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nervous system isolated from foetal and postnatal gut cultures
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Summary

Cultures of dissociated foetal and postnatal mouse gut gave colonic aganglionosis. Our findings establish the feasibility
rise to neurosphere-like bodies, which contained large of expanding and isolating early progenitors of the enteric
numbers of mature neurons and glial cells. In addition to nervous system based on their ability to form distinct
differentiated cells, neurosphere-like bodies included neurogenic and gliogenic structures in culture.
proliferating progenitors which, when cultured at clonal  Furthermore, these experiments provide the rationale for
densities, gave rise to colonies containing many of the the development of novel approaches to the treatment of
neuronal subtypes and glial cells present in the mammalian congenital megacolon (Hirschsprung's disease) based on
enteric nervous system. These progenitors were also the colonisation of the aganglionic gut with progenitors
capable of colonising wild-type and aganglionic gut in derived from normoganglionic bowel segments.

organ culture and had the potential to generate

differentiated progeny that localised within the intrinsic

ganglionic plexus. Similar progenitors were also derived Key words: Enteric nervous system, Neural crest progenitors,
from the normoganglionic small intestine of mice with  Hirschsprung’s disease

Introduction consequences of obstruction, and restoring bowel movements

The enteric nervous system (ENS) is the part of the periphergpWenson, 2002). However, the outcome of this approach is
nervous system (PNS) that controls the peristaltic and secretdfjfen unsatisfactory as it is frequently associated with short-
activity of the gut wall. It is composed of a large number of€rm postoperative comphcauon_; or failure to restore bowel
neurons and glia, which are organised into interconnectdynction in the long-term (Tsuji et al., 1999). The better
ganglia distributed throughout the length of the gut (GershoRolecular and cellular understanding of HSCR pathogenesis
et al., 1994; Le Douarin, 1999). The majority of neurons an@nd t_he |dent|f|cat|qn _of genes that play an important _r_ole in
glia of the ENS are derived during embryogenesis from th8Nteric neurogenesis in mammals offers new opportunities for
vagal neural crest (Durbec et al., 1996; Le Douarin and Teillethe development of therapies based on gene or cell replacement
1973; Yntema and Hammond, 1954). These pre-enteric neurglfategies. S N
crest cells (PENCCs) invade the foregut mesenchyme (E9.5-Among the genes that have been identified as critical players
10.0, called thereafter enteric neural crest cells-ENCCs), a@ ENS development Betwhich encodes the receptor tyrosine
migrating in a rostrocaudal direction colonise the entire lengtkinase (RTK) RET, the main signalling component of cell
of the gut over a period of 4 days (E9.5-13.5) (Durbec et alsurface multisubunit receptors for glial cell line-derived
1996; Kapur et al., 1992; Young et al., 1998). Failure ofeurotrophic factor (GDNF) and other members of the GDNF
complete colonisation of the gut by ENCCs results in absendamily of ligands (Baloh et al., 2000; Saarma, 2000). Mutations
of enteric ganglia (aganglionosis), usually in the colon, leading) RETaccount for approximately 50% of familial HSCR cases
to peristaltic misregulation and severe intestinal obstructiofChakravarti, 2001) and mice with null mutations in eitRet
[Hirschsprung’s disease (HSCR), congenital megacolon(]Rei‘—) or Gdnf(Gdnf) have complete intestinal aganglionosis
(Chakravarti, 2001). (Durbec et al., 1996; Enomoto et al., 2001; Moore et al., 1996;
HSCR is the most common neurocristopathy in humanPRichel et al., 1996; Sanchez et al., 1996; Schuchardt et al.,
affecting 1:4500 newborns (Chakravarti, 2001; Swensonl994). Retencodes two isoforms, RET9 and RET51, which
2002). It appears either sporadically or has a familial basiiffer in their carboxy-terminal sequences (Tahira et al., 1990).
often associated with other developmental defects. The ma#nalysis of the effects of monoisoformic allelesR#t,which
form of treatment of HSCR is surgical resection of theencode either RET9 miRef) or RET51 (niRebd),
aganglionic bowel and anastomosis of the remaining gudemonstrated that RET9 is sufficient to support normal
segments, a procedure aimed at relieving the life threatenirgvelopment of the ENS and that expression of RET51 in the
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absence of RET9 is associated with failure of enteric ganglian the use of cell surface markers, an approach that generally

formation in the distal two thirds of the colon (de Graaff et al.requires relatively large amounts of starting material. Here, we

2001). have used cultures of dissociated gut and retrovirus-mediated
Several transcription factors have also been identified agene transfer to isolate multipotential progenitors of enteric

important regulators of ENS development. Among them iseurons and glia from both foetal and postnatal gut at least up

S0OX10, a member of the high mobility group (HMG) family to 2 weeks after birth. We describe the phenotypic characteristics

of proteins, which include the SRY testis-determining factoof these cells, their progressive differentiation in vitro and their

and other members of the SOX subfamily (Kuhlbrodt et al.ability to generate both neuronal and glial progeny upon

1998; Wegner, 1999). The critical role of SOX10 in PNStransplantation into foetal gut maintained in organ culture.

development is highlighted by the severe defects of sensotyinally, we show that similar progenitors can be isolated from

autonomic and enteric ganglia in mice lacking SOX10 (Britscihe normoganglionic gut segments of mice with colonic

et al., 2001; Herbarth et al., 1998; Kapur, 1999; Paratore et ahganglionosis. We discuss the implications of our findings for

2001; Southard-Smith et al., 1998). In addition, humans antihe treatment of HSCR by cell replacement strategies.

mice heterozygous for mutations in this locus have distal

colonic aganglionosis (Herbarth et al., 1998; Parisi and Kapur, )

2000; Pingault et al., 1998; Southard-Smith et al., 1998Materials and methods

Defects in ENS development have also been identified in micgnhimals

homozygous for a null mutation dflash1 (Ascll— Mouse  \wjg-type whole foetal gut and postnatal gut peels were isolated from
Genome Informatics) a locus encoding a basic helix-loop-heli®arkes (outbred) mice. Mutant guts were isolated from eRbror
(bHLH) proneural factor (Johnson et al., 1990). MASH1-miReb! homozygous animals (de Graaff et al., 2001; Schuchardt et
deficient embryos have a defect in gut colonisation by neural., 1994). The day of vaginal plug detection was considered to be
crest cells, while mutant newborn animals lack specific subsek.5.

of enteric neurons (Blaugrund et al., 1996).

