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Retrograde labeling of duodenum–sphincter of Oddi (SO) prep-
arations in vitro with the carbocyanine dye DiI revealed that
duodenal neurons project to the SO. The duodenum–SO-
projecting neurons were immunoreactive (IR) for choline acetyl-
transferase but not nitric oxide synthase or calretinin, indicating
that this is a cholinergic projection and that this pathway is
distinct from the circuitry involved in the ascending limb of the
peristaltic reflex. Approximately 20% of the duodenum–SO
projection neurons were IR for calbindin. Calbindin-IR nerves
within SO ganglia degenerated when the SO was maintained in
organ culture alone, but persisted when the SO was cultured
with the duodenum intact. Therefore, SO ganglia are a target of
the calbindin-positive duodenum–SO projection. Because cal-
bindin is a marker of intrinsic sensory neurons that have pro-

cesses that pass to the mucosa, these neurons are in position
to detect the release of a compound from the mucosa and
signal its release to SO ganglia. When applied to retrogradely
labeled neurons, cholecystokinin (CCK) elicited a prolonged
depolarization, indicating that duodenum–SO-projecting neu-
rons could be capable of detecting CCK released from the
mucosa. It is proposed that the role of the intrinsic sensory
neurons that project to the SO may be to signal the postpran-
dial release of CCK, thus providing an instruction to decrease
SO resistance and facilitate the flow of bile into the duodenum.
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One century ago, Bayliss and Starling (1899) demonstrated that
peristaltic activity in the gut is performed by “the local nervous
mechanism” and that basic excitatory and inhibitory reflex cir-
cuitry must be intrinsic to the enteric nervous system (ENS). In
addition to the local neural networks underlying peristalsis, other
peripheral neural circuits have been discovered that are likely to
influence gut function by providing communications between
distinct sets of ganglia and between the gut and accessory organs.
These include neural projections from enteric myenteric neurons
to the prevertebral sympathetic ganglia, the gallbladder, and the
pancreas (Mawe, 1995). The aim of this study was to test the
hypothesis that a neural link exists between the myenteric ganglia
of the duodenum and the ganglia of the sphincter of Oddi (SO).

The SO is a smooth muscle sphincter, located at the terminal
portion of the common bile duct, which serves to regulate the flow
of bile and pancreatic juices into the duodenum. Although the
exact mechanisms of SO function are not understood, it is likely
that changes in SO tone involve neurohormonal inputs to the
ganglionated plexus of the SO and a coordinated output from
these ganglia. After a meal, SO tone is altered by the release of
cholecystokinin (CCK) from the duodenal mucosa, which acts
through a neural mechanism to decrease SO resistance (Behar
and Biancani, 1987; Vogalis et al., 1989; Hanyu et al., 1990).

Several lines of evidence suggest that this neural mechanism
may involve a projection to SO ganglia from CCK-sensitive duo-
denal sensory neurons: (1) duodenal myenteric neurons of the

Australian possum are retrogradely labeled after injection of
tracers into the SO (Padbury et al., 1993); (2) duodenal distension
results in tetrodotoxin-sensitive changes in SO tone in the Aus-
tralian possum (Saccone et al., 1994); (3) SO ganglia in the guinea
pig are richly innervated by calbindin-immunoreactive (IR) nerve
fibers, and calbindin-IR neurons are numerous in adjacent duo-
denal myenteric ganglia (Wells and Mawe, 1993); (4) type 2/AH
cells in the myenteric plexuses of the guinea pig ileum (Nemeth et
al., 1985; Schutte et al., 1997) and duodenum (Mutabagani et al.,
1993), which are likely sensory neurons of the myenteric plexus
(Kunze et al., 1995), are responsive to CCK; and (5) although SO
neurons respond to CCK, the efficacious concentration is orders
of magnitude greater than the serum levels of CCK after a meal
(Gokin et al., 1997).

Experiments were designed to identify the neurons in the
duodenum that project to the SO and to characterize these
projection neurons on the basis of their chemical coding patterns.
These experiments were devised in part on existing knowledge of
the guinea pig enteric nervous system. Guinea pig myenteric
neurons that are immunoreactive for the calcium-binding protein
calbindin D28 are intrinsic primary sensory neurons (Costa et al.,
1992; Song et al., 1994; Kunze et al., 1995). Furthermore, these
neurons have projections to the intestinal villi (Song et al., 1994).
Because calbindin-IR nerve fibers are abundant in SO ganglia,
but calbindin-IR cell bodies are rare, it was tested whether the
duodenum–SO-projecting neurons constitute this calbindin fiber
immunoreactivity. To test whether duodenum–SO-projecting
neurons are capable of sensing CCK, we recorded from retro-
gradely labeled neurons with intracellular microelectrodes and
applied CCK to determine their responsiveness to the peptide.

