1979)
TH Mouse 1:400 T341, Boehringer Mannhein
VIP Rabbit 1:200 7913 (Furness et al. 1981)



(Photometrics, Tucson, Ariz., USA) and V for Windows imaging
software (Digital Optics, Auckland, New Zealand).

Nomenclature

In order to simplify the presentation, we have designated neurons
with immunoreactivity for the cholinergic markers choline acetyl-
transferase (ChAT) and/or the vesicular acetylcholine transporter
(VAChT) as ACh neurons.

Quantitative analysis

The proportions of neurons that were immunoreactive for a partic-
ular neurochemical and that were also immunoreactive for other
neurochemicals was estimated by examining double-stained prep-
arations. In each case, double-stained preparations from several
animals were used. For statistical purposes, the number of animals
from which preparations were taken was used as the value of n.
The percentage of neurons that were immunoreactive for a partic-
ular marker and that were also immunoreactive for another neuro-
chemical was calculated and expressed as mean ± the standard
error of the mean (SEM).

Results and discussion

Myenteric plexus

Anti-nerve-cell-body (NCB) antiserum labelled numer-
ous neuronal perikarya within ganglia of both submucos-
al and myenteric plexuses of the guinea-pig distal colon.
When these preparations were carefully examined, no
nerve cells that were unstained could be found. When
antisera that stained fewer than all nerve cells were used,
unstained nerve cells could be recognised by faint pro-
tein fluorescence and by the space that they left amongst
stained cells and axons. Staining of all neuron somas
with NCB antiserum was consistent with the observa-
tions of Young et al. (1993) in the small intestine and
McConalogue et al. (1994) in the colon. Nerve cells that
were immunoreactive for nitric oxide synthase (NOS)
had very strong staining and it was decided to use this
immunoreactivity in double-labelling experiments to de-
termine the proportions of nerve cells immunoreactive
for other neurochemicals.

All NCB-immunoreactive (NCB-IR) and NOS-IR
nerve cell bodies were counted in preparations double-

stained by anti-NOS and NCB antisera. From counts of
myenteric plexus preparations taken from six animals,
2710 NCB-IR cell bodies were encountered, whereas in
the same preparations, 1057 NOS-IR cells were counted.
Total numbers of neurons were counted, rather than neu-
rons per ganglion, because it was often difficult in the
distal colon to define where one ganglion ended and an-
other began. The counts indicated that 39±2.5% (n=6) of
the total population of myenteric neurons were NOS-IR;
this proportion was higher than previously obtained by
Furness et al. (1994b), who reported that 25% of neurons
in the myenteric plexus of the guinea-pig distal colon
were NOS-IR. NOS-IR nerve cells in the myenteric
plexus were uniaxonal; many had Dogiel type I morphol-
ogy (Dogiel 1899) and a range of cell body sizes, as was
observed by McConalogue and Furness (1993).

The proportions of myenteric neurons immunoreac-
tive for other neurochemical markers were calculated by
counts undertaken in preparations double-stained for
NOS and a second marker (Table 3). As NOS immunore-
activity was contained in 39% of the total population of
myenteric neurons, we used this factor to convert our da-
ta to the proportion of the total population of myenteric
neurons that each marker represented. On this basis,
57±4.5% (n=5) of myenteric neurons were ChAT-IR,
25±0.5% (n=4) were vasoactive intestinal peptide (VIP)-
IR, 19±1% (n=4) were calretinin-IR, 17±3% (n=3) were
enkephalin (ENK)-IR and 10±1% were calbindin-IR
(n=4). Of neurons that were ChAT-IR, 3±1% (n=3) were
immunoreactive for NOS, whereas 2±0.4% (n=3) of cal-
retinin-IR cell bodies (Fig. 1B, B’) and 11±4% (n=3) of
calbindin-IR cell bodies were also NOS-IR. All tachyki-
nin (TK)-IR cell bodies were ChAT-IR, whereas no colo-
calisation was seen between TK immunoreactivity and
NOS immunoreactivity.
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Table 2 Secondary antibodies or streptavidin complexes used

Antibody or streptavidin label Dilution Sourcea

Biotinylated donkey anti-rabbit IgG 1:100 Jackson
Biotinylated donkey anti-sheep IgG 1:100 Jackson
Biotinylated horse anti-mouse IgG 1:100 Vector
Biotinylated horse anti-rabbit IgG 1:100 Jackson
Donkey anti-rabbit IgG FITC 1:50 Amersham
Donkey anti-sheep IgG FITC 1:50 Jackson
Donkey anti-rat IgG FITC 1:100 Jackson
Streptavidin-Texas Red 1:100 Amersham

a Supply companies: Amersham, Melbourne Australia; Jackson
Immunosearch Lab., Pa., USA; Vector Lab., Burlingame, Calif.,
USA

