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Summary: The cytoarchitecture and distribution patterns of the vagal preganglionic neurons within the dorsal motor
nucleus of the vagus nerve (DMNX) innervating the proventriculus and the gizzard of the Japanese quail were examined by
Nissl staining and the horseradish peroxidase (HRP) method. A 30% solution of HRP was injected into nine different
gastric regions: the ventral and dorsal parts of the proventriculus, the caudodorsal and cranioventral thick muscles, the
craniodorsal and caudoventral thin muscles, and the pylorus, and the ventral and dorsal tendons of the gizzard. Nissl
preparations showed that the DMNX is composed of two cell groups, the dorsal magnocellular and mediocellular
subnucleus (Xd) and the ventral parvicellular subnucleus (Xv). After injection of HRP into the ventral and dorsal parts of
the proventriculus, HRP-labeled cells were predominantly observed in the left and right DMNX, respectively. The
rostrocaudal distribution patterns of HRP-labeled cells in the Xd and Xv were symmetric on the left and right sides. The
distribution patterns of labeled cells following the injection of HRP into each region of the gizzard showed that there was
very little difference in the number of neurons between the left and right DMNX, and no topographic localization was found
in the Xd and Xv. The vagal preganglionic neurons projecting to the gizzard lay more caudal than the ones for the
proventriculus. This study suggested topographic localization in the distribution patterns of the vagal preganglionic

neurons innervating the proventriculus and the gizzard.

The avian stomach is differentiated into the pro-
ventriculus (glandular stomach) and the gizzard
(muscular stomach), corresponding to the fundus
and the pylorus of the mammalian stomach, respect-
ively. The gizzard, which is composed of two pairs of
opposing muscles termed the caudodorsal and crani-
oventral thick muscles, and the craniodorsal and
caudoventral thin muscles (Dziuk & Duke, 1972), is
connected to the duodenum via the pylorus. The
proventriculus is known to be the site of gastric
secretion and the primary organ of chemical diges-
tion, while the function of the gizzard is mechanical
digestion and grinding of food (Duke, 1986). Physio-
logical studies (Duke, 1982, 1992; Duke & Kostuch,
1975; Dziuk & Duke, 1972; Chaplin & Duke, 1983,
1990) have shown that the gastric motility coordinat-
ing the avian digestive function begins with contrac-
tion of the pair of thin muscles of the gizzard. Then,
the pair of thick muscles of the gizzard start contrac-
tion following duodenal peristalsis, and finally the

proventriculus contracts.

It is widely accepted that the primary motor nerve
innervating the avian stomach originates from the
dorsal motor nucleus of the vagus nerve in the
medulla oblongata (Bennet, 1974). Neuroanatomical
studies in mammals (Takayama et al., 1982; Pagani
etal., 1983; Okumura & Namiki, 1990) have indicated
that the distribution pattern of the vagal pregangli-
onic neurons reflects the innervation of the different
gastric regions. There are, however, few studies
about the vagal innervation system of the avian
stomach. Topographic representation of visceral
target organs within the dorsal motor nucleus of the
vagus nerve (DMNX) has been examined by the
retrograde degeneration method in the chicken
(Watanabe, 1968) and by the retrograde tracer
method in the pigeon (Katz & Karten, 1985). Unfor-
tunately, these studies examined the distribution
pattern of the vagal preganglionic neurons innervat-
ing the stomach, giving little information about the
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topographic relationship between the vagal nucleus
and the partial gastric regions.

We performed the present study to determine the
projections of the preganglionic neuronal group in
the dorsal motor nucleus of the vagus nerve to the
nine different gastric regions, including the proven-
triculus and gizzard, in the Japanese quail.

Materials and Methods

Forty-six Japanese quails (Coturnix japonica) of
both sexes, weighing 100—140g, were used in the
study. Forty-one of them were used for the horse-
radish peroxidase (HRP) method and the rest were
used for Nissl preparations.