Enteric neurogenesis is a§SOC|ated WI"[h a h|g_hly regulaté Cs) from foetal and postnatal gut
programme of gene expression t.hat defines dlstht stages 0 generate neurosphere-like bodies (NLBs) from foetal gut tissue
cell Commltme_nt ?”d differentiation. Thus, durlng_ the .earlywhole gut was dissected from E11.5 embryos (wild-type or Retft
_stages of migration P.ENCCS expresox10 W.h'Ch IS intercrosses) in L15 medium (Invitrogen, UK), washed witf*Cand
important for the maintenance of the undifferentiatedy\g2+free PBS (Invitrogen, UK) and digested for 6 minutes with a
multipotential state of ENS progenitors, but are negative fomixture of 1 mg/ml dispase/collagenase (Roche, UK) at room
MASH1 or RET (SOX10+/MASH1-/RET-) (Durbec et al., temperature (RT). Dissociated tissue was washed sequentiallywith 1
1996; Kim et al., 2003; Paratore et al., 2002). However, aBBS and NCSC culture medium (Morrison et al., 1999), which
PENCCs arrive in the vicinity of the foregut, they beginincluded 15% chicken embryo extract (CEE) and basic fibroblast
to express Mashl and Ret (SOX10+/MASH1+/RET+) growth factor (bFGF; 20 ng/ml; R&D Systems), and plated onto tissue
(Blaugrund et al., 1996; Durbec et al., 1996). Induction ofulture dishes coated with 3@g/ml fibronectin (Sigma). Cultures
Mash1is likely to be associated with neuronal specificationVere re-fed every 2 days. Once NLBs appeared, human recombinant

(Lo and Anderson, 1995; Lo et al., 1997) while RET at thiﬁeopit?]‘zmr;?d%?nwm factor (hrEGF) (20 ng/ml; Calbiochem) was added

stage IS reqUIred for the Su'rVI\{aI, proliferation, dlffer'entlatlon To generate postnatal NLBs, small intestines from P2-P14 wild-
and migration of ENCCs (Gianino et al., 2003; Taraviras et alyype (parkes) omiReb! animals were removed and cleaned. Using
1999). Terminal differentiation of subsets of committedpairs of forceps, the outer smooth muscle layers along with the
neurogenic progenitors (indicated by expression of neurormyenteric plexus were peeled off from the underlying tissue. These
specific tubulin-TuJ1 and PGP9.5) takes place from the earliestrips were washed inxIPBS and treated with 1 mg/ml collagenase
stages of gut colonisation and continues for at least two weekSigma) for 45 minutes at 37°C. The resulting cell suspension was
after birth. washed in NCSC medium and plated on fibronectin-coated six-well
Progenitors of the ENS have been isolated from roderifishes (NUNC). A similar protocol was used to generate NLBs from
embryos and parally characterised in culure. Using S1RoRet Temozygous anals Fota or st e were
antibodies against RET and fluores_cence-actlvated cell sorti stem progenitor cells (EPCs) or dissociated and re-plated at low
(FACS), Anderson a_nd colleagues |§olat_ed from the.gut ofr nsity to generate secondary or tertiary NLBs.
embryos, a population of cells which in clonogenic assays 1q isolate EPCs, NLBs were trypsinised at RT, washed with NCSC
generated mostly neurons (Lo and Anderson, 1995). Howevéhedium and passed through a mesh (pore sizen§0to produce a
the equivalent murine cell population when grafted into foetahear single cell suspension, which was plated as before. Cells were
gut maintained in organotypic culture generated both neuronaifected using a mixture of NCSC medium and a GFP-expressing
and glial progeny (Natarajan et al., 1999). More recently, a selfetrovirus suspension (1:1) in the presence of polybreney/il).
renewing popu|ation of neural crest stem cells (NCSCS) he@,F_P-expressing <_:e||s were isolated 24 .hOUI’S later by fluorescence
been isolated from the gut of foetal and postnatal rats usirgftivated cell sorting (FACS) and plated in complete NCSC medium
antibodies against cell surface markers and flow cytometr§ "i‘sdz';;';y IEIJL?n(;—r%?’gczer:iiiE\Z:‘ItS(OhT)CéMgl{IIIiIlparg’([jeicnul(t;;%cli’cfgcﬂs)Was
(Bixby et al.,_ 2092’ Kruger et al., 2002). In vitro _Clonogenlc sed at 10 ng/ml either in complete medium or in NCSC medium
assays and in vivo engraftment of such gut-derived NCS Scking CEE, EGF or FGF
showed that they are capable of generating both neuronal anQyanyally cut pieces of NLBs and isolated EPCs were grafted into

glial cells. However, the ability of these cells to re-colonise gugrganotypically cultured E11.5 mouse embryo gut as described
and differentiate within its wall has not been established.  previously (Natarajan et al., 1999). Detailed protocols of all the

Isolation of ENS progenitors from fresh tissue so far has relieprocedures described here are available upon request.

olation of enteric nervous system progenitor cells
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Retrovirus production embryos was dissociated into near single cell suspension and
BOSC cells were transfected with the GFP-expressing retrovirgtultured in a medium that supports growth of NCSCs
vector pMX (Kitamura, 1998), using CaCind 25uM chloroquine  (Morrison et al., 1999; Stemple and Anderson, 1992).
for 10 hours. Cells were washed, allowed to recover and viral particldmmunostaining of such cultures using neuronal and glial
collected after 36 hours in DMEM medium plus 10% foetal calfmarkers [TuJ1 and glial fibrillary acidic protein (GFAP),
serum, 100 U/ml antibiotic mIXtUI’e, 1 mM L'glutam|ne (25o ml/10 respectlvely] on day 1, falled to Identlfy any neurons or gllal
cm plate). Viral stocks were filtered (0.45and stored at —80°C. g5 (data not shown). Two to three days later, characteristic
Immunostaining colonies appeared that were composed mostly of flat cells with

Cultures were fixed in 4% PFA (irx1PBS) for 10 minutes at RT. short cytop_lasmlc processes (Fig. 1A)' By day 7, these C(_)Ionles
After washing twice in PBS + 0.1% Triton X-100 (PBT), they wereWere considerably larger and their cells started to pile up
incubated with blocking solution (PBT + 1% BSA + 0.15% glycine) (Fig. 1B) and by day 10 formed spherical structures which

at £C (overnight) or at RT (for 2-3 hours). Primary antibodies wereeventually detached and floated in the medium (Fig. 1C). These
diluted in blocking solution as follows: TuJ1(mouse; Babco, UK)structures, which we termed neurosphere-like bodies (NLBs),
1:1000, PGP9.5 (rabbit; Biogenesis, UK) 1:400, vasointestinatontinued to grow in size and contained large numbers of
peptide, VIP (rabbit; Biogenesis, UK) 1:500, neuropeptide Y, NPYneurons and glia (Fig. 1D,E). This, together with the absence
(rabbit; Biogenesis, UK) 1:100, CGRP (rabbit; Biogenesis, UK)of Tyj1+ and GFAP+ cells during the immediate postplating

1:188’ tyrosine hydr?xylasle, Tg—! (rabbit; Cheg"‘éo”' UK) tl):t);QOO, R(E)Tperiod, suggested that the majority of neurons and glia of NLBs
(rabbit; Immuno-Biological Labs, Japan) 1:50, GFAP (rabbit, DAKO, ;o e generated in vitro from undifferentiated progenitors.

