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ABSTRACT
The aim of this investigation was to identify the proportional neurochemical codes of

enteric neurons and to determine the specific terminal fields of chemically defined nerve
fibers in all parts of the human gastrointestinal (GI) tract. For this purpose, antibodies
against the vesicular monoamine transporters (VMAT1/2), the vesicular acetylcholine trans-
porter (VAChT), tyrosine hydroxylase (TH), dopamine �-hydroxylase (DBH), serotonin (5-
HT), vasoactive intestinal peptide (VIP), and protein gene product 9.5 (PGP 9.5) were used.
For in situ hybridization 35S-labeled VMAT1, VMAT2, and VAChT riboprobes were used. In
all regions of the human GI tract, 50–70% of the neurons were cholinergic, as judged by
staining for VAChT. The human gut unlike the rodent gut exhibits a cholinergic innervation,
which is characterized by an extensive overlap with VIPergic innervation. Neurons contain-
ing VMAT2 constituted 14–20% of all intrinsic neurons in the upper GI tract, and there was
an equal number of TH-positive neurons. In contrast, DBH was absent from intrinsic
neurons. Cholinergic and monoaminergic phenotypes proved to be completely distinct phe-
notypes. In conclusion, the chemical coding of human enteric neurons reveals some similar-
ities with that of other mammalian species, but also significant differences. VIP is a cholin-
ergic cotransmitter in the intrinsic innervation of the human gut. The substantial overlap
between VMAT2 and TH in enteric neurons indicates that the intrinsic catecholaminergic
innervation is a stable component of the human GI tract throughout life. The absence of DBH
from intrinsic catecholaminergic neurons indicates that these neurons have a dopaminergic
phenotype. J. Comp. Neurol. 459:90–111, 2003. © 2003 Wiley-Liss, Inc.

Indexing terms: dopamine; neurotransmitters; tyrosine hydroxylase; vasoactive intestinal

peptide; vesicular acetylcholine transporter; vesicular monoamine transporters

In the gastrointestinal tract, motility and secretion are
controlled by both intrinsic and extrinsic innervation. Ex-
trinsic innervation includes both sensory and sympathetic
inputs to the gastrointestinal (GI) tract and vagal cholin-
ergic preganglionic parasympathetic neurons. The intrin-
sic innervation of the gut consists of the ganglia of the
submucous and myenteric plexus. The input of pregangli-
onic vagal fibers to the intrinsic gut ganglia is very lim-
ited. Thus, the intrinsic enteric nervous system is thought
to function largely independently of preganglionic vagal or
sacral parasympathetic control (Gershon et al., 1994; Fur-
ness et al., 1999).
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It has been reported that there are minor populations of
monoaminergic intrinsic neurons in the mammalian GI
tract. These have been designated as serotoninergic,
based on the presence of serotonin (5-HT) and tryptophan
hydroxylase immunoreactivity, the uptake of exogenous
[3H]5-HT, the presence of serotonin binding protein (SBP),
and the expression of serotonin membrane transporter
(SERT) in either rodent or human gastrointestinal tissue
(Gershon et al., 1965, 1977, 1983, 1989, 1994; Jonakiat et
al., 1977; Tamir and Gershon, 1981; Costa et al., 1982;
Furness and Costa, 1982; Griffith and Burnstock, 1983;
Kurian et al., 1983; Costa et al., 1996; Meedeniya et al.,
1998; Fiorica-Howells et al., 2000). Serotoninergic neu-
rons are distinct from the serotonin-positive, vesicular
monoamine transporter 1 (VMAT1) -positive enterochro-
maffin (EC) cells of the intestinal epithelium, which are
involved in the hormonal and paracrine regulation of gas-
trointestinal function (Sjolund et al., 1983; Gershon et al.,
1994; Weihe et al., 1994; Erickson et al., 1996). Because in
the rat and mouse tyrosine hydroxylase (TH) immunore-
activity was detectable during development but not in
adulthood, the concept of transient catecholaminergic in-
nervation of the gut has been proposed. According to this
concept, putative serotoninergic neurons of the enteric
nervous system arise from the sacral neural crest by
means of transient catecholaminergic progenitor cells that
colonize the bowel and ultimately differentiate into sero-
toninergic neurons without a catecholaminergic pheno-
type (Cochard et al., 1978; Baetge and Gershon, 1989;
Baetge et al., 1990; Gershon et al., 1993, 1994). On the
other hand, a persistent population of intrinsic

catecholamine-containing neurons was identified in the
proximal colon of the guinea pig (Costa and Furness, 1971;
Furness and Costa, 1971).

The presence of acetylcholine and vasoactive intestinal
peptide (VIP) in the intrinsic innervation of the gut of
mammals is well-documented (Furness and Costa, 1979;
Jessen et al., 1980; Furness et al., 1984; Brookes et al.,
1991; Steele et al., 1991; Crowe et al., 1992; Schemann et
al., 1993, 1995; Schäfer et al., 1995, 1998; Costa et al.,
1996; Porter et al., 1996, 1997). Estimates of the percent-
age of intrinsic neurons that express the cholinergic phe-
notype in humans have been steadily revised upward, as
improved immunohistochemical methods for their detec-
tion have become available. For example, by using a mono-
clonal antibody to human choline acetyltransferase
(ChAT), Porter and colleagues (1996) estimated that 52–
55% of all submucous neurons and 63–65% of all myen-
teric neurons of the human small and large intestine are
cholinergic. It has been shown that, in the GI tract of
guinea pigs and other mammalian species, cholinergic and
VIP-containing neurons are mostly separated. Thus, the
neuropeptide VIP was considered to be primarily a non-
adrenergic, noncholinergic (NANC) neurotransmitter can-
didate (Furness et al., 1984, 1995; Jacobson et al., 1994;
Schemann et al., 1995; Costa et al., 1996; Vanden Berghe
et al., 1999; Lomax and Furness, 2000). In contrast to
these observations, studies performed in the primate lung
and the human rectum have shown that a major popula-
tion of intrinsic neurons were copositive for ChAT and VIP
(Fischer et al., 1995; Nohr et al., 1995; Schneider et al.,
2001).

TABLE 1. List of Primary Antibodies1

Antigen Code Source/reference Dilution Species

hVAChT 80153 Schäfer et al. 1995 1:5,000/1:600 (F) Rabbit polyclonal
hVAChT 1624 L.E. Eiden, NIH, Bethesda, MD, USA 1:6,000/1:1000 (F) Goat polyclonal
hVMAT2 80182 Erickson et al. 1996 1:4,000/1:400 (F) Rabbit polyclonal
hVMAT1 VMAT1/10 Erickson et al. 1996 1:4,000/1:300 (F) Rabbit polyclonal
TH 2/40/15 Boehringer, Mannheim, Germany 1:80/1:10 (F) Mouse monoclonal
TH 21060595 Chemicon, Temecula, CA, USA 1:4,000/1:400 (F) Sheep polyclonal
DBH DBH 1537 Chemicon, Temecula, CA, USA 1:2,000/1:300 (F) Sheep polyclonal
DBH DBH MAB 308/01 Chemicon, Temecula, CA, USA 1:3,000 Mouse monoclonal
Serotonin 5-HT H209 DAKO, Hamburg, Germany 1:20/1:2 (F) Mouse monoclonal
Serotonin 5 HT 43H37R INC/IBL, Hamburg, Germany 1:60,000/1:4000 (F) Rabbit polyclonal
VIP VIP-Y010 Yanaihara, Shizuoka, Japan 1:10,000/1:1000 (F) Rabbit polyclonal
VIP 20020304 Chemicon, Temecula, CA, USA 1:15,000/1:1000 (F) Sheep polyclonal
PGP 9.5 RA95101 Ultraclone, Isle of Wright, UK 1:80,00/1:1000 (F) Rabbit polyclonal
Gastrin A568 DAKO, Hamburg, Germany 1:30,000 Rabbit, polyclonal
CgA LK2H10 Boehringer, Mannheim, Germany 1:150/1:20 (F) Mouse monoclonal

1(F), dilution for immunofluorescence. hVAChT, human vesicular acetylcholine transporter; 5-HT serotonin; hVMAT, human vesicular monoamine transporter; TH, tyrosine
hydroxylase; DBH, dopamine �-hydroxylase; VIP, vasoactive intestinal peptide; PGP 9.5, protein gene product 9.5; CgA, chromogranin A.