(a) Nissl preparations

Animals were deeply anesthetized with sodium
pentobarbital and bled by cutting the heart. The
dorsal part of the brain was exposed by removing the
temporal bone and then immersing it in a 10%
formalin solution in phosphate buffer. After a week,
the brain was removed from the skull and immersed
in a 20% sucrose phosphate buffer solution for one
night, and was them cut into serial coronal sections
of 60um with a freezing microtome. The sections
were stained with cresyl violet. The diameters of 100
cells within nucleolus were randomly collected, in
each subnucleus of the DMNX, were measured.

(b) HRP method

Animals were anesthetized with sodium pento-
barbital (1.3 mg/30¢g of body weight) and a ventral
incision was made in the abdomen to expose the
stomach. A 30% solution of HRP (Sigma type IV) in
physiological saline (5ul) was injected into seven
different gastric regions (one injection site for each
animal): the ventral (VP) and dorsal (DP) parts
of the proventriculus, the caudodorsal (CaTk) and
cranioventral (CrTk) thick muscles, the craniodorsal
(CrTn) and caudoventral (CaTn) thin muscles, and
the pylorus (PY) of the gizzard (Fig. 1). Five animals
were used for each experiment. As an additional
experiment, HRP was injected into the ventral (VT)
and dorsal (DT) tendons of the gizzard (Fig. 1) using
six animals (three for each injection site). After
24 hours, the birds were deeply anesthetized again
and perfused transcardially with 200 ml of Ringer’s
solution at 40°C, followed by 500ml of 1% para-
formaldehyde and 1.25% glutaraldehyde in 0.1M
phosphate buffer (pH 7.4), and finally with 10%
sucrose in the same buffer. The brains were removed
and stored overnight in a 20% sucrose solution in
phosphate buffer at 4°C. The brains were cut into
60 um serial coronal sections with a freezing micro-

tome and treated with tetramethyl benzidine accord-
ing to the method of Mesulam (1978). The sections,
which were counterstained with neutral red, were
examined under a light microscope to determine the
distribution and number of HRP-labeled cells. The
distribution patterns of HRP-labeled cells obtained
from the five animals (or the three animals in the
case of injection into the ventral and dorsal tendons),
which were injected in the same part of the stomach,
showed similar tendencies. Quantitative analysis was
performed by taking the average of the five animals
which were injected with HRP in the same gastric
region. The results are shown in Table 1. In order to
study in detail the rostrocaudal distribution of HRP-
labeled cells, the total number of labeled cells in
each consecutive section was plotted every 120 um in
the rostrocaudal direction in which the obex was
determined as zero, and shown in the histograms in
Fig. 4.

Results

(a) Cytoarchitectural study

The DMNX of the quail was found to be an
elongated cluster of cells in the caudal medulla which
lay in close proximity to the central canal and fourth
ventricle. The posterior third of the nucleus extended
approximately 600 um caudal to the obex and lay
dorsolateral to the central canal (CC) (Fig. 2a). The
anterior two-thirds of the nucleus lay below the floor
of the fourth ventricle (V4), lateral to the midline,
and extended approximately 1,200 um rostral to the
obex (Fig. 2b—d). The DMNX was bordered ventrally
by the hypoglossal motor nucleus (nXIlI), and dor-
sally and laterally by the commissural portion of the
nucleus of the solitary tract (nTS) (Fig. 2). The
nucleus was composed of two cell groups that were
distinguished by the size of their neurons and their
relative position along the dorsoventral axis of the
brainstem in the coronal sections. One group, which
consisted of large and medium-sized cells, was named
the dorsal subnucleus of the DMNX (Xd). The other
was named the ventral subnucleus of the DMNX
(Xv) which consisted of a great many small cells
(Figs. 2, 3).

Caudal to the obex, there was only the Xd in the
nucleus. The Xd was composed of round and ovoid
cells that were approximately 24—32 um in diameter
(Fig. 2a).

