Yonsei Medical Journal
Vol. 42, No. 2, pp. 215-219, 2001

Subdiaphragmatic Vagotomy Induces NADPH Diaphorase in
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Axotomy of the vagal motor neurons by cervical vagotomy
induces NADPH diaphorase staining due to increased nitric
oxide synthase expression in both the rat dorsal motor nucleus
and nucleus ambiguous; furthermore, cerical vagotomy leads
to cell death of the dorsal motor nucleus cells. Subdiaphrag-
matic vagotomy axotomizes the vagal motor cells further from
the brainstem than cervical vagotomy, and cuts the fibers run-
ning only to the abdominal viscera. Here we report that subdia-
phragmatic vagotomy is sufficient to induce NADPH diap-
horase staining in the dorsal motor nucleus but does not induce
staining in the nucleus ambiguus. Because the neurons of the
dorsal motor nucleus do not undergo cell death after subdia-
phragmatic vagotomy and are able to re-enervate the gut, the
increased nitric oxide synthase expression after distal axotomy
may be related more to regeneration than degeneration.
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INTRODUCTION

Axotomy of neurons often induces nitric oxide
synthase (NOS) expression and hence NADPH
diaphorase staining (NADPH-d). Increased NOS
mRNA,! immunoreactiVi’cy,l'6 or NADPH-d"* has
been observed in the dorsal motor nucleus of the
vagus (DMN) and nucleus ambiguus (NA) 2-90
days after unilateral cervical vagotomy. Cervical
vagotomy axotomizes the vagal motor fibers
running to both the thoracic and abdominal
viscera; furthermore, cervical vagotomy axoto-
mizes the motor neurons of the DMN and NA
relatively proximal to their cell bodies. As a result
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of cervical axotomy, the cells within the DMN un-
dergo degeneration and eventual cell death.*™"

In this study, we examined NADPH-d in the
DMN following subdiaphragmatic vagotomy.
Subdiaphragmatic vagotomy axotomizes the
motor fibers more distal to the cell bodies than
cervical vagotomy, and cuts only the fibers
running to the abdominal viscera. Unlike after
cervical vagotomy, the cells of the DMN do not
undergo cell death, and in fact regenerate the
axons to the target organs of the abdomen."” The
survival of the subdiaphragmatically axotomized
DMN cells may be a combination of the distance
of the fiber-cut, and the presence of trophic factors
orginating from the viscera.”” Thus, subdiaphrag-
matic vagotomy should reveal whether NADPH-d
expression in the DMN requires proximal axo-
tomy, in addition to revealing the NADPH-d-ex-
pressing motor neurons which project specifically
to the abdominal organs.

MATERIALS AND METHODS

Adult male Sprague-Dawley rats (200-250g)
were individually housed under a 12:12 light dark
cycle with ad lib access to rodent chow and water.
Unilateral subdiaphragmatic vagotomy (n = 4)
was performed using the technique described
previously.” Under chloral hydrate-pentobarbital
anesthesia and aided by a dissecting microscope,
the right (or anterior) vagal trunk was cut
between two 3-0 silk ligatures as high as possible
on the esophagus below the diaphragm and above
the hepatic and accessory celiac branches. Sham
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vagotomy consisted of the same procedure with-
out touching either the esophagus or nerves (n =
2).

Four days after the vagotomy, the rats were
overdosed with sodium pentobarbital and trans-
cardially perfused, first with 100 ml heparinized
isotonic saline containing 0.5% NaNO, then with
400 ml 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (PB). The brains were dissected,
blocked, post-fixed for 2 hr, and transferred into
30% sucrose solution for cryoprotection. Forthy
micron coronal sections were cut on a freezing,
sliding microtome through the rostral- caudal
extent of the DMN. The right side of each
brainstem was marked by a needle puncture.
Sections were cut from the caudal DMN, caudal
to the area postrema (bregma -14.6 mm), to the
rostral extent of the DMN (bregma -12.8 mm). All
coordinates were based on Paxinos and Watson."
Free-floating tissue sections were permeabilized
for 15 min in 0.1 M Tris buffer, 0.1% Triton X-100,
at 37C, followed by a 15 min reaction in 0.1 M
Tris buffer, 0.1% Triton X-100, 0.05% A-NADPH,
0.0125% nitroblue tetrazolium at 37C. The reac-
tion was terminated with ice-cold 0.1 M Tris
buffer. Sections were mounted in anatomical
order from 0.05 M sodium phosphate buffer onto
the glass slides, then dehydrated and cover-
slipped.

Cells in the DMN expressing NADPH-d were
hand counted after digitizing the 720 x 540 mi-
cron images of all consecutive sections using an
Olympus Provis microscope, a MTI-CCD 72
camera, and a Macintosh computer. Counts per
section were aligned by using the most caudal
aspect of the area postrema as a landmarker. For
statistical analysis, the total unilateral cell counts
were summed across three regions of the DMN
(caudal to the area postrema, subpostremal, and
rostral to the area postrema). The cell counts from
the axotomized and intact sides were compared
by paired t-tests.

RESULTS

16-19
small

As previously described by others,
number s of NADPH-d positive cells were seen in

the sham-operated DMN (Fig. 1A, 1B, and 2A).
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Some cells were detected in the most caudal
DMN, almost no cells were found in the
subpostremal DMN, and a larger number of cells
were seen in the rostral DMN.