Table 3 Sizes of chemically defined classes of neurons. This table
lists some of the major groups of neurons that occur in the guinea-
pig distal colon and that can be defined by combinations of immu-
nohistochemical markers. Some of these can be divided into sub-
groups for which precise proportions have not been determined.
However, they can be identified by their projections in the colon
(Fig. 7)

Myenteric ganglia

Ganglion type Immunostaining pattern Percentage

NOS-IR NOS/VIP 25%
cell bodies NOS/ChAT 2%

Other NOS 15%

ChAT-IR ChAT/calbindin/TK 8%
cell bodies (Dogiel type II)

ChAT/TK/ENK 17%
ChAT/calretinin 18%
ChAT/5-HT 2%
ChAT/NOS 2%
ChAT/VIP 3%

Submucosal ChAT/TK/calbindin 22%
ganglia NOS/VIP/±calbindin 41%

ChAT/calretinin 11%
ChAT/NPY/CGRP/SOM 26%



Antiserum raised against VIP was used on colchicine-
treated preparations of myenteric plexus. Although so-
mal morphology was often distorted by this treatment,
immunoreactive cells were always uniaxonal. Around
90% of VIP-IR cell bodies were NOS-IR and 65% of
NOS-IR cell bodies were VIP-IR (Fig. 2C, C’), whereas
in preparations from the same animals, 13% of VIP-IR
neurons were ChAT-IR.

Calretinin immunoreactivity was localised in neurons
that often lay in clumps within myenteric ganglia. These
cells were surrounded by a dense layer of immunoreac-
tive varicosities, which made it difficult to define the
morphologies of immunoreactive cell bodies. Nonethe-
less, all immunoreactive neurons appeared to be uniax-
onal as previously reported (McConalogue et al. 1994).

Of calretinin-IR cell bodies, 95±2.4% (n=3) were ChAT-
IR (Fig. 1A, A’).

All ENK-IR cell bodies, which had ascending axonal
projections and Dogiel type I morphology (Messenger
and Furness 1990), were ChAT-IR (Fig. 2B, B’). Around
16% of ENK-IR cell bodies were VIP-IR but no colocal-
isation between ENK and NOS immunoreactivity was
seen. Sixty-five percent of ENK-IR cell bodies were TK-
IR, although this might have been an underestimate be-
cause of the relatively low intensity of cell-body staining
for TK. Seven percent of ENK-IR cell bodies were cal-
retinin-IR.

Somatostatin (SOM)-IR neurons, many of which were
deduced to be ascending interneurons (see below), were
examined in colchicine-treated myenteric plexus prepa-
rations to determine the degree of overlap of SOM-IR
with other neurochemical markers. All SOM-IR neurons
were ChAT-IR and calretinin-IR, which is a marker of
ascending interneurons that have filamentous dendrites
(Lomax et al. 1999). Moreover, the majority (about 75%)
of SOM-IR cell bodies were VIP-IR.

Calbindin antisera enabled the morphology of immu-
noreactive neurons to be defined. Of 200 calbindin-IR
neurons examined, 79% had Dogiel type II morphology,
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Fig. 1A–B Whole-mounts of myenteric ganglia demonstrating co-
localisation of calretinin-IR with ChAT-IR (A, A’) and NOS-IR
(B, B’). A, A’ All calretinin-IR cell bodies within this ganglion are
ChAT-IR (e.g. arrows). B, B’ A rare calretinin-IR cell body that is
also NOS-IR (arrow). This calretinin-IR cell body is surrounded
by a basket-like formation of calretinin-IR varicosities. The major-
ity of calretinin-IR cell bodies are not NOS-IR (e.g. arrowheads)
and most NOS-IR neurons are not calretinin-IR (asterisks). Bars
25 µm



i.e. large oval cell bodies with several fine processes.
The majority of the remaining calbindin-IR cell bodies
displayed Dogiel type I morphology. Eighty-nine percent
of calbindin-IR neurons in preparations from three ani-

mals were ChAT-IR (Fig. 2A, A’). As mentioned earlier,
11±4% (n=3) of calbindin-IR cell bodies were also NOS-
IR, suggesting that all calbindin-IR neurons had immu-
noreactivity for ChAT or NOS.

