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ABSTRACT
Recent reports suggest a far greater plasticity in nerve tissue than previously believed.

As the digestive tract is exposed to a variety of insults, this question is relevant to enteric
nerves, but little is known about their ability to recover from damage. To address this
problem, we ablated the myenteric plexus of the mouse colon with the detergent benzalko-
nium chloride (BAC) and followed the ensuing morphologic changes for up to 60 days by using
light- and electron microscopy. We found that, 2 days after BAC application, the treated area
was essentially devoid of intact nerve elements. From day 7, new nerve fibers were observed
within the denervated region. This growth progressed until, at days 30–60, newly grown
nerve fibers were present in most of this region, and the pattern of muscle innervation was
similar to the normal one. At least part of these fibers originated at neurons within intact
ganglia surrounding the denervated region. The cross-sectional area of neurons near the
denervated region at day 14 was 52% greater than controls. Glial cells were closely associated
with the regenerating nerve fibers. From day 14 onward, we observed undifferentiated cells
and differentiating neurons in ganglia surrounding the denervated region, and by day 30,
new neurons were present in the myenteric region, along with regenerating nerve fibers. We
conclude that the myenteric plexus is endowed with a considerable ability of regeneration and
plasticity. The results provide evidence for the presence of stem cells and for an adult
neurogenesis in this plexus. J. Comp. Neurol. 462:315–327, 2003. © 2003 Wiley-Liss, Inc.
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Research in recent years revealed that the central ner-
vous system has a considerable ability to regenerate.
There is evidence that neural stem cells are present in the
adult brain and that they are able to differentiate and
generate new neurons (Reynolds and Weiss, 1992; Tem-
ple, 1999; van Praag, 2002). In the adult myenteric plexus,
the persistence of undifferentiated or poorly differentiated
cells capable of turning into neurons has been postulated
(Benninghoff, 1951; Filogamo and Vigliani, 1954;
Giacobini-Robecchi et al., 1985). This hypothesis was
based on a marked increase in number of myenteric neu-
rons in animals in which a stenosis of the small intestine
was induced. Thus, it is possible that cells, probably re-

siding in myenteric ganglia and lacking some typical as-
pects of nerve cells, might differentiate into neurons under
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certain conditions. Definite evidence for the presence of stem
cells in the postnatal gut was recently obtained by Kruger et
al. (2002), who used flow cytometry to purify the cells.

As the enteric nervous system (ENS) is exposed to a
variety of chemical and mechanical insults, as well as to
foreign organisms, the question of plasticity and regener-
ation of enteric nerves is highly relevant. Alterations of
the ENS due to disease, age, or other conditions lead to
impairment of gastrointestinal function (De Giorgio et al.,
2000). An effective way to ablate the ENS is to apply the
detergent benzalkonium chloride (BAC) to the serosal sur-
face of the large (Sato et al., 1978) or small intestine (Fox
and Bass, 1984; Holle and Forth, 1990; Ramalho et al.,
1993; Luck et al., 1993; Parr and Sharkey, 1997). This
ablation is accompanied with increased muscle thickness
(See et al., 1990; Holle, 1991, 1998; Zucoloto et al., 1991;
Hadzijahic et al., 1993) and mucosal hypertrophy and
hyperplasia (See et al., 1988; Holle, 1991; Hadzijahic et
al., 1993). Functional changes in the smooth muscle were
also noted (Herman and Bass, 1987; Fox and Bass, 1993;
Osinski and Bass, 1995). Despite this important effort, the
question of neuronal regeneration after BAC treatment
received little attention. It has been reported that, after
BAC treatment, nerve fibers regenerated within the cir-
cular muscle and that their source may be the submucosal
plexus (Luck et al., 1993). Ramalho et al. (1993) described
an initial reduction in the number of neurons in the
treated region, followed by an increase.

In this study, we address questions on regeneration and
plasticity in myenteric plexus after its destruction. We ap-
plied BAC on the serosal surface of a restricted area of mouse
colon to destroy the myenteric plexus and performed stain-
ing methods appropriate for following neuronal and glial
re-growth and to determine the site of origin of the new
nerve fibers. By using electron microscopy, we inspected
the presence of stem cells and differentiating neurons.