MATERIALS AND METHODS
Preparation of tissue. Adult guinea pigs of either sex weighing 200–350 gm
were deeply anesthetized with halothane and exsanguinated. This
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method has been reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Vermont (protocol 95-
056). Sterile instruments, dishes, glassware, and Krebs’ solution were
used in all the experiments involving whole-mount culture. After tissue
removal, the duodenum was opened with a longitudinal incision on the
side opposite the common bile duct. The tissues were pinned, mucosal
side up, in a Sylgard-lined dish in a solution of iced Krebs’ solution, and
the mucosal and submucosal layers were removed. The Krebs’ solution,
aerated with 95% O2 and 5% CO2 , contained in (mM): NaCl, 121; KCl,
5.9; CaCl2 , 2.5; MgCl2 , 1.2; NaHCO3 , 25; NaH2PO4 , 1.2; and glucose,
8. Nifedipine (5 mM) was added to minimize muscle contractions. The
preparations were thoroughly rinsed throughout the dissection and trans-
ferred to a second sterile Sylgard-lined Petri dish before culture.

Retrograde labeling with DiI. Retrograde-labeling studies were per-
formed using techniques similar to those developed and previously de-
scribed by Brookes et al. (1991a,b). Briefly, small glass beads (200–300
mm; Sigma, St. Louis, MO) were coated with a 1 mM solution of the
dialkylcarbocyanine probe DiI (1,19-didodecyl-3,3,39,39-tetramethylindo-
carbocyanine perchlorate; Molecular Probes, Eugene, OR) in 100%
ethanol. Using fine forceps, DiI-labeled beads were placed within the SO
region and gently but firmly pressed onto the tissue. The border of the
SO could be visualized as a very discernible ridge of thickened tissue
under low levels of magnification (6.53–163) with a dissecting micro-
scope. Although the SO border could be visualized under bright-field
microscopy, a very fine-tipped permanent marker was used to delineate
the border of the SO on the glass slides containing the whole-mount
preparations for more accurate visualization under fluorescence micros-
copy. This method of DiI application enables the introduction of a high
concentration of DiI to a small, restricted site. After the desired culture
period (48–72 hr), the tissue was fixed with 2% formaldehyde from
paraformaldehyde containing 0.2% picric acid, mounted with 50% glyc-
erol and 50% 0.1 M PBS, and visualized with fluorescence optics using a
rhodamine filter set.

Organotypic culture techniques. Dissections for all organotypic culture
studies were performed in a horizontal laminar flow hood with sterile
solutions, instruments, and dishes. After dissection, Krebs’ solution was
replaced with culture medium consisting of DMEM and F-12 containing
10% horse serum, gentamycin (10 mg/100 ml), amphotericin B (12.5
mg/100 ml), nifedipine (1 mM), and antibiotic–antimycotic solution (1
ml/100 ml; all from Sigma). The preparations were placed on a slowly
rocking shaker table inside a 37°C, 95% O2 and 5% CO2 incubator. The
culture medium was replaced every 24 hr. To determine the optimal time
in culture for transport of the dye, preparations were maintained in
organotypic culture for either 48 or 72 hr. No noticeable differences were
observed between the two time periods, and, therefore, the 48 hr time
period was used in most retrograde-labeling experiments.

Immunohistochemical studies. Immunohistochemical studies per-
formed in these experiments were similar to those previously described
for the SO (Wells et al., 1995). Tissues were fixed in a solution of 2%
paraformaldehyde and 0.2% picric acid in 0.1 M PBS, pH 7.4, for 2–24 hr,
after which circular muscle was removed from the preparations.

For studies combining DiI labeling with immunohistochemistry, the
tissue was permeabilized in 50% glycerol and 50% PBS for 15 min, 80%
glycerol and 20% PBS for 15 min, and 100% glycerol for 60 min, as
described by Brookes et al. (1991a,b) and Song et al. (1992). Glycerol was
used instead of Triton X-100, which causes leakage of DiI from retro-
gradely labeled cells. After permeabilization, the tissue was treated with
the appropriate antibodies (see below).

For immunohistochemical studies not involving DiI-labeled tissue, the
whole-mount preparations were incubated in primary antisera that were
diluted in PBS (0.1 M) containing the detergent Triton X-100 (0.5%) to
enhance permeabilization. The preparations remained in the primary
antiserum for 24 hr at room temperature or for 48 hr at 4°C. After
thorough rinsing, the preparations were exposed to species-specific sec-
ondary antibodies labeled with fluorophores. For the concurrent detec-
tion of two antigens in the same preparation, primary antibodies raised
in two different species were combined with species-specific secondary
antibodies conjugated to contrasting fluorophores. Standard immunohis-
tochemistry control experiments, including absorption of primary anti-
sera with antigen and testing secondary antisera in the absence of
primary antisera, were conducted.