Preparations of colchicine-treated myenteric plexus
were examined to determine the degree of overlap be-
tween neuropeptide Y (NPY) immunoreactivity and
NOS immunoreactivity. Eighty-five percent of NPY-IR
cell bodies were NOS-IR.

A previous immunohistochemical study examined the
shapes and projections of neurons immunoreactive for 5-
HT (Wardell et al. 1994). 5-HT-IR was contained in a
population of neurons that had Dogiel type I morphology
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Fig. 2A–C Paired micrographs of whole-mount preparations of
myenteric ganglia illustrating colocalisation of neurochemical
markers. Arrows Colocalisation. A, A’ All calbindin-IR neurons
that have Dogiel type II morphology are ChAT-IR. B, B’ An ENK-
IR cell body that is ChAT-IR. All ENK-IR neurons in myenteric
ganglia are ChAT-IR. C, C’ A myenteric ganglion containing two
NOS-IR cell bodies that are also VIP-IR. Note that not all NOS-IR
neurons in this ganglion are VIP-IR (asterisks), nor are all VIP-IR
neurons immunoreactive for NOS (arrowheads). Bars 25 µm



and that comprised about 2% of the total population of
myenteric neurons. These are the descending interneu-
rons in the myenteric plexus that provide terminals in
myenteric and submucosal ganglia. Kadowaki et al.
(1999) have recently provided evidence that one of the
targets of these neurons in the submucosal plexus is
NOS-IR neurons. In the present work, it was found that
all 5-HT-IR neurons were ChAT-IR (Fig. 3A, A’), calbin-
din-IR and calcitonin gene-related peptide (CGRP)-IR,
whereas a small minority (15%) were calretinin-IR.

All GABA-IR cell bodies had Dogiel type I morphol-
ogy (Messenger and Furness 1990) and NOS-IR
(Fig. 3B, B’) but none was ChAT-IR or calretinin-IR.
The terminals of GABA-IR neurons innervate the circu-
lar muscle anal to their cell bodies (Messenger and
Furness 1990).

Muscle motor neurons

Previous immunohistochemical studies in the guinea-pig
distal colon indicate that the following neurochemical
markers occur in varicose nerve fibres within the circular
muscle layer: NOS, NPY, TK, VIP, GABA, SOM, ENK
and calbindin (Messenger and Furness 1990;
McConalogue and Furness 1993). By examining the co-
localisation patterns of staining revealed by antisera
raised against these markers, together with VAChT im-
munoreactivity in varicosities within the circular muscle,
we have identified two classes of motor neurons. No
VIP-IR fibres within the circular muscle are immunore-
active for TK or VAChT, but all VIP-IR fibres are NOS-
IR and vice-versa. This implies that, as in other gut re-
gions, there are separate populations of NOS/VIP and
ACh/TK nerve fibres innervating the circular muscle.
Moreover, NOS and VIP antisera stain anally projecting

fibres in the circular muscle, whereas ACh/TK fibres
project orally to the muscle (Messenger and Furness
1990; McConalogue and Furness 1993). We also found
that all ENK-IR fibres were TK-IR and 40/43 TK-IR fi-
bres were ENK-IR. No ENK-IR fibres were NPY-IR.
Therefore, our results indicate that there is a population
of anally directed neurons that innervate the circular
muscle that has the chemical code NOS/VIP/±NPY and
a population of orally directed fibres with the code
ACh/TK/ENK. To this can be added the observation in
the present work that all GABA-IR cell bodies are NOS-
IR; GABA-IR neurons project anally to the circular mus-
cle (Messenger and Furness 1990). SOM-IR fibres also
project anally to the circular muscle but are less numer-
ous than other fibre types. Thus, the chemical coding of
anally projecting fibres can be extended to NOS/
VIP/±NPY/±GABA/±SOM.

The direction of projection of these neurons and
abundant pharmacological evidence indicate that they
are the inhibitory motor neurons to the circular muscle
(see Sanders and Ward 1992; Furness et al. 1995;
Shuttleworth and Keef 1995). Indeed, neurons with the
chemical code of NOS plus VIP are inhibitory muscle
motor neurons in all regions of the GI tract of all species
examined (e.g. Furness and Costa 1979; Brookes et al.
1991; Timmermans et al. 1994; Sang and Young 1996;
Porter et al. 1997; Clerc et al. 1998b; Wang et al. 1998).
In addition to pharmacological evidence for VIP and NO
being inhibitory transmitters, there is evidence supporting
a role for ATP or a related purine in inhibitory neuromus-
cular transmission in the GI tract (e.g. Crist et al. 1992)
but ATP cannot be selectively localised to neurons.

