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The bowel is the only organ of the body in which neural
reflexes
can be elicited
in the absence
of input from the
brain or spinal cord. This activity is mediated
by the enteric
nervous system (ENS), which contains primary afferent neurons. Experiments
were carried out to locate the primary
afferent neurons of the ENS. Two types of stimulation
were
used to activate neurons in the wall of the gut in vitro: exposure of the mucosa to cholera toxin or delivery of pressure
to the mucosal surface with puffs of N, from a micropipette.
Neurons that became
active in response
to these stimuli
were identified
by demonstrating
the intranuclear
immunoreactivity
of Fos, the product of the c-fos protooncogene.
No Fos immunoreactivity
could be detected
in the absence
of stimulation;
however, application
of cholera toxin and puffs
of N, each induced the appearance
of Fos immunoreactivity
in neurons in both the submucosal
and myenteric
plexuses.
With either stimulus,
the induction
of Fos immunoreactivity
was antagonized
by TTX and therefore
depended
on neuronal activity. The appearance
of Fos immunoreactivity
could
also be prevented
by the SHT,, receptor antagonist
Kacetyl-5-hydroxytryptophyl-5-hydroxytryptophan
amide. In contrast, the stimulus-induced
expression
of Fos immunoreactivity was inhibited,
but not abolished,
by hexamethonium,
which limited the spread of activation within the submucosal
plexus and completely
prevented
expression
of Fos immunoreactivity
by myenteric
neurons in response
to mucosal
puffs of N,. FluoroGold
was injected into single ganglia of
the myenteric
plexus in orderto identify submucosal
neurons
with myenteric
projections.
Submucosal
neurons in which
Fos immunoreactivity
was induced by the stimuli were doubly labeled by FluoroGold.
A subset of the submucosal,
but
not myenteric, neurons that expressed
Fos immunoreactivity
was doubly labeled by antibodies
to calbindin.
Submucosal
calbindin-immunoreactive
neurons
were found to contain
substance
P immunoreactivity
and could also be immunostained
by anti-idiotypic
antibodies
that react with 5-HT,,

receptors.
A subset of dynorphin,,-immunoreactive
submucosal neurons (which are known to costore vasoactive
intestinal
peptide and to be secretomotor
in function)
expressed nuclear Fos immunoreactivity
in response
to cholera toxin, but not puffs of N,. These data suggest that intrinsic primary afferent neurons are located in the submucosal
plexus, project to the myenteric
plexus, and are activated
by 5-HT acting on the 5-HT,, receptor subtype. These neurons are probably cholinergic
and costore calbindin and substance P.
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The gut is the only organ that displays reflex activity when
isolated from the brain and spinalcord (Gershon, 1981; Furness
and Costa, 1987). This activity, the peristaltic reflex (Kosterlitz and Lees, 1964), was first noted by Bayliss and Starling (1899, 1900)and consistsof contraction oral and relaxation
anal to a site where pressureis applied to the gastrointestinal
mucosa.Since the peristaltic reflex can be evoked in vitro (Trendelenburg, 1917), it is mediated by neurons presentwithin the
wall of the gut. These observations indicate that the enteric
nervous system (ENS) must contain intrinsic primary afferent
neurons and interneurons, aswell asthe sensoryreceptors and
motor neurons neededto evoke the reflex behavior.
The sensoryreceptors that give rise to the peristaltic reflex
have beendemonstrated to be located in the intestinal mucosa
(Biilbring and Lin, 1958). The primary afferent neurons have
not yet been definitively identified. Thesecellswere postulated
by Btilbring et al. (1958) to be located in the submucosalplexus
becausea subsetof submucosalneurons were found that are
pseudounipolaror bipolar in shape.The idea that intrinsic primary afferent neurons exist in the submucosalplexus has received support from the observations that submucosalganglia
project to both the mucosa and the myenteric plexus (Kirchgessnerand Gershon, 1988), that some submucosalneurons
sharesurfaceantigenswith sensoryneurons in dorsal root ganglia (Kirchgessneret al., 1988), and that a subsetof submucosal
neuronsappearsto receive no synaptic input (Surprenant, 1984).
This latter subsetis substanceP immunoreactive (Bornstein et
al., 1989). Recently, however, it has been proposed that the
intrinsic primary afferent neurons of the ENS are not submucosal, but myenteric (Iyer et al., 1988; Fumess et al., 1990;
Hendriks et al., 1990). This contrary hypothesis is based on
immunocytochemical and electrophysiologicalstudies.The majority of neuronsclassifiedphysiologically asAH/type 2, which
were originally thought to receive little or no synaptic input
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(Hirst et al., 1974) are reported to be calbindin immunoreactive
(Iyer et al., 1988). Calbindin-immunoreactive
neurons in the
myenteric plexus project to the mucosa and to other myenteric
neurons (Furness et al., 1990). These properties are presumed
to be those that should be displayed by primary sensory neurons.
Some of these presumptions are controversial. It is now clear
that myenteric AH/type 2 neurons are not devoid of synaptic
input, as might be expected of sensory neurons, but actually are
heavily innervated (Erde et al., 1985; Wade et al., 199 1). Moreover, the 1: 1 relationship between calbindin immunoreactivity
and the electrophysiological classification of myenteric neurons
needs to be confirmed. Clearly, it is conceivable that subsets of
enteric sensory neurons could be located in each of the enteric
plexuses.
The evidence favoring the localization of intrinsic sensory
neurons in either plexus is indirect. In order to determine which
neurons of the ENS become active following the application of
a stimulus capable of eliciting the peristaltic reflex, the immunoreactivity of the protein, Fos, encoded by the c-fos protooncogene was studied. The Fos protein has been proposed as a
nuclear “third messenger” that transduces extracellular signals
to long-term changes in cell function by regulating the expression
of responsive genes (Cm-ran and Morgan, 1985). Increased expression of this protein has been observed to occur in the nucleus
of neurons of the brain and spinal cord that have been activated
by a variety of stimuli (Hunt et al., 1987; Morgan et al., 1987;
Sagar et al., 1988). The immunocytochemical demonstration of
Fos immunoreactivity
has been shown to be a useful marker of
neuronal “activity” that demonstrates functionally related neural pathways (Menttrey et al., 1989; Presley et al., 1990). The
relationship between nuclear immunoreactivity of Fos in enteric
neurons and their physiological activation was first assessed by
studying the effect of mucosal applications of cholera toxin (in
the presence or absence of TTX) on c-fos expression. Although
the mucosal application of cholera toxin is not a physiological
stimulus, it is known to powerfully activate peristalsis (Cassuto
et al., 1982, 1983) and has previously been demonstrated, by
measuring cytochrome oxidase activity, to stimulate both submucosal and myenteric neurons (Gershon et al., 1989b). Subsequently, as a more physiological stimulus, pressure was applied to the mucosal surface of the bowel by directing puffs of
N, at it from the tip of a micropipette in order to activate
mucosal sensory receptors. Application of pressure to the mucosal surface of the bowel is also known to stimulate the peristaltic reflex. Cholera toxin was selected to serve as an example
of a massive diffuse stimulus, which increases intestinal secretion as well as motility. In contrast, the application of pressure
with slight puffs of N, was chosen as an example of a minimal
and highly localized stimulus that would increase motility without stimulating secretion at the same time. Neurons of the submucosal plexus that have myenteric projections were simultaneously identified by retrograde axonal transport of FluoroGold.
These studies were combined with the visualization of antiidiotypic antibodies that recognize 5-HT receptors (Tamir et
al., 1991) and calbindin, substance P, neuropeptide Y (NPY),
calcitonin gene-related peptide (CGRP), and dynorphin,, (DYN)
immunoreactivities.
Application of cholera toxin and mucosal
deformation with puffs of N, were each found to induce Fos
immunoreactivity in a subset of submucosal and myenteric neurons. Affected neurons of the submucosal plexus were observed
to project to myenteric ganglia. These cells also expressed S-HT
receptor, calbindin, and substance P immunoreactivities.