TABLE 2. Proportions of Cholinergic (VAChT�), VIPergic, Catecholaminergic (TH�), Monoaminergic (VMAT2�),
and NANC Neurons in the Enteric Nervous System1

VAChT VIP VMAT2 TH NANC

Submucous plexus
Stomach (n � 4) 70% � 3% (144) 65% � 2% (124) 18% � 4% (128) 20% � 3% (80) 10%
Duodenum (n � 3) 62% � 1% (236) 53% � 2% (278) 14% � 3% (286) 15% � 4% (276) 23%
Jejunum (n � 3) 60% � 1% (210) 47% � 2% (246) 14% � 1% (186) 15% � 1% (226) 25%
Ileum term. (n � 2) 53% � 2% (238) 50% � 2% (270) 4% � 0% (212) 2% � 0% (238) 45%
Colon (n � 2) 51% � 2% (240) 79% � 5% (226) 2% � 0% (228) 0% � 0% (230) 49%

Myenteric plexus
Stomach (n � 4) 72% � 4% (220) 59% � 4% (218) 20% � 4% (202) 20% � 4% (226) 8%
Duodenum (n � 3) 66% � 3% (218) 14% � 2% (272) 16% � 2% (214) 18% � 2% (222) 16%
Jejunum (n � 3) 64% � 1% (204) 12% � 2% (250) 14% � 2% (194) 13% � 2% (230) 23%
Ileum term. (n � 2) 62% � 2% (216) 11% � 3% (256) 6% � 1% (226) 6% � 1% (222) 32%
Colon (n � 2) 65% � 2% (196) 13% � 1% (210) 6% � 0% (174) 4% � 0% (186) 31%

1Neuron counts are are expressed as means � SEM. Figures in parentheses represent the absolute number of neurons positive for the pan-neuronal marker PGP 9.5. The
population of nonadrenergic/noncholinergic (NANC) neurons is given in approximate percentages and was calculated by subtracting the number of TH- and VAChT-positive
neurons from the number of PGP 9.5–positive neurons. n represents the number of patients from which sections were taken. For abbreviations, see Table 1.

91CHEMICAL CODING OF THE HUMAN GUT NERVOUS SYSTEM



Enteric neurons can be classified according to their
shape, their projections, their electrophysiological proper-
ties and their content of established or putative neuro-
transmitters (Gershon et al., 1994). The neurochemical
characterization of distinct enteric neurons and their ter-
minal fields is an important aspect in the understanding
of their function (Bornstein and Furness, 1988; Costa et
al., 1992; Gershon et al., 1994). The nature of the chemical
coding of biogenic amine neurons and nerve fibers in the
gastrointestinal tract has been studied most intensively in
the guinea pig, rat, and mouse (Cochard et al., 1978; Costa
et al., 1982, 1996; Furness and Costa, 1982; Keast et al.,
1984; Erde et al., 1985; Baetge et al., 1990; Carnahan et
al., 1990; Brookes et al., 1991; Steele et al., 1991; Sche-

mann et al., 1993, 1995; Gershon et al., 1994; Furness et
al., 1995, 1999; Gershon, 1997; Li and Furness, 1998;
Reiche and Schemann, 1998; Sharkey et al., 1998; Lomax
et al., 1999; Mann et al., 1999; Vanden Berghe et al., 1999;
Lomax and Furness, 2000; Reiche et al., 2000). However,
the chemical “coding” proved not to be strictly conserved
between various species (Gershon et al., 1994). Despite
the clinical significance of cholinergic and catecholamin-
ergic neurotransmission in the human GI tract, little is
known about the region-specific anatomic organization of
cholinergic and monoaminergic neurons and nerve fibers
in the healthy and diseased human gut (Kurian et al.,
1983; Llewellyn-Smith et al., 1984; Wakabayashi et al.,
1989; Crowe et al., 1992; Edwards et al., 1993; Singaram
et al., 1995; Porter et al., 1996, 1997; Belai et al., 1997;
Schneider et al., 2001). By combining 5-hydroxydopamine
loading with fluorescence histochemistry and ultrastruc-
tural investigations presumed noradrenergic terminals
were localized around ganglionic cells in the myenteric
plexus and around blood vessels in the human small in-
testine (Llewellyn-Smith et al., 1984).

Previous immunohistochemical studies demonstrated
that vesicular acetylcholine transporter (VAChT) and
VMAT2 are excellent markers for cholinergic and mono-
aminergic neurons and nerve fibers in the peripheral ner-
vous system (Weihe et al., 1994; Peter et al., 1995; Schäfer
et al., 1995, 1998; Erickson et al., 1996; Arvidsson et al.,
1997; Schütz et al., 1998). VMAT2 is contained in all
monoamine-sequestering neurons examined to date, in-
cluding histaminergic, serotoninergic, and catecholamin-
ergic neurons (Weihe and Eiden, 2001). Thus, by using
VMAT2 in conjunction with TH, dopamine �-hydroxylase
(DBH), and 5-HT, catecholamine- vs. non–catecholamine-
containing neurons can be identified with high specificity
and sensitivity.

The aim of this investigation was to examine the chem-
ical coding of enteric neurons in distinct parts of the hu-
man GI tract with these new markers. The expression
patterns of VAChT, VMAT1, VMAT2, TH, DBH, 5-HT,
and VIP in intrinsic neurons were analyzed. The target
relations and terminal fields of cholinergic, peptidergic,
and monoaminergic nerves are described. The ability to
distinguish between intrinsic and extrinsic innervation of
the human gut based on the differential expression of
markers that are unique to cell bodies of enteric intrinsic
versus extrinsic sensory, sympathetic, or vagal extrinsic
inputs to the gut is considered.

MATERIAL AND METHODS

Tissue collection and preparation

Stomach and small and large bowel samples were col-
lected during abdominal surgery from 12 patients suffer-
ing from neoplastic disease. The patients consisted of six
men and six women with an average age of 61 years and
an age range of 36–79. Surgical procedures included gas-
trectomy in two cases, classic Whipple resection in three
cases, partial ileectomy in one case, ileocaecal resection in
one case, right hemicolectomy in one case, left hemicolec-
tomy in one case, sigmoidectomy in one case, and proctec-
tomy in one case. For immunohistochemistry and in situ
hybridization the paratumorous, normal tissue of the fol-
lowing regions was analyzed: corpus region of the stomach
(n � 5), duodenum (n � 3), first jejunal loop (n � 3),

Fig. 1. Example of the costaining method used to quantify the
proportion of phenotype-identified neuronal cell bodies in relation to
the total number of ganglionic cells. A: Vasoactive intestinal peptide
(VIP) immunoreactivity in a subpopulation of neurons of a submucous
ganglion of the duodenum visualized in a first step as nickel-enhanced
diaminobenzidine-peroxidase reaction product. B: Cy3 immunofluo-
rescence for the pan-neuronal marker protein PGP 9.5 (protein gene
product 9.5) visualized in a second step on the identical section. The
VIP-negative but not the VIP-positive neuronal cell bodies in A are
PGP-positive in B. Note quenching of the immunofluorescence signal
for PGP by the optically dense VIP immunoreaction product. The total
number of ganglionic cells in the ganglion is the sum of the VIP-
positive cell bodies in A and PGP-positive/VIP negative cell bodies in
B. Scale bars � 20 �m in A,B.
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terminal ileum (n � 2), and distinct parts of the large
intestine (caecum, n � 1; ascending colon, n � 1; trans-
verse colon, n � 2; descending colon, n � 1; sigmoid colon,
n � 2). Various tissues of two rhesus monkeys and adrenal
gland tissue from two patients with unilateral adrenalec-

tomy, one suffering from pheochromocytoma (63-year-old
man) and one from Conn’s syndrome (70-year-old woman),
were used as control tissues.

For the immunohistochemical analysis, all human tis-
sues were removed rapidly during surgery and subse-

Fig. 2. Distribution pattern of cholinergic (vesicular acetylcholine
transporter [VAChT]) and monoaminergic (vesicular monoamine
transporter 2 [VMAT2]) neurons in gastric and intestinal myenteric
ganglia, as revealed by in situ hybridization and immunohistochem-
istry. A–C: Stomach, myenteric plexus, in situ hybridization. Dark-
field photomicrographs of adjacent sections. VAChT mRNA-positive
neurons (arrows in A). VMAT2 mRNA-positive ganglionic cells (ar-
rows in B), segregated from VAChT mRNA-positive ganglionic cells.
VMAT1 mRNA is absent from intrinsic neurons (C). D,E: Upper
intestine, myenteric plexus, immunohistochemistry. High-power
brightfield photomicrographs on serial sections demonstrating

VAChT protein in the majority of neuronal cell bodies (arrows in D)
and expression of VMAT2 in a considerable subpopulation of gangli-
onic cells (arrows in E). Some neurons are negative for VAChT and
VMAT2 (arrowheads in D and E). Note the dense innervation of
ganglionic cells by numerous strongly stained VMAT2- and VAChT-
positive varicose fibers (A, B). VMAT1 is absent from intrinsic neu-
rons (arrowheads in F) but present in a minor proportion of nerve
fibers surrounding VMAT1 negative ganglionic cells (arrows in F) and
single fibers innervating the longitudinal smooth muscle layer (aster-
isk in F). Scale bars � 50 �m in A,B, 20 �m in C,D.
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quently fixed for 48 hours in Bouin-Hollande fixative.
None of the tissues examined in this study had been
exposed to colchicine or other pharmacologic treatment for

the enhancement of 5-HT or neuropeptide immunoreac-
tivity. After dehydration in a graded series of 2-propanol
solution, the tissues were embedded in Paraplast Plus

Fig. 3. Coexistence, segregation, and regional variation of vesicu-
lar acetylcholine transporter (VAChT) and vasoactive intestinal pep-
tide (VIP) expression in neurons of the myenteric plexus revealed by
immunohistochemistry. A,B: Stomach. Adjacent sections demonstrat-
ing strong VAChT and VIP immunoreactivity in neuronal cell bodies.
Insets showing numerous strongly stained neuronal cell profiles for
VAChT and VIP. Note the dense innervation of smooth muscle layers
by VAChT- and VIP-immunoreactive nerve fibers. C,D: Stomach.

