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Enteric neural stem cells (ENSCs) are a population of neural crest-
derived multipotent stem cells present in postnatal gut that may play
an important role in regeneration of the enteric nervous system. In
most studies, these cells have been isolated from the layer of the gut
containing the myenteric plexus. However, a recent report demon-
strated that neurosphere-like bodies (NLBs) containing ENSCs could
be isolated from mucosal biopsy specimens from children, suggesting
that ENSCs are present in multiple layers of the gut. The aim of our
study was to assess whether NLBs isolated from layers of gut
containing either myenteric or submucosal plexus are equivalent. We
divided the mouse small intestine into two layers, one containing
myenteric plexus and the other submucosal plexus, and assessed for
NLB formation. Differences in NLB density, proliferation, apoptosis,
neural crest origin, and phenotype were investigated. NLBs isolated
from the myenteric plexus layer were present at a higher density and
demonstrated greater proliferation, lower apoptosis, and higher ex-
pression of nestin, p75, Sox10, and Ret than those from submucosal
plexus. Additionally, they contained a higher percentage of neural
crest-derived cells (99.4 ! 1.5 vs. 0.7 ! 1.19% of Wnt1-cre:tdTomato
cells; P " 0.0001) and produced more neurons and glial cells than
those from submucosal plexus. NLBs from the submucosal plexus
layer expressed higher CD34 and produced more smooth muscle-like
cells. NLBs from the myenteric plexus layer contain more neural
crest-derived ENSCs while those from submucosal plexus appear
more heterogeneous, likely containing a population of mesenchymal
stem cells.
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THE ENTERIC NERVOUS SYSTEM (ENS) is a complex network of
neurons and glia that span the gastrointestinal tract and control
complex gut behaviors including peristalsis, secretion, and
blood flow. Derived from migratory vagal and sacral neural
crest cells, the ENS is organized into two concentric rings of
ganglia called the submucosal and myenteric plexus (10). The
ENS can be afflicted by a variety of diseases that can be
congenital or acquired, localized or diffuse, and involve one or
more cell types (8). The treatment for many of these disorders
is far from satisfactory. Although this partially reflects our lack
of understanding of the pathophysiology, there are also limi-
tations to surgical, pharmacologic, or device-based approaches,
particularly if the effector elements targeted by such therapies
are missing or nonresponsive. A true cure for at least some
ENS disorders may involve restoring or replacing missing or

dysfunctional neurons with healthy neuronal precursors/stem
cells. To this end, much work is underway to identify sources
of stem or progenitor cell populations suitable for regenerating
the ENS.

Enteric neural stem cells (ENSCs) have been isolated from
gut in both rodents and humans and may serve as the preferred
population for cell-based therapies for the ENS (17, 24). They
represent a multipotent stem cell population that can differen-
tiate into neurons, glial cells, and myofibroblasts and colonize
aganglionic gut explants (1, 2, 4, 16, 20, 25–27, 30, 31).
Initially isolated from embryonic gut tissue (2, 27, 31), they
have subsequently been identified in adult guts of rodents and
humans (1, 14, 16, 21, 25, 26, 30, 33). Recently, Laranjeira et
al. (18) utilized genetic fate mapping of Sox10, a neural crest
cell marker, to demonstrate that in the postnatal gut Sox10-
derived cells can act as neuroprogenitor cells and regenerate
neurons in response to injury. This suggests that ENSCs
account for the regenerative capacity of the ENS seen in
various injury models (6, 9, 23, 28).

The origin and distribution of ENSCs within the adult gut
has not been entirely elucidated. Liu et al. (21) demonstrated
5-bromo-2-deoxyuridine-labeled cells (following pulse chase)
in germinal niches adjacent to myenteric ganglia, suggesting
that ENSCs reside in the myenteric plexus. Supporting this
location, the majority of protocols for isolating ENSCs involve
dissecting out the layer containing longitudinal muscle and
adherent myenteric plexus (1, 3, 4, 11, 16, 21, 25, 30), or the
myenteric plexus directly (32). A recent study by Metzger et al.
(26), however, demonstrated that neurosphere-like bodies
(NLBs) containing ENSCs could be isolated from human
intestine via endoscopic biopsies (26). These biopsy specimens
sampled mucosa and submucosa but not deeper layers of the
gut. This is an important finding as it implies that ENSCs are
present in multiple layers of the gut.