Materials

and Methods

Tissue preparation for injection of myenteric ganglia. The method used
for identifying those submucosal neurons that project to the myenteric
plexus was similar to that described previously (Kirchgessner and Gershon, 1988). Male guinea pigs (-350 gm) were stunned by a blow to
the head and exsanguinated. This procedure has been approved by the
Animal Use and Care Committee of Columbia University. Segments
of small intestine (caudal to the ligament of Treitz) were removed and
opened along the mesenteric border, and the resulting rectangular sheet
of intestine was pinned flat. The mucosa was gradually scraped away
to reveal the submucosal and myenteric layers of the intestinal wall.
For those experiments in which the mucosa was to be stimulated, only
a small area of the mucosa (= 2 mm2) adjacent to the stimulated region
was removed in order to create a window through which the enteric
plexuses could be visualized.
A segment of dissected tissue containing the submucosa and muscularis externa (or the entire gut wall with a mucosal window) was
stretched flat in an organ chamber (36 mm x 44 mm) filled with oxygenated Krebs’ solution. For injections of myenteric ganglia, these
preparations were mounted serosal side up. The organ chamber was
then placed on the stage of an inverted microscope, and the tissue was
superfused with oxygenated Krebs’ solution (1 O-l 5 ml/min) at 37°C.
In order to paralyze smooth muscle, nifedipine (1 .O FM) was added to
the superfusing medium. The myenteric and submucosal plexuses were
visualized using Hoffman modulation contrast optics at a final magnification of 40 x . Injections were made with glass micropipettes that
were positioned under visual guidance with a micromanipulator
(Narishige, Tokyo, Japan). The micropipettes were broken back to a tip size
of 8-12 pm. A single ganglion (located in the center of the tissue) was
injected in each preparation. In preparations with a mucosal window,
the injected ganglion was located at one edge of the window as close as
possible to the stimulated region.
FluoroGold (4%; Fluorochrome Inc.) was employed for tracing neuronal projections to the myenteric plexus using retrograde transport.
The tracer was injected by pressure (8 psi) into a myenteric ganglion
with 100 msec pulses of N, at a frequency of 1.0 Hz for 1.5 min as
described previously (Kirchgessner and Gershon, 1988). Three hours
were allotted for retrograde transport in vitro. When substance P immunoreactivity was to be demonstrated, incubation was continued for
an additional 2-3 hr in the presence of colchicine (10 PM). Injected
preparations were transferred to another chamber, pinned flat, and fixed
for l-2 hr with 4% (w/v) formaldehyde (from paraformaldehyde) in 0.1
M nhosuhate buffer CDH 7.4). Followinn
fixation. the flat intestinal nrenarations were washed with phosphate-buffered saline (PBS; pH 7.4) and
subjected to further dissection. Two whole-mounts, one containing the
submucosal and the other the myenteric plexus, were prepared (Kirchgessner and Gershon, 1988). These preparations were mounted and
coverslipped on glass slides in a nonfluorescent mounting medium (29: 1
glycerin:PBS buffer, containing 1 mg/ml p-phenylenediamine; Ju et al.,
1989). The fluorescence of FluoroGold was visualized by vertical fluorescence microscopy using the “A” cube (excitation light, 340-380
nm; dichroic mirror cutoff, 400 nm; suppression filter, 340 nm) of a
Leitz fluorescence microscope.
Stimulation of mucosal sensory receptors. In order to study the effects
of mucosal deformation on expression of Fos immunoreactivity, segments of guinea pig ileum (8 cm in length) were opened, stretched flat
(mucosal side up), and incubated in oxygenated Krebs’ solution at 37°C.
Puffs of N, were then delivered from the tip of a micropipette (20 pm
tip diameter; 1.5 Hz, 10 msec, 10.0 psi) with a PicospritzerB to the
mucosal surface of the gut. The tip was positioned 2 cm from the
intestinal lining. The puffs were applied for 30 min to 1 hr in the presence
or absence of drugs [tetrodotoxin (1 .O PM), hexamethonium (10.0 PM),
N-acetyl-5-hydroxytryptophyl-5-hydroxytryptophan
(5-HTP-DP; 10.0
PM)],
and the tissue was allowed to incubate for an additional 2 hr.
Control tissues were pinned flat and treated in the same way as the
stimulated preparations except that N, bursts were omitted. Preliminary
experiments revealed that little activation of Fos expression occurred
when the stimuli were applied for 30 min but that good activation could
be detected when the stimuli were applied for 1 hr. All subsequent
experiments, therefore, were carried out with a 1 hr stimulus. When
application of mucosal pressure was combined with retrograde tracing
to analyze Fos immunoreactivity in submucosal neurons with myenteric
projections, a window was cut in the mucosa after the application of
stimuli and myenteric ganglia were injected with FluoroGold as de-
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Figure 1. Intraluminal application of cholera toxin induces the expression of Fos in the nuclei of neurons of both submucosal and myenteric
ganglia. A and B, Control preparations. No Fos immunoreactivity can be seen in nuclei of either submucosal (A) or myenteric ganglia (B) in the
absence of stimulation. C and D, Cholera toxin. The nuclei of many neurons in both submucosal (C) and myenteric (0) ganglia are Fos immunoreactive. Scale bars, 50 pm.
scribed above. Cutting the mucosal window did not cause Fos immunoreactivity to appear in the nuclei of enteric neurons.
The effects of mucosal application of cholera toxin on Fos immunoreactivity were also investigated. In order to apply cholera toxin to
the mucosal surface of the gut, sacs of guinea pig small intestine (= 3.0
cm in length) were filled with 250 ~1 of Krebs’ solution containing 10
pg of cholera toxin. Control sacs were filled with a similar solution from
which cholera toxin was omitted. Alternatively, sacs were filled with
Krebs’ solution containing both cholera toxin (10 pg) and tetrodotoxin
(1 .O PM) to prevent activation of neurons in the intestinal wall. The sacs
were then tied at both ends with silk threads and incubated in oxygenated
Krebs’ solution at 37°C for 3 hr. In additional experiments, hexamethonium (10.0 PM) or 5-HTP-DP (10.0 PM) was added, both to the
cholera toxin-containing
solution inside the sac and to the external
medium. Hexamethonium was used to block nicotinic ganglionic transmission, and 5-HTP-DP was employed to antagonize effects of 5-HT,,
receptors (Mawe et al., 1986). In order to inhibit all types of synaptic
transmission, some preparations were incubated in a modified, lowCaz+ (0.5 mM)/high-Mg2+ (16 mM) Krebs’ solution. At the end of the
incubation period, the sacs were opened along the mesenteric border,
pinned flat mucosal side up, and fixed (as above) for 3 hr at room
temperature.
Immunocytochemisty.For immunocytochemistry,
whole-mounts
were first incubated in 4% (v/v) normal horse serum in PBS for 30 min.
Horse serum (4Oh) and 1.d% ~ritonX-loo-ctoenhance
penetration of
the immunoreagents) were added to all subsequent solutions containing
antisera. The preparations were then exposed for 24-48 hr at 4°C to
one or more of the primarv antibodies listed in Table 1. After washing
with PBS, the preparations were incubated with biotinylated species:
specific secondary antibodies, which included goat anti-rabbit IgG, goat
anti-rat IgG, and rabbit anti-goat IgG (Kirkegaard and Perry), diluted