In some cases, intense DiI fluorescence in retrogradely labeled neu-
rons was detected with the FITC filter set, thus making it difficult to
distinguish FITC immunofluorescence from retrogradely transported
DiI in these preparations. Therefore, in all cases in which DiI tracing was

combined with immunohistochemistry for a given antigen, experiments
were done with both FITC-labeled secondary antisera and with the
biotin–avidin peroxidase complex.

For studies combining DiI labeling with immunohistochemistry for
ChAT, the tissue preparations were imaged using a laser-scanning con-
focal microscope (Noran Instruments, Oz System, Middleton, WI)
mounted on a Nikon Diaphot inverted microscope using a 20-X air
objective. Using Noran’s InterVision software, a z-series was collected in
the interleave mode. For DiI imaging, the confocal microscope system
was switched between an excitation wavelength of 568 nm and an emis-
sion wavelength of 585–630 nm. For ChAT-IR Alexa 488 imaging, the
system was switched between an excitation wavelength of 488 nm and an
emission wavelength of 515–550 nm. A narrow bandpass barrier filter was
used for collecting fluorescent images at both mentioned emission wave-
lengths. The acquired digital image TIFF files were transferred to a
Macintosh G3 PowerPC computer, and images were processed using
Adobe Photoshop LE (Adobe Systems, Mountain View, CA) and printed
using a Codonics NP 1600 printer.

Antisera used. Mouse anti-calbindin D-28 antiserum was used at a
dilution of 1:500 (Sigma); rabbit anti-calretinin antiserum was used at a
dilution of 1:5000 (Chemicon International, Temecula, CA); rabbit anti-
nitric oxide synthase (NOS) antiserum derived from brain NOS (Santa
Cruz Laboratories, Santa Cruz, CA) was used at a dilution of 1:250; goat
anti-ChAT antiserum was used at a dilution of 1:250 (Chemicon, Te-
mecula, CA). Secondary antisera used in all experiments (Jackson Im-
munoResearch, West Grove, PA) were conjugated to fluorescein isothio-
cyanate (FITC; 1:100), indocarbocyanine (Cy3; 1:500), or biotin (1:400).
When biotin-conjugated antisera were used, streptavidin Alexa 488 (1:
250; Molecular Probes, Eugene, OR) or streptavidin peroxidase (1:200)
was applied to the tissue, and preparations were processed with diami-
nobenzidine reagent set purchased from Kirkegaard & Perry Gathers-
burg, MD).

Analysis of DiI-labeled preparations. Whole-mount preparations of du-
odenal myenteric plexus and SO ganglionated plexus were analyzed to
establish the distribution of nerve cell bodies in the myenteric plexus
after DiI application to the SO. Preparations were viewed under a Zeiss
fluorescence photomicroscope equipped with an HBO 100 W mercury
arc lamp. A 565 nm primary filter–590 nm secondary filter combination
was used to visualize DiI and Cy3. A 485 nm primary filter–520 nm
secondary filter combination was used to visualize FITC. Hardware for
computerized mapping of each preparation included a motorized x-y
stage attached to a Zeiss fluorescent photomicroscope equipped with an
HBO 100 W mercury arc lamp light source, Lucivid video hardware, and
computer equipped with Windows 95. In each preparation, the exact
location and chemical identity of each retrogradely labeled neuron could
be recorded with a precision of 5 mm using the computerized stage
mapping system and Neurolucida software (MicroBrightfield, Colches-
ter, VT). Neurolucida is a Microsoft Windows-based program that en-
ables the digitizing of information from serial regions of microscopic
images into a resulting map of the entire whole-mount preparation.

Electrophysiolog ical recording and application with CCK. Tissue was
cultured with DiI as described above. After 48–72 hr in culture, the tissue
was pinned out in a low volume (2.5 ml) recording chamber and contin-
uously bathed (10 ml/min) in aerated (95% O2 and 5% CO2 ) Krebs’
solution at 33–35°C. DiI-labeled cells were visualized using an inverted
microscope (Nikon Diaphot) equipped with a 100 W UV light source and
rhodamine filter cube. Glass microelectrodes used for intracellular re-
cording from DiI-labeled cells in the duodenum were back-filled with
neurobiotin (2% solution in 1 M KCl), and shanks were filled with 2 M
KCl and had resistances in the range of 80–120 MV. An Axoclamp 2A
amplifier with bridge circuitry for injecting positive and negative current
pulses was used to record membrane potentials. CCK was applied by
pressure ejection from glass micropipettes (0.1 mM in Krebs’ solution;
15–20 mM tip diameter) by pulses of nitrogen gas (300 kg/cm 2; 0.5–2 sec
duration), and by bath application (100 nM).