USA) 1:400, phospho-histone-3 (PH3) (rabbit; Upstate) 1:500, . - ;
SOX10 (mouse: kindly provided by Dr David Anderson) (Lo et al., Next we examined whether similar NLBs formed in cultures

2002) 1:10, Mash1 (mouse; from D. Anderson) (Lo et al., 1991) 1:19f postnatal gut. For this, the outer smooth muscle layers along
GFP antibody (mouse or rabbit; Molecular Probes) both 1:1000Vith the myenteric plexus were dissected from the small
Cultures were incubated with primary antibodies at RT (for 5-6 hourgntestine of 2- to 14-day-old mice, dissociated and plated under
or at 4°C (overnight). After several washes with PBT, secondargonditions identical to those used for foetal gut cultures.
antibodies were added in blocking solution for 2-4 hours at RT at th€haracteristic NCSC-like colonies and NLBs also formed in
following dilutions: anti-mouse FITC-conjugated (Jackson labs)cultures derived from all postnatal stages we tested with a time
1:500, anti-rabbit FITC-conjugated (Jackson labs) 1:500, anti-mousgyyrse similar to that observed in foetal cultures (Fig. 1F-H).
'(A\l\llle(;(lgslljcl);rr F%gfsc)“'f.%o%rogfg‘z)arléﬁgg's \‘thr'e r?gg;fte’f‘lgi‘;ngéoy\; However, the size of postnatal NLBs was generally smaller
TO-PRO-3-iodide (Molecular Probes; 1:3000 in PBS) and mounte%latlve to the foetal ones (F'g: 1 compare H and | with C and
using VectashieltM (Vector Laboratories) or mounted directly in = respectively). .Immg!’lostamlng of NLBs from day—lO.
Vectashield containing DAPI. Immunostained cultures were examineBoStnatal cultures identified large numbers of neurons and glia
with a Bio-Rad confocal microscope or a Zeiss epifluorescenc€Fig. 11,J). This, together with the absence of both cell types
microscope (Axiophot). Images were analysed using Metaphdi the immediate postplating period (24 hours), suggested that
software package (Universal Imaging) and figures were compiledur culture conditions did not favour the attachment or growth
using Adobe Photoshop 7. of intrinsic gut neurons and glia but supported the in vitro
differentiation of neurogenic and gliogenic progenitors.
Staining with antibodies against alpha smooth muscle actin

Results ) o _ ) (SMA) (Owens, 1998) showed that a small fraction of cells in
Neuron and glia-containing neurosphere-like bodies both foetal and postnatal NLBs (1-5%) were smooth muscle
form in primary cultures of dissociated gut cells. Also, a fraction of NLB cells (5-15%) were negative for

As a first step towards establishing a cell culture protocol thatll differentiation markers used, raising the possibility that they
would enrich for ENS progenitors, gut from E11.5 mouseaepresent undifferentiated progenitors. Finally, neuron- and

Fig. 1. Formation of NLBs in : ;
cultures of dissociated foetal and _| — rlght leld || _ 1w} IGFAP

postnatal gut. Whole gut from E11
mouse embryos (A-E) or the outel
muscle layers from P2-14 gut (F-J
were dissociated and plated in
NCSC medium. 2-3 days later
characteristic colonies appeared i
both foetal and postnatal gut
cultures (A and F, respectively)
which were composed of flat cells
with small processes. Higher
magnification of individual cells is
shown in the insets. Over the nexi
4 days colonies grew in size (B,G]
and eventually formed NLBs whicl
detached and floated in the medi.
by day 10 (C,H). Immunostaining
with antibodies against TuJ1 and GFAP indicated that NLBs from both foetal (D,E) and postnatal (1,J) cultures containedlerge
neurons and glia. E and J are enlargements of parts of the NLBs shown in D and |, respectively. Note that postnatal pBslweiteyr
smaller relative to their foetal counterparts.

HI.

Fetal Gut

| Post-natal Gut ||
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gastrointestinal tract fails to be colonised by ENCCs (Durbec
et al., 1996; Schuchardt et al., 1994). Intestine was dissected
from individual progeny of intercrosseRet— heterozygotes
and cultured as described above. As expected, intestine from
wild-type (Ret’*) or heterozygous Ret’*) embryos or
neonates formed NLBs with many TuJ1+ and GFAP+ cells
(Fig. 2A,B and data not shown). In contrast, neither NCSC-like
colonies nor NLBs were present in gut cultures generated from
Ret~%- animals (Fig. 2C). Furthermore, staining of mutant
cultures for TuJ1 and GFAP, failed to identify any neurons or
glial cells (Fig. 2D). In summary, our experiments suggest that
the culture conditions we have employed here support the
expansion, propagation and differentiation of neurogenic and
gliogenic progenitors from foetal and postnatal gut.

| Brightfield || TuJt/GrAP

Wild-type

R eth k-

Isolation of progenitors of enteric neurons and glia
from NLBs

To isolate ENS progenitors from NLBs and study their
Fig. 2.NLBs do not form in gut cultures froRet~homozygous properties in vitro, we selectively marked these cells by
embryos. Cultures were established from individual guts dissected expression of a fluorescent tag. NLBs were dissociated and
from E11.5 embryos frorRet’ heterozygous parents. Neuron- and jnfected with a green fluorescent protein (GFP)-expressing
glia-containing NLBs formed readily in cultures of wild-type (A.B) - yetrovirys, the genome of which integrates permanently into
ﬁg?n%?;got(ggt(éh&”n) embryos but not in cultures frétet proliferating cells (Brown, 1997). We reasoned that isolation
T of GFP-expressing cells shortly after infection would enrich for
dividing cells, the subpopulation most likely to include
glia-containing secondary and tertiary NLBs formed upomrogenitors. Flow cytometric profiles of retrovirally transduced
dissociation and replating of a small fraction of cells fromfoetal and postnatal NLBs indicated that 24 hours after
primary foetal and postnatal NLBs (data not shown). infection a significant fraction of cells expressed GFP (Fig.
During embryogenesis, all enteric neurons and glia originat8A,F). The proportion of GFP-expressing cells in foetal NLBs
from neural crest-derived progenitors (Le Douarin, 1999(8.3t4.9%) was reproducibly higher relative to that of their
Yntema and Hammond, 1954). To confirm that NLBs wergostnatal counterparts (42.6%), suggesting that they contain
also derived from cells of neural crest origin, we examineé higher percentage of dividing cells. Immunostaining of
gut cultures from RET-deficient animals in which thethe flow cytometrically isolated cells shortly after replating