Immunohistochemical studies indicate that TK-IR and
ENK-IR fibres supply the circular muscle oral to their
cell bodies (Messenger and Furness 1990). This observa-
tion, together with the present observation of colocalisa-
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Fig. 3 Whole-mount prepara-
tions of myenteric plexus that
had undergone 5-HT (A, A’) or
GABA (B, B’) loading proto-
cols. A, A’ Colocalisation of 
5-HT-IR with ChAT-IR in cell
bodies (arrows). B, B’ All
GABA-IR cell bodies are also
NOS-IR (arrows). Note that
GABA-IR reveals the morphol-
ogy of the cell body more com-
pletely than does NOS-IR. Bars
25 µm



tion of VAChT and TK in fibres within the muscle, indi-
cates that ACh/TK/±ENK is the chemical code for exci-
tatory motor neurons innervating the circular muscle of
the colon. Again, pharmacological studies support the
role of ACh and TKs as co-transmitters at excitatory
neuromuscular junctions throughout the GI tract of all
species thus far examined (see Furness and Costa 1987;
Holzer and Holzer Petsche 1997).

A small proportion of fibres in the circular muscle
have calbindin immunoreactivity but colocalisation of
markers in these axons has not been determined. These
could be axons of motor neurons or, as in the duodenum,
of intrinsic primary afferent neurons (Clerc et al. 1998b).

In the longitudinal muscle layer, immunoreactivity for
the following neurochemicals was observed in nerve fi-
bres: calretinin, NOS, VIP, TK, VAChT and ENK, which
confirms and extends previous observations (Messenger
and Furness 1990; McConalogue and Furness 1993).
Examination of double-stained preparations of the distal
colon in the present work identified two separate popula-
tions of longitudinal muscle neurons. There was no colo-
calisation of VIP immunoreactivity with either TK im-
munoreactivity or VAChT immunoreactivity in fibres in
the longitudinal muscle. TK immunoreactivity was al-
ways colocalised within fibres immunoreactive for
VAChT, and NOS-IR fibres were always VIP-IR and
vice versa. This indicates that there are two populations
of motor neurons to the longitudinal muscle: a choliner-
gic population that contains TK and a nitrergic popula-
tion that also contains VIP. In addition, calretinin-IR
fibres were always VAChT-IR, and ENK-IR fibres were
always immunoreactive for both VIP and NOS. Thus,
the chemical code of longitudinal muscle motor neurons
is ACh/TK/±calretinin and NOS/VIP/±ENK. Again, the
colocalisation of these neurochemical markers is consis-
tent with NOS and VIP being contained in inhibitory
motor neurons and ChAT, TK and calretinin being con-
tained in excitatory motor neurons to the longitudinal
muscle (Furness et al. 1995; Shuttleworth and Keef
1995; Holzer and Holzer Petsche 1997). In the guinea-
pig ileum, the vast majority of longitudinal muscle motor
neurons are immunoreactive for ChAT, indicating that
the innervation of the longitudinal muscle is predomi-
nantly excitatory. Whereas it was not possible to deter-
mine the proportions of longitudinal muscle motor neu-
rons that were ChAT-IR in the present study, the obser-
vation of inhibitory junction potentials in the longitu-
dinal muscle of the colon suggests a significant inhibitory
innervation (Furness 1969).

Dogiel type II, presumptive intrinsic primary afferent
neurons

Neurons with Dogiel type II morphology were revealed
by antisera raised against calbindin, although in contrast
to the ileum, not all calbindin-IR neurons have Dogiel
type II morphology (Messenger and Furness 1990; see
above). All Dogiel type II calbindin-IR neurons were