At the level of the obex, the DMNX was divided
into the Xd and Xv cell groups. The Xd was composed
of large, polygonal cells as well as medium, ovoid
cells. The diameter of these neurons was approxi-
mately 24—36 um. The Xv was composed of small,
round cells that were approximately 12—20um in
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Table 1. The number of HRP-labeled cells within the dorsal motor nucleus of the vagus nerve
(DMNX) in each injection case, presenting Mean = S.D.. Percent shows relative
number of labeled cells in each subnucleus of the DMNX to the total number of cells.
Injection Total number Left DMNX Right DMNX
sites of HRP-labeled
cells in DMNX Xd Xv Xd Xv
VP 186 = 44 80 =28 63+12 269 17x15
(n=Y9) (43%) (34%) (14%) 9%)
DP 25377 33x17 3615 100 = 34 84 +26
(n=5) (13%) (14%) (40%) (33%)
CaTk 630 = 405 207 £ 153 94 + 60 227+ 134 102 =63
(n=5) (33%) (15%) (36%) (16%)
CrTk 465 = 111 165 =37 77 £21 159 =53 6424
(n=5) (35%) (17%) (34%) (14%)
CrTn 892 + 481 313 £204 152+ 81 276 = 151 151 55
(n=Y5) (35%) (17%) (31%) (17%)
CaTn 734 + 454 248 = 150 132 = 88 235 = 155 119 =63
(n=5) (34%) (18%) (32%) (16%)
PY 961 =76 230+ 71 229 £ 59 261 +58 241 =55
(n=5) (24%) (24%) (27%) (25%)
vT 57+8 24+7 57 24+6 4+3
(n=3) (42%) (9%) (42%) (7%)
DT 70 +23 329 3x4 33+14 2+3
(n=3) (46%) (4%) (47%) (3%)
®) Xd respectively (Fig. 2c).
] (n=100) At the most rostral levels, between 600 and
. 1,200 um anterior to the obex, the cells within the
0 Xd were round and ovoid, and approximately 20—
28 um in diameter. The Xv consisted of small, round
1 and ovoid cells that approximately 12—20um in
': ] ) 1. 1. diameter. The glossopharyngeal motor nucleus (nIX)
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Fig. 3. A histogram of the diameters of vagal neurons in two
subnuclei (Xd and Xv) of the quail DMNX. Percentages
show the number of neurons in the same-sized cell groups
relative to 100 neurons in each subnucleus. The neurons
within the Xd predominantly consist of large and medium-
sized cells, while the neurons within the Xv consist of a

great many small cells.

diameter (Fig. 2b).

At progressively more rostral levels, between 300
and 600 um anterior to the obex, the cells in the Xd
and the Xv were round, ovoid neurons that were
approximately 20—28 um and 16—24 pm in diameter,

appeared in the medial area of the rostral DMNX
(Fig. 2d).

(b) HRP study

~ HRP-labeled cells were consistently identified in
the DMNX in all 41 animals. No other brainstem
nuclei contained HRP-labeled cells.

(i) Injection into the proventriculus
a) Ventral part

After the injection of HRP into the VP of the
proventriculus, HRP-labeled cells were localized in
the Xd within an area ranging from 360 um caudal
and 960 um rostral to the obex. Labeled cells of the
Xv were distributed in a region from 360 to 1,200 um
rostral to the obex (Fig. 4a). A histogram of the
distribution areas of labeled cells along the long axis
of the Xd had two peaks. The predominant distri-
bution areas of HRP-labeled cells were approximately
from 120 um caudal to 240 um rostral to the obex and
360—720 um rostral to the obex in the Xd (Fig. 4a).
Heavily labeled cells were found in the medial area
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Fig. 4. [Each histogram shows the rostrocaudal distribution patterns of HRP-labeled cells in the subnuclear groups Xd and Xv, after
the injection of HRP into seven different gastric regions: ventral (a) and dorsal (b) parts of the proventriculus, caudodorsal
(c) and cranioventral (d) thick muscles, craniodorsal () and caudoventral (f) thin muscles, and pylorus (g) of the gizzard. The
vertical axis of each histogram indicates the rostrocaudal location in the DMNX. Zero is determined as the obex. Minus and plus
indicate directions caudal and rostral to the obex, respectively. The horizontal axis shows the average percentage of HRP-
labeled cells out of the total average number of cells obtained from five birds which were injected in the same part of the

stomach.



of the left DMNX (Fig. 5a). The predominantly
labeled area in the Xv was approximately 720—
1,080 um rostral to the obex (Fig. 4a).