|

TUJ1/ GFAP |

| Brightfield | [GFP/TuJ1/GFAP]|

104

Fetal

Post-natal

10?10

Fig. 3. Retrovirally transduced NLBs yield undifferentiated cells which proliferate and differentiate into neurons and glia. (AiFy 24tér
infection, GFP-expressing cells were isolated by fluorescence activated cell sorting and replated. (B,G) Bright-field irrégesadis@ 2
hours after plating from foetal and postnatal NLBs, respectively. (C,H) Fluorescent images of the same cells immuno3taidezhfibr
GFAP. Note that the only fluorescent signal detected is that of nuclear localised GFP. (D,l) Bright-field images of GFélatedlisam
foetal and postnatal NLBs and cultured for 10 days. (E,J) The corresponding fluorescent images after immunostaining fo& FAP1 ol
the presence of large numbers of neurons and glia at this stage.
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revealed that they lack mature neuronal or glial markers (Figaresent in the majority of colonies (Fig. 4K). At this stage we
3B,C,G,H). However, these cells were able to proliferate andid not detect any GFAP-expressing cells (Fig. 4K). By day 10
differentiate into neurons and glia (Fig. 3D,E,l,J). (>100 cells/colony), 89% of the colonies contained both TuJ1+
To examine whether the flow cytometrically isolated cellsand GFAP+ cells (Fig. 4L). Generally, GFP+ cells isolated
contain multipotential progenitors, GFP+ cells were culturedrom postnatal NLBs generated smaller colonies, consistent
at clonal density for up to 15 days. Phenotypic analysis ofvith a relatively reduced proliferative capacity of these cells.
the resulting colonies at the end of the culture periodo directly test the mitotic activity of the two clonogenic cell
indicated the developmental potential of the founder cellgpopulations, colonies were fixed 5 days after plating and
Approximately 25% of GFP+ cells isolated from foetal NLBsimmunostained for the mitotic marker phosphohistone-3 (H3p)
were capable of generating colonies, the size of whickMahadevan et al., 1991). We observed that the percentage of
increased throughout the culture period (Fig. 4A-C). The redi3p+ cells within foetal and postnatal colonies was 15.8% and
of the cells remained single or died. Freshly isolated (day 1j.2%, respectively (Fig. 4M). In summary, these experiments
GFP+ cells did not express TuJl or GFAP (Fig. 4D)indicated that the flow cytometrically isolated GFP+ cells
However, 4 days later (day 5; 48 cells/colony), 82% from foetal and postnatal NLBs include a large fraction of
of colonies contained a small number of TuJl+ celldipotential progenitors of enteric neurons and glia. We termed
(approximately 10% of the cells) but no colonies had GFAP-these progenitors,NES progenitor_ells (EPCs).
cells (Fig. 4E). On day 10 (>300 cells/colony), all colonies ) ) )
contained a relatively large number of TuJ1+ cells (approXtPCs recapitulate the ontogenetic profile of ENS
25% of cells) while the majority (87%) of colonies alsoProgenitors
contained mature glial cells (Fig. 4F). No overlap betweero further characterise the EPC colonies, GFP+ cells were
neuron-specific tubulin and GFAP-expressing cells wassolated from NLBs, plated at clonal densities and analysed 1,
observed (Fig. 4; arrows in F point to two neighbouring cell8 and 10 days after plating for expression of several molecular
expressing GFAP and TuJ1, respectively). markers that define various stages of cellular differentiation
GFP+ cells isolated from postnatal NLBs were also capable the ENS. On day 1, approximately 25% of foetal EPCs
of forming colonies with similar clonogenic efficiency (25%; expressedox10(Fig. 5A1-A2). This percentage matches the
Fig. 4G,I). In addition, the time course of neuronal and gliatlonogenic efficiency of these cells and suggests that only
differentiation appeared to be similar to that of the foetal cellSox10expressing GFP+ cells have the potential to form
(Fig. 4G-1). No neurons or glia were present in cultures on dagultilineage colonies. Immunostaining for MASH1 and RET
1 (Fig. 4J) but by day 5 (440 cells/colony), TuJ1+ cells were identified no positive cells at this stage (Fig. 5B1-C2) which,

Topro / TuJ1/ GFAI |

=
[=h]
L.
=
IS
<
-
o
o
M Fig. 4. Foetal and postnatal NLBs contain bipotential progenitors of enteric
neurons and glia. (A-C,G-1) Typical colonies generated from single GFP+ cells
30k isolated from foetal (A-C) and postnatal (G-1) NLBs on day 1 (A,G), day 5 (B,H)
> 5% and day 10 (C,l). (D-F,J-L) Equivalent colonies immunostained with TO-PRO-3
2 % (blue; to reveal the cell nucleus), TuJ1 (red; to identify neurons) and GFAP (green;
I to identify glia). The cell shown in D and J (day 1) had weak GFP signal but
5 1% lacked the characteristic TuJ1 and GFAP staining. To avoid confusion with the
T GFP-specific signal, E and K (day 5) and F and L (day 10) show sectors of
L 8% colonies in which the retroviral transgene had been extinguished. TuJ1+ cells were
D g detected in day 5 and day 10 colonies but GFAP+ cells were detected only in day
o 4% 10 colonies. Arrows in F and L point to two neighbouring cells that express TuJ1
2% or GFAP. (M) Cells in foetal colonies have higher proliferative capacity. Five-day-
0% old colonies from foetal and postnatal EPCs were stained with the mitotic marker
Fetal Post- H3p. The fraction of H3p+ cells in foetal colonies was higher relative to that of

natal postnatal colonies.
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together with the virtual absence of TuJ1 and GFAP stainingxpression identified clonogenic cells. At this stdgashland

(Fig. 4D,J) suggested that, when isolated from NLBs, EPCRet were expressed by a small subset of cells in 74% of

expressed only markers of undifferentiated progenitors butolonies (Fig. 5SE1-F2) but we detected no TuJ1+ or GFAP+

lacked markers of neuronal commitment and neuronal or gliaells (Fig. 5G1,G2 and data not shown).

differentiation. On day 10, 25% of cells in all colonies were positive for the
On day 3, only colony-associated cells were positive foneuronal markers TuJ1 (Fig. 4) and PGP9.5 (Fig. 5H1). Double

SOX10 (Fig. 5D1,D2), further supporting the idea tBak10 labelling experiments showed that all PGP9.5-expressing cells

Day 1 | Day 10

B2 C1 C2
MASH1 GFP|  RET

’
! 4
It 3

$o

MERGE

E

MASH1

MASH1 |

Fig. 5. Cell commitment and differentiation in colonies
from foetal EPCs. Twenty-five percent of GFP+ cells .

isolated from foetal NLBs express8dx10(A1,A2) but R & i MERGE

were negative for MASH1 (B1,B2) or RET (C1,C2). On

day 3,Sox10expression was detected only in colony-associated cells (D1,D2), suggesting strongly that only the GFP+/SOX10+ EPCs have
clonogenic potential. At this stage, only a subset of cells expridtassul(E1,E2) orRet(F1,F2) but we detected no TuJ1+ cells (G1,G2). On

day 10,Sox10was expressed in a subset of cells in the colonies (H2,12). At this stage, all colonies contained PGP9.5+ cells (H1) which were
negative for SOX10 (H3; arrow points to a PGP9.5+/SOX10- cell and arrowhead points to a neighbouring PGP9.5-/SOX10+ aethisAlso
stage 87% of the colonies contained GFAP+ cells (11) which maintained expresSmxiLofI3; arrows point to GFAP+/SOX10+ cells). Cells
expressing high levels of PGP9.5 were negative for MASH1 (J1-J3). Also, GFAP and MASH1 are present on mutually excl(h«8¢lls
Finally, the highest levels of RET were detected in TuJ1+ cells (L1-L3; arrows in L3) but GFAP+ cells did notResf{M&sM3).
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were negative for SOX10 (Fig. 5H1-H3). Also, cells expressingncluded cells expressing GFAP. Double staining showed that
relatively low levels of PGP9.5 (PGP®YH co-expressed GFAP+ cells were generally SOX10+, but a large fraction of
Mash1but the vast majority of PGP%9" cells were negative SOX10+ cells were negative for GFAP (Fig. 511-13). As no
for MASH1 (Fig. 5J1-J3). Finally, cells expressing TuJ1, alsanature neurons expressed SOX10, these data are consistent
expressed the highest levelsRét(Fig. 5L1-L3). In addition  with the idea that this transcriptional regulator is expressed in
to neuronal markers, 87% of day-10 foetal EPC coloniesndifferentiated EPCs and their gliogenic progeny. Also,