MATERIALS AND METHODS

Denervation procedure

The experimental protocols were approved by the Ani-
mal Care and Ethics Committee of the Hebrew
University-Hadassah Medical School and follow NIH
guidelines. One hundred forty-five young adult Balb/C
mice (17–22 g) of either sex were used for the denervation
experiments, and an additional 50 mice served as controls.
For each staining method and time point after treatment,
the animals were divided into groups of four to eight mice.
Animals were anesthetized with 45 mg/kg pentobarbitone
(Abbott Laboratories, N. Chicago, IL), and the descending
colon was exteriorized through a 1-cm midline incision.
Cotton wool soaked in 0.05% BAC in Krebs solution was
wrapped around the exteriorized colon through a small
hole in the mesentery and left for 20–30 minutes, after
which the treated area and the peritoneum were thor-
oughly flushed with Krebs solution. The wound was then
sutured in two layers. The Krebs solution had the follow-
ing composition (in mM): NaCl 118, KCl 4.7, MgSO4 1.2,
NaH2PO4 1.5, NaHCO3 14.5, glucose 11.5, CaCl2 2.5.

The animals were killed by cervical dislocation at 2, 7,
14, 30, and 60 days after BAC treatment. The distal colon
including the treated area was resected from the animal,
opened along the mesenteric border, stretched, and
pinned flat in a dish with a Sylgard (Dow Corning) bottom
in Krebs solution; the mucosa and most of the submucosa

were dissected away. The resulting preparation, consist-
ing mainly of the external muscle and the myenteric
plexus, was used for all the staining procedures.

Staining methods

Staining for reduced nicotinamide adenine dinucleotide
phosphate–diaphorase (NADPH-d) was done as described
previously (Hanani et al., 1995). Briefly, the tissues were
fixed for 30 minutes in 4% paraformaldehyde in 0.1 M
phosphate buffered saline (PBS, pH 7.4), rinsed, and then
incubated at 37°C in 0.1 M Tris containing 0.3% Triton-X
100, pH 7.4, for 20 minutes. The specimens were then
incubated in the same solution containing 0.2 mg/ml ni-
troblue tetrazolium and 0.5 mg/ml NADPH (both from
Sigma, St. Louis, MO) for 30 minutes. The tissues were
photographed with a digital camera (Pixera 120es, Pixera
Corp., Los Gatos, CA) and mounted on an Axioskop mi-
croscope (Zeiss, Jena, Germany). The regenerated nerve
fibers were traced from the NADPH-d–stained specimens
by using camera lucida.

To label the neuronal components, we used a monoclo-
nal mouse antibody directed against protein gene product
9.5 (PGP9.5, Ultraclone, Isle of Wight, UK) diluted 1:200.
A polyclonal rabbit antiserum directed against S100�
(East Acres, Southbridge, MA) diluted 1:3,000 was used to
label glial cells. The staining method was similar for all
the antibodies used. The colon was dissected as described
above. The specimen was fixed in 4% paraformaldehyde in
PBS for 4 hours. The tissue was rinsed three times with
0.1 M Tris-buffered saline, pH 7.4 (TBS), and a blocking
solution (5% normal goat serum in TBS containing 0.3%
Triton X-100) was added. A mixture of both primary an-
tibodies (diluted in the blocking solution) was applied to
the tissues at room temperature for 24 hours. After rins-
ing with TBS, the tissue was processed with carbocyanine
(Cy)3-tagged goat anti-rabbit immunoglobulin (Ig) G and
Cy2-conjugated goat anti-mouse IgG (both from Dianova,
Hamburg, Germany, 20 �g/ml) for 1 hour. Finally, the
tissue was rinsed with TBS, briefly washed with distilled
water, mounted onto fluorescence-free slides, air-dried, and
cover-slipped with Entellan (Merck, Darmstadt, Germany).