1:400, for 3 hr at room temperature. The whole-mounts were washed
again in PBS and then incubated for 1 hr with avidin conjugated to
fluorescein isothiocyanate (PITC, diluted 1:200; Vector Labs.). After
washing with PBS, the tissues were coverslipped in nonfluorescent medium (as for the visualization of FluoroGold described above). Sites of
immunoreactivity were visualized by vertical fluorescence microscopy
using the Leitz “L,” filter cube (exciting filter BP 450-490; dichroic
mirror RKP 510; barrier filter BP 525/20). When double label immunocytochemistry was performed, one antigen was visualized with a biotinylated secondary antibody and avidin-FITC and the other antigen
was localized with a species-specific secondary antibody coupled to
tetramethylrhodamine
isothiocyanate (TRITC, Kirkegaard and Perry)
diluted 1:80. TRITC fluorescence was visualized using a Leitz “N,”
filter cube (exciting filter BP 530-560; dichroic mirror RKP 580; barrier
filter LP 580). There is no cross-detection between the FITC (“L2)))and TRITC (“N,“)-selective dichroic mirror/filter cubes.

Results
Eflects of intraluminal

cholera toxin on the expression of

Fos by enteric neurons
Expressionof Fosimmunoreactivity wasfirst examined in preparations of guinea pig small intestine that were fixed immediately after dissectionfrom the animals. No Fos immunoreactivity could be detected in the nuclei of neurons of either
submucosalor myenteric ganglia (Fig. MB). Sacsof gut were
then prepared and incubated in vitro for 3 hr. Again, when the
sacswere filled with Krebs’ solution alone, no Fos immunoreactivity could be detected in the nuclei of submucosalor
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Table 1. Primary immune reagents

Antibody

Source

Dilution

Rat monoclonalanti-substance
P [this
antibodyis directedagainstthe 5-8
C-terminalfragmentandthuswill not
reactwith substance
K (neuromedinA)]

AccurateChemicalCo., Huntington,NY
(Cue110
et al., 1979;Maweand Gershon
1989)

1:400

Rabbitanti-idiotypicantibodythat
recognizes
5-HT receptors(thisantibody
reactswith 5-HT,,, 5-HT,,, 5-HT,, and
5-HT, receptorsbut doesnot reactwith
5-HT,, receptors)

Hadassah
Tamir, New York Psychiatric
Institute(Kirchgessner
et al., 1990;
Wadeet al., 1990;Tamir et al., 1991)

1:200

Rabbitanti-substance
P

Donatedby Dr. GajananNilaver,
University of Oregon(Rothmanet al.,
1984)

1:200

Rabbitanti-calbindin-D,,,

Donatedby Dr. Sylvia Christakos,
University of MedicineandDentistryof
NewJersey(DiFigliaet al., 1989)

1:500

Rabbitanti-Fos(thisantibodywas
preparedby Dr. DennisSlamonof the
Departmentsof Hematologyand
Oncologyat UCLA and is directed
againstthe proteinproductof an in vitro
translatedc-fis gene)
Rabbitanti-NPY [cross-reactivity:0.02%
with humanpancreaticpolypeptide,
0.007%with avian pancreatic
polypeptide,0.003%with peptideYY,
and <O.OOl%with VIP
(immunostaining
with this antibodycan
be preventedby absorptionwith 23PM
rat pancreaticpolypeptide)]

Donatedby Dr. Alan Basbaum,
University
of California,SanFrancisco(Menttrey
et al., 1989;Presleyet al., 1990)

1:4000

Peninsula
Laboratories,Belmont,CA

1:lOOO

Rabbit anti-CGRP(thisantibodydoesnot
cross-react
with substance
P)

Peninsula
Laboratories,Belmont,CA
(Clagueet al., 1985)