The aim of the present study was to systematically assess
whether NLBs are present in multiple layers of the gut and
determine whether they are equivalent. We did this by dividing
the gut into two layers, one containing longitudinal muscle and
myenteric plexus and the other circular muscle and submucosal
plexus. Here we demonstrate that NLBs can be isolated from
both layers but differ in density of colony forming units,
proliferation, apoptosis, and phenotype.

MATERIALS AND METHODS

Animals. A Wnt1-cre;tdTomato line was created by crossing B6.Cg-
Tg(Wnt1-cre) (Jackson Laboratories) with loxP-stop-tdTomato (pro-
vided by B. Barres). Wild-type male C57/BL6 and Wnt1-cre;
tdTomato between 2–3 mo of age were used in the experiments.
Experimental protocols were approved by the Administrative Panel on
Laboratory Animal Care at the Stanford University, California in
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accordance with the guidelines provided by the National Institutes of
Health.

Isolation and in vitro culture of ENSCs. Mice were anesthetized
with isofluorane and euthanized by cervical dislocation. A laparotomy
was performed, and the small intestine was removed and lavaged with
PBS containing penicillin-streptomycin (PS; Invitrogen, Carlsbad,
CA). Guts from three mice were cut into segments of 2 cm in length
and placed over a sterile plastic rod. A superficial longitudinal incision
was made along the serosal surface, and the longitudinal muscle with
the adherent myenteric plexus was peeled off from the underlying
tissue (see Fig. 2A) using a wet sterile cotton swab and placed in
Opti-MEM containing PS and 150 #M poloxamer-188 (P188, Sigma,
St. Louis, MO). After removal of the layer containing the myenteric
plexus, a longitudinal incision was made in the remaining gut tissue,
which was then placed mucosal side up in a sterile Petri dish. With the
use of two glass slides, the mucosal villus was scraped off and the
underlying tissue including circular muscle, submucosal plexus and
mucosal crypts (see Fig. 2B) was placed in Opti-MEM buffer. The
tissue was finely diced and digested in digestion buffer consisting of
M199 media (Invitrogen) containing 0.1% BSA, 1 mM CaCl2, 20 mM
HEPES, 150 #M P188, 50 U/ml DNAse I (Worthington, Lakewood,
NJ), 1.1 mg/ml collagenase (Sigma), and dispase 1 mg/ml (Sigma) for

40 min at 37°C and 5% CO2. Tissue was washed in PBS with
10%FBS, passed through a sterile 40-mm nylon mesh cell strainer,
and resuspended in stem cell medium (SCM) consisting of neurobasal
medium containing B27, 2 mM L-glutamine and 100 U/ml PS, plus 10
ng/ml fibroblast growth factor (bFGF), 10 ng/ml epidermal growth
factor (EGF), and 10 ng/ml glial cell-derived neurotrophic factor
(Invitrogen). Cells were cultured at 37°C and 5% CO2, and medium
was replaced every other day. For colony forming assay, total viable
cells were counted, plated at a density of 75,000–140,000 cells/ml,
and cultured for 7 days in SCM before being transferred to gridded
plates where NLBs were counted. For cell counts from Wnt1-cre;
tdTomato mice, 2 days following their isolation cells were transferred
to fibronectin-coated dish and grown as an adherent monolayer for
two additional days in SCM. Cells were then dissociated with accutase
and plated on fibronectin-coated coverslips for counting and immu-
nofluorescence.