RESULTS
Retrograde labeling of duodenal neurons from the SO
The retrograde tracer DiI was applied to the SO to identify
duodenal neurons that project to the SO. When evaluating the
results of these experiments, the application site was carefully
examined to determine the extent of DiI spread. The dye spread
at the application site had to be confined to the SO in order for a
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given preparation to be included in the study. The precise border
of the SO could be visualized under low levels of magnification as
a thickened ridge of tissue. This thickened area is apparent in
Figure 5D as a dark vertically running band of tissue indicated by
the dotted line. A very fine-tipped permanent marker was used to
delineate the SO border on glass microscope slides containing the

whole-mount preparations for accurate identification of the bor-
der during analysis of the preparations.

DiI-labeled neurons were consistently observed in the duode-
nal myenteric plexus 48 hr after application of DiI to the SO (n 5
40; Fig. 1A–C). Neurons were classified as DiI-positive if they
possessed a bright, punctate labeling caused by the packaging of

Figure 1. Neurons in the myenteric plexus of the duodenum are retrogradely labeled after application of the tracer DiI to the SO. A–C, Photomicro-
graphs of duodenal myenteric ganglia that contain retrogradely labeled neurons after application of DiI to the SO and maintenance in organ culture for
48 hr. D, Photomicrograph of a duodenal ganglion near the SO from a preparation in which the SO–duodenal border was pinched with forceps before
the application of DiI in the SO. No labeled neurons were observed in these preparations. E, A map generated with Neurolucida showing the outline
of the preparation, the location of DiI application in the SO, and retrogradely labeled neurons in the duodenum (n 5 121). In 10 preparations that were
quantified, 116 6 20 cells (range, 52–221) were retrogradely labeled in the myenteric plexus of the duodenum. Scale bar, 50 mm.
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dye into vesicles and retrograde transport of vesicles from the
origin of dye application to the cell bodies. Most often, the
dendrites of these cells could also be visualized, and the cells
could therefore be classified as Dogiel type I or type II based on
their morphology. DiI-labeled axons could be followed along
interganglionic fiber bundles that connected the ganglionated
plexuses of the duodenum and the SO. Furthermore, there was a
general pattern of labeling in which certain axonal pathways could
be followed to the SO in all of the preparations.

Computer-generated maps of ten preparations were created
using Neurolucida software, which included an outline of the
tissue and the SO region as well as the application site (Fig. 1E).
The creation of a computerized map enabled the precise local-
ization of the distance and the coordinates of each neuron pro-
jecting to the SO and provided quantitative information regard-
ing the contingent of duodenal neurons that project to the SO. In
these preparations, 116 6 20 cells (range, 52–221) were labeled
with DiI in the myenteric plexus of the duodenum. The mean
distance of these cells from the application site was 2821.9 6
208.2 mm. Although labeled neurons were observed as far as 12.7
mm from the SO border, 92% of the retrogradely labeled neurons
were located within 5 mm, and 50% of the DiI-labeled cells were
located within 2.5 mm of the SO.

Control experiments were performed to confirm that DiI-
positive neurons were labeled by retrograde axonal transport of
DiI from the SO. In six preparations, the SO–duodenal junction
was pinched with forceps before application of DiI to destroy
axonal projections from the duodenum to the SO (Fig. 1D). It is
likely duodenal neurons are labeled by active transport of DiI
along the axons rather than by passive diffusion within the plasma
membrane, because retrograde labeling occurs in a matter of days
with active transport and requires weeks for passive transport
(Honig and Hume, 1989). Furthermore, when DiI was applied to
the SO in a previously fixed SO–duodenum preparation, no
labeled neurons were observed in the duodenum or the SO after
48 hr in culture medium at 37°C. Therefore, an additional set of
control experiments was conducted to further verify that duode-
nal neurons were labeled from the dye application site. In these
experiments, DiI was applied to the SO, and the preparations
were organ cultured in the presence of colchicine, which causes a
breakdown of microtubules and thus prevents axonal transport
from occurring. With the disruption of axonal transport, by col-
chicine or by pinching the duodenal–SO border, no retrogradely
labeled neurons were detected in the duodenum.

Identification of the chemical coding of duodenum–SO
projection neurons
The myenteric plexus consists of several subtypes of neurons that
express distinctive combinations of neuronal proteins, and serve
distinctive functions. To determine which duodenal neurons
project from the myenteric plexus to the SO, retrograde transport
of DiI was combined with immunohistochemistry. The chemical
coding markers evaluated were the biosynthetic enzymes, ChAT
and NOS, and the calcium-binding proteins, calretinin and calbin-
din. The expression of these compounds does not appear to
change within 48 hr in organ culture, because the proportions of
ChAT-, NOS-, calretinin-, or calbindin-labeled neurons in the
myenteric plexus of the small intestine were not significantly
different in control versus cultured preparations (J. Hemming, A.
Kennedy, and G. Mawe, unpublished observations).