ChAT-IR and the majority were also immunoreactive for
TK; by analogy with the small intestine, it is possible
that some Dogiel type II neurons are not stained by cal-
bindin antisera but are ChAT-IR and TK-IR (Furness et
al. 1990b). Electrophysiological recordings, combined
with injection of the intracellular marker biocytin, indi-
cate that all Dogiel type II neurons in the myenteric
plexus of the distal colon have AH type electrophysio-
logical characteristics (Lomax et al. 1999), which is also
the case for most Dogiel type II neurons in the ileum,
where AH/Dogiel type II neurons have been shown to be
intrinsic primary afferent neurons (IPANs) that are re-
sponsive to sensory stimuli of various modalities (see
Furness et al. 1998). There is some lability in the occur-
rence of the late hyperpolarising potential (AHP) that
follows the action potential and characterises AH neu-
rons, depending on their state of excitation by slow
transmitters (Furness et al. 1998). In the duodenum,
where neurons tend to be in a more excited state than in
the ileum, not all AH neurons display a late AHP (Clerc
et al. 1998a). Calbindin-IR neurons provide dense inner-
vation of myenteric ganglia with short oral or anal pro-
jections (Messenger and Furness 1990). A retrograde
tracing study has revealed that calbindin-IR Dogiel
type II neurons in the myenteric plexus also innervate
the mucosa of this region and have AH type electrophys-
iological characteristics (Neunlist et al. 1999). Thus, the
projections, electrophysiological characteristics and
chemistries of ACh/calbindin/TK-IR Dogiel type II neu-
rons in the distal colon are consistent with the projec-
tions of IPANs in the small intestine (Furness et al.
1990b; Song et al. 1994). The proportion of calbindin-IR
Dogiel type II neurons in myenteric ganglia of the colon
(8%) is less than half the proportion found in the ileum
(Furness et al. 1990b).

Descending interneurons

Several neurochemicals are contained in varicosities of
axons that project from oral to anal within the myenteric
plexus. VIP, gastrin-releasing peptide (GRP), NOS, cal-
bindin, 5-HT and calretinin have all been deduced to be
in descending interneurons (Messenger and Furness
1990; McConalogue and Furness 1993; Wardell et al.
1994). By examining the colocalisation patterns of these
neurochemical markers, together with ChAT and
VAChT, in myenteric cell bodies and varicosities, four
classes of descending interneurons have been identified
in the present work. There is a class of cholinergic de-
scending interneurons that is immunoreactive for VIP
and often GRP, NOS and calbindin, as previously de-
scribed (Lomax et al. 2000). On the basis of cell-body
staining observed in the present study, another class of
cholinergic descending interneuron is 5-HT-IR, ChAT-
IR, CGRP-IR, calbindin-IR and sometimes calretinin-IR.
The existence of the other two classes is deduced from
the observations that all VIP-IR varicosities are also
VAChT-IR (Fig. 4), that around 25% of NOS-IR varicos-

65



ities are not VAChT-IR and that only about 45% of VIP-
IR varicosities are NOS-IR. This suggests that a class of
descending interneuron is immunoreactive for VIP and
ChAT and another class is immunoreactive for NOS but
not for ChAT or VIP. These data indicate that the colon
is similar to the small intestine in having ACh/5-HT,
NOS and ACh/NOS/VIP descending interneurons but
that it lacks the ACh/SOM neurons seen in the small in-
testine (Costa et al. 1996; Furness et al. 2000)

Ascending interneurons

Lomax et al. (1999) have described a class of myenteric
ascending interneurons in the distal colon that have rela-
tively long filamentous dendrites and are immunoreac-
tive for calretinin. In the small intestine, myenteric neu-
rons with this morphology are immunoreactive for SOM
and ChAT but project anally (Portbury et al. 1995; Song
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Fig. 4 Paired photomicro-
graphs of a myenteric ganglion
acquired by using a confocal
microscope (optical thickness
0.7 µm), illustrating colocalisa-
tion of VIP-IR (A) and VAChT-
IR (A’) within varicosities
(examples at arrows). Note that
not all VAChT-IR varicosities
are VIP-IR. Bar 10 µm

Fig. 5 Diagram of the types of neurons in the distal colon of the
guinea-pig, defined by their chemistries, projections, cell body
morphologies and presumed functions (LM longitudinal muscle
layer, MP myenteric plexus, CM circular muscle layer, SM submu-
cosa, Muc mucosa, PVG prevertebral ganglia). Myenteric neurons:
1 ACh/calbindin/TK, intrinsic primary afferent neuron, 2 ACh/
VIP, descending interneuron, 3 NOS, descending interneuron,
4 ACh/5-HT/CGRP/calbindin/±calretinin, descending interneuron,
5 ACh/VIP/GRP/±NOS/±Calb, descending interneuron, 6 ACh/
SOM/calretinin/VIP, filamentous ascending interneuron, 7 ACh/
TK/ENK/±VIP±calretinin, ascending interneuron, 8 ACh/NPY/
±TK/±SOM/±calretinin, ascending interneuron, 9 ACh/TK/±ENK,
excitatory motor neuron to the circular muscle, 10 NOS/VIP/
± GABA/±NPY, inhibitory motor neuron to the circular muscle,
11 ACh/TK/calretinin, excitatory motor neuron to the longitudinal
muscle, 12 NOS/±VIP/±ENK, inhibitory motor neuron to the lon-
gitudinal muscle, 13 ACh/±NOS/±VIP/±GRP/±calbindin/±calreti-
nin, intestinofugal neuron. Submucosal neurons: 14 ACh/TK/cal-
bindin (22%), intrinsic primary afferent neuron, 15 NOS/VIP/
± calbindin (41%), non-cholinergic secretomotor/vasodilator neu-
ron, 16 ACh/calretinin (11%), cholinergic secretomotor/vasodila-
tor neuron, 17 ACh/NPY/CGRP/SOM (26%), cholinergic secreto-
motor neuron