5-Ethynyl-2-deoxyuridine proliferation assay. Two days after iso-
lation, NLBs were counted and equal numbers ($40) were plated on
22-mm fibronectin-coated coverslips (BD Biosciences, San Jose, CA)
and grown in SCM overnight. Cells were grown in presence of 10 mM
5-ethynyl-2-deoxyuridine (EdU) for an additional 10 h, and EdU

Fig. 1. Differences in density, proliferation and apoptosis
of neurosphere-like bodies (NLBs) from different gut
layers. A and B: NLBs were grown from both the
longitudinal muscle and myenteric plexus termed “MP”
(A, top) and the circular muscle, submucosal plexus, and
mucosal crypts termed “SP” (A, bottom) gut layers. MP
had %4-fold higher colony forming units (CFUs) per
100,000 cells than SP (B). *P " 0.01 by Student’s t-test.
C and D: following a 10-h incubation, 5-ethynyl-2-
deoxyuridine (EdU) uptake (green) was seen in cells
from both MP (C, top) and SP (C, bottom), but the
percentage was nearly 2-fold higher in MP than SP (D).
*P " 0.0001 by Fisher’s exact test. E and F: terminal
deoxynucleotidyl transferase dUTP-mediated nick-end
labeling (TUNEL)-positive cells (green), indicative of
apoptosis, was seen in both MP (E, top) and SP cells (E,
bottom), but the percentage was higher in SP than MP
(F). *P " 0.0001 by Fisher’s exact test. Scale bars &
100 #m in A and & 50 #m in C and E.
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uptake was determined using the Click-iT EdU assay (Invitrogen) per
manufacturer’s protocol.

Terminal deoxynucleotidyl transferase dUTP-mediated nick-end
labeling assay. NLBs were counted and grown on fibronectin-coated
coverslips as described above. Apoptosis was determined using
Click-iT terminal deoxynucleotidyl transferase dUTP-mediated nick-
end labeling (TUNEL) Alexa Fluor imaging assay (Invitrogen) ac-
cording to the manufacturer’s instructions.

Differentiation experiments. After culturing for 7 days in SCM,
NLBs were counted and equal numbers ($100 spheres/well or cov-
erslip) were plated in fibronectin-coated 6 well dish (BD Biosciences)
for RNA extraction or fibronectin-coated coverslips for immunofluo-
rescence analysis. Cells were cultured for 10 days in differentiating
medium (SCM minus EGF, FGF, and glial cell-derived neurotrophic
factor) with media replaced every other day.

RNA isolation and quantitative RT-PCR. RNA from cells cultured
as NLBs (7 days in stem cell medium) or differentiated (grown as
NLBs then cultured in differentiating medium for 10 days) was
extracted using Qiagen RNeasy mini kit (Qiagen, Valencia CA),

quantified using Nanodrop 2000c and converted to cDNA using High
Capacity RNA-to-cDNA kit (ABI, Foster City CA). Quantification of
expression of specific genes was carried out using TaqMan Gene
expression Assays and ABI StepOne plus real time instrument with
the following Taqman probes (ABI): PGP9.5 (Mm00495900_m1),
glial fibrillary acidic protein (GFAP; Mm01253033_m1), enteric
smooth muscle actin (Actg2; Mm00656102_m1), choline acetyltrans-
ferase (ChAT; Mm01221882_m1), neuronal nitric oxide synthase
(nNOS; Mm01208059_m1), Nestin (Mm00450205_m1), Sox10
(Mm01300162_m1), p75 (Mm00446296_m1), CD34 (Mm00519283_
m1), and GAPDH (Mm03302249_g1). All experiments were per-
formed in biological triplicates. Expression of each gene was normal-
ized to the housekeeping gene GAPDH. Fold change in gene expres-
sion between groups was calculated using the Pfaffl method.