Electron microscopy

For electron microscopy, three animals were used for
each time point and three for control. The tissue was fixed
for 4 hours in buffered glutaraldehyde (1.6% in 0.05 M
cacodylate buffer, pH 7.4). After four rinses in the
cacodylate-buffered solution containing 0.22 M sucrose,
full-thickness strips, 10 � 3 mm, containing the dener-
vated area and its normal surrounding region were post-
fixed with 1% phosphate-buffered OsO4 (pH 7.4), dehy-
drated with acetone, and embedded in Epon using flat
molds. Semithin sections, obtained with a LKB NOVA
ultramicrotome, were stained with a solution of toluidine
blue in 0.1 M borate buffer and then observed under a
light microscope. Ultrathin sections of the selected areas
were obtained with the LKB NOVA ultramicrotome by
using a diamond knife and stained with an alcoholic solu-
tion of uranyl acetate, followed by a solution of concen-
trated bismuth subnitrate. These sections were examined
under a JEOL 1010 electron microscope.

Morphometry and statistical analysis

The cross-sectional area of NADPH-d–stained neurons
was measured in whole-mount preparations by using
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Image-Pro Plus software (Media Cybernetics, Rockville,
MD). Tissues from two mice, 14 days after BAC treatment,
were used. The areas of 227 neurons from within 100 �m
from the treated area were measured. Two types of control
were used, ganglia from two treated animals, approxi-
mately 1 cm from the lesioned regions (239 neurons mea-
sured), and ganglia from two Krebs-treated animals (228
neurons). Analysis of variance or t tests was used to com-
pare means; P � 0.05 was considered statistically signif-
icant.

RESULTS

Macroscopic observations

Two days after BAC treatment, the descending colon
was narrower than the rest of the colon, and also in com-
parison with the corresponding region in control animals.
It was always empty, whereas the proximal part of the
colon was dilated and packed with fecal material. This
dilation was less prominent at longer periods after the
BAC treatments. In general, in all the series, the animals
did not appear ill during the first few days after BAC
application, consistent with the observation that the BAC
treatment did not lead to complete colonic obstruction.

Microscopic observations

Phase 1: neurodegeneration. The basic observations
on myenteric plexus changes were made by staining for
PGP9.5, and further information was obtained by staining
for NADPH-d. In control animals, observed 2–30 days
after the operation, the myenteric ganglia and the inner-
vation of the muscle appeared identical to those observed
in untreated animals. The ganglia were packed with
PGP9.5-immunopositive neurons, and the internodal
strands and intramuscular nerve fibers were clearly
stained (Fig. 1A). A smaller number of neurons was ob-
served when staining for NADPH-d, as only nitric oxide–
producing ones are stained by this method, but individual

neurons and nerve fibers could be seen in greater detail
(Fig. 1B).

The denervated area was usually elliptical, and its size
varied from 2.7 � 2.2 mm to 5.5 � 11.0 mm. Two days
after BAC application, this area appeared by using stain-
ing for PGP9.5, to contain damaged ganglia that were
filled with cell debris (Fig. 2A). At the edges of the treated
area, there were abnormally looking nerve fibers and so-
mata (Fig. 2B). With NADPH-d staining, the damaged
area appeared virtually empty of any nerve, and even the
cellular debris seen with PGP9.5 staining were not ob-
served, probably because of loss of the enzymatic activity
(Fig. 2C,D). With both staining methods, normally appear-
ing neurons were absent within the treated area. Between
the denervated and the normal regions, there were one to
two rows of ganglia, which we termed the “transition
zone.” This zone contained cell debris, damaged neurons,
and nerve fibers, as well as a variable number of normally
appearing neurons. Beyond the transition zone ganglia
appeared normal (Fig. 2C,D). The lack of S100�-
immunoreactivity in the lesioned area indicated the ab-
sence of glial cells.

Electron-microscopic examination verified that, 2 days
after BAC application, there was only neuronal and glial
cell debris in the treated area (Fig. 3A). In the transition
zone, in addition to neuronal debris and normal neurons,
there were neurons with swollen mitochondria, dilated
cisternae of the rough endoplasmic reticulum (RER), and
electron-dense cytoplasm (Fig. 3B). In deeper regions of
the tissue, such as the submucosa and the adjacent circu-
lar muscle layer, where BAC did not fully penetrate, and
also in the transition zone, some nerves were still present
but most of the nerve endings were altered: some of them
were empty, some others contained a floccular material,
and others contained swollen mitochondria and/or bodies
containing sequestered, degenerating synaptic vesicles
(Fig. 3C). Glial cells were rich in rough cisternae and

Fig. 1. The normal morphology of the myenteric plexus in the mouse distal colon. A: Immunostaining
for the neuronal marker PGP9.5. B: Histochemical staining for nicotinamide adenine dinucleotide
phosphate–diaphorase. The arrows indicate nerve bundles, and g, individual ganglia. Scale bars � 100
�m in A,B.
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lysosomes (Fig. 3A,C). In areas where nerve fibers were
missing, glial cells were also absent.