et al. 1997; Pompolo and Furness 1998). Filamentous as-
cending interneurons in the distal colon are also immu-
noreactive for SOM, ChAT and VIP. This conclusion has
been arrived at by examining colocalisation patterns in
SOM-IR cell bodies and varicosities, which are all cal-
retinin-IR. Another class of cholinergic ascending inter-
neuron exists that is immunoreactive for TK, ENK and
often calretinin and VIP. A third class of cholinergic in-
terneuron has been defined by examining the colocalisa-
tion patterns of markers within NPY-IR varicosities, be-
cause NPY-IR neurons have previously been shown to
innervate myenteric ganglia oral to their cell bodies
(Messenger and Furness 1990); the varicosities contain
VAChT immunoreactivity and often immunoreactivity
for TK, SOM and calretinin. Moreover, ChAT immuno-

reactivity has been observed in 40% of NPY-IR cell bod-
ies examined, the non-ChAT-IR cell bodies being NOS-
IR inhibitory motor neurons to the circular muscle. Thus,
there are three types of ascending interneuron, each of
which seems to be cholinergic (Fig. 5), compared with
one type in the small intestine.

Intestinofugal neurons

The chemical coding of intestinofugal neurons has been
defined in previous studies. Intestinofugal neurons are
immunoreactive for ChAT and often VIP, NOS, calbin-
din, calretinin and GRP (Furness et al. 1990a; Messenger
and Furness 1991; Anderson et al. 1995; Mann et al.
1995; Sharkey et al. 1998).
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Fig. 6A–D Paired micrographs
of nerve cells in the submucos-
al plexus demonstrating colo-
calisation of neurochemical
markers. Arrows Colocalisa-
tion. A, A’ Calbindin immuno-
reactivity is contained in cell
bodies that, in this ganglion,
are ChAT-IR; most calbindin-
IR cell bodies were ChAT-IR
but not all ChAT-IR cell bodies
were calbindin-IR. B, B’ A cal-
bindin-IR neuron that is also
TK-IR; all TK-IR neurons had
calbindin-IR. Note that TK-IR
varicosities surround this cell.
C A calretinin-IR cell body in a
ganglion containing a dense in-
nervation by calretinin-IR vari-
cose nerve fibres. The calreti-
nin-IR cell body is also ChAT-
IR (C’). D, D’ Complete over-
lap between VIP-IR and NOS-
IR cell bodies in a submucosal
ganglion. Bars 25 µm



Submucosal plexus

In preparations double-labelled for NOS and NCB,
NOS-IR cell bodies were calculated to comprise 41±2%
(n=3) of the total population of submucosal nerve cell
bodies. One hundred NOS-IR cell bodies in preparations
from three animals were examined for colocalisation
with ChAT immunoreactivity. NOS immunoreactivity
and ChAT immunoreactivity were never colocalised but
NOS immunoreactivity plus ChAT immunoreactivity ap-
peared to account for all cell bodies. Therefore, ChAT
immunoreactivity was contained in around 59% of the
total population of submucosal plexus cell bodies. For
the reasons mentioned above, the population of submu-
cosal plexus neurons immunoreactive for NOS was set
as the index (41%) for calculating the sizes of the popu-
lations immunoreactive for other markers. Calretinin im-
munoreactivity was contained in 11±2% of cell bodies,
calbindin immunoreactivity in 31±1% and NPY immu-
noreactivity in 26±1.5% of submucosal cell bodies (n=3
in each case).