Immunofluorescence analysis. Coverslips containing cells were
fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 min at room
temperature, blocked, and permeabilized for 1 h at room temperature
with PBS containing 0.3% Triton X-100 and 10% normal goat serum
and incubated overnight at 4°C with primary antibodies diluted in

Fig. 2. Wnt1-cre marked cells are detected in MP and SP.
Hematoxylin-eosin (H&E) staining from Wnt1-cre;tdTomato
mice reveals MP to consist of smooth muscle layers and
myenteric plexus (A) and SP to contain mucosal crypt bases
and submucosa (B). TdTomato (tdT) expression, indicative
of neural crest cells, could be seen forming a network of
ganglia representing the myenteric plexus in MP (C and E).
TdT expression was also detected in “SP” representing the
submucosal plexus (D and F). Scale bar & 50 #m.
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PBS containing 1.5% normal goat serum. The following antibodies
were used: 'III-tubulin (mouse 1:500; Abcam, Cambridge, MA),
GFAP (rabbit 1:2,000; Dako, Carpinteria, CA), PGP9.5 (rabbit
1:1,000; Dako), (-smooth muscle actin (SMA; mouse 1:1,000,
Sigma), Smooth Muscle Myosin (rabbit 1:300; Biomedical Technol-
ogies, Stoughton, MA), ChAT (goat 1:400; Milipore, Billerica MA),
nNOS (rabbit 1:500; Zymed, San Francisco, CA), Nestin (mouse
1:100; Milipore), p75 (rabbit 1:1,500; a gift from M. Chao, New York
University), and CD34 (rat 1:50; Abcam, Cambridge, MA). After
being washed with PBS, cells were incubated for 1 h at room
temperature with secondary antibodies. The following secondary
antibodies were used: AlexaFluor 488 anti-rabbit and anti-mouse
antibodies (1:1,000), Dylight 594 anti-rabbit, anti-goat and anti-
mouse, and Dylight 647 anti-rabbit (all 1:1,000; Jackson Immuno-
Research, West Grove, PA). After being washed with PBS, cov-
erslips were mounted onto glass slides using DAPI-mounting
media (Vector, Burlingame, CA). Samples were examined with a
Zeiss LSM510 Meta inverted confocal microscope (Neuroscience
Microscopy Service Core, Stanford University).

Histology. Tissue specimens were fixed in 4% paraformaldehyde in
PBS for 1 h at room temperature then cryoprotected overnight in 30%
sucrose/PBS at 4°C. Tissue was frozen in Tissue-Tek optimum cutting
temperature medium on dry ice then cryosections were cut at 10 #m.
Hematoxylin-eosin staining was performed using standard protocol.

Statistical analysis. Statistical analysis was performed with Stat-
View and Microsoft Excel using Student’s paired two-tailed t-test or
Fisher’s exact test. Significance was deemed when P value was
"0.05. Data are expressed as means ! SD. For cell counts, at least
five random fields were analyzed for a minimal sampling of 300 cells.

RESULTS

ENSCs are localized in multiple layers of the gut. To evaluate
the distribution of ENSCs in the gut, the small intestine was
dissected and divided into two layers: one containing the
longitudinal muscle and myenteric plexus termed “MP,” and
the other containing the circular muscle, submucosal plexus,
and mucosal crypts, termed “SP.” After isolation and culture in
SCM (media containing growth factors) for 7 days, cells
derived from both layers formed NLBs (Fig. 1A). However, the
predilection for NLB formation was greater in MP compared
with SP (Fig. 1B; MP: 692 ! 169.2 colony forming units/
100,000 cells vs SP: 152 ! 53.9 colony forming units/100,000

cells; P " 0.01). While this difference suggests a higher
frequency of proliferating ENSCs in the layer containing my-
enteric plexus, it may reflect the presence of intestinal epithe-
lial cells in the SP layer (Fig. 2B). NLBs also formed from the
mucosal villus layer (see Fig. 4A) but were infrequent. The
inclusion of the villus layer with SP reduced overall viability,
so it was removed during the preparation.