1:lOOO

Rabbitanti-DYN

PeninsulaLaboratories,
Belmont,CA (Lees 1:200
et al., 1989)

myenteric neurons. In contrast, when the lumen of the sacs
contained cholera toxin, neurons that expressedFos immunoreactivity were abundant in both myenteric and submucosal
ganglia (Figs. 1C,D; 2). In order to test the hypothesis that the
induction of Fos immunoreactivity by cholera toxin wasrelated
to an increasein the electrical activity of stimulated neurons,
TTX (1.0 PM) was added to the solution inside the sacs.TTX
antagonized the ability of intraluminal cholera toxin to induce
the expression of Fos immunoreactivity. In the submucosal
plexus, nuclear expression of Fos immunoreactivity was very
much reduced by TTX (Fig. 2), although a small number of
Fos-immunoreactive neurons were still found, especially near
the ties at the ends of sacs.In the myenteric plexus, however,
no Fos-immunoreactivemyenteric neuronswere seenat all when
TTX wasaddedto the sacs(Fig. 3A). Both the nicotinic receptor
antagonist hexamethonium and the 5-HT,, receptor antagonist
5-HTP-DP (10 PM; present both inside the sac and in the solution in which the sac was suspended)also antagonized the
cholera toxin-induced increasein expressionof Fos immunoreactivity in enteric neurons(Fig. 2). Each of thesecompounds,
however, was significantly lesseffective than TTX (Fig. 3B). In

order to determine the role of synaptic transmissionin the Fosinducing action of cholera toxin, sacswere incubated in media
that had a low concentration of Ca2+and a high concentration
of Mg2+.The low-Ca2+/high-Mg2+media antagonized the effect
of cholera toxin; however, expressionof Fos immunoreactivity
wasinduced in the nuclei of a small number of enteric neurons
simply by exposure to this medium alone. When sacswere
incubated in low-Ca2+/high-Mg2+media, the presenceof intraluminal cholera toxin did not causethe number of neurons expressingFos immunoreactivity to increaseabove that seenin
its absence.

Identification
toxin

of neurons activated by intraluminal

cholera

Double label immunocytochemistry was used to identify neurons in which Fos immunoreactivity was induced by intraluminal cholera toxin. Sincecolchicine haspreviously beendemonstratedto activate enteric neurons(Kirchgessneret al., 1990),
we used antibodies to peptides that can demonstrate immunoreactive nerve cell bodiesin material that is not treated with
colchicine. Small intestinal sacswere filled with a solution con-
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Figure 2. Quantification

of nuclear Fos immunoreactivity
in submucosal ganglia. The numbers of Fos-immunoreactive neurons/ganglion -I SE are shown in control preparations and after the intraluminal
application of cholera toxin (Ctox) under a variety of conditions. A 2
cm* region of each tissue was analyzed. This region was divided into 1
mm squares. All of the ganglia in every square were examined. The
numbers of Fos-immunoreactive cells were determined and expressed
as Fos-immunoreactive
neurons/ganglion. The cholera toxin-induced
increase in expression of Fos immunoreactivitv
in the nuclei of submucosal ganglion cells is significantly reduced by TTX, hexamethonium
(C6), 5-HTP-DP, or incubation in a buffer that contains a high concentration of Mg*+ and a low concentration of Ca2+ (j < 0.001). After
incubation in a high-Mgz+/low-Ca2+
buffer, the nuclei of some submucosal neurons become Fos immunoreactive; however, mucosal application of cholera toxin induces no further increase in Fos immunoreactivity when segments of bowel are incubated in this medium.

Figure 3. TTX prevents the cholera toxin-induced

taining cholera toxin and incubated as above. Fos immunoreactivity was found to be induced in the nuclei of submucosal
neurons that exhibited calbindin immunoreactivity (Fig. 4A).
In contrast, none of the myenteric calbindin-immunoreactive
neurons in the samepreparations exhibited Fos immunoreactivity (Fig. 4B). Even in those preparations in which doubly
labeled neurons were found, most of the Fos-immunoreactive
neuronswere not immunostained by the antibodiesto calbindin.
A small subsetof submucosalneurons that were DYN immunoreactive were also Fos immunoreactive (Fig. 4C’). Most submucosalDYN-immunoreactive neurons(Fig. 40), however, and
all of those in the myenteric plexus failed to exhibit Fos immunoreactivity. Fos expressionwas not observed in any submucosal or myenteric neurons that contained NPY or CGRP
immunoreactivities (Fig. 4E,F).

Effects of mucosal deformation on the expression of Fos by
enteric neurons
In order to gain insight into the identification of primary afferent
neurons in the bowel, neurons becoming active as a result of
the application of a stimulus that is capable of inducing the
peristaltic reflex were located. Peristaltic reflexescan be initiated
by mechanical distension of the intestinal mucosa(Trendelenburg, 1917; Btilbring and Lin, 1958; Kosterlitz and Lees, 1964;
Gershon, 1981; Furnessand Costa, 1987). Pressurewasapplied
to the mucosalsurfaceof an openedsegmentof gut by delivering
puffs of N, from the tip of a micropipette positioned above the

expression of Fos
immunoreactivity in the nuclei of myenteric ganglion cells (A; compare
with Fig. 1D). Hexamethonium decreases the number of neurons in
which nuclear Fos immunoreactivity can be seen (B, compare with Fig.
1D). Scale bars, 50 Mm.