The distribution of the population of HRP-labeled
cells in the DMNX was 77% on the left and 23% on
the right sides (Table 1, Fig. 4a), indicating that the
left vagus nerve projected predominantly to the VP.
The distribution of HRP-labeled cells in the Xd and
the Xv was 57% and 43%, respectively (Table 1,
Fig. 4a).

b) Dorsal part

After the injection of HRP into the DP of the
proventriculus, HRP-labeled cells were found in the
Xd from 240pum caudal to 960 pm rostral to the
obex. Labeled neurons in the Xv were located in a
range 360—1,200 um rostral to the obex (Fig. 4b). A
histogram of the distribution areas of labeled cells
along the long axis of the Xd had two peaks. The
primary distribution areas of HRP-labeled cells were
in the Xd, approximately from 120um caudal to
240 um rostral to the obex and 360720 pm rostral to
the obex (Fig. 4b). Heavily labeled cells were found
in the medial area of the right DMNX (Fig. 5b). The
primary distribution area in the Xv was approxi-
mately 720—1,080 um rostral to the obex (Fig. 4b).

The distribution of HRP-labeled cells was found
to be distributed with 73% on the right and 27% on
the left sides (Table 1, Fig. 4b). In contrast to the
findings with VP injection case, the right vagus nerve
projected mainly to the DP. The distribution of
HRP-labeled cells in the Xd and the Xv was 53%
and 47%, respectively (Table 1, Fig. 4b).

(i) Injection into the gizzard
a) Caudodorsal thick muscle

After the injection of HRP into the CaTk of the
gizzard, HRP-labeled cells were localized in the Xd,
approximately from 240 um caudal to 720 um rostral
to the obex, and in the Xv approximately between
the level of the obex and 1,080 um rostral to the obex
(Fig. 4c). The predominant distribution area of HRP-
labeled cells was approximately between the level of
the obex and 480 um rostral to the obex in the Xd,
and approximately 360—720 um rostral to the obex
in the Xv (Fig. 4c, Fig. 6a).

The lateral distribution of HRP-labeled cells ob-
served in the DMNX was 48% on the left and 52%
on the right sides (Table 1, Fig. 4c). There was very
little difference in the number of neurons between
the left and right DMNX after the injection into the
CaTk of the gizzard (Fig. 6a). The distribution of
labeled cells in the Xd and the Xv was 69% and
31%, respectively (Table 1, Fig. 4c).
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b) Cranioventral thick muscle

After the injection of HRP into the CrTk of the
gizzard, HRP-labeled cells were localized in the Xd,
approximately from 360pum caudal to and 720 pm
rostral to the obex, and in the Xv approximately
120—1,080 um rostral to the obex (Fig. 4d). The
primary distribution area of labeled cells was ap-
proximately between the level of the obex and 360 um
rostral to the obex in the Xd, and approximately
480—840 um rostral to the obex in the Xv (Fig. 4d).
Distribution patterns of labeled cells in the Xd and
the Xv were similar to those after the injection into
the CaTk.

HRP-labeled cells observed in the DMNX were
distributed with 52% on the left and 48% on the
right sides (Table 1, Fig. 4d). The distribution of
labeled cells in the Xd and the Xv were 69% and
31%, respectively (Table 1, Fig. 4d).

¢) Craniodorsal thin muscle

After the injection of HRP into the CrTn of the
gizzard, labeled cells were localized in the Xd, ap-
proximately from 360 um caudal to 600 um rostral to
the obex, and in the Xv approximately 120—1,080 pm
rostral to the obex (Fig. 4¢). The primary distribution
area of HRP-labeled cells was approximately be-
tween the level of the obex and 360 um rostral to the
obex in the Xd, and approximately 360—720 um
rostral to the obex in the Xv (Fig. 4e, Fig. 6b).