Differences in proliferation and apoptosis. To further assess
whether cells derived from the two layers had different char-
acteristics regarding proliferation and apoptosis, EdU incorpo-
ration and TUNEL assays were performed. Two days follow-
ing their isolation, cells from MP and SP were transferred to
fibronectin-coated coverslips for both assays. After incubation
with EdU, there was a dramatic difference in EdU uptake
between the cells from MP (Fig. 1C, top) compared with those
from SP (Fig. 1C, bottom) cells. Cells from MP had a signif-
icantly higher proliferative index (73.8 ! 14.7% cells with
EdU uptake) compared with SP (37.7 ! 4.7% EdU uptake;
Fig. 1D). TUNEL assay showed that apoptotic cells were seen
at a greater frequency in cells from SP (Fig. 1E, bottom) than
those from MP (Fig. 1E, top) with 44.6% (!5.2%) of cells
demonstrating TUNEL staining from SP compared with 12.8%
(!1.8%) from MP (Fig. 1F).

Differences in neural crest-derived cells. Wnt1-cre has been
an effective way of marking neural crest lineage in multiple
organs including embryonic gut (3, 5, 7, 11, 13). We generated
a Wnt1-cre;tdTomato mouse in which all derivatives of Wnt1-
expressing cells are labeled with tdTomato (tdT). In these
mice, we detected cells of neural crest origin in the myenteric
plexus (Fig. 2, C and E) and in the submucosal plexus (Fig. 2,
D and F) of the small intestine. To assess their neural crest
lineage, NLBs from MP and SP cells were prepared from
Wnt1-cre;tdTomato mice and cultured on fibronectin-coated
coverslips. While virtually all cells from the MP expressed tdT
(Fig. 3, A and C), only a small subset from SP did (Fig. 3, B
and D). On counting, 99.4% ( ! 1.5%) of MP cells expressed
tdT compared with only 0.7% ( ! 1.19%) of SP (Fig. 3E).
When grown as NLBs, all those that formed from MP ex-
pressed tdT (Fig. 4D), while NLBs from SP formed two

Fig. 3. Wnt1-cre-marked cells are present in
higher frequency in MP than SP. When grown
as an adherent monolayer, cells from MP uni-
formly expressed tdT (A and C), while only a
fraction of those from SP expressed tdT (B and
D). On counting, "1% of cells from SP ex-
pressed tdT compared with nearly 100% from
MP (E). *P " 0.0001 by Student’s t-test. Scale
bar & 100 #m.
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populations, one that expressed tdT (Fig. 4C) and another that
did not (Fig. 4B). Immunofluorescence analysis revealed that
all cells that expressed tdT also expressed nestin and p75
regardless of their layer of origin (Fig. 5). However, in MP all
nestin-expressing cells coexpressed tdT and p75 (Fig. 5, A–C),
while in SP a sizeable number of nestin-expressing cells did
not express the other markers (Fig. 5, D–F, arrows). This
suggests that nestin expression is not confined to cells of neural
crest origin in SP. Thus, while cells prepared from MP are
primarily of neural crest origin, those from SP are more
heterogeneous and primarily of nonneural crest origin.

RT-PCR analysis of NLBs cultured for 7 days in stem cell
media confirmed the immunostaining results. While nestin
expression was only modestly higher (3.7-fold) in cells from

MP compared with SP, p75 and two other ENSC markers (4,
27), Sox10 and Ret, were substantially higher (36-, 117-, and
33-fold, respectively; P " 0.03; Fig. 6A). Additionally, we
found that the RNA expression of CD34, a hematopoietic stem
cell marker, was 95-fold higher in NLBs from SP than MP
(Fig. 6B; P " 0.001). This difference was also observed on
immunofluorescence with more CD34) cells seen in SP (Fig.
6D) than MP (Fig. 6E). These findings suggest a higher
content of “true” ENSCs in NLBs from MP compared with
SP and a significant population of possible mesenchymal
stem cells in SP.