Two days after BAC application, inflammatory cells (mac-
rophages, granulocytes) accumulated at the serosal surface
of the lesioned area and were also close to the degenerating/
degenerated nerve structures (Fig. 3A,C). From day 7, these
cells were markedly reduced in number and were practically
absent at later times, either at the myenteric plexus level or
intramuscularly. The regenerating nerve structures never
showed close relationships with such cells.

Phase 2: neuroregeneration. At 7 days after BAC
treatment, light microscopy revealed a clear growth of
nerve fibers from the undamaged area into the denervated
one (Fig. 4). Nerve fibers grew in the directions of either

the circular or longitudinal muscle cells, but the former
predominated. Many of the growing fibers had club-like
structures in their tips (Fig. 4), similar to growth cones
described in various developing neural systems (Jacobson,
1991). Most of the fibers grew in a straight line, but there
were cases where they changed courses, mainly turning in
90 degrees (Fig. 5A). Staining the same tissues for nerve
and glial cells by using antibodies for PGP9.5 and S100�,
respectively, demonstrated that regions where nerve
growth took place contained elongated glial cells that were
usually associated with growing nerve fibers. Somata of
glial cells were commonly present at points where nerve
fibers branched or changed the direction of growth (not
shown).

Fig. 2. The appearance of the colonic myenteric plexus 2 days after
treatment with benzalkonium chloride. A: Myenteric ganglion within
the denervated area seen with PGP9.5 staining. The ganglion is filled
with cell debris, and the arrows indicate the remains of neurons.
B: Neurons and nerve fibers in the transition zone, stained for
PGP9.5; n indicates a neuron, and the arrows point to swollen nerve

fibers. C: Low-magnification photomicrograph showing a large dener-
vated area, and to its right the transition zone and normal ganglia.
Nicotinamide adenine dinucleotide phosphate–diaphorase
(NADPH-d) staining. D: A higher magnification photomicrograph
showing the transition zone and the denervated area. NADPH-d
staining. Scale bars � 25 �m in A,B, 400 �m in C, 100 �m in D.
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Fig. 3. Two days after benzalkonium chloride (BAC) treatment.
Transmission electron microscopy. A: Remnants of a degenerating
nerve fiber at the myenteric plexus level in the treated area. All of the
axons (arrows) are degenerated, and the enveloping glial cell (GL) has
vacuoles, lysosomes, and swollen mitochondria. A macrophage (M) is
located close to the degenerating nerve fiber. B: A myenteric ganglion
in the transition zone. Neurons (N) have a dense cytoplasm, dilated

rough endoplasmic reticulum cisternae and swollen mitochondria.
Glial cells (GL) have a clear, empty cytoplasm. C: An intramuscular
nerve fiber in the transition zone. Most of the axons (arrows) are
degenerated and the enveloping glial cell (GL) has several lysosomes.
Arrowheads indicate axons with apparently normal features. A mac-
rophage (M) is located close to the degenerating nerve fiber. Scale bar
in C � 0.5 �m in A, 1.5 �m in B, 0.6 �m in C.



Because of the high density of nerve fibers, it was im-
possible to trace all individual fibers for long distances;
however, in many cases, we could follow fibers from the
denervated area to myenteric neurons in the transition
zone. Figure 5A shows such an example in a tissue 7 days
after BAC. This point was investigated further by drawing
the nerves with a camera lucida, which again demon-
strated that these fibers originated in neuronal cell bodies

in the transition zone (Fig. 5B). At day 14, the growing
fibers were considerably longer and they extended into
much of the denervated area (Fig. 6A,B). The degree of
re-innervation depended on the size of the denervated
area. When this area was small (less than 3 � 3 mm), the
whole denervated region was filled with nerve fibers, but
when it was larger than approximately 5 � 5 mm, its
central portion did not contain nerve fibers, as seen in
Figure 6B. The extent of nerve fiber growth was assessed
quantitatively by measuring the density of the NADPH-
d–positive nerve fibers in the edge (Fig. 7A) and center
(Fig. 7B) of the denervated area.