Adjacent semithin section showing three neuronal phenotypes:
VAChT�/VIP� (double arrow), VAChT�/VIP- (arrow), and VAChT-/
VIP� (arrowhead). E,F: Duodenum. Adjacent semithin sections re-
vealing coexistence of VAChT and VIP immunoreactivity in two neu-
ronal cell bodies (arrowheads) and 1 VAChT�/VIP- neuronal
perikaryon (arrow). Note the granular appearance of VAChT immu-
noreactivity in the less strongly stained ganglionic cells in E. Scale
bars � 200 �m in A,B, 20 �m in C,D, 10 �m in E,F, 40 �m in G,H.
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Figure 4
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(Merck, Darmstadt, Germany). Adjacent sections (3-�m or
7-�m thick) were cut and deparaffinized. Antigen retrieval
to increase the sensitivity of immunodetection was per-
formed by heating the sections at 92°–95°C for 15 minutes
in 0.01 M citrate buffer (pH 6.0) according to the DAKO
protocol (Hamburg, Germany). Nonspecific binding sites
were blocked with 5% bovine serum albumin (BSA, Serva,
Heidelberg) in phosphate buffered saline (PBS, pH 7.45)
followed by an avidin-biotin blocking step (avidin-biotin
blocking kit, Boehringer Ingelheim, Germany).

Tissue for in situ hybridization was immediately frozen
on dry ice and stored at �80° C. Cryosections (14–16 �m
thick) were placed on presilanized glass slides, fixed in 4%
phosphate-buffered formaldehyde for 60 minutes followed
by three 10-minute washes in 50 mM PBS (pH 7.4). The
slides were then briefly rinsed in distilled water, incu-
bated in 0.1 M triethanolamine (pH 8.0) for 1 minute and
for 10 minutes in the same solution containing 0.25%
vol/vol acetic anhydride under rapid stirring. They were
then quickly rinsed in 2� standard saline citrate (SSC),
dehydrated in 50% and 70% ethanol, and air-dried.

Immunohistochemistry and
quantitative analysis

Rabbit antiserum no. 80153 and goat antiserum no.
1624 raised against the ultimate C-terminal dodecapep-
tide predicted from the open reading frame of the human
VAChT cDNA sequence, antiserum no. 80182 raised
against the C-terminal sequence of human VMAT2, and
antiserum no. VMAT1/10 raised against the C-terminal
sequence of human VMAT1 were used for the immunohis-
tochemical examination (Table 1). Several antisera
against TH, DBH, 5-HT, VIP, protein gene product 9.5
(PGP 9.5), gastrin, and chromogranin A were used. They
are summarized in Table 1.

The tissue sections were incubated with the primary
antibodies overnight at 18° C (diluted as shown in Table 1)
and further incubated for 2 hours at 37°C. They were then
washed in distilled water and in 50 mM PBS and were
then incubated with species-specific biotinylated second-

ary antibodies (Dianova, Hamburg, Germany) for 45 min-
utes at 37°C, washed several times, and incubated for 30
minutes with the ABC reagents (Vectastatin Elite ABC
kit, Boehringer Ingelheim, Germany). Immunoreactions
were visualized with 3-3�-diaminobenzidine (DAB, Sigma,
Deisenhofen, Germany) enhanced by the addition of 0.08%
ammonium nickel sulfate (Fluka, Buchs, Switzerland),
resulting in dark blue staining. No binding was detected
in the absence of the primary antibody. For preabsorption
of VAChT, VMAT1 and VMAT2, the antisera were incu-
bated at 4°C overnight with 25 �mol of the corresponding
peptide sequence and then examined immunocytochemi-
cally.

The percentages of neurons of the myenteric and sub-
mucous plexus of the stomach, duodenum, proximal jeju-
num, terminal ileum, and transverse colon expressing
VAChT, VIP, VMAT2, and TH were determined by using
peroxidase labeling with antibodies to the above antigens
and subsequent fluorescent labeling of the same sections
with the neuronal marker PGP 9.5. Only ganglionic cells
with a visible nuclear profile were evaluated. Immunore-
activity was quantified on the basis of the number of
neurons positive for each marker in relation to the total
number of PGP 9.5–positive neurons. For statistical pur-
poses, the number of patients from which sections were
taken was given as the value of n. The percentage of
neurons that were immunoreactive for a particular
marker was calculated and expressed as mean � the stan-
dard error of mean (SEM) (Table 2). Figure 1 illustrates
neuronal cell counts in the submucous plexus of the duo-
denum, double-labeled for VIP and PGP 9.5.

The density of nerve fibers in the tissue compartments
was assessed by a subjective rating system. The global
frequency of nerve fibers was estimated on sections
stained with the pan-neuronal marker PGP 9.5. The rel-
ative frequency of subpopulations of VAChT-, VMAT1-,
VMAT2-, TH-, DBH-, 5-HT-, and VIP-immunoreactive
nerve fibers was compared with the density of PGP 9.5–
immunoreactive nerve fibers and scored on a scale from
1� (extremely sparse) to 4� (abundant).

In situ hybridization

For VMAT2 mRNA detection a 269-bp-long DNA frag-
ment of the hVMAT2 cDNA (Erickson and Eiden, 1993)
corresponding to nucleotides (nt.) 244-512 was sub-
cloned into pCDNAI (Invitrogen, Leek, Netherlands). To
generate specific probes for the localization of VMAT1
mRNA, a 247-bp-long DNA restriction fragment of the
hVMAT1 cDNA (Erickson et al., 1996) corresponding to
nt. 436-682 was subcloned into Bluescript II KS�
(Stratagene, Heidelberg, Germany). For VAChT mRNA
detection, an about 800-bp-long DNA fragment of the
hVAChT cDNA (Erickson et al., 1994) was subcloned
into pcDNA (Invitrogen). Inserted sequences were ver-
ified by double-stranded DNA sequencing. In vitro tran-
scription of the vector constructs by using 35S-UTP-
labeled nucleotide yielded antisense riboprobes for
hVMAT1 after linearization with XhoI and incubation
with T7 RNA polymerase, for hVMAT2 after lineariza-
tion with XbaI and incubation with SP6 RNA polymer-
ase, and for hVAChT after linearization with XhoI and
incubation with T7 RNA polymerase. To increase the
tissue penetration of probes, the generated transcripts
were reduced to approximately 200 nucleotide frag-
ments by limited alkaline hydrolysis as described by

Fig. 4 (Overleaf). Vesicular monoamine transporter 2 (VMAT2)
and tyrosine hydroxylase (TH) coexpression and absence of dopamine
�-hydroxylase (DBH) in a subpopulation of neurons of the submucous
and the myenteric plexus of the stomach and upper intestine, as
revealed by immunohistochemistry. A,B: Stomach, corpus, myenteric
plexus. Adjacent sections demonstrating coexistence of VMAT2 and
TH immunoreactivity in two profiles of neuronal cell bodies (arrows).
Note the presence of VMAT2 and TH in intraganglionic terminals
targeting both VMAT2- and TH-copositive neuronal cell bodies. C,D:
First jejunal loop, submucous plexus. Adjacent sections demonstrat-
ing coexistence of VMAT2 and TH immunoreactivity in two profiles of
neuronal cell bodies (arrows). Note the presence of VMAT2 and TH in
intraganglionic terminals and absence of VMAT2 and TH from two
neuronal bodies (arrowheads). E,F: Stomach, corpus, myenteric
plexus. Adjacent sections showing absence of DBH in 5 VMAT2 im-
munoreactive ganglionic cells (arrows). Some VMAT2-negative neu-
rons targeted by DBH- and VMAT2-positive varicose fibers are la-
beled by arrowheads. G,H: First jejunal loop, submucous plexus.
Adjacent sections demonstrating the presence of TH (A) in three
ganglionic cells (arrows) and a large nerve trunk (asterisk). DBH (B)
is present in the same nerve trunk (asterisk) but absent from TH-
positive intrinsic neurons (arrows). One neuron is negative for TH and
DBH (arrowhead). Note TH and DBH-positive terminal fibers in close
proximity to ganglionic cells. Scale bars � 20 �m in A–F, 40 �m in
G,H.
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Angerer et al. (1984). To each section, hybridization
buffer (3� SSC, 50 mM NaPO4 pH 7.4, 1� Denhardt’s
solution, 0.25 mg/ml yeast tRNA, 10% dextran sulfate,
50% formamide, 10 mM dithiothreitol) was applied. The
hybridization mix contained 50,000 dpm/ml of 35S-
labeled RNA probes. The coverslips were removed in 2�
SSC. The sections were then incubated in moist cham-
bers at 60°C for 16 hours, after which they were sub-
jected to the following posthybridization steps: RNAse
treatment (20 �g/ml Rnase A an 1 U/ml Rnase T1 in 10
mM Tris, pH 8.0, 0.5 M NaCl, 1 mM EDTA) for 60
minutes at 37°C and successive washes in decreasing
salt concentrations (2�, 1�, 0.5�, and 0.2� SSC) for 10
minutes each, followed by incubation in 0.2� SSC at
60°C for 60 minutes. For autoradiography, the slides
were dipped in NTB-2 nuclear emulsion (Eastman