Differentiation potentials of cells from different gut layers.
After 7 days of growth in SCM, equivalent numbers of NLBs
were plated on either fibronectin-coated surfaces and allowed
to differentiate for 10 days in media without growth factors.
Dramatic differences in cell morphology were observed on
differentiation with cells from MP forming long neuronal
projections (Fig. 7B, left) and those from SP producing pre-
dominantly flat cells (Fig. 7B, right). RNA expression analysis
confirmed different phenotypes with cells from MP expressing
3.4-fold higher PGP9.5, a neuron-specific marker (P & 0.01),
and 16-fold higher GFAP, a glial cell marker (P & 0.03), while
cells from SP expressing 164-fold higher SMA, a smooth
muscle marker (P " 0.001; Fig. 6A). Cells from MP also
demonstrated 6-fold higher expression of nNOS, a marker of
nitrergic neurons (P " 0.001), and 14-fold higher expression of
ChAT, a marker of cholinergic neurons (P & 0.01). Immuno-
fluorescence analysis confirmed the quantitative RT-PCR re-
sults with cells from the MP layer differentiating into dense
networks of neurons (Fig. 7C, left) and glial cells (Fig. 7D, left)
that were immunoreactive for PGP9.5 and GFAP. Neurons
(Fig. 7C, right) and glia (Fig. 7D, right) were also detected in
cells from SP, but they were much fewer and tended to occur
in small clusters rather than being evenly dispersed. Neurons
immunoreactive for nNOS could be seen in MP (Fig. 7E, left)
but not SP (Fig. 7E, right). SP cells produced many smooth
muscle-like cells that immunostained for SMA (Fig. 7F, right)
and smooth muscle myosin (data not shown). Similar smooth
muscle-like cells were detected in MP (Fig. 7F, left) but much
less frequent. These results suggest that NLBs from MP pref-
erentially form neurons and glia while those from SP favor
smooth muscle-like cells.

DISCUSSION

The recent discovery that ENSCs can be isolated from
endoscopic mucosal biopsy specimens in children has several
important implications (26). First, it demonstrates that ENSCs
are a readily accessible population of neural stem cells that can
be expanded in culture from a relatively small amount of
tissue. Secondly, it suggests that ENSCs are present in multiple
layers of the gut. In the current study, we have confirmed that
ENSCs are indeed present in the submucosal layer of the gut.
However, NLBs derived from the submucosal layer differs
dramatically from those isolated from the layer containing
myenteric plexus.

NLBs from MP contain a rather homogenous population of
neural crest-derived cells that demonstrate higher proliferation,
lower apoptosis, and higher expression of nestin, p75, Ret, and
Sox10 than their SP counterparts. We found relatively few
cells of neural crest origin in SP and given their low yield of

Fig. 4. NLBs isolated from guts of Wnt1-cre;tdTomato mice. Rare NLBs could
be grown from the stripped mucosal villus layer (A). These NLBs displayed
only minimal tdT expression (right). Two populations of NLBs grew from the
SP preparation (B and C), one that lacked tdT expression (B) and the other that
expressed tdT (C). MP exclusively formed NLBs that expressed tdT (D).
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neurons and glia, this suggests that SP contains fewer “true”
ENSCs than MP. Our findings are similar to what has been
demonstrated in human ENSCs. When comparing the human
NLBs isolated from mucosal biopsy specimens (26) with those
isolated from the myenteric plexus layer (25), NLBs from the
biopsy specimen contain a lower percentage of cells that
immunostain for p75, Sox10, and nestin. The heterogeneity
seen in NLBs from the SP layer emphasizes the inherent
weakness of growth selection in serum-free media as a method
for isolation of ENSCs. Although there has been some success
using markers such as p75, CD49b, Sox2, and Sox10 to isolate

ENSCs from rodents (2, 11, 14, 16, 18), there is clearly a need
to evaluate these markers for isolating ENSCs from the SP
layer.

We have found that cells from SP have higher expression of
CD34 and contain a large proportion of cells that are nonneural
crest origin yet nestin positive (Fig. 5, D–F, arrows). Hema-
topoietic and mesenchymal markers including CD34, CD45RO,
CD20, and c-KIT have been noted in ENSC preparations
previously (33). It is notable that unlike most methods that
selectively isolate ENSCs from the gut layer containing my-
enteric plexus, Suarez-Rodriguez et al. (33) used the entire gut

Fig. 5. Expression of nestin and p75 in MP and SP. When cells from Wnt1-cre;tdTomato were immunostained for nestin and p75, the majority of cells from MP
coexpressed tdT and both markers (A, tdT; B, nestin; C, p75). Only a few cells (arrowhead) from SP coexpressed all 3 markers (D, tdT; E, nestin; F, p75). A
large number of cells expressed nestin but not tdT or p75 (arrow). Scale bars & 50 #m.