HRP-labeled cells observed in the DMNX were
distributed as 52% on the left and 48% on the right
sides (Table 1, Fig. 4e). The distribution of labeled
cells in the Xd and the Xv was 66% and 34%,
respectively (Table 1, Fig. 4e).

d) Caudoventral thin muscle

After the injection of HRP into the CaTn of the
gizzard, labeled cells were localized in the Xd, ap-
proximately from 240 pm caudal to 960 pm rostral to
the obex, and in the Xv approximately 120—1,200 um
rostral to the obex (Fig. 4f). The predominant distri-
bution area of labeled cells was approximately 120—
480 um rostral to the obex in the Xd, and observed in
approximately 480—840 pum rostral to the obex in the
Xv (Fig. 4f). Distribution patterns of labeled cells in
the Xd and the Xv were similar to those after the
injection into the CrTn.

HRP-labeled cells found in the DMNX were dis-
tributed 52% on the left and 48% on the right sides
(Table 1, Fig. 4f). The distribution of labeled cells in
the Xd and the Xv was 66% and 34%, respectively
(Table 1, Fig. 4f).

e) Pylorus
After the injection of HRP into the PY of the
gizzard, labeled cells were localized in the Xd, ap-
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proximately from 480 um caudal to 720 um rostral to
the obex, and in the Xv approximately between the
level of the obex and 1,200 um rostral to the obex
(Fig. 4g). The primary distribution area of labeled
cells was approximately from 120 um caudal to 360 pm
rostral to the obex in the Xd, and observed in
approximately 120—600 um rostral to the obex in the
Xv (Fig. 4g, Fig. 6¢).

HRP-labeled cells observed in the DMNX were
distributed as 48% on the left and 52% on the right
sides (Table 1, Fig. 4g). The distribution of labeled
cells in the Xd and the Xv was 51% and 49%,
respectively (Table 1, Fig. 4g).

The above results show that there was little differ-
ence in the population of labeled neurons on the left
and right sides in the Xd and the Xv after the
injection of HRP into the gizzard. However, com-
parison of the number of HRP-labeled neurons in
the two regions revealed rates of 70% and 30% in
the Xd and Xv, respectively, except for the case of
PY injection.

f) Ventral tendon and dorsal tendon

The distribution pattern of HRP-labeled cells fol-
lowing the injection into the ventral and dorsal parts
of the proventriculus showed pronounced lateraliz-
ation. HRP was injected into the VT and DT in
order to identify the phenomenon, in the gizzard,
which was seen after injection into the proventriculus.

Labeled cells were localized in the Xd, approxi-
mately from 240 um caudal to 360 um rostral to the
obex, while a very few labeled cells were observed in
the Xv, approximately 360—840 um rostral to the
obex (not illustrated). Vagal neurons projecting to
the VT and DT were concentrated in a more limited
area than the ones projecting to other regions of the
gizzard.

There was little difference in the number of neurons
between the left and right DMNX after VT and DT
injection (Table 1). Moreover, the distribution of
labeled cells in the Xd and Xv was in a ratio of
approximately nine to one (Table 1).

Discussion

(a) Cytoarchitectural study

Cytoarchitectural analysis in the present study
indicated that the DMNX is composed of two sub-
nuclei, the dorsal subnucleus (Xd) and the ventral
subnucleus (Xv) of the DMNX. The location of Xd
and Xv suggests that they correspond respectively to
the dorsal motor nucleus of the vagus nerve (nX)
and the nucleus intercalatus (nIC), which has been
described in the pigeon (Karten & Hodos, 1967). On
the other hand, the nIC was termed the ventral

parvicellular subnucleus of nX (Xv) in the pigeon by
Berk & Finkelstein (1983). Furthermore, our findings
in the HRP study indicated that neurons of the Xv
were retrogradely labeled following the injection of
HRP into the stomach. Therefore, from the present
study we considered that the ventral area of the
DMNX containing small cells was a part of the
DMNX and named it the Xv, while the dorsal area
of the DMNX containing large and medium-sized
cells was named the Xd.