Kodak, NY) and exposed for 3 weeks. The developed
sections were stained with hematoxylin and eosin and
analyzed and photographed with an Olympus AX 70
microscope (Hamburg, Germany).

Colocalization studies

To study the colocalization of VAChT, VIP, VMAT2, TH,
and DBH immunoreactivity in ganglionic cells and nerve
fibers, four strategies were used: (1) alternate staining of
adjacent semithin sections (2–3 �m thick), (2) the two-
color immunoperoxidase technique (Hancock, 1984), (3) a
combination of enzyme and fluorochrome enhanced immu-
nohistochemistry (Anlauf et al., 2000), and (4) double-
fluorescence labeling (Hörsch et al., 1993).

For adjacent section analysis, randomly selected pairs
of semithin sections of all gut regions were stained for

Fig. 5. Segregation of cholinergic/vasoactive intestinal peptide
(VIP)ergic and catecholaminergic vesicular monoamine transporter
2/tyrosine hydroxylase (VMAT2/TH) phenotypes in submucous and
myenteric plexus revealed by sequential dual color immunohisto-
chemistry. A,B: Duodenal submucous plexus. VMAT2 and TH immu-
noreactivity (strong black reaction products in A,B) in a neuronal cell
body (arrowhead) is segregated from the vesicular acetylcholine
transporter (VAChT) immunoreactivity (light brown reaction product)
present in three neuronal cell bodies in A and in two neuronal cell
bodies in B (arrows). Note the black VMAT2- and TH-positive termi-
nal fibers. VAChT terminal fibers are below detection limit. C: Jejunal
submucous plexus. VMAT2 immunoreactivity (weak to moderate

black reaction product) in two neuronal cell bodies (arrowheads) is
segregated from the VIP immunoreactivity (strong brown reaction
product) present in a neuronal cell body profile (arrow). Note black
VMAT2 terminal fibers surrounding the VIP-positive cell body and
the VMAT2-positive cell bodies. VIP terminal fibers are only weakly
stained. Note their intermingling with and close apposition to
VMAT2-positive varicosities and fiber profiles. D: Gastric myenteric
plexus. Segregation of a TH-positive cell body (arrowhead) from a
VIP-positive neuronal cell body (arrow). Note the intermingled and
cluster-like segregated varicosities and fiber profiles staining for TH
(black) or VIP (brown to dark brown). Scale bars � 50 �m in A,B, 20
�m in C,D
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each marker combination, as described above. A minimum
of 100 ganglionic cells per region and per plexus was
analyzed for each marker combination. Only ganglionic
cells with the same, clearly visible cytoplasmic profile
were evaluated. Coexistence patterns were classified into
one of five categories: full overlap, major coexistence, mi-
nor coexistence, rare coexistence, or no coexistence. For
the two-color peroxidase technique, the first primary an-
tibody was detected with the nickel-enhanced DAB proce-
dure. After dehydration through a graded series of
2-propanol and one passage through xylene, the sections
were rehydrated in a graded series of 2-propanol and
treated with BSA and the avidin-biotin reagents to block
potential nonspecific binding of the second avidin-biotin-
peroxidase complex. The second primary antibody was
then visualized with the DAB/peroxidase reaction without
nickel enhancement, resulting in a brown staining prod-
uct, or by CY3 fluorochrome labeling (Dianova, Hamburg,
Germany). In control sections, the primary antibodies
were omitted. Double immunofluorescence detection was
performed by covering the sections with a mixture of the
two different primary antibodies in appropriate dilutions
(Table 1) and by subsequent labeling with the species-
specific secondary antibodies bearing the fluorochromes
Cy3 or DTAF (Dianova). The sections were analyzed with
an AX 70 microscope (Olympus, Hamburg, Germany) or a
confocal laser scanning microscope BX 50WI (Olympus)
equipped with the appropriate filter cubes for discriminat-
ing between Cy3 and DTAF. For photomicrographic pro-
duction of the confocal laser scanning figures, the software
of the Olympus Fluoview system and the Olympus Cam-
edia digital color printer were used. All color figures were
scanned with a Nikon CS 100 film scanner with 2,700-dpi
resolution. Brightness and contrast were then adjusted in
Adobe Photoshop.

Ethics

The procurement of human material during surgery
was approved by the Ethics Committee of the Medical
Faculty of the University of Marburg. Oral informed con-
sent was obtained from each patient before surgery.

RESULTS

General remarks

VAChT, VMAT2, TH, and VIP stained neuronal
perikarya. In contrast, VMAT1, 5-HT, and DBH immuno-
reactivity was absent from neuronal perikarya but
present in nerve fibers. Immunohistochemical staining for
VAChT and VMAT2 revealed a weak and clearly distin-
guishable granular cytoplasmic pattern in neurons. Vari-
cose nerve fibers, which contain a high density of synaptic

TABLE 3. Region and Compartment-Specific Density of Terminal Field Innervation in the Gut Wall1

VMAT2 TH DBH VMAT1 5-HT VAChT VIP

Stomach
Mucosa �� �� � � � ��� ���
Mucosal muscle ��� ��� (�) � � �� ���
Subm. ganglia ���� ���� � � � ���� ����
Myent. ganglia ���� ���� �� � (�) ���� ����
Outer muscle
layers

��� ��� (�) (�) � ���� ����

Arteries ���� ���� ���� � �
Upper small intestine

Mucosa � � � � � ���� ����
Mucosal muscle ��� ��� (�) � � �� ���
Subm. ganglia ���� ���� � � � ���� ���
Myent. ganglia ���� ���� �� � (�) ���� ��
Circ. muscle ��� ��� (�) (�) � ���� ����
Long. muscle � � (�) � � � �
Arteries ���� ���� ���� � � � �

Ileum term.
Mucosa (�) (�) � � � �� ����
Mucosal muscle (�) � (�) � � �� ���
Subm. ganglia � � � � � ���� ���
Myent. ganglia �� �� � � (�) ���� ��
Circ. muscle �� �� (�) (�) � ���� ����
Long. muscle (�) (�) (�) � � � �
Arteries ���� ���� ���� � � � �

Colon
Mucosa (�) (�) � � � � ����
Mucosal muscle (�) (�) (�) � � �� ����
Subm. ganglia � � � � � ��� ���
Myent. ganglia �� �� �� � (�) ���� ��
Circ. muscle � � (�) (�) � ��� ����
Long. muscle (�) (�) (�) � � � �
Arteries ���� ���� ���� � � � �

1�, absent; (�), extremely sparse; �, low density; ��, medium density; ���, high density; ����, abundant. Subm., submucous; Myent., myenteric; Circ., circular; Long.,
longitudinal; term. terminal. For other abbreviations, see Table 1.

Fig. 6. Distribution pattern of vesicular monoamine transporter 2
(VMAT2), tyrosine hydroxylase (TH), and dopamine �-hydroxylase
(DBH) nerve fibers in human stomach. A–C: Oxyntic mucosa, adja-
cent sections. Dense innervation of the oxyntic mucosa by VMAT2-
and TH-positive nerve fibers (arrows). DBH-positive terminals inner-
vating the epithelium are sparse (arrows). Note the close association
between VMAT2-positive fibers and enterochromaffin-like (ECL) cells
visualized by VMAT2 immunoreactivity in A. D–F: Submucous blood
vessel, adjacent sections. Strong and equal density of VMAT2, TH,
and DBH nerve fibers in the perivascular plexus of a small artery.
G–I: Submucous large nerve fiber bundle, adjacent sections. Strong
and copositive VMAT2, TH, and DBH immunoreactivity in many
nerve fibers. J–L: Smooth muscle, interval sections. High density of
VMAT2- and TH-positive nerve fibers (arrows). The DBH innervation
of smooth muscle layers is extremely sparse (arrows). Scale bars � 20
�m in A–C,J–L, 50 �m in D–I.
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Figure 6
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vesicles bearing the vesicular amine transporters, stained
much more strongly.