Four days after the right subdiaphragmatic
vagotomy, NADPI-d positive cells were observed
on almost every section of the axotomized (left)
DMN from the most caudal to most rostral extent
(Fig. 1C, 1E, and 2B). The number of NADPIH-d
positive cells in the axotomized DMN appeared
increased at all levels compared to the DMN of
the sham-operated rats. NADPH-d cells were
distributed throughout the subpostremal DMN,
and in the lateral DMN concentrated laterally
immediately below the centralis subnucleus of the
nucleus tractus of solitarius.

Compared to the intact (right) DMN, signifi-
cantly greater number of cells were induced in the
axotomized DMN in the subpostremal and rostral
DMN, but not in the caudal DMN (Fig. 1, D and
F). Also, more NADPH-d cells appeared to be
induced in the intact, rostral DMN of all unilateral
vagotomized rats compared to the DMN of the
sham-operated rats (Fig. 2B).

Very few NADPI-d positive cells were ob-
served in the NA of any rats, and no difference
was observed between the intact and axotomized
sides (data not shown).

DISCUSSION

We found that subdiaphragmatic vagotomy
induced NADPH-d in the vagal motor neurons of
the DMN but little or no NADPH-d in the motor
neurons of the NA. This is consistent with the
known topography of the vagal motor neurons.
Because the NA motor neurons do not project
below the stomach, only the most caudal
innervation of the esophagus would have been
damaged by subdiaphragmatic vagotomy.”’ Con-
versely, the left DMN neurons project to the
stomach, liver, pancreas, intestines, etc, and
would be axotomized by right subdiaphragmatic
vagotomy.21

The cell counts across consecutive serial
sections of the DMN revealed increases in the
number of NADPH-d positive cells in the axoto-
mized subpostremal and rostral DMN. Surpris-
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Fig. 1. Photomicrographs of NADPH-d in the dorsal vagal complex of a sham-operated rat (A,B) and an unilaterally
vagotomized rat (C-F). Few or no NADPH-d-positive cells were observed in the DMN of the sham-operated rats (A, B).
Four days after the right subdiaphragmatic vagotomy, NADPH-d-positive cells were detected in the left (axotomized)
DMN beneath the AP (C) and rostral to the AP (E, arrow). No NADPH-d positive cells were seen in the right (intact)
DMN subpostremally (D), but some NADPH-d positive cells were seen in the right DMN rostral to the AP (F, arrow).
Stained cells were also detected in the ceNTS and mNTS rostral to the AP of both axotomized (E) and intact (F) sides
of the vagotomized rats, and sham-operated rats (not shown). AP, area postrema; mNTS, medial nucleus of the solitary
tract; DMN, dorsal motor nucleus of the vagus; cc, central canal; IV, fourth ventricle; ceNTS, centralis subnucleus of the

NTS.

ingly, while subdiaphragmatic vagotomy induced
more NADPH-d in the rostral left DMN, it also
induced NADPH-d in the non-axotomized neu-
rons of the right DMN rostral to the area
postrema, although significantly less than on the
axotomized side. This bilateral induction of
NADPH-d after unilateral subdiaphragmatic

vagotomy in the intact DMN has occasionally
been reported in the intact DMN after unilateral
cervical vagotomy.”

The number of cells expressing NADPH-d after
vagotomy in the subpostremal and intermediate
DMN also appeared to be less than the total
number of motor neurons that project to the abdo
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Fig. 2. Mean number of NADPH-d-positive cells across
the left (white circles) or right (black circles) DMN of the
sham-operated (A) and vagotomized rats (B). Cell counts
of the consecutive serial sections were aligned by the most
caudal aspect of the area postrema (0zm on the x-axis).
The brackets at the top of the graphs indicate the extent
of the DMN caudal to the area postrema, subpostremal,
or rostral to the area postrema. The sham operated rats (n
=2) had only a small number of NADPH-d-positive cells
in the DMN caudal and rostral to the subpostremal DMN.
The subdiaphragmatic vagotomy (n=4) significantly in-
creased the number of NADPH-d-positive cells in the left
(axotomized) vs. right DMN beneath and rostral to the
area postrema. * p <0.05.

men as retrogradely labeled by intraperitoneal
Fluoro-gold.”* This could be due to selective
induction of NADPH-d in a subset of DMN cells.
Alternatively, it may be that only a small number
of axotomized DMN cells express NADPH-d at 4
days after the vagotomy, and greater numbers
would express NADPI-d at later time points.
Our results show that subdiaphragmatic vago-
tomy is sufficient to induce NADPH-d in the
axotomized DMN. By quantifying the NADPH-d
positive cells, we have shown that there is a
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differential response to axotomy along the rostral
caudal extent of the DMN, such that the sub-
postremal and rostral DMN are more sensitive to
axotomy. Furthermore, subdiaphragmatic vago-
tomy induces some bilateral NADPH-d in the
rostral DMN.

Because the right vagus was axotomized ~6 cm
below the level of the cervical vagus, we conclude
that the proximity to the cell body is not
absolutely necessary for the axotomy to induce
NADPH-d in the vagal motor neurons. The
proximity of the axotomy to the cell body has
been shown to correlate with the induction of cell
death both centrally™ and peripherally,” such that
axotomy more than 4 mm from the cell body
results in minimal cell death. Despite the distance
of the nerve cut from the cell bodies of the DMN,
however, NOS expression was induced. This
result stands in contrast to the response of the
spinal motoneurons, which do not express NOS
after distal axotomy.” Because the subdiaphrag-
matic vagal motor neurons and afferents can
regenerate to the target organs after axotomy,12
the response of the dorsal vagal complex after
subdiaphragmatic vagotomy may be a useful
model for studying the role of NOS in neuronal
injury and regrowth.
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