One hundred VIP-IR cell bodies were examined for
colocalisation with NOS immunoreactivity in colchicine-
treated submucosal preparations from three animals. All
VIP-IR cell bodies were NOS-IR (Fig. 6D, D’). In three
preparations taken from the same animals, no VIP-IR
neurons were immunoreactive for ChAT. These data are
in good agreement with that of Neunlist and Schemann
(1998) who found that ChAT immunoreactivity and VIP
immunoreactivity were contained in separate popula-
tions. They also found that VIP-IR neurons constituted
41% of all submucosal plexus nerve cells, the same pro-
portion that was found in the present work.

ChAT immunoreactivity was colocalised in cell bod-
ies immunoreactive for calretinin, CGRP, NPY, SOM
and TK and in most calbindin-IR cell bodies. All CGRP-
IR, NPY-IR (Fig. 7A, A’) and SOM-IR cell bodies were
ChAT-IR. In two preparations counted, 100% of CGRP-
IR cell bodies were SOM-IR and NPY-IR (Fig. 7B, B’).
All NPY-IR cell bodies were SOM-IR (Fig. 7C, C’). In
three preparations, colocalisation of VIP and NPY im-
munoreactivity in cell bodies was never observed. Thus,
we can deduce that 26% of submucosal neurons are
ACh/CGRP/NPY/SOM. SOM immunoreactivity never
surrounded submucosal arterioloes, whereas dense inner-
vation of arterioles by NPY-IR and CGRP-IR varicose
processes was evident, although these two markers were
never colocalised in varicosities around arterioles. The
NPY-IR periarterial fibres are probably sympathetic va-
soconstrictor axons (Messenger and Furness 1990;
Browning et al. 1999). NPY immunoreactivity was pres-
ent in 85% of SOM-IR neurons, although all NPY-IR
neurons were SOM-IR, which indicates that SOM-IR
may be present in a subgroup of either ACh/calretinin or
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Fig. 7A–C Whole-mount preparations of submucosal plexus tak-
en from preparations of distal colon that had been treated with col-
chicine. Paired micrographs showing the colocalisation of immu-
noreactivity for NPY (A, B, C) with immunoreactivity for ChAT
(A’), CGRP (B’) and SOM (C’). A, A’ All NPY-IR somata
(arrowheads) are immunoreactive for ChAT, whereas not all
ChAT-IR somata are NPY-IR. B, B’ An NPY-IR neuron that is
also CGRP-IR (arrow); there was complete overlap of immunore-
activity in submucosal cell bodies, although CGRP-IR is not con-
tained in all NPY-IR terminals. C, C’ An NPY-IR neuron that is
also immunoreactive for SOM (arrow) as were all NPY-IR neu-
rons. Note the SOM-IR varicosities surrounding the immunoreac-
tive cell body. Bars 50 µm (A, A’), 25 µm (B, B’, C, C’)



ACh/TK/calbindin neurons (Fig. 5). McConalogue and
Furness (1996) observed calretinin-IR periarterial fibres
in the mucosa of the colon. As SOM-IR fibres never sur-
round arterioles, it is likely that SOM immunoreactivity
is contained in a subgroup of the ACh/TK/calbindin neu-
rons.

In three preparations of colchicine-treated submucos-
al plexus, all TK-IR cell bodies were ChAT-IR. Eighty
percent of calbindin-IR cell bodies were ChAT-IR
(Fig. 6A, A’), whereas 68% of calbindin-IR cell bodies
were immunoreactive for TK (Fig. 6B, B’). Three prepa-
rations were examined for colocalisation of calbindin
and NOS immunoreactivity. Fifteen percent of calbindin-
IR cell bodies were NOS-IR. Thus, there is a population
with the chemical code ACh/calbindin/TK and another
population of submucosal neurons that are NOS/VIP/
±calbindin.

All calretinin-IR cells examined in three preparations
were ChAT-IR (Fig. 6C, C’), whereas no colocalisation
of NOS, VIP, TK or NPY immunoreactivity with calreti-
nin was observed, indicating the existence of a fourth
class of submucosal neuron with the code ACh/calreti-
nin.

Therefore, there are four distinct classes of neurons
within the submucosal plexus (see Fig. 5). The largest
population (41%) encountered is a class of non-choliner-
gic secretomotor/vasomotor neurons, immunoreactive
for NOS, VIP and often calbindin. A class of VIP-IR
submucosal neurons is also present in the guinea-pig ile-
um (Furness et al. 1984, 2000; Costa et al. 1996). In this
region, these neurons are in receipt of fast excitatory
synaptic input from neurons in the myenteric and submu-
cosal plexus and an inhibitory input from postganglionic
sympathetic neurons (Bornstein et al. 1986). These neu-
rons innervate the musosal epithelium, submucosal arte-
rioles and neurons in the myenteric plexus (Furness and
Costa 1979; Furness et al. 1987; Song et al. 1998; Porter
et al. 1999).