The specificity of VAChT, VMAT1, and VMAT2 detec-
tion was demonstrated by preabsorption of the antisera
with 25 �mol of the respective C-terminal human peptide,
which resulted in complete abolition of staining of gastro-
intestinal neurons and nerve fibers. VMAT2 staining of
enterochromaffin-like (ECL) cells of the oxyntic mucosa,
VMAT1 staining of EC cells, and VMAT1 and VMAT2
staining of chromaffin cells of the human adrenal medulla
was successfully abolished by homologous preabsorption.

We tested the specificity and the sensitivity of the DBH
antisera in various central nervous system regions of the
rhesus monkey brain and spinal cord as well as in various
peripheral organs of rhesus monkey and the human adre-
nal medulla, nota bene locus coeruleus, paravertebral
sympathetic ganglia, celiac ganglion, blood vessels of skin,
kidney, spleen, lung, and adrenal gland. In the latter, the
DBH antiserum nicely stained the noradrenergic cell pop-
ulations without staining the PNMT-positive adrenergic
cell populations.

Apparent VAChT immunoreactivity in endocrine cells of
small and large intestine was not abolished after homol-
ogous preabsorption, indicating false-positive staining of
these cells. VAChT mRNA was never detected in endo-
crine cells of the human gut.

Distribution and quantitative analysis of
chemically defined intrinsic neurons

The pan-neuronal antibody PGP 9.5 was used through-
out this study to label all nerve cell bodies in the myen-
teric and submucous plexus as basis for further quantifi-
cation (Hörsch et al., 1993; Schemann et al., 1995; Costa et
al., 1996; Fig. 1). With this immunohistochemical method,
neuronal cell bodies were easily distinguishable from each
other (Fig. 1). For the quantitative analysis, randomly
selected sections from each GI region from two to four
patients were used (Table 2). With the exception of the
submucous plexus of the stomach, where ganglionic cells
were sparsely present, approximately 200 PGP 9.5–
positive ganglionic cells per region and per plexus were
analyzed for each marker (Table 2). A total of 8,438 PGP
9.5–immunoreactive neurons were counted. In each sec-
tion, the absolute number of neurons was counted, rather
than the number of neurons per ganglion, because it was
often difficult to define the boundary between individual
ganglia. The proportions of VAChT-, VIP-, and VMAT2-
immunostained cell somata were similar to those detected
by in situ hybridization (Fig. 2).

The majority of the intrinsic neurons at all levels of the
human GI tract was found to be cholinergic. In each part

of the gut, 51–70% of all ganglionic cells stained for
VAChT (Fig. 2, Table 2). Numerous VIP-immunoreactive
neurons were seen in the submucous plexus of all GI
regions (47–79%; Table 2). The highest proportion of VIP-
positive ganglionic cells was found in the submucous
plexus of the stomach and the large intestine (65% and
79%, respectively; Table 2). The myenteric plexus of the
stomach revealed a larger number of VIP-immunoreactive
neurons (59%) than the myenteric plexus of the small and
large intestine (11–14%; Fig. 3; Table 2).

A considerable subpopulation of ganglionic cells of both
plexus in the upper GI tract exhibited a VMAT2-positive
phenotype (14–20%), as revealed by in situ hybridization
and immunohistochemistry, although the proportion of
VMAT2-positive ganglionic cells decreased in the lower
small intestine and large intestine (1–6%; Figs. 2, 4; Table
2). TH-positive neurons were visualized in approximately
identical proportions in the myenteric and submucous
plexus of the stomach and the upper small intestine (13–
20%; Fig. 4; Table 2). The proportion of TH-positive neu-
rons decreased in the lower small intestine and the large
intestine (0–6%; Table 2). VMAT1, 5-HT, and DBH were
not seen in intrinsic neurons, although VMAT1-, 5-HT–,
and DBH-positive nerve fibers surrounding ganglionic
cells were seen throughout the gut (Figs. 2, 4).

Coexistence patterns of myenteric and
submucous neurons

For the evaluation of coexistence patterns, adjacent sec-
tions and the two-color immunoperoxidase technique were
used. The large diameter of human enteric neurons made
it easily possible to identify identical neuronal cell bodies
in adjacent sections. The double fluorescence analysis of
neuronal perikarya was successful for TH and VIP but not
for VMAT2 and VAChT.

There was an extensive overlap between VIP and
VAChT in neuronal cell bodies of the gut at all levels. The
majority of VIP-positive myenteric neurons of all GI re-
gions also stained for VAChT (Fig. 3). With the exception
of the submucous plexus of the large intestine, purely
VIP-expressing neurons (VIP�/VAChT-) were rare. In the
submucous plexus of the large intestine, a considerable
population of ganglionic cells was positive for VIP but
negative for VAChT.

The analysis of adjacent sections revealed coexpression
of VMAT2 and TH in enteric neurons (Fig. 4). In contrast,
immunoreactivity for VMAT1, DBH, TH, and 5-HT was
absent from neuronal somata throughout the gut (Fig. 4).
VMAT2- and TH-copositive neurons were completely dis-
tinct from cholinergic and VIP-positive neurons (Fig. 5).

A minor population of intrinsic neurons of the human
upper GI tract was neither cholinergic nor catecholamin-
ergic (NANC neurons), as judged by the lack of expression
of VMAT2, TH, or VAChT. The population of NANC neu-
rons was calculated for each region by subtracting the sum
of TH- and VAChT-positive neurons from the number of
PGP 9.5–positive neurons and expressed as an approxi-
mate percentage (Table 2). This calculation of the number
of NANC neurons was confirmed for the stomach and the
upper intestine by dual color immunohistochemistry for
VAChT and TH/VMAT2 and subsequent immunofluores-
cence detection of PGP 9.5 (data not shown).

Fig. 7. A–O: Distribution pattern and oroanal variations of mono-
aminergic, cholinergic and vasoactive intestinal peptide (VIP)ergic
terminal fields in the circular muscle. The density of vesicular acetyl-
choline transporter (VAChT) and VIP-immunoreactive terminals is
higher than that of vesicular monoamine transporter 2 (VMAT2)
terminals throughout all gastrointestinal segments. Note the de-
crease in VMAT2 innervation in the ileum and the marked loss of
VMAT2 innervation in the colon, compared with gastric and duode-
nojejunal segments. Note the similar homogeneous density of VAChT
and VIP terminals from stomach to ileum and a slight reduction of
VAChT in the colon. Scale bar � 50 �m in A–O.
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Region-specific distribution of chemically
defined nerve fibers

At all gut levels, the patterns of innervation by VMAT2-
and TH-immunoreactive fibers revealed a high density of
fibers around blood vessels and around enteric ganglia,
whereas the VMAT2- and TH-positive terminal density in
the mucosal and muscle layers was diminished in the
upper GI tract, compared with the ileum and large intes-
tine (Table 3). Many VMAT2- and TH-positive fibers were
present in the mucosa and the smooth muscle layers of the
stomach, duodenum, and upper jejunum, whereas the mu-
cosal and the smooth muscle layers of the terminal ileum
and large intestine revealed sparse VMAT2- and TH-
positive nerve fibers (Figs. 6, 7; Table 3). VMAT2 and TH
fibers were equally dense at all GI-levels. DBH fibers were
as dense as TH and VMAT2 fibers in the perivascular
plexus but less dense in other tissue compartments (Fig. 6;
Table 3). VMAT1 was sparse in nerve fibers of the circular
muscle layer and in fibers surrounding myenteric gangli-
onic cells (Fig. 2; Table 3). A few 5-HT fibers were seen in
association with ganglionic cells of the myenteric plexus
and in the outer smooth muscle layers but not in other
tissue compartments of the gut wall (Table 3).

Patterns of innervation by VIP-positive and cholinergic
(VAChT�) fibers suggest that VIPergic innervation was of
relatively constant density in the oroanal direction,
whereas the VAChT-positive terminal density and inten-
sity were diminished in large compared with small bowel
in the mucosal though not the muscular layer (Figs. 7, 8;
Table 3). There was a high density of VIP- and VAChT-
positive terminal fibers in the smooth muscle layers
throughout all GI regions (Fig. 7; Table 3). In the longitu-
dinal muscle, cholinergic and VIP-positive nerve fibers
were less dense than in the circular muscle layer (Table 3).
Mucosal VAChT fibers were abundant in the mucosa of
the stomach, duodenum, and jejunum but less dense in
the ileum. The mucosa of the large intestine revealed only
scattered VAChT-positive fibers, which were less dense
and less strongly stained than VIP terminals (Fig. 8; Table
3). In contrast, VIP-positive mucosal innervation was of
constant density throughout all mucosal regions exam-
ined (Fig. 8; Table 3).