intestinal epithelium. This method permitted the intensity of
the stimulus to be controlled and its effective area to be restricted. As was true of small intestine removed directly from
the animals or incubated for 3 hr as a closed sac in vitro, the
openedbowelexhibited no neuronalFosimmunoreactivity when
it wasincubated for 1 hr in the absenceof applied stimuli (see
Fig. 6). On the other hand, if puffs of N, were directed at the
mucosa,Fos immunoreactivity was observed in the vicinity of
the stimulated region in the nuclei of both submucosaland
myenteric neurons (Figs. 5A,B; 6). Induction of Fos immunoreactivity was completely prevented in both submucosal(Fig.
6) and myenteric plexusesby addition of TTX (1.OPM). Induction of Fos immunoreactivity was also significantly inhibited
by hexamethonium (10.0 PM). In the submucosalplexus (Fig.
6), hexamethonium antagonized the spread of Fos immunoreactivity from the region immediately beneath the region of
the stimulus to more distant regionsof the plexus. In contrast,
hexamethonium completely prevented induction of Fos immunoreactivity in the nuclei of myenteric neurons (data not
illustrated). Like TTX, SHTP-DP (10 PM) totally blocked deformation-induced expressionof Fos immunoreactivity in both
plexuses(Fig. 6).
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Fzgure 4. Identification of neurons that display nuclear Fos immunoreactivity following intraluminal application of cholera toxin by double label
immunocytochemistry.
Fos immunoreactivity has been demonstrated with a secondary antibody labeled with FITC, and the immunoreactivity of
a neuropeptide has been visualized with TRITC. Each panel is a double exposure photographed first with the filter/dichroic mirror set for FITC
fluorescence, and then with the filter/dichroic mirror set for TRITC fluorescence. A, A submucosal ganglion in which Fos and calbindin immunoreactivities are visualized simultaneously. A calbindin-immunoreactive
neuron is doubly labeled (-; the nucleus appears yellow). B, In contrast
to the submucosal plexus, in the myenteric plexus calbindin-immunoreactive
neurons (-) do not display Fos immunoreactivity. Cand D, Submucosal
ganglia in which Fos and DYN immunoreactivities
are visualized simultaneously. A DYN-immunoreactive
neuron (-) is doubly labeled (C’);
however, most DYN-immunoreactive
neurons (4) do not display nuclear Fos immunoreactivity (0). E and F, NPY-immunoreactive
neurons (-)
fail to display nuclear Fos immunoreactivity
in either the submucosal (E) or the myenteric plexus (F). Scale bars, 50 pm.

Projections of submucosalneuronsthat exhibit
deformation-induced expressionof Fos
immunoreactivity
Segments of small intestine were opened and the mucosal surface was stimulated with N, puffs delivered from a micropipette
as described above. Retrograde transport was then used to trace

the projections
of submucosal neurons in which deformationinduced expression of Fos immunoreactivity
had been induced
(Kirchgessner
and Gershon,
1988). FluoroGold
was injected
with a micropipette
into single ganglia of the myenteric plexus
in vitro. Three hours were alotted for retrograde transport, after
which the preparations
were fixed for immunocytochcmical
and
microscopic analysis. The myenteric plexus was examined first
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Figure 6. Quantification of nuclear Fos immunoreactivity
in submucosal ganglia in relation to mucosal deformation. A 2 cm* region of
each tissue was analyzed. This region was divided into 1 mm squares.
All of the ganglia in every square were examined. The numbers of Fosimmunoreactive cells were determined as described in the caption for
Figure 2. Data are presented as Fos-immunoreactive neurons/ganglion
f SE and as Fos-immunoreactive neurons/mm* + SE of submucosal
area. When no puffs of N, were directed at the mucosa, no neurons
displayed nuclear Fos immunoreactivity. Following stimulation with
puffs of N2, nuclear Fos immunoreactivity appeared. This effect was
abolished by TTX and by 5-HTP-DP. In contrast, hexamethonium (C6)
did not prevent the induction of nuclear Fos immunoreactivity
but
significantly reduced its spread. This effect of hexamethonium significantly decreased the numbers of Fos-immunoreactive neurons in the
submucosal plexus.
Figure 5. Mucosal deformation induces the expression of Fos immunoreactivity in nuclei of the submucosal (A) and myenteric plexuses
(B). Scale bars, 50 pm.

to confirm that injection siteswere limited to a singleganglion
(Fig. 74 and that neuronsin distant gangliahad becomelabeled
by retrograde transport (Fig. 7B). Fos immunoreactivity was
then demonstrated in dissectedwhole-mounts containing the
submucosalplexus. The nuclei of submucosalneurons, which
contained PluoroGold and thus projected to the myenteric plexus, were observed to be Fos immunoreactive (Fig. 7CD). This
experiment was repeated in the presenceof hexamethonium in
order to determine whether the Fos-immunoreactive neurons
that projected to the myenteric plexus were excited secondarily
via nicotinic synapses.Hexamethonium did not prevent the
appearanceof deformation-induced Fos immunoreactivity in
the nuclei of FluoroGold-labeled submucosalneurons.
Further studies were done to identify neurochemically the
neurons in the submucosalplexus that were labeled by retrograde transport of FluoroGold from myenteric ganglia. Both
calbindin (Fig. fL4,B) and substanceP (Fig. 8C,D) immunoreactivities were studied, and each of these markers was found
in FluoroGold-fluorescent submucosalneurons. Colocalization
was also observed between calbindin and substanceP immunoreactivities (Fig. 9AJ). Many calbindin/substance P-immunoreactive fibers were also found that left the plane of the
submucosalplexus and ran in the direction of the myenteric
plexus (Fig. 9C,D). Thesefibersappearedto have beencut when
the submucosalplexus was dissectedaway from the deeperlay-

ersof the wall of the bowel. Calbindin-immunoreactive neurons
were about 10% of the total neuronsof the submucosalplexus
and were not homogeneouslydistributed. Following myenteric
injection of PluoroGold, many calbindin-immunoreactive neurons in gangliaoutside the injection site and that were oral and
circumferential to the injected ganglion became labeled with
FluoroGold (Fig. 9E,F). This observation indicatesthat calbindin-immunoreactive myenteric neurons project extensively to
other ganglia within the myenteric plexus and that most, if not
all, of these projections are directed distally and circumferentially. When preparationswere subjectedto mucosalstimulation
with puffs of N, prior to examination, Fos immunoreactivity
was found to be expressedin the nuclei of calbindin-immunoreactive submucosalneurons (Fig. lOA). In contrast, no nuclei
of submucosalDYN-, CGRP-, or NPY-immunoreactive neurons (Fig. 10&C) and no nuclei of myenteric calbindin-immunoreactive neurons were found to be Fos immunoreactive
in these stimulated preparations (Fig. 1OD). Since the 5-HT,,
receptor antagonist 5-HTP-DP was found to eliminate deformation-induced expression of Fos immunoreactivity in both
plexuses,it would be predicted that 5-HT,, receptorsare present
on the primary afferent neurons activated by mucosal puffs of
N,. The observation that submucosalcalbindin-immunoreactive neurons expressnuclear Fos immunoreactivity following
stimulation of the gut with mucosal puffs of N, is consistent
with the hypothesisthat theseare primary afferent neurons. We
therefore utilized an anti-idiotypic antibody that recognizes
5-cHT,, receptorsin the bowel (Kirchgessneret al., 1990, Wade
et al., 1990; Tamir et al., 1991) to determine if thesereceptors
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Figure 7. Submucosal neurons in which Fos immunoreactivity is induced by mucosal deformation project to the myenteric plexus. Singleganglia
of the myenteric plexus were injected with PluoroGold in order to prelabel submucosal neurons that project to the myenteric plexus by retrograde
axonal transport. Puffs of N, were then directed at the mucosa. A, An injection site in the myenteric plexus. Note that PluoroGold fills a ganglion.
B, A myenteric ganglion situated - 1 mm oral to the injection site contains neurons labeled by retrograde transport of PluoroGold. C, A submucosal
ganglion from the same preparation shown in A and B contains neurons labeled by retrograde transport of PluoroGold. D, The same ganglion
visualized in C, but with the dichroic mirror/filter set for the visualization of the PITC fluorescence indicative of Fos immunoreactivity. The
neurons ofthis ganglionare doubly labeled,therefore, submucosal neurons in which nuclear Fos immunoreactivity is induced by mucosal deformation
project to the myenteric plexus. Scale bars: A and B, 50 wrn; C and D, 30 pm.
are present on submucosal calbindin-immunoreactive
neurons.
For this purpose, dissected whole-mounts
of the submucosa
were processed for the dual immunolocalization
of calbindin
and 5-HT receptors. 5-HT receptor immunoreactivity was found
on the cell bodies and processes of all submucosal calbindinimmunoreactive neurons (Fig. 1 lA,B). Many submucosal neurons that did not express calbindin immunoreactivity also bound
the anti-idiotypic antibodies.