Electron microscopic examination showed that, begin-
ning at 7 days after BAC treatment, the remnants of nerve
tissue in the denervated myenteric plexus area disap-
peared progressively. In the transition zone, neurons
showing altered features, such as electron-dense cyto-
plasm, dark nucleus, swollen mitochondria, and dilated
cisternae of the RER, were rarely seen. By day 14, most of
the neurons in the transition zone appeared normal, and
some showed hypertrophic features, as evidenced by the
abundance in either RER cisternae or polyribosomes and
also by the presence of numerous Golgi complexes (Fig. 8).
Glial cells were very large by day 7, possessed two to three
large nucleoli and clear cytoplasm. Morphometry of
NADPH-d–stained neurons confirmed that surviving neu-
rons adjacent to the denervated region underwent hyper-
trophy. In control tissues, the cross-sectional areas of the
neurons were 233.0 � 72.0 and 230.7 � 67.2 �m2 (see
Materials and Methods section), whereas 14 days after
BAC treatment, the value was 352.9 � 139.3 �m2, which
is a 52% increase (P � 0.0001, n � 227–239 neurons in
each group). This change may be related to the enhanced
metabolic activity of the regenerating neurons.

Fig. 4. Changes in the pattern of nerves in the denervated region
7 days after benzalkonium chloride treatment. Nicotinamide adenine
dinucleotide phosphate–diaphorase staining. An outgrowth of nerve
fibers is seen to arise from the transition zone (on the right side).
Some of the growing fibers have club-like thickenings on their tips
(arrows). n indicates a neuron. Scale bar � 50 �m.

Fig. 5. Tracing the origin of the regenerating nerve fibers. A: Pho-
tomicrograph of nicotinamide adenine dinucleotide phosphate–
diaphorase (NADPH-d) -stained tissue 7 days after benzalkonium
chloride (BAC) treatment. A darkly stained neuron sends an axon
(arrow) into the denervated region. This axon turns approximately 90
degrees (asterisk) and joins other axons innervating the circular mus-

cle. B: Camera lucida drawing from a tissue 14 days after BAC
treatment and NADPH-d staining. Four neurons were seen in this
region (dark shading), and two of them send processes (asterisks) into
the denervated area, the direction of which is indicated with an arrow.
Scale bars � 25 �m in A, 50 �m in B.
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The ganglia in the transition zone also contained small
cells with poorly differentiated cytoplasm and a very large
nucleolus (Fig. 9A). Some of them had a cilium and a large

Golgi apparatus. At days 14 and 30, cells resembling differ-
entiating neurons were also seen. These cells were small in
size, but had a large Golgi apparatus, numerous ribosomes,
and some RER cisternae (Fig. 9B). The most differentiated
ones contained synaptic vesicles and the nucleus was round
and had the typical clear neuronal chromatin (Fig. 9C).

From day 14, nerve fibers ensheathed by glial cells were
seen to invade the circular muscle layer of the aganglionic
region (Fig. 10A,B). Some axons were rich in microtubules
and had no typical varicosities, but small, dilated seg-
ments, in which occasional synaptic vesicles were seen
(Fig. 10A). Synaptic vesicles were also scattered in the
intervaricose portions. Some other axons had nerve vari-
cosities apparently normal in features but contained few
synaptic vesicles (Fig. 10B). At day 30, varicosities with
morphology identical to controls, as well as ramified nerve
endings, were filled with synaptic vesicles (Fig. 10C). By
30 up to 60 days, there was a further growth of nerve
fibers into the denervated region, and they occupied 50%
or more of the total area (Fig. 11A). However, as shown in
Figure 5, even at day 60, there was no full recovery of the
fiber density to control levels, and there was no significant
difference between densities at 30 and 60 days. In the
growth areas, we frequently observed structures resem-
bling myenteric ganglia (Fig. 11B). These structures were
formed by nerve fibers in the myenteric plexus area and
were connected to similar structures by nerve fiber bun-
dles but always lacked neurons. However, isolated neu-
rons, stained for either PGP9.5 or NADPH-d, were occa-
sionally observed along the nerve bundles in the
aganglionic area (Fig. 11C). In virtually all tissues at days
30 and 60, such neurons were present, but because their
numbers were small (1–3 in each tissue) no quantitative
analysis of their density was undertaken.