Dual color immunohistochemistry and Giemsa staining
revealed close apposition of mucosal VAChT, VIP,
VMAT2, and TH-immunoreactive fibers to mast cells,
smooth muscle cells of the villi, and endocrine cells. The

close association of chemically defined nerve fibers to en-
docrine cells of the stomach and the intestine is shown in
Figure 9. Blood vessels of all layers were innervated by
cholinergic and VIP-containing nerve fibers, which were
outnumbered by noradrenergic (VMAT2�/TH�/DBH�)
fibers (Fig. 10; Table 3).

Tissue compartment-specific coexistence
patterns of nerve fibers

Double fluorescence revealed target-specific coexistence
patterns in nerve fibers. In detail, the following patterns
were seen: in nerve fibers of all layers, VAChT and VIP
showed a substantial overlap with minor populations of
purely VIP-positive or purely cholinergic (VAChT�) nerve
fibers (Fig. 11; Table 4). Cholinergic/VIPergic (VAChT�/
VIP�) and monoaminergic (VMAT2/TH/VMAT1 or DBH-
positive) fibers were strictly distinct (Fig. 11; Table 4).
VMAT2- and TH-positive nerve fibers were visualized in
approximately identical proportions in all layers. How-
ever, some VMAT2-positive fibers in the muscle and mu-
cosal layers appeared to lack TH expression. They may
correspond to projections of intrinsic serotoninergic neu-
rons. There was a full overlap between VMAT2, TH, and
DBH in the perivascular plexus (Table 4). In contrast,
DBH-positive fibers of the muscular and mucosal layers
comprised a minor portion of VMAT2- and TH-copositive
fibers (Fig. 11; Table 4). VMAT2, TH, and DBH-positive
fibers were strictly separated from VAChT- and VIP-
immunoreactive nerve fibers (Table 4). VMAT1 immuno-
reactivity was exclusively seen in TH/DBH-positive fibers
and, therefore, comprised a minor population within the
individual TH- and DBH-immunoreactive fibers (Fig. 11;
Table 4). Immunofluorescence labeling failed to reveal any
immunoreactivity for 5-HT in nerve fibers.

DISCUSSION

The present study provides for the first time a full
account of cholinergic and monoaminergic phenotypes of
the innervation throughout the human gut. The results of
our examination indicate that each region of the human
GI tract is supplied differentially by enteric neurons and
nerves containing specific sets of neurochemical markers.
In the following sections, we shall discuss the classes of
neurons and the patterns of terminal fields characterized
in our study. Figure 12 summarizes our attempt to classify
chemically defined intrinsic and extrinsic phenotypes of
neurons and putative projections of intrinsic neurons.

Cholinergic phenotypes

We have shown that, in all regions of the human GI
tract, the majority of intrinsic neurons are cholinergic.
VAChT is a reliable marker for cholinergic neurons and
nerve fibers (Schäfer et al., 1994, 1995, 1998; Weihe et al.,
1996; Arvidsson et al., 1997; Schütz et al., 1998; Weihe
and Eiden, 2000). It is, therefore, likely that the identified
VAChT-positive neurons are able to synthesize and re-
lease acetylcholine (ACh). Studies of cholinergic neurons
and fibers in the human gut have been performed previ-
ously with the enzyme marker ChAT in the terminal il-
eum, the colon, and the submucous plexus of rectum (Por-
ter et al., 1996; Schneider et al., 2001). No comparable
data on cholinergic neurons and their terminal fields in
other regions of the human gut have been published.

Fig. 8. A–J: Distribution and oroanal variations of cholinergic and
vasoactive intestinal peptide (VIP)ergic terminal fields in the mucosa.
Delicately stained vesicular acetylcholine transporter (VAChT)
-positive terminals and more broadly stained VIP-positive terminals
are present in the lamina propria throughout all gut segments. Sparse
to moderate density of VAChT and VIP terminals (arrows in A,B) in
the lamina propria of the stomach. VAChT terminal field density in
the lamina propria and mucosal muscle layer is highest in the duo-
denum (B) and decreases toward the colon (E). Note the presence of
VAChT (B,C) and VIP terminals (G,H) up to apical regions of duode-
nojejunal villi. VAChT but not VIP immunoreactivity is reduced in the
apex of ileal villi (arrows in D, I) compared with duodenum and
jejunum. In the colon, VAChT terminal fields in the lamina propria
appear to be less dense and less strongly stained than VIP terminals.
Note the presence of strongly staining VIP terminals (H–J) in the
mucosal muscle layer, where VAChT terminals are only faintly
stained (C–E with arrow in E). Scale bar � 50 �m in A–F.
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Fig. 9. Close association of nerve fibers to neuroendocrine cells of
the gut. Dual color immunohistochemistry revealing close association
of chemically defined nerve terminals to endocrine cells of the gastro-
intestinal mucosa. A: vesicular acetylcholine transporter (VAChT)
-positive terminals (black) and vesicular monoamine transporter 2
(VMAT2) -positive enterochromaffin-like (ECL) cell of the oxyntic
mucosa (brown). B: VAChT-positive terminals (black) and gastrin

cells of the antral mucosa (brown). C,D: VAChT-positive nerve fibers
(black) and serotonin (5-HT) -positive EC cells of the villus (C) and the
crypts (D) of the duodenum (brown). E: Vasoactive intestinal peptide
(VIP) -positive fibers (black) and chromogranin A (CgA) -positive
endocrine cells of the duodenum (brown). Scale bars � 15 �m in
A,C–E, 20 �m in B.
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The detection of cholinergic nerve fibers with VAChT
reveals terminal fields that are far more extensive than
previously described in humans (Porter et al., 1996). As
we demonstrated, the mucosa of the upper GI tract is
supplied by numerous VAChT-positive fibers and the den-
sity of mucosal cholinergic fibers is decreasing in the anal
direction. This observation suggests that cholinergic in-
nervation has a region-specific influence on mucosal func-
tions. The high density of VAChT fibers in the outer mus-
cle layers of all GI regions is consistent with earlier
observations that ACh released from cholinergic motor
neurons is involved in the contraction of the gut (Benett,
1965; Porter et al., 1996). The close association between
cholinergic varicose fibers and mast cells, immunocytes,
and neuroendocrine cells indicates that ACh is involved in
neuroimmune and neuroendocrine functions of the gut.

In contrast to earlier observations indicating the exis-
tence of a specific cholinergic (ChAT-immunoreactive) en-
docrine cell (McMurray et al., 1993; Porter et al., 1996),
VAChT in situ hybridization and immunohistochemistry
provided no evidence for the existence of a specific cholin-

ergic endocrine cell. Our results show that detection and
quantification of cholinergic neurons with VAChT offers
the advantage to analyze the enteric cholinergic neurons
in paraffin-embedded tissue with high sensitivity and
high resolution and reveal terminal fields far more exten-
sive than previously described in human.

VIP and VAChT coexistence patterns

VIP/ACh coexistence is very common in the parasympa-
thetic nervous system. However, in the enteric nervous
system of guinea pig and other mammalian species, VIP is
considered to be primarily a NANC transmitter. Numer-
ous studies have shown that, in the guinea pig, most
enteric cholinergic neurons were devoid of VIP (Furness et
al., 1984, 1995; Brookes et al., 1991; Jacobson et al., 1994;
Schemann et al., 1995; Costa et al., 1996; Vanden Berghe
et al., 1999; Lomax and Furness, 2000; Furness and Lo-
max, 2000). VIP and ChAT are strictly distinct in myen-
teric motor neurons and nerve fibers innervating the outer
smooth muscle layers and in myenteric primary afferent

Fig. 10. Catecholaminergic and cholinergic/vasoactive intestinal
peptide (VIP)ergic coinnervation of submucosal blood vessels. A,B:
Duodenum. Adjacent sections demonstrating innervation of the same
submucous blood vessel with numerous differentially distributed ve-
sicular monoamine transporter 2 (VMAT2) and vesicular acetylcho-

line transporter (VAChT) -positive terminals. C,D: Jejunum. Adjacent
sections demonstrating innervation of the same submucous blood
vessel with numerous differentially distributed VMAT2- and VIP-
positive terminals. Scale bar � 30 �m in A–D.
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neurons. Rare ChAT/VIP-copositive neurons in the myen-
teric plexus of the guinea pig and mouse were classified as
ascending, descending, or intestinofugal neurons (Furness
et al., 1990, 1995; Brookes et al., 1991; Messenger and
Furness, 1991; Mann et al., 1995; Schemann et al., 1995;

Costa et al., 1996; Sang and Young, 1998; Sharkey et al.,
1998; Lomax and Furness, 2000). A colocalization of VIP
and ChAT was never observed in the submucous plexus of
guinea pig (Furness et al., 1984; Costa et al., 1996; Neun-
list and Schemann, 1998; Lomax and Furness, 2000).