Discussion
Nuclear expression of Fos immunoreactivity
was used to analyze activation of neurons in the enteric plexuses. The absence
of nuclear Fos immunoreactivity
in neurons in segments of
bowel fixed immediately upon removal from the animals, and
its similar absence from neurons in sacs of gut incubated for up
to 3 hr in vitro, made it possible to use Fos immunoreactivity
to assess the effects of experimental procedures on neuronal
activity. Two quite different types of stimulus were applied to
the wall of the gut. Cholera toxin, a major nonphysiological
insult, which was intended to provoke secretion as well as increased motility, was instilled into the lumen of sacs of bowel.

Pulses of N, were directed at the mucosal surface to evoke the
peristaltic reflex more physiologically. Each of these stimuli was
found to induce the expression of Fos immunoreactivity in the
nuclei of neurons of both the submucosal and myenteric plexuses. Since the nuclear expression of Fos immunoreactivity
in
response either to cholera toxin or to mucosal puffs of N, was
antagonized by TTX, it is apparent that the activation of c-fos
is linked to neuronal activity; however, TTX completely prevented Fos expression in response to mucosal puffs of N, but
failed to prevent a small number of neurons in each plexus from
expressing nuclear Fos immunoreactivity
in preparations exposed to cholera toxin. It is possible that this persistence of c-fos
activation in response to a very strong stimulus, cholera toxin,
occurs because the ENS contains neurons in which the action
potential current is carried in part by Ca*+ and is thus TTX
resistant (Wood, 1987). Similarly, it should be noted that expression of Fos immunoreactivity
was induced in the nuclei of
some enteric neurons simply by incubating the bowel in lowCaZ+/high-Mg*+ media. A subset of enteric neurons is characterized by a very pronounced Caz+-activated K+ conductance
(Wood, 1987). These neurons, called AH/type 2 (AH = after-
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Figure 8. Submucosal neurons that project to the myenteric plexus contain calbindin and substance P. Single ganglia of the myenteric plexus were
injectedwith FluoroGoldin orderto identify submucosal
neuronsthat projectto themyentericplexusby retrogradeaxonaltransport.A, PluoroGold.
B, The same field as shown in A, but with the dichroic mirror/filter setting set for the visualization of calbindin immunoreactivity with PITC. A
doubly labeled neuron is indicated (4). C, PluoroGold. D, The same field as shown in C, but with the dichroic mirror/filter setting set for the
visualization of substance P immunoreactivity with PITC. A doubly labeled neuron is indicated (-). Scale bars: A and B, 50 pm; C and D, 10 pm.
hyperpolarization) cells, are known to be excited in low Ca2+containing solutions becausethey become depolarized in the
absenceof the Caz+-activated K+ conductance.
Some of the neurons activated either by cholera toxin or by
mucosal puffs of N, were clearly excited secondarily as a result
of cholinergic (nicotinic) synaptic transmission.As a result, the
spreadof neuronal activation wasinhibited by hexamethonium.
Within the submucosalplexus, interganglionic transmissionis
thought to be cholinergic (Surprenant, 1984). If so,then it would
follow that the subset of neurons that becomesFos immunoreactive, despite the presenceof hexamethonium, must be activated by sensory receptors that respond to the stimuli, or by
the stimuli themselves.In either case,suchcellswould probably
be intrinsic primary afferent neurons. When mucosal puffs of
N, were usedas the stimulus, hexamethonium completely prevented the appearanceof Fos immunoreactivity in the nuclei
of myenteric neurons. This observation implies that none of the
primary afferent neurons responsiblefor detection of mucosal
puffs of N, are located in the myenteric plexus. Spread of excitation from the submucosalplexus, where the primary afferent
neuronswould have to be located, to the myenteric plexuswould
appear to be entirely dependent on a cholinergic submucosalto
myenteric pathway. Both anterograde and retrograde tracing

studieshave indicated that a subsetof submucosalneuronsdoes
indeed project to the myenteric plexus (Kirchgessnerand Gershon, 1988). Moreover, when we injected singlemyenteric ganglia with FluoroGold and then applied mucosalpuffs of N,, the
submucosalneurons that becamelabeled by retrograde transport also expressednuclear Fos immunoreactivity. Double labeling by FluoroGold and Fos immunoreactivity was not prevented by the addition of hexamethonium.The enteric pathways,
the existence of which are suggestedby thesedata, are shown
diagramatically in Figure 12. Our observations imply that the
neurons in the submucosalplexus that become excited in the
presenceof hexamethonium (and thus are likely to be primary
afferents) send cholinergic axons to myenteric ganglia. These
submucosalto myenteric projections would explain the ability
of stimuli that deform the mucosa of the bowel to elicit the
peristaltic reflex, which depends on the activity of myenteric
neurons,even if thesestimuli fail to excite directly any neurons
in the myenteric plexus itself.
On the basisof immunocytochemical studiesin combination
with myectomies in which regionsof the myenteric plexus are
ablated in viva Bornstein et al. (1989) have suggestedthat the
submucosalneurons that project to the myenteric plexus are
likely to be cholinergic cellsthat costoresubstanceP. This group