DISCUSSION

Plasticity in the enteric nervous system

The results of this work provide new insights into the
process of re-innervation that follows neuronal destruc-
tion by applying BAC onto the serosal surface of the

Fig. 7. Quantitative assessment of nerve growth 2–60 days after
benzalkonium chloride (BAC) treatment. The density of nerve fibers
per millimeter was measured in four to nine preparations at each time
point in the periphery (A) and in the center (B) of the denervated area.
Note the total absence of nerves in the center at 2 days. In the
periphery, most of the growth takes place between 2 and 14 days. The
bars indicate standard deviation, and the asterisks indicate statisti-
cally significant differences from controls (P � 0.05).

Fig. 6. Changes in the pattern of nerves in the denervated region
14 days after benzalkonium chloride treatment. A: Nicotinamide ad-
enine dinucleotide phosphate–diaphorase staining showing a massive
growth of nerve fibers from the transition zone into the aganglionic

region. B: Growth of nerve fibers near the center of the denervated
region. Some fibers can be seen along the direction of the circular
muscle, but the central region contains no nerves. PGP9.5 staining.
Scale bars � 100 �m in A, 25 �m in B.
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mouse large intestine. As reported by other authors, we
also found that BAC is very effective in destroying neu-
rons and nerve fibers of the myenteric plexus (Sato et al.,
1978; Fox and Bass, 1984; Luck et al., 1993; Ramalho et
al., 1993; Parr and Sharkey, 1997). These authors, how-
ever, gave little information on later events. Only one
study reported the regeneration of nerve fibers within the
circular muscle (Luck et al., 1993), and Ramalho et al.
(1993) observed an increase in the number of neurons in
the treated area. Some information on neurodegeneration
followed by neuroregeneration is available for other exper-
imental models, such as intestinal obstruction and ileal
resection followed by end-to-end anastomosis (Jew et al.,
1989; Tokui et al., 1994; Brookes et al., 1996; Karaos-
manoglu et al., 1996).

Our results indicate that, from day 7 up to day 60 after
ablation, nerve fibers regenerated and reinnervated the
muscle. We traced nerve fibers from the reinnervated area
to the transition zone and found that at least some of the
growing fibers originated from myenteric neurons around
the denervated region. These results do not rule out the
possibility that some of the regenerating fibers originated
in the submucosal plexus, as suggested by Luck et al.
(1993).

It is likely that the surviving myenteric neurons under-
went trophic changes to enable them to restore, at least
partly, the innervation of the damaged region. In agree-
ment with this idea, we found in the transition zone a 50%
increase in the cross-sectional area of the neurons. Also,
electron microscopy revealed large-sized neurons particu-
larly rich in RER cisternae and having numerous Golgi
complexes. Neuronal hypertrophy after nerve damage has
been described in other autonomic systems (see Purves,
1988, for review). Gabella et al. (1992) showed that, after
destruction of one pelvic ganglion, the contralateral gan-
glion sent processes into the denervated region, which was
followed by hypertrophy of the neurons in this ganglion.

At days 30 and 60 after BAC application, most of the
denervated region contained nerve fibers. However, the
density of the fibers in the denervated area did not return
to control levels even at 60 days. The pattern of the muscle
innervation was quite similar to that of the normal tissue,
as the new fibers were arranged mostly in parallel to the
circular or longitudinal muscle cells and also formed
ganglion-like structures reminiscent of normal ganglia,
although they did not contain neurons. Electron micro-
scopic examination showed that, at first, the regrowing
nerve fibers had small dilated portions instead of typical