Fig. 11. Coexistence patterns of nerve fibers. The high-
magnification confocal laser scanning microscopy of nerve fibers sup-
plying the mucosa and the smooth muscle layers of the stomach
reveals completely overlapping vesicular acetylcholine transporter
(VAChT) and vasoactive intestinal peptide (VIP) immunoreactivity

(A–C), strict segregation of vesicular monoamine transporter 2
(VMAT2) and VAChT (D–F), presence of dopamine �-hydroxylase
(DBH) in a subpopulation of tyrosine hydroxylase (TH) -positive fibers
(G–I) and the presence of VMAT1 in TH-positive fibers (J–L). Scale
bars � 30 �m in A–C, 15 �m in D–I, 10 �m in J–L.
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Fig. 12. Principle categories of neurotransmitter phenotypes in
intrinsic and extrinsic innervation of the human gut. The figure
summarizes the chemical phenotypes of the sympathetic and para-
sympathetic extrinsic innervation of the human gut (Input) and the
chemical phenotypes of intrinsic gut neurons (Enteric ganglion) with
respect to cholinergic and catecholaminergic phenotypes based on our
observations and previously published data. Furthermore, major pu-
tative targets of intrinsic neurons are summarized. Prevertebral sym-
pathetic neurons are characterized by the presence of tyrosine hy-
droxylase (TH) and dopamine �-hydroxylase (DBH) and are extrinsic-
noradrenergic. Both vesicular monoamine transporter 1 (VMAT1) and
VMAT2 were found in separate sympathetic neurons of the preverte-
bral ganglia. The efferent vagal cholinergic innervation of the gut is
sparse and is characterized by the presence of vesicular acetylcholine
transporter (VAChT) and ChAT. Connections to the dorsal root gan-
glia (DRG), the sympathetic ganglia, and vagal afferences are not
shown. The enteric nervous system consists of a large number of

intrinsic neurons and mainly functions autonomously. Intrinsic
monoaminergic neurons of the gut are characterized by their content
of VMAT2 and TH but absence of DBH and are, therefore, presumably
dopaminergic. Acetylcholine and vasoactive intestinal peptide (VIP)
are copresent in a considerable population of enteric neurons. Popu-
lations of purely cholinergic (VAChT- and ChAT-positive) and purely
VIPergic (nonadrenergic, noncholinergic [NANC]) neurons are also
present. NANC neurons are characterized by their content of VIP or
other neuropeptides. A minor population of VMAT2-positive neurons
is serotoninergic, as characterized by their content of TrH (tryptophan
hydroxylase).The putative target relationships of intrinsic neurons
included other enteric ganglionic cells and cell body free parts of the
plexus, diverse targets of the gut wall with special differences for
different compartments, as well as extraintestinal targets of enteric
neurons such as projections to the prevertebral ganglia and the plexus
of gallbladder and pancreas.

TABLE 4. Coexistence Patterns in Nerve Fibers and Their Specific Target Relations (Double-Fluorescence Analysis)1

Antigen Myenteric plexus Submucous plexus Smooth muscle Mucosa Blood vessels

VAChT/VIP �/� �/� �/� �/� �/�
VAChT/VMAT2 � � � � �
VAChT/TH � � � � �
VAChT/DBH � � � � �
VAChT/VMAT1 � � � � �
VMAT2/VIP � � � � �
VMAT2/TH �/� �/� �/� �/� �
VMAT2/DBH �/� �/� �/(�) �/(�) �
VMAT1/VAChT � � � � �
VMAT1/VIP � � � � �
VMAT1/TH �/� abs/� (�)/� abs/� abs/�
VMAT1/DBH �/� abs/� (�)/� abs/� abs/�

1�, complete colocalization, neither antigen found without the other; �/�, colocalized, but first antigen as listed in antigen column also found alone; �/�, colocalized, but second
antigen as listed in antigen column also found alone; �/�, colocalized, but both antigens also found alone; �, no colocalization, but presence of both antigens in separate fibers;
�/abs., presence of first antigen, but absence of second antigen; abs./�, absence of first antigen, but presence of second antigen. Parentheses indicate extremely sparse presence
of the respective antigens. For abbreviations, see Table 1.
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In contrast to these observations in guinea pigs, our
study demonstrated that, in humans, with the exception
of the submucous plexus of the colon, VIP and VAChT are
mainly colocalized in neurons and nerve fibers. VIP is a
regular cholinergic cotransmitter candidate in the intrin-
sic innervation of the human gut. Our results are in ac-
cordance with earlier studies on other parts of the primate
autonomic nervous system. For example, studies on the
lung of humans and rhesus monkeys revealed coexpres-
sion of VIP and ChAT in virtually all neuronal cell bodies
of intrinsic peribronchial ganglia, whereas in the lung of
guinea pig VIP and ChAT were strictly separated (Fischer
et al., 1995; Maggi et al., 1995; Nohr et al., 1995). Our
results are in accordance with those of Schneider et al.
(2001), who showed that, in the human rectum, a major
proportion of submucous ganglionic neurons costained for
VIP and VAChT.

VIP is a potent mediator of smooth muscle relaxation
and stimulates intestinal secretion of fluid and electro-
lytes (Grider, 1989; Grider et al., 1992; Binder and Sandle,
1994; Jacobson et al., 1994). VIP has been demonstrated
in human myenteric inhibitory motor neurons and in in-
terneurons (Furness and Costa, 1979; Wattchow et al.,
1997). It has been suggested that VIP enhances the secre-
tory response evoked by electrical stimulation of cholin-
ergic neurons (Cooke et al., 1987; Cooke and Reddix,
1994). Our results in the human gut suggest a regulatory
influence of both transmitters released from identical neu-
rons. A major role of VIP in intrinsic cholinergic neurons
might be the modulation of cholinergic neurotransmis-
sion.

The presence of a considerable population of purely
VIP-positive (noncholinergic) neurons in the submucous
plexus and the high density of purely VIP-containing mu-
cosal fibers in the human colon indicates that they func-
tion independent of cholinergic neurotransmission. Of in-
terest, VIP has been localized to sensory nerves of human
large intestine and can be released from enteric nerves by
capsaicin treatment (Maggi et al., 1989, 1990; Jacobson et
al., 1994). Capsaicin releases neurotransmitters from pri-
mary sensory neurons. Therefore, it is conceivable that,
among the numerous VIPergic (noncholinergic) terminals
in the human colon, there is a population of primary
sensory fibers projecting from dorsal root ganglia.

Catecholaminergic phenotypes

We identified a population of intrinsic biogenic mono-
aminergic neurons and nerve fibers in all regions of the
human gut that were immunoreactive for VMAT2 and TH
but negative for DBH and 5-HT. Monoaminergic neurons
of the mammalian gut were previously designated as
purely serotoninergic. The synthesis, presence, release on
adequate stimuli, and physiological action of neuronal
5-HT in the gut are well documented (Gershon et al., 1965,
1977, 1983, 1994; Tamir and Gershon, 1981; Costa et al.,
1982, 1996; Furness and Costa, 1982; Griffith and Burn-
stock, 1983; Kurian et al., 1983; Meedeniya et al., 1998).
Immunohistochemical studies demonstrated 5-HT in less
than 5% of myenteric neurons (Costa et al., 1982; Furness
and Costa, 1982; Griffith and Burstock, 1983; Schemann
et al., 1995; Costa et al., 1996; Vanden Berghe et al.,
1999). We found a few 5-HT–positive fibers in the myen-
teric plexus and the outer smooth muscle layer but no
serotonin-positive cell bodies. Rare VMAT2-positive my-
enteric cell bodies that appeared in adjacent sections to

lack TH and DBH may correspond to intrinsic serotonin-
ergic neurons. Our failure to demonstrate 5-HT–
immunoreactive neuronal cell bodies may be because
pharmacologic treatment is necessary to visualize sero-
toninergic cell bodies. It has been shown that, in freshly
fixed tissue, the levels of 5-HT in enteric neurons are very
low and have to be increased for immunohistochemical
detection by preloading the tissue with 5-HT or its ana-
logues, by administration of monoamine oxidase (MAO)
inhibitors or by treatment with reserpine (Robinson and
Gershon, 1971; Costa and Furness, 1979; Costa et al.,
1982; Furness and Costa, 1982; Kurian et al., 1983; Erde
et al., 1985; Mawe and Gershon, 1989; Schemann et al.,
1995; Meedeniya et al., 1998; Vanden Berghe et al., 1999;
Lomax and Furness, 2000). In untreated tissue, 5-HT was
weak or absent from neuronal cell bodies (Robinson and
Gershon, 1971; Dubois and Jacobowitz, 1974; Dreyfus et
al., 1977; Costa et al., 1982; Keast et al., 1984; Hörsch et
al., 1993; Belai et al., 1997).