Day 10

S0X10

PGP9.5 MERGE

MASH1 N

A
MASH1 MERGE

Fig. 6.Cell commitment and differentiation in colonies from
postnatal EPCs. 25% of GFP+ cells isolated from postnatal
NLBs expresse®ox10(A1,A2) but were negative for MERGE
MASH1 (B1,B2) or RET (C1,C2). As in the case of foetal
EPCs, on day Sox10expression was detected only in
colony-associated cells (D1,D2). At this stage, a subset of cells expkdaskti(E1,E2) orRet(F1,F2) but we detected no TuJ1+ cells

(G1,G2). On day 1050x10was expressed in a subset of cells (H2,12) and all colonies contained PGP9.5+ cells (H1) which were negative for
SOX10 (H3; arrow points to a PGP9.5+/SOX10- cell and arrowhead points to a PGP9.5-/SOX10+ cell). Also, at this stages 89% of th
colonies contained GFAP+ cells (11) which maintained expressiSoxit((I3; arrows point to GFAP+/SOX10+ cells). Cells expressing high
levels of PGP9.5 were negative for MASH1 (J1-J3). Also, GFAP and MASH1 were present on mutually exclusive cells (K1-K8irasrtw p

a GFAP+/MASH1- cell). Finally, as for foetal EPC colonies, the highest levels of RET were detected in TuJ1+ cells (L1-4.8) &8pw

while Retwas not expressed in GFAP+ cells (M1-M3).
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GFAP was absent from cells expressing high leveldaghl transiently by a large proportion of vagal neural crest-derived
or Ret(Fig. 5K1-K3 and M1-M3). cells migrating in the gut of rodent embryos (transient

The molecular mechanisms underlying differentiation ofcatecholaminergic cells) (Baetge and Gershon, 1989; Baetge et
postnatal EPCs were likely to be similar to those operating ial., 1990). VIP, NPY and CGRP are neuropeptides that are
their foetal counterparts. Thus, on day 1, 25% of GFP+ cellsxpressed by specific subpopulations of enteric neurons in the
isolated from postnatal NLBs were expressBax10but all ~mammalian ENS (Gershon et al., 1994). We found that TH was
cells at this stage were negative for MASH1 and RET (Figexpressed by a subset of cells in the majority of foetal EPC
6A1-C2). On day 3, all colony-associated cells maintained@olonies (Fig. 7A). Most of the positive cells had clear neuronal
expression o50x10 a subset of them inducétashlandRet  morphology (arrowhead in Fig. 7A) and co-expressed TuJl
but no TuJ1 was detected (Fig. 6D1-G2). By day 10, a larg@got shown) indicating that at least a subset of TH-expressing
number of PGP9.5+/SOX10- neurons were present in colonieglls represent mature neurons. Surprisingly, and despite the
(Fig. 6H1-H3), most of which also contained GFAP+/SOX10+Hack of TH expression in the ENS of rodents after birth, TH+
cells (Fig. 611-13). Also, the relative expression of PGP9.5¢cells were also detected in a similar percentage of colonies
TuJl, MASH1, RET and GFAP at this stage was similar to thdtom postnatal EPCs (Fig. 7D). In addition to TH, colonies
of foetal EPC colonies (Fig. 6J1-M3). Taken together, oufrom both foetal and postnatal EPCs also had VIP-, NPY- and
findings indicate that clonogenic EPCs isolated from foetal an@GRP-expressing cells (Fig. 7B,C,E,F and data not shown).
postnatal NLBs probably represent undifferentiated bipotentialhese findings show that in addition to the main restriction
ENS progenitors. As is the case for the in vivo progenitorsalong the neuronal and glial cell lineages, EPCs can
cultured EPCs initially acquire markers of neurogenic andlifferentiate into neuronal subtypes encountered in the
gliogenic commitment and eventually differentiate into maturenammalian ENS.
neurons and glia.

Response of EPCs and their progeny to GDNF
EPCs differentiate into a variety of ENS-appropriate GDNF provides the main proliferative and differentiation
neuronal subtypes signals for ENCCs but it is also important for the survival and
We next examined whether EPCs can generate neuromaigration of ENS progenitors (Gianino et al., 2003; Natarajan
subtypes that are normally encountered in the mammaliagt al., 2002; Taraviras et al., 1999; Young et al., 2001). To
ENS. For this, clonogenic cultures of EPCs were analysed gxamine the effect of this signalling molecule on the
immunostaining for a series of molecular markers expresseutoliferation of EPCs and their progeny, clonogenic cultures
by overlapping subsets of ENS progenitors and neuronsf GFP+ cells isolated from foetal and postnatal NLBs were
Among these markers were tyrosine hydroxylase (TH)established in standard medium in the presence or absence of
vasoactive intestinal peptide (VIP), neuropeptide-Y (NPY)GDNF (10 ng/ml). Cell proliferation in the resulting colonies
and calcitonin gene-related peptide (CGRP). TH, the ratewas analysed 5 days later using the mitotic marker H3p. We
limiting enzyme in the biosynthesis of catecholamines, is &und that in the presence of GDNF, colonies from both foetal
characteristic marker of adrenergic neurons and is expressadd postnatal EPCs had a significantly higher fraction of H3p+
cells relative to colonies maintained in control
medium (Fig. 8, upper part of A). Consistent with this,
GFP /VIP GFP / NPY | we observed an increase in the number of cells per
colony. Thus, on day 5, the number of cells present
in foetal and postnatal EPC colonies maintained
in control medium was 740 and 537 cells,
respectively. In the presence of GDNF, the
corresponding numbers increased to HI#B and
98+19. Concomitant to the increase in cell
proliferation, addition of GDNF in complete medium
reduced the fraction of TuJ1+ cells (Fig. 8, lower part
of A).