Duodenum–SO projection neurons are ChAT-positive,
NOS-negative, and calretinin-negative
A recent study of ChAT and NOS immunoreactivities in the
duodenum has established that the vast majority of neurons in the
duodenal myenteric plexus of the guinea pig are immunoreactive
for either ChAT or NOS, but not both, enzymes (Clerc et al.,
1998a,b). In the four preparations examined, the majority of
DiI-labeled neurons could be clearly identified as ChAT-IR (Fig.
2). These DiI-positive neurons were intensely IR for ChAT, with
clear borders and nuclear halos. The remainder of neurons ap-
peared to be ChAT-IR, but immunoreactivity was more difficult
to assess because clear outlines of the cells could not be distin-
guished. ChAT-IR neurons are often clustered in enteric ganglia,
and it can be difficult to discern individual neurons. Consistent
with the finding that DiI-labeled neurons were ChAT-positive, no

Figure 2. Neurons that are retrogradely labeled with DiI are immuno-
reactive for ChAT. A and B are confocal images of the same field
demonstrating DiI (A) and ChAT immunoreactivity fluorescently labeled
with streptavidin Alexa 488 ( B). Arrows indicate the positions of DiI-
labeled neurons in A and B. Scale bar, 50 mm.
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NOS-positive–DiI-labeled neurons were identified in the six
preparations that were immunostained for NOS (Fig. 3A).

In the guinea pig small intestine and duodenum, calretinin is
expressed by a subset of motor neurons and by interneurons that
project in an ascending, or anal to oral, direction (Brookes et al.,
1991a; Clerc et al., 1998b). Because the axons of many duodenum–
SO-projecting neurons ascend along the gut, DiI-labeled prepa-
rations were immunostained for calretinin. In the six preparations
tested, only one neuron in one preparation was retrogradely
labeled with DiI and expressed immunoreactivity for calretinin;
the remainder of the DiI-labeled neurons were calretinin-
negative (Fig. 3B).

A subset of projection neurons is calbindin-positive
The myenteric neurons that express immunoreactivity for calbi-
ndin have been identified as intrinsic sensory neurons in the
guinea pig small intestine (Costa et al., 1992; Song et al., 1994;
Kunze et al., 1995). These neurons have projections to the mu-
cosa and respond to luminal stimuli. We found that a subset of
DiI-positive projection neurons were calbindin-IR (Fig. 4A–D).
Computer-generated maps were produced to determine the dis-
tributions of retrogradely labeled cells that were calbindin-
positive (Fig. 4E). In six preparations, the mean number of
DiI-labeled–calbindin-IR neurons was 27 6 3.4 per preparation
(range, 12–37). The average number of retrogradely labeled neu-
rons in these same preparations was 131.2 cells (range, 79–175);
therefore, the proportion of double-labeled neurons for DiI and
calbindin-IR was 20.6 6 2.1% (range, 15.1–28.2%). The mean
distance of the DiI-labeled—calbindin-IR cells from the SO was
2477.95 6 140.3 mm.

Calbindin-IR nerve fibers in the SO degenerate when
the SO is maintained in organ culture
The results described above demonstrate that calbindin-IR neu-
rons send processes to the SO, but it is not clear whether SO
neurons are a target of this projection. In the guinea pig, SO
ganglia are richly innervated by calbindin-IR nerve fibers, but
these ganglia contain few, if any, calbindin-IR neurons (Fig. 5A)
(Wells and Mawe, 1993). Because nearby myenteric ganglia of the
duodenum contain a relatively high proportion (25%) of
calbindin-positive neurons (Fig. 5B), they represent a likely
source of calbindin-IR fibers in SO ganglia. Two different organ
culture preparations were used to test whether calbindin-IR fibers

in SO ganglia originate in the myenteric plexus of the duodenum.
Whole-mount preparations consisting of either an isolated SO
(n 5 6), or the SO with the duodenum attached (n 5 6), were
maintained in organotypic culture for 72 hr and then immuno-
stained for calbindin. In SO preparations cultured alone, occa-
sional calbindin-IR neurons were present, but there was a dra-
matic reduction in calbindin-IR nerve fibers in the ganglia (Fig.
5C). When the SO was cultured with the duodenum attached,
calbindin-IR fibers were present in the SO ganglia and could be
seen passing into the SO from the duodenum along intergangli-
onic connectives (Fig. 5D). These data support the concept that a
duodenum–SO projection includes calbindin-IR nerve fibers and
that these axons terminate in SO ganglia.