The cytoarchitecture of the avian DMNX was
previously described by Sanders (1929), Watanabe
(1968), Cohen et al. (1970), and Katz & Karten
(1983). Watanabe (1968) subdivided the DMNX of
the chicken into three regions in the rostrocaudal
direction: the caudal and rostral regions of small
cells and the middle region of large and medium-
sized cells. Our results are consistent with Watanabe’s
(1968) findings that the dorsal area of the middle
DMNX consisted of large and medium-sized cells,
and the ventral area of the rostral DMNX contained
many small cells.

Cohen et al. (1970), on the other hand, reported
that the DMNX of the pigeon was composed of
three subnuclei, termed a dorsal area containing
predominantly large cells as subnucleus A, an inter-
mediate area containing medium-sized cells as sub-
nucleus B and a ventral area containing small cells as
subnucleus C, which were distinguished by the mor-
phology of the neurons and their relative positions
along the dorsoventral axis. Moreover, those authors
found that small cells constituting the subnucleus C
disappeared in the caudal DMNX. Hence, the sub-
nucleus C corresponded to the Xv in our results. The
subnucleus A and B are thought to correspond to the
Xd of the present study, in which large and medium-
sized cells mingled.

(b) HRP study
(i) Injection into the proventriculus

In the present study, HRP-labeled vagal pre-
ganglionic neurons innervating the ventral and dorsal
parts of the proventriculus were found mainly in the
left and right sides of the DMNX with pronounced
lateralization. These results correspond to those in
the rat (Takayama et al., 1982; Okumura & Namiki,
1990) and the cat (Pagani et al., 1983). The phenom-
enon of lateralized topographic projections in
mammals has been attributed to the fact that a 90°
clockwise rotation of the stomach occurs during
development, and subsequently orients the left aspect
of the stomach wall anteriorly and the right aspect of
the stomach wall posteriorly. However, it is not
known whether stomach rotation occurs in birds in
mammals. The present results may be related to the
ramification pattern of the vagus nerve to the stomach,



which may differ between birds and mammals. The
underlying cause of the present results is thought to
be as follows.

Watanabe (1960) observed that the bilateral vagal
trunks which ran up the esophagus to the proximal
end of the proventriculus and separated into the
main trunk and branches. After ramification at the
level of the proximal proventriculus, the branches
were distributed to the ventral proventriculus whereas
the main trunks passed through the surface of the
dorsal proventriculus and anastomozed with the other
side trunks. However, this anastomosis was incom-
plete and merely resulted in exchange of nerve fibers
with each other through the anastomotic branches.
A number of ramifications which arose from the
bilateral vagal trunks and their anastomotic branches
were sent to the dorsal surface of the proventriculus.
In the present study, the left vagus nerve projected
mainly to the ventral part of the proventriculus,
while the right vagus nerve also projected to this
part. This findings indicates that the bilateral vagus
nerve projected to the ventral part as described by
Watanabe (1960), suggesting that the ratio of the left
and right vagus nerve projections to this part is
three-to-one. On the other hand, the right vagus
nerve projection to the dorsal part of the proven-
triculus was stronger than that of the left vagus nerve
in the present study. This findings indicates that the
bilateral vagal trunks and their anastomotic branches
projected predominantly to the dorsal part of
the proventriculus. Therefore, the right and left
vagal projections to the dorsal proventriculus in the
Japanese quail are proportionally distributed three-
to-one to the right in contrast to the case with ventral
part injection.