We next examined the effect of GDNF on EPC
colonies in the absence of growth factors and CEE, a
probable source of multiple signalling molecules. For
this, clonogenic cultures of EPCs were established in
standard medium. Four days later, half of the cultures
were switched to medium lacking growth factors and
CEE (defined medium) or to defined medium
supplemented with 10 ng/ml of GDNF and cultured

. . L . for a further 3-4 days. Significant neuronal
Fig. 7.EPCs differentiate into ENS-appropriate neuronal subtypes. 15-day- . o :
old colonies established from foetal (A-C) and postnatal (D-F) EPCs were dlfferentlat_lon was observ_ed n bOt.h types of cultures.
fixed and immunostained with antibodies for GFP (green; all panels) and THHOWeVer, in cultures maintained in the presence of
(red; A,D), VIP (red; B,E) and NPY (red; C,F). Subsets of neurons expressingDNF, neurites were dramatically longer and highly
these markers (arrows in all panels) were generated with similar efficienciesPranched. In contrast, in cultures maintained in defined
in both foetal and postnatal colonies. Arrowhead in A points to a neurite- ~ medium, neurons had relatively short and non-
bearing TH+ cell. branched axons (Fig. 8B-E). Taken together, these

Fetal

| Post-natal
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studies indicate that GDNF promotes the morphologica A Fetal Postnatal

differentiation of foetal and postnatal EPC progeny in a manne . ' '

similar to that of ENS progenitors (Taraviras et al., 1999 o0

Taraviras and Pachnis, 1999). iz & o 1
T8

EPCs differentiate into enteric neurons and glia :E:

upon grafting into foetal gut in organ culture

We next tested the ability of NLB cells to colonise foetal gut.
For this, manually cut pieces of foetal or postnatal NLBs wer:

40

304
labelled with Dil and grafted into the wall of guts dissectec 20-
from E11.5 wild-type mouse embryos and cultured 10-
organotypically for 4 days, as described previously 0-
(Natarajan et al., 1999). Emigration of cells from both foeta 10+
or postnatal NLBs was initiated within 24 hours of grafting R

Increase of
number of cells in colonies

TuJ1*
Total

and continued until an extensive halo of Dil-positive cells
formed around the site of engraftment (data not shown
Extensive migration of Dil-labelled cells was also observec
from foetal or postnatal NLBs grafted into guts isolated from
Ret~ mutant embryos, which fail to develop intrinsic enteric

% Decrease of
number of cells in colonies

neurons and glia. In addition, immunostaining of graftec i
mutant guts for TuJ1 or GFAP revealed the presence of larg o

numbers of neurons and glia in the domains that had bet
colonised by Dil-labelled cells (Fig. 9B and data not shown)
As expected, such differentiated cells were absent from nol | -GDNF || +GDNF
grafted mutant guts (Fig. 9A). These experiments indicate
that neuronal and glial cells originating in foetal and postnate
NLBs can colonise wild-type and aganglionic gut in orgar
culture.

The previous experiments did not allow us to determine

C
whether the NLB-derived neurons and glia detected in the gt
were generated from undifferentiated progenitors or pre
existed within the grafted NLBs. To test the ability of EPCs L
.

Fetal

to generate neurons and glia upon transplantation into the g
wall, GFP+ cells (20-30) isolated from foetal NLBs were
grafted into the stomach or intestinal wall of guts isolated fron
E11.5 wild-type embryos and maintained in organotypic
culture. After 14 days in culture, guts were fixed, sectione:
and processed for double immunostaining with anti-GFf
antibodies (to identify NLB-derived cells) and TuJ1 or GFAP
(to identify neurons and glia, respectively). As expected, n

GFP+ cells were pre;ent in - uninjected gut_s (Fig. QC.)Fig. 8. Effects of GDNF on the progeny of foetal and postnatal
However, GFP-expressing qells were detected in th‘? majoriypcg, (A) Day-5 clonal cultures of EPCs fixed and stained for H3p

of grafted guts (79%)=34; Fig. 9D). In most cases, single or or TyJ1. In the upper part of the graph, bars represent the percentage
small groups of GFP+ cells were detected at a distance frof¥crease in the number of H3p+ cells in the presence of GDNF

the site of injection. Furthermore, the emigrating GFP+ cellgelative to those present in control (absence of GDNF) culture

were often found in the appropriate location, namely withirconditions. In the lower part of the graph, bars represent the

the smooth muscle cell layers of the outer gut wall (Fig. 9D)percentage decrease in the number of TuJ1+ cells in the presence of
88% of the guts that were successfully transplante@)  GDNF relative to those present in control cultures. (B-E) GDNF also
with EPCs, also contained several GFP+/TuJ1+ cells (offomotes the morphological differentiation of EPC progeny

average 2-4 cells per section), while in 74% of these guts, vggﬂntamed in defined medium. Foetal (B,C) and postnatal (D,E)

Post-natal

: . . Cs were cultured for 4 days in complete NCSC medium.
also identified GFP+/GFAP+ cells (Fig. 9E.F). These dat ubsequently, they were cultured for a further 4 days in defined

indicate that foe_tal EPCs are capablg of .diﬁerentiating inFQnedium (NCSC medium lacking CEE, FGF and EGF) in the absence

neurons and glia upon transplantation into foetal gut ing p) or presence (C,E) of GDNF. GDNF promotes axonal growth

culture. and branching of neurons in both foetal and postnatal EPC colonies.
To examine the ability of postnatal EPCs to integrate into

the intrinsic ENS and differentiate into mature neurons and

glia, similar transplantation experiments were carried out usingddition, in 73% and 61% of the successfully transplanted
GFP+ cells isolated from postnatal NLBs. These experimeniguts, we observed GFP+ cells differentiating into neurons
established that, similarly to foetal EPCs, postnatal EPCs we(&FP+/TuJ1+) and glia (GFP+/GFAP+), respectively (Fig.
capable of colonising the gut (67%534) and migrating along 9K,L).

the anteroposterior and radial axis of the gut wall (Fig. 9J). In We also tested the ability of EPCs to colonise aganglionic
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gut in organotypic culture. For this, the gut Bet~k=  (Fig. 9I,N). However, we were unable to detect double
embryos was transplanted with foetal EPCs or postnatal EP@esitive GFP+/GFAP+ cells (not shown). In summary, our
and analysed by double immunostaining as above. We fourekperiments show that both foetal and postnatal EPCs have
that similar to the transplantations into wild-type gut, both thehe potential to colonise the wall of wild-type and aganglionic
foetal and postnatal EPCs were capable of recolonisingut. In addition, both types of progenitors can generate
aganglionic gut mesenchyme with an efficiency comparableeuronal and glial progeny upon transplantation into wild-
to those observed for wild-type gut (83%6 and 60%n=5, type gut wall. However, under our present experimental
respectively; Fig. 9H,M). Furthermore, both foetal andconditions, grafting into aganglionic gut resulted in the
postnatal EPCs were capable of differentiating into neurongeneration of neurons only.