To our surprise, immunohistochemistry and in situ hy-
bridization revealed a large number of VMAT2-positive
neurons (14–20%) in both plexus of the stomach and up-
per intestine. In contrast, VMAT2-positive neurons were
rare in the ileum and large intestine (1–6%). These
VMAT2-positve neurons as well as a major population of
nerve fibers innervating the mucosal and muscular layers
of the upper GI tract were regularly copositive for TH, but
negative for DBH, and are, therefore, catecholaminergic.
It has been well documented in rodents that catecholamin-
ergic neurons appear during development in the gut (Co-
chard et al., 1978; Teitelman et al., 1978). In rodents,
intrinsic catecholaminergic innervation of the gut is
present during development, but it is lost upon gut mat-
uration and, therefore, is transient. These vagal crest–
derived TH-positive neurons were defined as transient
catecholaminergic cells (TC cells), and it was suggested
that they are precursors of noncatecholaminergic neurons
in the adult (Teitelman et al., 1981; Gershon et al., 1984;
Baetge et al., 1990). On the other hand, there is some
evidence for the presence of TH in enteric neurons of the
adult human gut and for a down-regulation of TH along
with reduction of gut dopamine levels in Parkinson pa-
tients (Eaker et al., 1988; Wakabayashi et al., 1989, Sin-
garam et al., 1995), which is in accordance with our re-
sults.

The presence of VMAT1 in the nervous system has not
been reported previously. Because both VMAT1 and
VMAT2 were found in sympathetic neurons of the coeliac
ganglion (unpublished observations), sparsely present
VMAT1�/TH�/DBH� fibers in the human gut can be
characterized as extrinsic, postganglionic, and noradren-
ergic. The minor VMAT1 system in the adult postgangli-
onic sympathetic system may represent a developmental
vestige of VMAT1-positive neurons, which were abundant
during embryogenic development in the rodents (Schütz et
al., 1998). The human gut may be characterized by the
persistence of VMAT1 neuronal phenotypes into adult-
hood, something that is not seen in rodents.

CONCLUSIONS

Our study of the human enteric nervous system indi-
cates that there are some similarities between primates
and other mammalian species but that there are also
fundamental differences. The anatomic organization of
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the cholinergic nervous system is similar to other mam-
malian species. In the human gut, VIP is a cholinergic
cotransmitter in intrinsic gut neurons. The intrinsic cat-
echolaminergic phenotype that is lost upon gut matura-
tion in rodents is a stable component of the human gas-
trointestinal tract throughout life. TH and VMAT2 coexist
in intrinsic neurons and do not contain DBH. Hence, these
neurons of the human gut are dopaminergic. In this con-
text, it is interesting to note the statement by Burks
(1995), that “Dopaminergic neurotransmission in the en-
teric nervous system regulates motility and perhaps other
gastrointestinal function.” These findings reviewed by
Burks are based on ample pharmacologic and clinical ev-
idence. However, the possibility that there is a partial
aminergic phenotype as observed in other species and
locations (Furness and Costa, 1978; Morris and Gibbins,
1987; Kummer et al., 1990, 1993; Elfvin et al., 1997;
Schütz et al., 1998; Weihe and Eiden, 2000) has to be also
taken into consideration.

As TH and VMAT2 never costain for VAChT, this sys-
tem is clearly noncholinergic. Thus, the intrinsic innerva-
tion of the human gut can be divided into three major
components with respect to cholinergic and catecholamin-
ergic phenotypes: (1) cholinergic, (2) catecholaminergic
(dopaminergic), and (3) noncholinergic, nonadrenergic
(NANC). The NANC system in the human GI tract repre-
sents a minor population of ganglionic cells (with segmen-
tal variations) and is characterized by neuropeptides that
we have not yet examined. The DBH�/TH� innervation is
purely extrinsic, as DBH was never found in intrinsic
neurons of the human gut. Therefore, VMAT2�/TH�/
DBH� nerve fibers represent the extrinsic, postgangli-
onic, noradrenergic sympathetic innervation of the hu-
man.

It will be now possible to further classify these three
major components in human with respect to various pep-
tidergic phenotypes and co-phenotypes known to comprise
distinct functional subsets in various species (Gershon et
al., 1994; Furness et al., 1999). Given the data available in
the literature for various species, complicated subset pat-
terns of various peptide coexistences are to be expected
(for review, see Gershon et al., 1994; Furness et al., 1999).
Further characterization of these newly categorized three
main components of the human enteric nervous system
with respect to their specific peptidergic subsets is cer-
tainly in order for future investigations. In addition, it will
be necessary to characterize the neuropeptide spectrum of
the human enteric NANC system and of the minor VIPer-
gic and serotoninergic intrinsic neurons. It should be men-
tioned here that the possibility will have to be considered
that the enteric nervous system contains also inhibitory or
excitatory transmitters, which can be now investigated by
using newly established specific markers like VIAAT (the
vesicular inhibitory amino acid transporter for GABA and
glycine; Eiden, 2000) and the vesicular glutamate trans-
porter isoforms VGLUT1, VGLUT2, and VGLUT3 (Varo-
qui et al., 2002).

Future studies have to demonstrate adequate mecha-
nisms for dopamine-uptake, dopamine-release on nerve
stimulation and dopamine-inactivation in the human en-
teric nervous system to further characterize dopamine as
neurotransmitter of the human gut. Intrinsic dopaminer-
gic neurons in the human GI-tract may become an impor-
tant matter for investigations of pathophysiology and

treatment of acute and chronic inflammation and Parkin-
son’s disease.
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neurons that project from different regions of intestine to the coeliac
ganglion of the guinea pig. J Auton Nerv Syst 56:15–25.

Mann PT, Furness JB, Southwell BR. 1999. Choline acetyltransferase
immunoreactivity of putative intrinsic primary afferent neurons in the
rat ileum. Cell Tissue Res 297:241–248.

Mawe GM, Gershon MD. 1989. Structure, afferent innervation and trans-
mitter content of ganglia of the guinea pig gallbladder: relationship to
the enteric nervous system. J Comp Neurol 283:374–390.

McMurray G, Shaw C, Johnston CF, Halton DW. 1993. Choline acetyl-
transferase (ChAT) immunoreactivity in a sub-population of mamma-
lian intestinal endocrine cells. Comp Biochem Physiol 106:509–515.

Meedeniya ACB, Brookes SJH, Henng GW, Costa M. 1998. The projections
of 5 hydroxytryptamine-accumulating neurons in the myenteric plexus
of the small intestine of the guinea pig. Cell Tissue Res 291:375–384.

Messanger JP, Furness JB. 1991. Calbindin-immunoreactive nerve termi-
nals in the guinea pig coeliac ganglion originate from colonic nerve
cells. J Auton Nerv Syst 35:133–142.

Morris JL, Gibbins IL. 1987. Neuronal colocalization of peptides, cat-
echolamines, and catecholamine-synthesizing enzymes in guinea pig
paracervical ganglia. J Neurosci 7:3117–3130.

Neunlist M, Schemann M. 1998. Polarized innervation pattern of the
mucosa of the guinea pig distal colon. Neurosci Lett 246:161–164.

Nohr D, Eiden LE, Weihe E. 1995. Coexpression of vasoactive intestinal
peptide, calcitonin gene-related peptide and substance P immunoreac-
tivity in parasympathetic neurons of the rhesus monkey lung. Neurosci
Lett 199:25–28.

Peter D, Liu Y, Sternini C, de Giorgio R, Brecha N, Edwards R. 1995.
Differential expression of two vesicular monoamine transporters.
J Neurosci 15:6179–6188.

Porter AJ, Wattchow DA, Brookes SJ, Schemann M, Costa M. 1996. Cho-
line acetyltransferase immunoreactivity in the human small and large
intestine. Gastroenterology 111:401–408.

Porter AJ, Wattchow DA, Brookes SJ, Costa M. 1997. The neurochemical
coding and projections of circular muscle motor neurons in the human
colon. Gastroenterology 113:1916–1923.

Reiche D, Schemann M. 1998. Ascending choline acetyltransferase and
descending nitric oxide synthase immunoreactive neurons of the my-
enteric plexus project to the mucosa of the guinea pig gastric corpus.
Neurosci Lett 241:61–64.

Reiche D, Michel K, Pfannkuche H, Schemann M. 2000. Projections and
neurochemistry of interneurons in the myenteric plexus of the guinea
pig gastric corpus. Neurosci Lett 295:109–112.

Robinson R, Gershon MD. 1971. Synthesis and uptake of 5-hydroxy-
tryptamine by the myenteric plexus of the small intestine of the guinea
pig. J Pharmacol Exp Ther 178:311–324.

Sang Q, Young HM. 1998. The identification and chemical coding of cho-
linergic neurons in the small and large intestine of the mouse. J Neu-
rosci 7:3117–3130.
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