The other three classes of submucosal neurons are
each immunoreactive for ChAT. One class is immunore-
active for ChAT, calbindin and TK. In the submucosal
plexus of the ileum, a similar class of neurons exists that
has been postulated to consist of IPANs responsive to
distortion of the mucosa (Kirchgessner et al. 1992;
Furness et al. 1998). Antisera raised against calbindin la-
bel many neurons in the submucosal plexus of the distal
colon that display Dogiel type II morphology (Messenger
and Furness 1990; present study), which is the morphol-
ogy that the IPANs within the ileum display.

Another neurochemically distinct class is comprised
of ACh/NPY/CGRP/SOM neurons. These neurons also
exist within the ileum and are cholinergic secretomotor
neurons (Furness et al. 2000). Varicosities immunoreac-
tive for NPY or CGRP surround many submucosal arte-
rioles but this innervation is removed by extrinsic dener-
vation, ruling out an intrinsic source for these varicosi-
ties (Messenger and Furness 1990).

The smallest population identified in the submucosal
plexus is that which contains ChAT immunoreactivity

and calretinin immunoreactivity (11%). These neurons
exist in the ileum and are cholinergic secretomotor/vaso-
motor neurons (Costa et al. 1996; Furness et al. 2000).

Comparison with the guinea-pig small intestine

The guinea-pig small intestine has been the model prepa-
ration used for deciphering the neural circuitry of the en-
teric nervous system (Furness et al. 1994a, 1999; Wood
1994; Costa et al. 1996). Although the patterns of motor
activity of the external musculature and the mucosa of
the colon differ from those of the small intestine
(Furness and Costa 1987; Christensen 1994; Cooke and
Reddix 1994), the only marked difference in neural cir-
cuitry between the two regions appears to be that of the
myenteric interneurons; both the IPANs and the motor
neurons to the muscle and the mucosa appear to be ho-
mologous to those in the small intestine. In the small in-
testine, three classes of descending and one class of as-
cending interneuron have been identified (Costa et al.
1996; Furness et al. 2000), whereas in the colon, four
classes of descending interneuron and three classes of
ascending interneuron have been defined on the basis of
chemical coding (Lomax et al. 2000; present work).
Physiological, pharmacological and immunohistochemi-
cal studies have shown that the external musculature of
every region of the GI tract of all species examined re-
ceives inhibitory and excitatory innervation from enteric
motor neurons (see Furness et al. 1995). There is physio-
logical evidence that motility reflex pathways in the in-
testine, regardless of the sensory modalities stimulated,
act through common motor neurons (Smith et al. 1991,
1992). Thus, the present observation that the motor neu-
rons identified in the colon do not differ from those in
the small intestine might be expected. The activity of the
motor neurons, however, is determined for the most part
by the activity of the interneurons that synapse onto
them. The differences in the classes of interneurons be-
tween the colon and the small intestine identified in this
study may help explain the differing motor activities of
the colon and small intestine. It is likely that examina-
tion of the connectivity patterns between IPANs and in-
terneurons and between interneurons and motor neurons
in different regions of the gut will yield valuable insights
into the mechanisms of the generation of differing motil-
ity patterns in the GI tract. Conceiveable differences
might be related to the presence of the interdigestive mi-
grating motor complex (MMC) in the small but not the
large intestine (e.g. Hasler 1995). Thus, in the small in-
testine, there may be interneurons involved in conduct-
ing the MMC along the gut; these are absent from the
large intestine (Pompolo and Furness 1998). On the other
hand, ascending interneurons that conduct traffic from
the pelvic nerves and their intramural extensions
(Furness and Costa 1987) are predicted in the colon but
not in the small intestine.

The classes of neurons in the submucosal ganglia of
the distal colon seem homologous with those in the ile-
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um, being three classes of secretomotor/vasomotor neu-
rons and a class of intrinsic primary afferent neuron (see
above). One significant difference is that the non-cholin-
ergic secretomotor neurons, which are VIP-IR in both
places and are in a similar proportion (45% in ileum,
41% in distal colon), have NOS immunoreactivity in the
colon but not in the ileum. Thus, the pharmacology of
transmission from these neurons may differ between the
regions.
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