EPCs can be generated from partially aganglionic

] / TUJI _] postnatal gut

Mice homozygous for the hypomorphic allele Biet
(miReP)) constitute a model for HSCR as they are
characterised by colonic aganglionosis (de Graaff et
al., 2001). To examine whether the apparently
normoganglionic small intestine ofiReb! neonates can
give rise to multilineage ENS progenitors upon dissociation
and culture, the outer muscle layers of the small intestine
from P2-8 miRebl homozygotes were dissociated and
cultured under standard conditions. Wild-type littermates
were used as controls. As shown in Fig. 10A,B, gut cultures

| [TU | [TUN ]| /T ]| GFP /

Fig. 9.EPCs colonise foetal
gut and have the potential to
generate neurons and glia.
(A,B) Dil-labelled pieces of
foetal and postnatal NLBs
were grafted into the wall of
gut dissected frorRet7k-
E11.5 mouse embryos and
maintained in organotypic
culture. A large number of
neurons and glial cells were
detected in the grafted gut (B) but were absent from
control mutant gut (A). Arrow in B points to the site of
NLB grafting in the stomach (s). Processing of guts for
immunostaining resulted in loss of Dil fluorescence.
(C-I) 20-30 foetal EPCs were grafted into the wall of
wild-type (D-F) orRet/*=(H-I) guts which were
subsequently cultured for 14 days. C and G are non-
grafted control guts. At the end of the culture period,
explant sections were immunostained for GFP (C-1)
and TuJ1 (C-E,G-I) or GFAP (F). Large numbers of
GFP+ cells were detected in the grafted guts (arrows in
D and H) but were absent from control guts (C,G).
GFP+ cells could be detected at relatively large
distances from the site of injection suggesting a
considerable migratory ability of grafted cells.
Neuronal progeny of EPCs (GFP+/TuJ1+ cells) were
detected in grafted wild-type and RET-deficient guts
(arrows in E and 1). However, GFP+/GFAP+ cells were
detected only in wild-type guts (arrows in F). Note the
virtual absence of endogenous TuJ1 signal from
sections oRet~*~guts (G). (J-N) Postnatal EPCs were
also introduced into wild-type (J-L) afbt-
homozygous (M-N) guts. Analysis of sections from grafted guts at the end of the
culture period indicated that GFP+ cells increased in numbers and colonised
relatively large segments of the grafted guts (arrows in J and M point to GFP+
cells). GFP+/TuJ1+ cells were detected in wild-type and RET-deficient gut
(arrows in K and N). However, GFP+/GFAP+ cells were only detected in wild-
type guts (arrow in L). Arrowheads in D, H and J show the site of EPC grafting.
s, stomach; i, intestine.

|

Wild type

Ret k-/k-

Wild type

Reti-
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cellular origin of EPCs in the cell culture system described
here. One possibility is that our protocol preferentially
expands a relatively small subpopulation of pre-existing
SOX10+/RET-/MASH1- cells which represent early
migrating vagal neural crest cells that persist in the mouse gut
throughout enteric neurogenesis. An alternative hypothesis
would be that our culture conditions reprogram a relatively late
ENS progenitor to acquire properties characteristic of an earlier

Fig. 10.Formation of NLBs fronmiReb! homozygous mice. precursor cell type. Such cell reprogramming has been
Postnatal gut was isolated from individual P2-8 mice bomiRef? observed in vitro before. For example, under certain culture
heterozygous parents, dissociated and cultured as described. conditions, oligodendrocyte precursor cells (OPCs) revert to
(A,B) NLBs containing large numbers of TuJ1+ and GFAP+ cells  self-renewable multipotential neural stem cells, which can
formed in gut cultures fromiRe#* animals. (C) In addition, generate neurons, astrocytes and oligodendrocytes (Kondo and

retroviral transduction of NLBs resulted in the efficient isolation of
EPCs which generated neuron- and glia-containing colonies (a sect
of which is shown here).

Raff, 2000). It is therefore possible that signals in our cultures
Péprogram neural crest-derived cells in mouse gut to acquire
characteristics of NCSCs.

A characteristic property of NCSCs isolated from neural
from miReb homozygous mutants generated large numbers dfibe explants or prospectively identified from peripheral
NLBs with a time course similar to that of control cultures. Intissues at later stages of embryogenesis, is their ability to self-
addition, GFP-retrovirus transduction ahiRef? NLBs renew and generate similar multipotential progeny (Morrison
resulted in the efficient isolation of GFP-expressing cells whicket al., 1999; Stemple and Anderson, 1992). The ability of EPCs
in clonogenic assays were capable of generating neurons atedgenerate multiple lineages (in addition to the neuronal and
glia (Fig. 10C). These data suggest that the normoganglionglial ones) is currently unclear. A small percentage of
intestine of miRebl homozygous animals is capable of SMA+/GFP+ cells have been isolated from NLBs but the
generating EPCs with an efficiency similar to that of wild-typeability of EPCs to generate myofibroblasts [as is the case for
postnatal gut. other NCSCs (Morrison et al.,, 1999)] requires further
experimentation. The isolation of bipotential progenitors from
primary NLBs at relatively late stages of gut cultures and from

DISCUSSIOH _ ) secondary and tertiary NLBs, suggests the presence of self-
Properties of enteric nervous system progenitors renewing progenitors in these structures. Such progenitors
isolated from NLBs could divide asymmetrically to generate committed neurogenic