Though the present observation of a number of
HRP-labeled cells in the dorsal subnucleus (Xd) of
the middle DMNX following the injection into the
proventriculus is consistent with the observation in
the pigeon by Katz & Karten (1985), the other
distribution patterns of labeled cells differed from
them in some respects: our findings indicated that
heavily vagal preganglionic neurons projecting to
this organ were localized in the medial area of the
middle Xd. Katz & Karten (1985), however, showed
that there were a few proventricular motoneurons
within the posterior ventral magnocellular subnucleus
(pPVM) located in the medial area of the middle
DMNX. On the other hand, Watanabe (1968) re-
ported the topographic localization of gastric moto-
neurons within the medial area of the middle and
rostral regions of the nucleus in the chicken. His
results might be related to ours. Furthermore, a
number of vagal neurons innervating this organ were
also observed in the ventral subnucleus (Xv) of the
rostral DMNX in the present study. Katz & Karten
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(1985) indicated that there were only a few vagal
neurons in the anterior ventral parvicellular sub-
nucleus (aVP) for the proventriculus, and thése
neurons within the posterior ventral parvicellular
subnucleus (pVP) as well as the aVP projected mainly
to the caudal regions of this organ; i.e., the gizzard,
pancreas, and other posterior abdominal organs.
Such differences between their results and ours may
be due to methodological differences. They applied
HRP to the end of the cut vagus nerve, while we
injected a small amount of HRP into the target sites
directly.

The rostrocaudal distribution patterns of HRP-
labeled cells in the Xd were the same on the left and
right sides with two peaks after the dorsal and ventral
injections into the proventriculus. Labeled cells in
the Xv were also distributed symmetrically as seen in
the Xd. Therefore, our findings suggest that there is
topographic localization in the distribution patterns
of the vagal preganglionic neurons innervating the
ventral and dorsal parts of the proventriculus.

(ii) Injection into the gizzard

The vagal preganglionic neurons innervating each
muscle constituting the wall of the gizzard were
bilaterally found in the DMNX. Furthermore, when
we injected HRP into the ventral and dorsal tendons
of the gizzard, HRP-labeled cells were observed in
the bilateral DMNX and the populations of labeled
cells of the left and right vagus nerve which projected
to the gizzard were approximately equal. This result
supported the finding of Watanabe (1968). He re-
ported that the vagus nerve descended on the dorso-
lateral surface of the proventriculus with anastomosis
of the left and right nerve at the level of the rostral
region of the proventriculus. The anastomotic nerve
then separated again into two branches at the caudal
one-third level of this organ, and the right and left
vagus nerve entered mainly into the ventral and
dorsal surfaces of the gizzard, respectively. However,
Watanabe (1968) from results of the degeneration
method in the chicken, suggested that the left and
right nerve fibers might mix and cross at the anas-
tomotic level of the proventriculus since chromatolytic
cells were observed in the DMNX in a similar ratio
to that found after unilateral vagotomy of this organ.

The distribution patterns of vagal preganglionic
neurons innervating the gizzard alone have not been
reported by previous authors (Watanabe, 1968; Cohen
etal., 1970; Katz & Karten, 1985). The latter authors
described the pattern in the caudal abdominal organs.
which included the gizzard, pancreas. and other
posterior organs. Our findings that a number of the
HRP-labeled cells were observed in the middle Xd
and the caudal two-thirds of the Xv following the
injection into the gizzard nearly correspond with the
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report of Katz & Karten (1985). However, our results
differed from theirs in that there were few moto-
neurons projecting to the caudal abdominal organs
involving the gizzard within the posterior intermedi-
ate mediocellular subnucleus of the DMNX, which
corresponded to the intermediate area of the middle
DMNX in the present study.

In the present study, the distribution patterns
of vagal preganglionic neurons innervating the
caudodorsal and cranioventral thick muscles or the
craniodorsal and caudoventral thin muscles almost
corresponded with other as seen in Fig. 4. Therefore,
it could be considered that a single vagal neuron
within the DMNX projected to some muscles of the
gizzard by giving rise to collateral branches. In order
to verify this hypothesis, it is necessary that several
kinds of retrograde fluorescent tracers be simul-
taneously injected into some muscles of the gizzard.