CCK depolarizes duodenum–SO projection neurons
To determine whether duodenum–SO projection neurons ex-
press CCK receptors and, therefore, could be capable of detecting
the release of mucosal CCK, DiI-labeled cells were impaled with
intracellular recording electrodes, and CCK was applied by pres-
sure microejection or by superfusion. For these experiments,
attempts were made to selectively impale large DiI-filled neurons
containing several processes. This active selection of neurons was
made in an attempt to record from neurons likely to be Dogiel
type II in morphology and, thus, also likely to be intrinsic sensory
neurons in this system. To ensure that the recordings were actu-
ally made from the targeted DiI-filled cell, neurobiotin was ion-
tophoretically injected from the recording electrode for subse-
quent localization. In some cases (n 5 2), a neuron adjacent to
the DiI-filled cell was inadvertently impaled. Nine DiI-labeled
cells from seven different preparations were successfully impaled,
as confirmed by the presence of peroxidase reaction product
(from neurobiotin coupled to avidin peroxidase) in DiI-labeled
cells (Fig. 6B). Seven of these cells had numerous long processes,
and two cells had a single long process and several short lamellar
processes. These morphologies are characteristic of Dogiel type
II and Dogiel type I cells, respectively, see (Furness and Costa,
1987). All of the impaled neurons responded to application of
CCK with a prolonged depolarization (Fig. 6D). The depolariza-
tion had an amplitude of 11.4 6 5.0 mV (range, 4–20 mV) and a
duration of 68.9 6 15.3 sec (range, 25–145 sec). During this
depolarization, some cells generated bursts of action potentials.

Figure 3. Neurons that project to the SO from the duodenum are neither calretinin- nor NOS-immunoreactive. A, Photomicrograph simultaneously
demonstrating DiI (fluorescent cells) and NOS immunoreactivity-labeled with DAB (dark cells). The two groups are distinct populations of neurons. B,
Photomicrograph simultaneously demonstrating DiI (fluorescent cells) and calretinin immunoreactivity-labeled with DAB (dark cells). Again, the two
groups can be seen as distinct populations of neurons. Scale bar, 50 mm.

Kennedy and Mawe • Duodenal Projections to the Sphincter of Oddi J. Neurosci., October 1, 1998, 18(19):8065–8073 8069



DISCUSSION
This study was designed to test the hypothesis that a neural link
exists between the duodenum and the SO and that this link could
form the basis of an information pathway that signals the release
of mucosal CCK. These results provide evidence that cholinergic
neurons in the duodenal myenteric plexus project to the SO.
Some of these neurons are primary afferent neurons, as defined
by their calbindin immunoreactivity, and these neurons project to
SO ganglia. The myenteric neurons that express immunoreactiv-
ity for calbindin have been identified as intrinsic sensory neurons
in the guinea pig small intestine (Costa et al., 1992; Song et al.,
1994; Kunze et al., 1995) and have been shown to send processes
to the mucosa (Furness et al., 1990; Song et al., 1994; Clerc et al.,
1998b). Furthermore, duodenal neurons that project to the SO
are sensitive to CCK. These results demonstrate that SO tone
could be regulated by neural inputs from the duodenum and that
this circuitry could account for changes in SO resistance that
follow postprandial release of CCK from the duodenal mucosa.

The results provided here, demonstrating the existence of
neural projection to the SO from the duodenum, are consistent

with other evidence supporting such a projection. In the current
study, application of DiI to the guinea pig SO resulted in retro-
grade labeling of neurons in the myenteric plexus of the duode-
num. Retrograde labeling of duodenal neurons from the SO has
also been reported in the Australian possum after in vivo injec-
tions of DiI into the wall of the SO (Padbury et al., 1993).
Furthermore, in physiological experiments also performed in the
Australian possum, electrical field stimulation or mechanical dis-
tention of the duodenum caused changes in SO tone that were
blocked when the junction between SO and duodenum was
crushed (Saccone et al., 1994). Wells and Mawe (1993) also
proposed that projections between the duodenum and SO exist in
the guinea pig on the basis of calbindin immunoreactivity in SO
ganglia. Ganglia in the SO contain a rich network of calbindin-IR
fibers but very few calbindin-positive neurons. On the other hand,
ganglia in the adjacent duodenum contain many calbindin-IR cell
bodies, and Wells and Mawe (1993) have speculated that
calbindin-positive nerves fibers in SO ganglia may arise in duo-
denal ganglia.