244 Kirchgessner

et al.

l

Enteric Sensory

Neurons

Figure 9. Calbindin and substance P immunoreactivities are colocalized in neurons of the submucosal plexus. A, A submucosal ganglion in which
calbindin immunoreactivity is visualized with TRITC. B, The same ganglion as shown in A, but with the dichroic mirror/filter setting set for the
visualization of substance P immunoreactivity with FITC. A doubly labeled neuron is indicated (-). C, A submucosal ganglion in which calbindin
immunoreactivity is visualized with TRITC. A nerve bundle containing calbindin-immunoreactive
fibers (-) appears to leave the plane of the
plexus and to have been cut during the dissection of the preparation. This appearance suggests that calbindin-immunoreactive
fibers are present
in interplexus connectives. D, The same ganglion as shown in C, but with the dichroic mirror/filter setting set for the visualization of substance P
immunoreactivity with FITC. The putative interplexus connective visualized in C contains substance P-immunoreactive axons (-). E, PluoroGold
was injected into a single ganglion of the myenteric plexus. A ganglion located -2 mm oral and circumferential to the injected ganglion contains
four neurons labeled by retrograde axonal transport. F, The same field as shown in F, but with the dichroic mirror/filter setting set for the
visualization of calbindin immunoreactivity with TRITC. Doubly labeled neurons are indicated (-). Scale bars, 50 pm.
of cells is estimated to constitute about 11% of all of the neurons
of the submucosal plexus (Fumess et al., 1984). The supposition
that the submucosal neurons that project to the myenteric plexus
are cholinergic
is consistent with our observation
that hexa-

methonium
prevents
nuclei of myentetic,
vations also indicate,
mucosal neurons that

induction of Fos immunoreactivity
in the
but not submucosal, neurons. Our obserhowever, that at least some of the subbecome doubly labeled following mucosal
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Fzgure 10. Identification by double label immunocytochemistry of neurons that display nuclear Fos immunoreactivity following mucosal deformation with puffs of N,. Fos immunoreactivity has been demonstrated with a secondary antibody labeled with FITC, and the immunoreactivity
of a neuropeptide has been visualized with TRITC. Each panel is a double exposure photographed first with the filterldichroic mirror set for FITC
fluorescence, and then with the filterjdichroic mirror set for TRITC fluorescence. A, A submucosal ganglion in which Fos and calbindin immunoreactivities are visualized simultaneously. A calbindin-immunoreactivc
neuron is doubly labeled (-; the nucleus appears yellow). B and C,
Submucosal ganglia in which Fos and DYN (B) or NPY (C) immunoreactivities are visualized simultaneously. Neither DYN- nor NPY-immunoreactive neurons are doubly labeled (-). D, In contrast to the submucosal plexus, in the myenteric plexus calbindin-immunoreactive
neurons
(-) do not display Fos immunoreactivity. Scale bars, 50 pm.

puffs of N, by antibodiesto Fos and by retrograde transport of
FluoroGold from the myenteric plexus are calbindin immunoreactive. Since we also find that calbindin and substanceP
immunoreactivities are colocalized in neurons of the submucosalplexus, it seemslikely that the neuronsexcited by mucosal
puffs of N, costore substanceP. (Since colchicine treatment,
which is necessaryfor the demonstration of substanceP immunoreactivity in enteric neurons, itself stimulatestheseneurons, it is impossibleto investigate directly the conclusion that
Fos-immunoreactive neuronscontain substanceP.) Neurons of
the submucosalplexus that expressedFos, but not calbindin,
immunoreactivity in the absenceof hexamethonium could not
be immunostainedwith antibodies to DYN, NPY, or CGRP.
The DYN-immunoreactive set of guinea pig submucosalneurons hasbeendemonstratedto alsocontain vasoactive intestinal
peptide (VIP) (Fumesset al., 1984). NPY and CGRP immunoreactivities coexist in the samesetof neurons(Fumesset al.,
1984, 1985). Both the DYN/VIP and the NPYKGRP neurons
are thought to be secretomotorin function (Bornstein and Furness, 1988). The one set of neurons in the submucosalplexus
that is not demonstratedby antibodies to any of the markers
usedin this study is thought to be cholinergic and to function
asinterneuronsconnectinggangliawithin the submucosalplex-

us. Our observations are thus all consistentwith the idea that
primary afferent neurons exist in the submucosalplexus; that
theseneuronscontain ACh as well as peptides,including both
calbindin and substanceP, and that they project to the myenteric
plexus. Cholinergic interneuronsalsobecomeexcited in the absenceof hexamethonium, and the stimulation of theseneurons
is responsiblefor the spreadof activity to submucosalganglia
distant from thosedirectly influencedby the stimulusitself. The
failure of the DYN/VIP or NPYKGRP neurons to become
excited following mucosaldeformation suggeststhat the submucosalprimary afferent neurons stimulated by mucosalpuffs
of N, do not efficiently activate secretomotorpathways within
the submucosalplexus.
When choleratoxin wasemployedto stimulatethe gut instead
of mucosalpuffs of N,, a small number of myenteric neurons
were found, even in the presenceof hexamethonium,to display
nuclear Fos immunoreactivity. Thesemay representmyenteric
neuronswith mucosalprojections that are themselvesprimary
afferents. Alternatively, there may be a noncholinergic submucosalto myenteric projection that hasnot yet beendescribed.
Myenteric neurons that project to the mucosahave been reported (Bornstein et al., 1988). Some of these contain VIP,
others NPY, and still others have been observed to contain
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Figure12. A summary diagram outlining the neural circuits proposed
as a result of the current experiments. FluoroGold was injected into a
single ganglion of the myenteric plexus (shaded
ganglion,center).This
injection led to the labeling by retrograde axonal transport of submucosal neurons with terminals in the injected myenteric gangion. Subsequent deformation of the mucosa with puffs of N2 delivered from the
tip of a micropipette excited neurons in underlying submucosal ganglia.
This excitation was detected by the visualization of nuclear Fos immunoreactivity in the stimulated neurons. The submucosal neurons
excited by mucosal deformation to express nuclear Fos immunoreactivity were doubly labeled by retrograde transport of FluoroGold from
the myenteric plexus (centerganglionin the submucosal plexus). At
least some of these submucosal neurons also contained calbindin and
substance P immunoreactivities and expressed 5-HT receptors detectable with anti-idiotypic antibodies.