Using cultures of dissociated gut and retrovirus-mediated gerasd gliogenic precursors as well as bipotential progenitors
transfer, we have isolated mammalian ENS progenitors (EPCwsplated as EPCs. The presence of self-renewing progenitors in
capable of generating neurons and glia in vitro and upoNLB cultures is further supported by our recent data indicating
grafting into mouse foetal gut maintained in organ culturethat dissociation and replating of primary EPC colonies at
EPCs were isolated from both foetal gut and gut from animalslonal densities gives rise to neuron- and glia-containing
up to 2 weeks of age. With the exception of reducedecondary colonies. Although the formation of such secondary
proliferation rate of cells in postnatal EPC colonies relative t@olonies was inefficient (due primarily to failure of cells to
their foetal counterparts, the properties and the developmentrvive upon replating) we were able to reproducibly generate
potential of the two groups of progenitors were similar. four to five multipotential secondary colonies per experiment,
Our strategy for the isolation of EPCs was not dependent dhus establishing in principle the ability of EPCs to self renew
expression of cell surface or intracellular markers on EN$ vitro. These studies, together with recent experiments
progenitors; instead, it was based exclusively on the ability dhdicating that EPCs expresPhox2B (N.B. and V.P,,
neural crest-derived cells in the gut to maintain theiunpublished data), a locus encoding a homeodomain-
proliferative capacity and differentiation potential, leading tocontaining transcription factor necessary for the specification
formation of NLBs. However, gene expression analysis obf autonomic and enteric neural crest cells lineages (Pattyn et
EPCs and their progeny in clonogenic assays showed that thaly, 1997; Pattyn et al., 1999), suggest that EPCs are likely to
undergo changes in patterns of gene expression whiagkpresent self-renewing progenitors of the sympathoenteric
reproduce those observed in endogenous ENS progenitdiseage (Durbec et al., 1996).
(Young et al., 2003; Young et al., 1999). Thus, similarly to the In addition to reproducing stages of cell differentiation
early migratory vagal neural crest cells, EPCs expBesd0 observed for endogenous ENS progenitors, EPCs and their
but lack detectable levels of RET or lineage specificatioprogeny appear to respond to signals that play a critical role in
markers, such as MASH1 (SOX10+/RET-/MASH1-).mammalian ENS development. A series of studies have shown
However, shortly after plating, a subset of EPC progenyhat GDNF controls several aspects of mammalian ENS
express RET and MASH1 and differentiate into maturedevelopment by activating RET signalling in ENCCs and their
neurons. SOX10+/RET— progenitor cells had not beeprogeny (Taraviras and Pachnis, 1999). Among the known
identified previously in mouse embryonic or postnatal gut. Ireffects of RET activation are the proliferation of ENS
a recent study, Young and colleagues showed that the majorijpyogenitors, a response likely to determine the number of
of ENS progenitors expresdox10and Retat all embryonic  enteric neurons in the mature ENS (Gianino et al., 2003) and
stages examined [(Young et al., 2003; Young et al., 1999) artle morphological differentiation of ENCCs (Taraviras et al.,
personal communication]. This raises the question of th&999). Consistent with these studies, we observed that GDNF
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enhanced cell proliferation and reduced the percentage @f receptive to colonisation by EPCs. In addition, it is unclear
neurons in colonies of foetal and postnatal EPCs maintainet this point whether exogenous neurons can establish
in complete medium. However, GDNF promoted thefunctional synapses. Future in vivo transplantation experiments
morphological differentiation of neurons in the absence of CElnto aganglionic gut should address this question.
and other growth factors. These findings highlight the context- Upon transplantation into wild-type and aganglionic gut,
dependent outcome of RET activation (Barlow et al., 2003) andoth foetal and postnatal EPCs increased in number and
suggest that additional signalling molecules (such as thosmlonised regions of the host gut at relatively long distance
present in CEE) could modify the effect of GDNF on EPCsfrom the grafting site, suggesting that EPCs and their progeny
The exact cell type in EPC colonies that responds to GDNF isave the capacity to respond to migratory and proliferative
presently unclear. Our failure to det®stexpression in EPCs signals present in the intact gut wall. In addition, foetal and
shortly after their isolation suggests that the target of GDNPpostnatal EPC progeny differentiated into neurons and glial
are committed progenitors, such as the RET+ cells detecteglls upon grafting into wild-type foetal gut. Similarly,
after day 3 of culture and their differentiated progeny. This isieuronal differentiation of EPCs took place within the gut of
consistent with the idea that EPCs represent pre-enterRET-deficient embryos. However, we were unable to detect
progenitors similar to the early vagal neural crest cells thaEPC-derived GFAP+ cells in grafted aganglionic gut. The
migrate and proliferate independently of RET activationreasons for the absence of glial cell differentiation are currently
(Durbec et al., 1996; Taraviras et al., 1999), but are capable ohclear. It is possible that the endogenous neural crest-derived
generating progeny similar to the RET-dependent ENCCs. cells present in the gut of wild-type embryos provide critical
The suggestion that EPCs represent progenitors of thdiffusible or cell-cell contact signals that are necessary for glial
mammalian ENS is further supported by their ability tocell differentiation. Such signals, which could either be derived
generate neuronal subtypes normally encountered in enteffiom undifferentiated progenitors of enteric neurons or
ganglia. Nearly all colonies of EPCs, generated from eithedifferentiated neurons themselves, are expected to be reduced
foetal or postnatal stages, contained neurons that expressadhbsent in RET-deficient embryos which lack all neural crest-
NPY, VIP or CGRP. The generation of such neuronaberived cells in the gut. Consistent with this hypothesis is the
subtypes by foetal and postnatal EPCs is consistent witbbservation that gliogenesis in colonies of EPCs in vitro
birthdating studies which indicate that neurons expressing fallows extensive neuronal differentiation.
wide range of neurotransmitters and neuropeptides, including . ) )
those described here, are born between E9.5 and P15 (PhlRplication of EPC isolation for HSCR disease
et al., 1991). Expression of TH, a characteristic marker offeatment
adrenergic neurons, is normally restricted to a subset of foetAt present, the only definitive therapy for HSCR is surgical
ENS progenitors and mature neurons between E9.5 and El4é&section of the aganglionic gut segment and anastomosis of
and is absent from postnatal gut (Baetge and Gershon, 1988¢ residual bowel, which is generally successful in relieving
Baetge et al., 1990). Our findings that colonies generatetie immediate consequences of intestinal obstruction
from foetal EPCs produce TH+ neurons further argues thgBwenson, 2002; Tsuji et al., 1999). However, this approach is
these cells have a developmental potential similar to that @fssociated with short- and long-term morbidity and mortality
the endogenous ENS progenitors. However, similar numbeend in a relatively large fraction of patients severe dysmotility
of TH+ cells were also detected in colonies from postnatgbersists postoperatively and can last for years (Tsuji et al.,
EPCs. The reasons of this apparent discrepancy are currentl999). It is currently unclear whether such peristaltic
unclear. It is possible TH expression reflects themalfunction is due to the surgical procedure itself or results
reprogramming of postnatal cells to become similar to foetdfrom neuronal deficits of the ganglionated gut associated with
progenitors. Alternatively, the generation of TH+ neuronghe primary cause of aganglionosis. Therefore, we wished to
from postnatal EPCs results from the absence of a signal thadnsider the possibility of restoring peristalsis of aganglionic
is normally present in the late embryonic and posthatajut segments by transplanting ENS progenitors capable of
gut, and represses the expression of TH. Experimenferming a functional enteric plexus. According to one scenario,
are currently in progress to distinguish between thessuch progenitors could be derived from a small apparently

possibilities. normoganglionic gut segment of an affected individual and
autotransplanted into the aganglionic gut region. Prerequisites

Differentiation of foetal and postnatal EPCs upon for such procedure would be that (a) multipotential ENS

grafting into foetal gut in organ culture progenitors could be derived from small gut segments

Grafting of foetal and postnatal NLBs into the wall of foetal(possibly the size of a biopsy sample), and (b) such progenitors
gut maintained in organ culture resulted in extensiveould also be generated from the normoganglionic bowel
emigration of cells from the graft and invasion of thesegmentof an HSCR patient. We have used wild-type mice and
surrounding tissue. Such emigration took place in both wildan animal model of HSCR to address both issues. Our findings
type gut (not shown) and in gut from RET-deficient embryoshow that it is feasible to isolate neural crest-derived
which lack endogenous neural crest derivatives. Absence of @nogenitors capable of generating enteric neurons and glia. In
intrinsic ENS from the latter allowed us to establish that mangddition, it is likely that such progenitors can be generated
of the cells that emigrated from NLBs were mature neurondrom relatively small gut segments of foetal and postnatal gut.
and glial cells. These findings suggest that NLBs constitute Although in the present study we did not attempt to define the
repository of enteric neurons and glia that can be used smallest possible gut segment that could generate sufficient
colonise the wall of aganglionic gut. It will be interesting tonumbers of EPCs, we have isolated EPCs from whole as well
determine the developmental stages during which the gut wadk segments of E11.5 guts (Fig. 10 and data not shown). This
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together with the ability of EPCs to self-renew and proliferateaetge, G., Schneider, K. A. and Gershon, M. [1990). Development and

suggests that it is feasible to isolate EPCs form relative smallpersistence of catecholaminergic neurons in cultured explants of foetal
segments of human gut murine vagus nerves and bowBkevelopmenf10 689-701.
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