Recent evidence suggests that myenteric ganglia of the guinea

Figure 4. A subpopulation of the duodenum–SO-projecting neurons is calbindin-IR. A–D demonstrate matching photomicrographs of two fields
demonstrating DiI (A, C) and calbindin immunoreactivity-labeled with FITC (B, D). DiI-labeled neurons that are also calbindin-IR are indicated by
arrows. A cluster of DiI-labeled neurons that are calbindin-negative is indicated by arrowheads. E, A computer-generated map of a representative
preparation demonstrating the locations of DiI-labeled neurons in the duodenum that were calbindin-positive (triangles) or calbindin-negative (dots). In
this preparation, 30 neurons were calbindin-positive of a total of 124 DiI-labeled neurons. Scale bar: A–D, 50 mm.
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pig duodenum consist of several subtypes of neurons, based on
projections, chemical coding patterns, cell shapes, and electrical
properties (Clerc et al., 1998a,b). In general, these classes of
neurons are quite similar to those of the guinea pig ileum, which
have been extensively characterized (Furness and Costa, 1987;
Costa and Brookes, 1994; Gershon et al., 1994). Throughout the
duodenum and small intestine, the vast majority of neurons are
immunoreactive for ChAT along with other excitatory transmit-
ters such as substance P, or they are nitrergic. Neurons in the
duodenum of the guinea pig that project to the SO are likely to be
cholinergic because they are IR for ChAT but not NOS. This
indicates that the neural input to the SO from the duodenum is
likely to be excitatory and may represent a source of the nicotinic
fast synaptic inputs that most SO neurons receive (Wells and
Mawe, 1993).

In the guinea pig small intestine and duodenum, interneurons
with ascending projections express ChAT-IR, and they also ex-
press IR for the calcium-binding protein calretinin (Brookes et
al., 1991a; Clerc et al., 1998b). Although the duodenal neurons
that were retrogradely labeled with DiI expressed ChAT-IR, and
many projected to the SO in an ascending direction, they were not
immunoreactive for calretinin. This indicates that the duode-
num–SO circuit comprises a set or sets of myenteric neurons that
are distinct from the ascending neurons that are thought to be
involved in the oral contraction associated with peristaltic
activity.

A subset of the duodenum–SO projection neurons are likely to

be intrinsic sensory neurons of the myenteric plexus. In this study,
;20% of the duodenal neurons that were retrogradely labeled
from the SO were immunoreactive for calbindin. During the past
decade, the myenteric neurons that express IR for calbindin have
been identified as intrinsic sensory neurons of the guinea pig
small intestine (Song et al., 1994; Kunze et al., 1995). Multidis-
ciplinary studies have demonstrated that these neurons corre-
spond to the population of neurons that have been categorized
electrically as type 2/AH cells and morphologically as Dogiel type
II cells. Dogiel type II cells have several long processes emanating
from the soma that pass through and appear to synapse in nu-
merous ganglia. Processes of these neurons, at least the majority
that are calbindin-positive, also extend to the mucosa. Song et al.
(1994) demonstrated that all calbindin-IR neurons project to the
mucosa of the small intestine in which calbindin-positive fibers
exist in each villus. Furthermore, Furness et al. (1990) showed
that the myenteric plexus is the principal source of calbindin-IR
nerve fibers in the mucosa, because calbindin immunoreactivity
was eliminated from the mucosal layer after local lesions of the
myenteric plexus. More recently, Clerc et al. (1998b) have shown
that calbindin-IR neurons in the duodenum also have projections
that pass to the mucosa. Therefore, the calbindin-positive DiI-
labeled neurons would be capable of serving as primary sensory
neurons in a duodenum–SO neural reflex circuit, as well as acting
as projection neurons.

From the retrograde-labeling studies alone, it is not possible to
determine specifically where the duodenum–SO projection neu-

Figure 5. Calbindin-positive fibers in the SO degenerated when the SO was maintained in organ culture. A, B, Control preparations of the SO (A) and
duodenal ( B) ganglia that were fixed immediately and immunostained for calbindin and visualized with a DAB reaction product. Note the large number
of calbindin-positive nerve fibers in the SO ganglia, relative to the single calbindin-positive neuron and the large number of calbindin-positive neurons
in the duodenal ganglion. C, Photomicrograph of a region of the ganglionated plexus in the SO (dashed lines) that was immunostained for calbindin after
the SO had been cultured in isolation for 72 hr. Note the absence of calbindin-positive nerve fibers. D, Photomicrograph of the interface between the
SO and the duodenum (dashed line) in a preparation that was immunostained for calbindin after the SO had been cultured for 72 hr with the duodenum
intact. Calbindin-immunoreactive nerve fibers can be seen in the interganglionic nerve bundle that passes between the duodenal and SO ganglia. Scale
bar, 50 mm.
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rons terminate in the SO. Because DiI diffused over a large area
at the application site within the SO, axon terminals that took up
the dye could have been in the ganglionated plexus or in muscle.
The results of SO organ culture studies indicate that calbindin-IR
duodenal neurons projecting to SO terminate in SO ganglia, but
it is also possible that some of the retrogradely labeled neurons
project through, and not necessarily to, the SO. Control SO
ganglia and SO ganglia maintained in organ culture with the
duodenum intact contained an abundance of calbindin-IR vari-
cose nerve fibers, but the ganglionated plexuses of SO prepara-
tions organ cultured in isolation were almost devoid of
calbindin-IR fibers. Thus, calbindin-IR neurons are capable of
delivering a monosynaptic reflex signal from the mucosa of the
duodenum to the ganglia, and possibly to motor neurons, of the SO.