Figure II.

Calbindin-immunoreactive
neurons of the submucosal
plexus display 5-HT receptors that can be detected with an anti-idiotypic
antibody. A, A submucosal ganglion in which calbindin immunoreactivity is visualized with TRITC. B, The same ganglion as shown in A,
but with the dichroic mirror/filter setting set for the visualization of the
binding of anti-idiotypic antibodies immunoreactivity with PITC. Two
doubly labeled neurons can be seen. Scale bar, 10 Wm.

calbindin. In fact, it was the presumedmucosalprojections of
the myenteric calbindin-immunoreactive neurons, as well as
their supposedfailure (asAH/type 2 neurons)to receive synaptic
input, that led to the speculation
that these neurons are the
primary afferent neurons of the bowel (Furness et al., 1990).

Since none of the myenteric neurons that were induced to expressnuclear Fos immunoreactivity were calbindin immunoreactive, our observations fail to provide support for this hypothesis.Within the submucosalplexus, cholera toxin excited
many more neuronsin the absenceof hexamethonium than did
mucosalpuffs of N,. Someof theseneuronswere doubly labeled
by antibodiesto calbindin, suggestingthat the primary afferents
activated by mucosaldeformation were alsostimulated by cholera toxin. Additional neuronswere induced to becomeFos immunoreactive by cholera toxin, which werenot immunoreactive
when the bowel was stimulated by mucosal puffs of N,. Some
of these cholera toxin-excited neurons were DYN immunoreactive, while others were not immunostained by antibodies
to DYN, calbindin, NPY, or CGRP. The DYN-immunoreactive
neurons,asnoted above, are probably secretomotor in function
(Bomstein et al., 1988). The neurons that were not doubly labeled by any of the antibodies to peptides used in this study

were probably the choline&c intemeurons discussedabove
(Fumesset al., 1984). Thesedata are consistent with the view
that cholera toxin, like mucosaldeformation, excites intemeurons; however, the data also indicate that the primary afferent
neuronsstimulated by cholera toxin activate at least one set of
secretomotor neuronsthat are not stimulated by mucosalpuffs
of N,. These observations provide support for the hypothesis
put forward by Cassutoet al. (1982, 1983) that intrinsic enteric
nerves contribute to the massive secretory responseelicited by
applications of cholera toxin to the intestinal mucosa.
In contrast to hexamethonium, the 5-HT,, antagonist5-HTPDP completely prevented expressionof nuclear Fos immunoreactivity in either plexus in responseto mucosal puffs of N,.
Unlike TTX, 5-HTP-DP doesnot inhibit nerve conduction; nor
does 5-HTP-DP inhibit nicotinic ganglionic transmission(Takaki et al., 1985). In fact, 5-HTP-DP is highly selective. The
drug antagonizesthe slow depolarizations of myenteric neurons
in responseto 5-HT but hasno action on the similar responses
to thesecells to ACh (which are muscarinic) or to substanceP.
The ability of 5-HTP-DP to block the Fos-inducing effects of
mucosal puffs of N, suggeststhat 5-HT and 5-HT,, receptors
are involved in mediating the response.Our observation that
5-HT receptor immunoreactivity (demonstrated with anti-idiotypic antibodies) is presenton the calbindin-immunoreactive
submucosalneuronsthat expressnuclear Fosimmunoreactivity
provides support for this hypothesis.Exposure of sectionstreated with the anti-idiotypic
antibodies to the 5-HT,, antagonist
5-HTP-DP decreasesthe intensity of immunostaining (Kirchgessneret al., 1990),suggestingthat the anti-idiotypic antibodies
bind to 5-HT,, receptors.The most obvious sourceof 5-HT for
releaseby mucosalpuffs of N, is the enterochromaffin cell pop-
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ulation of the mucosal epithelium.
Enteric neurons also contain
5-HT (Gershon et al., 1989a), but none of the neurons of the
submucosal plexus are thought to be serotonergic (Costa et al.,
1982). Application
of pressure to the mucosa, moreover, has
been demonstrated
to cause the secretion of 5-HT by enterochromaffin cells (Biilbring
and Lin, 1958; Billbring and Crema,
1959b). An extensive array of 5-HT,, receptors has been detected on nerve fibers in the lamina propria, just beneath the
epithelium
(Branchek et al., 1988). It thus seems reasonable to
propose that mucosal puffs of N, increase pressure on enterochromaffin cells, which then secrete 5-HT that activates 5-HT,,
receptors in the mucosal processes of intrinsic primary afferent
neurons (at least some of which are calbindin/substance
P immunoreactive
and cholinergic).
Once activated by 5-HT, therefore, these cells are able to mediate reflexes by synapsing with
other neurons in the submucosal plexus or by synapsing with
motor neurons (directly or via interneurons)
in the myenteric
plexus. When cholera toxin was employed as the stimulus instead of mucosal puffs of N,, 5-HTP-DP
diminished
the number
of neurons of each plexus that expressed Fos immunoreactivity;
however, the induction of Fos expression was not fully blocked.
This observation
is consistent with the hypothesis that cholera
toxin activates a greater number of primary afferent neurons
than does application
of mucosal puffs of N,, and does so by
more than one mechanism.
5-HT appears to be involved in the
response to cholera toxin (Cassuto et al., 1982, 1983); however,
our data suggest that cholera toxin excites enteric neurons by a
nonserotonergic
mechanism as well. The finding that hexamethonium
fully prevented the appearance of Fos immunoreactivity in neurons of the myenteric plexus when the bowel was
stimulated with mucosal puffs of N,, but failed to do so when
the gut was stimulated
with cholera toxin, confirms that a set
of neurons is activated by cholera toxin that is not excited by
mucosal puffs of N,. Nevertheless, the current observations with
mucosal puffs of N, are consistent with, and supportive of, the
hypothesis first put forward by Blilbring and her colleagues that
increases in intraluminal
pressure evoke the peristaltic reflex
through the stimulation
of mucosal processes of primary afferent
neurons by 5-HT released from enterochromaffin
cells (Biilbring
and Lin, 1958; Biilbring and Crema, 1959a). Our evidence that
the primary
afferent neurons critical to the mediation
of responses to mucosal puffs of N, reside in the submucosal plexus
is also consistent with Biilbring’s
ideas (Biilbring
et al., 1958).
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