Fig. 8. Transition zone at 14 days after benzalkonium chloride (BAC) treatment. Transmission
electron microscopy. A myenteric neuron with hypertrophic features, including large size, rough endo-
plasmic reticulum cisternae, polyribosomes, and microtubules well developed and scattered throughout.
G, large Golgi complex. Arrows point to synaptic vesicles. Scale bar � 0.6 �m.
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Fig. 9. Neuroregeneration in the transition zone. Transmission
electron microscopy. A,B: Two presumptive neuroblasts (N) at the
myenteric plexus area, 14 days after benzalkonium chloride (BAC)
treatment. A: A small and poorly differentiated cell, with a large,
dark, and nucleolated nucleus and a well-developed Golgi apparatus
(right side). B: A cell that looks like a differentiating neuron, with

numerous rough endoplasmic reticulum cisternae and a large, clear,
and nucleolated nucleus. C: Thirty days after BAC treatment. A
myenteric ganglion with two young neurons (N), which have features
similar to those of the differentiated ones but are smaller in size and
have few organelles. GL, glial cell. Scale bar in C � 0.8 �m in A, 1 �m
in B, 1.5 �m in C.



Fig. 10. Neuroregeneration in the reinnervated zone. Transmis-
sion electron microscope. A: A regenerating intramuscular nerve fi-
ber, 14 days after benzalkonium chloride (BAC) treatment. The as-
terisks indicate dilated segments of the axon, occasionally containing
sparse synaptic vesicles. Microtubules and neurofilaments fill either
dilated or undilated axonal portions. The arrows indicate the en-
sheathing glial cell. B: Fourteen days after BAC treatment. An intra-
muscular (IM) nerve fiber with several axons, some of which contain

synaptic vesicles, presumably coming from a myenteric (MY) nerve
bundle. LM, longitudinal muscle layer; CM, circular muscle layer.
C: Thirty days after BAC treatment. A typical nerve fiber containing
several axons and nerve endings (asterisks), some of which are large
and filled with synaptic vesicles. The synaptic vesicles are of both
granular and agranular type. Arrows indicate accumulation of these
vesicles at the releasing site of the nerve endings. Scale bar in C � 0.6
�m in A, 0.8 �m in B, 0.5 �m in C.
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varicosities, and few synaptic vesicles scattered either in
the dilated or nondilated axonal portions. At day 30, they
became typical varicosities, where synaptic vesicles accu-
mulated. These data indicate that the growing nerve fi-
bers at first are poorly differentiated and gradually be-

come capable to transport and release synaptic vesicles.
Altogether, the present findings provide strong support for
plasticity of myenteric nerves.

The mechanism that guides the reinnervation of the
muscle is not known. Our experiments do not answer this
question, but some useful ideas were provided by Nguyen
et al. (2002), who studied the mechanism of the precise
reinnervation of skeletal muscle after nerve injury. Two
main models are possible: guidance by the target, and
guidance by the path itself. Nguyen et al. (2002) obtained
evidence for the latter, that is, axons retraced their pre-
injury paths according local cues, whose nature is not yet
clear. We propose that, similarly, enteric nerves are
guided by local cues, which may be remnants of the nerve
or glial cells. The presence of ganglion-like structures in
the denervated region is consistent with this idea, because
it suggests that “signatures” of ganglia remain in the
myenteric plexus region and guide the growing nerves.
Glial cells may have a role in the regeneration process,
because glial cell bodies are frequently seen at bifurcation
point of nerve fibers. A similar observation was made in
cocultured myenteric neurons and glial cells (Hanani et
al., 1994). The alternative idea of guiding signals from the
muscle cells cannot be discounted, and a combination of
the two models is also possible. A role for inflammatory
cells on this guidance is not supported by the present data,
as inflammation resolved very early and close relation-
ships were not seen between inflammatory cells and re-
generating nerve structures.