Fig. 6. Differences in expression of stem cell markers. After 7 days of growth in stem cell media, NLBs from MP demonstrated significantly higher expression
of enteric neural stem cells (ENSC) markers, Nestin, p75, Sox10, and Ret, than SP by quantitative (q)RT-PCR analysis (A). Expression of CD34 was found to
be 95-fold higher in SP than MP by qRT-PCR (B). *P " 0.03 by Student’s t-test. On immunostaining, only minimal CD34 expression was detected in a few
cells from MP (C) but many intensely positive CD34-expressing cells were seen in SP (D). Scale bars & 50 #m.
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for their preparations therefore it also contained the SP layer.
While CD34 has traditionally been used as a marker of hema-
topoietic stem cells (29), there is emerging evidence that it also
marks other mesenchymal stem cell populations including ICC
progenitors, pericyte progenitors, vascular progenitors, and
adipose tissue-derived stem cells (12, 15, 19, 22, 34). Certainly
further characterization of these nonneural crest derived cells is
warranted.

In conclusion, we have demonstrated that while progenitors
capable of forming neurosphere-like bodies exist in both the
submucosal and myenteric layers, the former appear to be
predominantly of mesenchymal rather than neural crest origin
and differentiate into cells of primarily a myofibroblast-like
phenotype. By contrast, progenitors in the myenteric layer are
more likely to represent true enteric neural stem cells. These

findings have both biological and clinical significance. First,
while fewer in number, ENSCs do appear to exist in both
layers suggesting the ability to repopulate the submucosal and
myenteric plexus from two different stem cell niches. Second,
any attempt to procure ENSCs for therapeutic use from endo-
scopic biopsies will have to overcome the considerable chal-
lenge of isolation from a predominantly nonneural population
and then scaling up the numbers. At the present time, therefore,
the myenteric plexus appears to be the most promising source
for obtaining ENSCs, a fact that will necessitate more invasive
means of access. Finally, ENSCs derived from different layers
may preferentially form different subtypes of neurons. Al-
though abundant in MP, we could not detect nitrergic neurons
in differentiated cells from SP (Fig. 7E). Clearly, future studies
to address whether the true ENSCs in these two layers have

Fig. 7. Differences in phenotypes upon differentiation. Cells from MP expressed significantly higher levels of mRNA for glial fibrillary acidic protein (GFAP),
PGP9.5, neuronal nitric oxide synthase (nNOS), and choline acetyltransferase (ChAT) but lower smooth muscle actin (SMA) than SP as detected by qRT-PCR
(A). *P " 0.05 by Student’s t-test. On differentiation, cells from MP assumed neuronal morphology (B, left) while those from SP became predominantly flat cells
(B, right). On immunostaining, cells from MP formed dense networks of neurons that stained for PGP9.5 (C, left) and glia that stained for GFAP (D, left).
SP-derived cells also formed PGP9.5-expressing neurons (C, right) and GFAP-expressing glia (D, right) but they were sparse by comparison. Cells from MP
formed nitrergic neurons that immunostained for nNOS (E, left), but they were not detected in SP (E, right). SP formed many smooth-muscle like cells that stained
for SMA (F, right). These cells were also present in MP but less frequent (F, left). Scale bars & 100 #m in B and & 50 #m in C–F.

G964 DIVERGENT FATE OF NEUROSPHERE-LIKE BODIES

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00511.2011 • www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (047.021.215.016) on March 12, 2018.

Copyright © 2012 American Physiological Society. All rights reserved.



intrinsic differences or are nudged into assuming a different
phenotypes by other cells or factors in their local environment
are necessary.
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