(iii) General findings

We found that a number of labeled cells were
localized in the middle and rostral regions of the
DMNX after the injection of HRP into the proven-
triculus and the gizzard. Watanabe (1968) reported
that the ventral and medial areas of the rostral and
middle regions of the DMNX were concerned with
the innervation of the stomach in the chicken. Cohen
et al. (1970) showed that the rostral two-thirds of the
DMNX innervated the abdominal organ in the pigeon.
Furthermore, Katz & Karten (1985) also demon-
strated that the vagal preganglionic neurons project-
ing to the stomach in the pigeon were localized in the
central portion of the DMNX at the level of and
rostral to the obex. The present findings were gener-
ally consistent with those of previous authors. How-
ever, there were few vagal neurons innervating the
stomach in the caudal and the most anterior Xd in
the present study. Katz & Karten (1985) reported
that a considerable number of vagal neurons within
the caudal and the anterior DMNX, except for the
ventral parvicellular subnuclei (pVP and aVP), which
corresponded to the Xd in the present study, pro-
jected to the cervical and the thoracic esophagus.
Therefore, it could be considered that rostral and
caudal Xd innervate the esophagus in the quail.

In the present study, the topographical distribution
of HRP-labeled cells along the rostrocaudal axis of
the DMNX reflected the several areas of the avian
stomach. Thus, the rostro-to-caudal distribution
sequence of the vagal preganglionic neurons in both
the Xd and the Xv reflected the following rostro-to-
caudal order of the target organs: the proventriculus,
the thick and the thin muscles of the gizzard, and the
pylorus of the gizzard, corresponding to the rostro-
to-caudal order of these organs in the periphery as
seen in Figs. 4 & 7.

Finally, the present study demonstrated that the
site-related differences in gastric motility may also
correspond to the neuroanatomical differences in
the gastric innervation of the DMNX.
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Abbreviations
caudodorsal thick muscle
caudoventral thin muscle
central canal
cranioventral thick muscle
craniodorsal thin muscle
duodenum
dorsal motor nucleus of the vagus nerve
dorsal part of the proventriculus
dorsal tendon
gizzard
nucleus tractus solitarius
nucleus of the glosspharyngeal nerve
nucleus of the hypoglossal nerve
proventriculus
pylorus
ventral part of the proventriculus
ventral tendon
fourth ventricle
dorsal part of the DMNX
ventral part of the DMNX
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Plate 1

CaTn

Explanation of Figures
Plate I

Fig. 1. Photographs showing the injection sites of the ventral (a) and dorsal (b) surfaces of the stomach in the Japanese quail.
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Plate 11

Plate I1

Fig. 2. Photomicrographs (a), (b), (c) and (d) show Nissl-stained coronal sections of the right DMNX, representing each subnucleus.
Numbers in each photomicrograph show the distance (unit: um) from the level of the obex. Minus and plus indicate caudal and
rostral directions to the obex, respectively. Calibration bars: 200 um.
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Plate III

Plate III

Fig.5. Photomicrographs showing HRP-labeled cells in the DMNX after the injection of HRP into the ventral (a) and dorsal (b) parts
of the proventriculus. Numbers in each photomicrograph are as in Fig. 2. Labeled neurons are predominantly found in the left
and right medial areas of the Xd, respectively. Calibration bars: 300 um.
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Plate IV

Plate IV

Fig. 6. Photomicrographs showing HRP-labeled cells in the DMNX after the injection of HRP into the CaTk (a). thc CrTk (b) and
the pylorus (c) of the gizzard. Numbers in each photomicrograph are as in Fig. 2. Heavily labeled ncurons are found in the
middle DMNX. The distribution patterns of HRP-labeled cells following the injection of HRP into each muscle of the gizzard

show less than topographic organization after injection HRP into the proventriculus and no lateral predominance. Calibration
bars: 300 um.
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Plate V
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Ventral Dorsal

Plate V

Fig. 7. Summary diagram illustrating the rostrocaudal organization of the vagal preganglionic neurons in the DMNX (Xd and Xv)
which innervate the different gastric regions: ventral (closed triangles) and dorsal (open triangles) parts of the proventriculus,
the pair of thick and thin muscles (closed circles) and pylorus (open circles) of the gizzard. The same symbols for DMNX and
stomach correspond to projection areas in the DMNX and target areas in the stomach.