Stem cells in the enteric nervous system

We obtained electron microscopic evidence that, 2 weeks
and later after treatment with BAC, there were undiffer-
entiated cells in the transition zone as well as differenti-
ating ones. The latter were identified as cells belonging to
the neuronal lineage by their ultrastructural features
(Faussone-Pellegrini et al., 1996, 1999; Vannucchi and
Faussone-Pellegrini, 2000). By day 30, under the light
microscope, PG9.5- and NADPH-d–stained cells and, un-
der the electron microscope, newly differentiated neurons
were seen close to nerve fibers within the treated region.
These neurons might be the result of differentiation either
in the transition zone, which then migrate into the le-
sioned area, presumably following the new nerve fibers to
the target area, or in the lesioned area from presumed
progenitor cells. There are reports that the adult nervous
system contains progenitor cells (Reynolds and Weiss,
1992; Gritti et al., 1996) that are able to differentiate into
neurons and glia (Morrison et al., 1997; McKay, 1997).
The presence of a reserve pool of neurons also in the
myenteric plexus might be at the basis of the increase in
the number of neurons in the treated area after an early

Fig. 11. The pattern of nerve fibers in the denervated area 30 days
after benzalkonium chloride (BAC) treatment. A: Staining for nico-
tinamide adenine dinucleotide phosphate–diaphorase reveals a well-
developed nerve fiber network. Most of the fibers are within the
circular muscle layer, and they run parallel to the muscle cells. A
nerve network is visible between the circular and longitudinal muscle
layers. This network contains structures made up by nerve fibers that
resemble myenteric ganglia (arrows) but contain no neurons. B: Pho-
tomicrograph showing a ganglion-like structure (arrow). C: The cen-
tral part of a denervated region showing nerve fibers and a single
neuron (arrow). Scale bars � 100 �m in A,C, 25 �m in B.
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reduction after BAC treatment (Ramalho et al., 1993). The
presence of undifferentiated cells and differentiating neu-
rons is in agreement with this hypothesis. Increase in the
number of myenteric neurons was also demonstrated after
stenosis (Benninghoff, 1951; Filogamo and Vigliani, 1954;
Giacobini-Robecchi et al., 1985), and evidence for the pres-
ence of a reserve pool was found in adult rats after partial
intestinal obstruction (Filogamo and Cracco, 1995). These
authors concluded that the adult intestine contains undif-
ferentiated cells, which, under the influence of trophic
factors, differentiate into neurons. These results, together
with the present ones, indicate that the adult ENS con-
tains stem cells. Recently, Kruger et al. (2002) succeeded
in identifying in vitro stem cells from the ENS of adult
rats, providing for the first time direct evidence for the
presence of stem cells in the ENS. They ended their study
by asking whether neurogenesis occurs in the adult gut,
and whether it occurs in response to injury. Our results
indicate a positive answer to both these questions, al-
though much further work is required.

Is the BAC method a suitable model for
disease?

Sato et al. (1978) proposed that ablation of enteric
nerves with BAC can serve as a model for Hirschsprung’s
disease (HD), which is a congenital disease where enteric
neurons are missing, usually in the distal colon (Lernau
and Hanani, 1995). However, the BAC method does not
produce a faithful model for HD because of the following:
(1) In HD, the ganglia of both myenteric and submucosal
plexuses are missing, whereas BAC eliminated only the
myenteric plexus, apparently because the detergent did
not penetrate into the deeper layers of the intestine. (2) In
HD, the denervated area extends in a continuous manner
from the anus, whereas in the BAC model, only an isolated
island within the colon is denervated. (3) In HD, not only
the enteric neurons are missing, but the surviving nerves
are grossly abnormal, and the muscle is not properly in-
nervated. In contrast, after ablation with BAC, nerves
grow into the denervated region and the muscle innerva-
tion is qualitatively similar to the normal one. This finding
is in accord with studies showing that, in a mouse model of
HD, the microenvironment does not support normal de-
velopment of nerves (Jacobs-Cohen et al., 1987). Although
BAC treatment does not produce a faithful model for HD,
it is very useful for simulating the absence of the myen-
teric plexus in a well-defined intestinal region. As myen-
teric nerves are essential for intestinal motility control, it
is expected that BAC treatment will induce motility dis-
turbances. Indeed, we observed that, 2 days after BAC
application, the treated segment was constricted and the
proximal one was dilated. At longer periods after BAC,
these signs were less prominent, which can be correlated
with the reinnervation of the muscle.

CONCLUSION

We showed that after ablation, the myenteric plexus has
a considerable capacity to regenerate. The results suggest
the presence of stem cells that can differentiate into neu-
rons. The ability to regenerate contributes to recovery
from injury and may have a potential for therapy of dis-
eases associated with damage or degeneration of enteric
nerves.
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