The question remains, what is the purpose of a neural input to
the SO from the duodenum? The functions of the SO are to
regulate the flow of bile and pancreatic juices into the duodenum
and to prevent the diversion of intestinal contents into the biliary
ducts. The SO remains contracted between meals, thus restricting
the flow of bile into the duodenum and routing bile to the
gallbladder for storage and concentration. Postprandially, CCK
released from the duodenal mucosa causes the SO musculature to
relax or pump, depending on the species, allowing bile to flow
from the gallbladder into the duodenum. Several studies in vari-
ous species have shown that the actions of CCK on the SO are
sensitive to neural blockade (Behar and Biancani, 1987; Vogalis et
al., 1989; Hanyu et al., 1990). Furthermore, CCK can cause the
release of several neuroactive compounds in the SO, including
acetylcholine (Harada et al., 1986), vasoactive intestinal peptide
(Wiley et al., 1988; Dahlstrand et al., 1990), and nitric oxide

(Pauletzki et al., 1993). However, it is unlikely that CCK alters SO
ganglionic output through a direct hormonal action on SO neu-
rons. We have recently shown that, although SO neurons express
CCK receptors, the concentrations of CCK necessary to evoke a
detectable response are at least 100-fold higher than the concen-
trations of CCK present in the serum after a meal (Gokin et al.,
1997).

Data from the present study support the hypothesis that a
neural circuit could mediate the actions of mucosal CCK on SO
tone. Mucosal CCK could have paracrine stimulatory effects on
the calbindin-IR, duodenum–SO projection neurons. As men-
tioned above, calbindin-IR myenteric neurons have projections to
the mucosa, and thus are morphologically suited for such a role.
Furthermore, these neurons express CCK receptors, because DiI-
labeled Dogiel type II cells were depolarized by CCK. Others
have also shown that CCK can depolarize type 2/AH cells of the
duodenum (Mutabagani et al., 1993) and the ileum (Nemeth et
al., 1985; Schutte et al., 1997), which have a Dogiel type II
morphology. It is interesting though, that all of the duodenum–
SO-projecting neurons that tested in the current study responded
to CCK, whereas in the previous studies, CCK elicited responses
in only a subset of myenteric neurons that were randomly
impaled.

The function of the remaining 80% of the duodenum–SO
projection neurons, which are ChAT-positive and calbindin-
negative, may be related to a coordination of SO tone and
duodenal motor activity. Local duodenal contractions are likely
to be associated with SO contractions to prevent the movement of
luminal contents into the bile duct. A neural circuit between the
myenteric plexus of the duodenum and the ganglia of the SO may

Figure 6. Neurons that project from the duodenum to the SO are sensitive to CCK. A, B, Photomicrographs of the same field demonstrating DiI
fluorescence (A) and neurobiotin-labeled with a DAB reaction product ( B). The neuron that was impaled with an intracellular microelectrode, filled with
neurobiotin, and exposed to CCK is indicated by the arrows. The location of a nearby neuron that was retrogradely labeled with DiI but not studied
electrophysiologically is indicated with arrowheads. The numerous processes of the neurobiotin-filled neuron, which is a Dogiel type II cell, are indicated
by asterisks. C, D, Electrical recordings of the neurobiotin-filled neuron shown in B. C, Electrical traces demonstrating that the action potential of this
neuron was followed by a prolonged afterhyperpolarization, which is characteristic of type 2/AH neurons. D, Pressure microejection of CCK (2 sec)
resulted in a prolonged depolarization. Scale bar: A, B, 25 mm.
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aid in coordinating these motor responses. Another potential role
for the duodenum–SO projection is to coordinate SO relaxations
with the migrating myoelectric complex. These events, which
occur every few hours and involve a peristaltic wave that travels
the length of the gut, are associated with a coordinated discharge
of bile into the duodenum. It is possible that duodenum–SO-
projecting neurons, as well as the duodenum–gallbladder-
projecting neurons that have been demonstrated (Mawe and
Gershon, 1989; Padbury et al., 1993), could regulate the biliary
response with the migrating myoelectric complex.

In summary, these data demonstrate that a projection from the
duodenal myenteric plexus to the SO exists in the guinea pig.
Neurons that contribute to this projection are cholinergic, and a
subset of these neurons are primary sensory neurons that have the
capacity to detect CCK. This duodenum–SO circuit could be
responsible for postprandial changes in SO tone that facilitate the
delivery of bile and pancreatic juices into the duodenum. Fur-
thermore, this neural connection between the duodenum and the
SO may allow for the coordination of motor activities between
these two regions of the gut.
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