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The enteric nervous system (ENS) comprises a complex neuronal network that regulates peristalsis of the gut
wall and secretions into the lumen. The ENS is formed from a multipotent progenitor cell population called
the neural crest, which is derived from the neuroepithelium. Neural crest cells (NCCs) migrate over incredible
distances to colonize the entire length of the gut and during their migration they must survive, proliferate and
ultimately differentiate. The absence of an ENS from variable lengths of the colon results in Hirschsprung’s
disease (HSCR) or colonic aganglionosis. Mutations in about 12 different genes have been identified in HSCR
patients but the complex pattern of inheritance and variable penetrance suggests that additional genes
or modifiers must be involved in the etiology and pathogenesis of this disease. We discovered that Tcof1
haploinsufficiency in mice models many of the early features of HSCR. Neuroepithelial apoptosis diminished
the size of the neural stem cell pool resulting in reduced NCC numbers and their delayed migration along the
gut from E10.5 to E14.5. Surprisingly however, we observe continued and complete colonization of the entire
colon throughout E14.5-E18.5, a period in which the gut is considered to be non- or less-permissive to NCC.
Thus, we reveal for the first time that reduced NCC progenitor numbers and delayed migration do not
unequivocally equate with a predisposition for the pathogenesis of HSCR. In fact, these deficiencies
can be overcome by balancing NCC intrinsic processes of proliferation and differentiation with extrinsic
influences of the gut microenvironment.

INTRODUCTION

A normal functioning bowel requires the presence of a com-
plete enteric nervous system (ENS) throughout its entire
length. The mammalian ENS is derived from a migratory pro-
genitor cell population called the neural crest (1,2). More spe-
cifically, neural crest cells (NCCs) within the vagal region of
the neural tube (adjacent to somites 1—7) of embryonic day
(E) 9.0 embryos, delaminate and travel ventrally through the
embryo reaching the foregut by E9.5. During the next 5
days of embryogenesis, vagal NCC advance throughout the

entire extent of the bowel (3—6) and coalesce into discrete
ganglia that comprise the myenteric and submucosal plexi
(7). The absence of ganglia from variable portions of the
colon is a characteristic feature of Hirschsprung’s disease
(HSCR), a common human disease that affects 1:5000 live
births (8).

Insights into the etiology and pathogenesis of HSCR have
been obtained from analyses of NCC development in genet-
ically mutant mice and in neural tube ablation/grafting
experiments performed in avian embryos (8—14). These
experiments suggest that normal ENS formation depends
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upon a critical balance between NCC survival, proliferation,
differentiation and migration during all stages of ENS de-
velopment. Tight control of these processes ensures that a
sufficient progenitor cell pool enters the foregut at the
correct time and furthermore that the correct balance of
NCC proliferation and differentiation is maintained as
these cells migrate along the gut. This preserves a critical
number of dividing cells, which together with specific
cell-cell interactions established at the NCC migration
wavefront facilitates their advancement along the entire
length of the gut.

The NCC micro-environment plays a critical role in regu-
lating the extent of ENS formation through its influence on
NCC number and their colonization of the gut. Glial cell-
derived neurotrophic factor (GDNF) is a ligand for the recep-
tor tyrosine kinase (RET), and modulating the level of this
mesenchymal factor in vivo alters NCC survival, prolifer-
ation, migration and differentiation along the gut (15-21).
Extracellular matrix (ECM) components such as tenascin-C
and fibronectin that are present within the cecum and prox-
imal colon may also influence NCC migration and develop-
ment (22). Increased laminin is detected in the colon of
Endothelin3 (Edn3"")-deficient mice that exhibits perturbed
endothelin receptor B (Ednrb) signaling. Consequently, this
promotes neuronal differentiation at the expense of NCC mi-
gration (23,24) resulting in incomplete colonization of the
colon (25). Furthermore, age-dependent changes in the
ECM have been postulated to inhibit the migration of
Ednrb~'~ NCC along the colon beyond E14.5 (26). Consist-
ent with this idea, NCC invasion of the colon has been
shown to decrease with increasing age (25). These data
suggest that there is a limited temporal window available
for NCC colonization of the colon after which the environ-
ment becomes either non-permissive or less-permissive.

To date, over a dozen HSCR disease-associated genes
have been identified, with RET being the most significant
as it accounts for 50% of familial and about 20% of sporadic
cases (27). Mutations have also been described in the RET
ligands, GDNF and neurturin, in the co-receptor GFRa1, as
well as in endothelin-signaling genes, NRGI1, KBP,
L1-CAM and the transcription factors SOX10, ZEB2 and
PHOX2B (9,12,13,28—30). However, a large number of
HSCR cases are currently genetically undetermined. There-
fore, additional genes or modifiers must be involved in the
complex pattern of inheritance and variable penetrance
observed in HSCR. To this end, we have identified Tcofl,
which encodes a putative nucleolar protein known as
Treacle, as an important regulator of vagal NCC develop-
ment and ENS formation. Tcofl loss-of-function results in
a deficiency of vagal NCC and their delayed colonization
of the gut during early embryogenesis, which mimics the
early stages of HSCR. Surprisingly however, complete ENS
formation is achieved by E18.5. Consequently, we discov-
ered that precise regulation of progenitor pool proliferation
enables NCC colonization of the entire colon, beyond
stages that are typically considered to be less or non-
permissive. Thus, complete ENS formation depends upon a
critical balance between intrinsic and extrinsic signals that
regulate the survival, proliferation, migration and differenti-
ation of vagal NCC.
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RESULTS
Tcof1™'~ mice model features of HSCR

NCCs play essential roles in the development of craniofacial
structures, the outflow tract of the heart and other systems
such as the ENS. We have previously demonstrated that
Tcofl/TCOFI plays an important role in neuroepithelial cell
and NCC development with respect to craniofacial develop-
ment and pathogenesis of Treacher Collins syndrome
(31,32). Tcofl is widely expressed during embryogenesis
(31,33) and Tcofl '~ embryos die between implantation and
gastrulation which demonstrates that 7TcofI plays important
functions in many cell types. Haploinsufficiency of Tcof1/
Treacle however, primarily affects neuroepithelial cell and
NCC development. One logical explanation for these haploin-
sufficient effects is that Tcofl/Treacle has been shown both in
vivo and in vitro to play a critical role in regulating ribosome
biogenesis and cell proliferation. Thus, during early embryo-
genesis, the neuroepithelium proliferates rapidly while at the
same time generating an entirely new cell population; the
neural crest, which makes it particularly sensitive to the loss
of Tcofl/Treacle. Congenital defects that arise through defi-
ciencies in NCC are collectively termed neurocristopathies
and often multiple parts of the body are simultaneously
affected. Therefore, we explored the requirement for 7cofl
in the vagal NCC population that forms the ENS. To deter-
mine the extent of colonization of the gut by NCC in
E10.5-E14.5 embryos, we whole-mount immunostained wild-
type (TcofI™™) and TcofI™'~ guts with Tull, the neuronal
antibody specific to BIII-tubulin which labels cell bodies and
nerve fibers (Fig. 1). While TcofI™~ embryos are slightly
smaller than their wild-type counterparts, we observed no de-
velopmental delay. For these experiments, we size-matched
the guts in order to ensure that any changes we observed in
NCC reflected true ENS defects rather than effects caused
by any size difference between embryos. We also did not
observe any differences in the length of the gut tube. At
E10.5, NC-derived cells expressing TuJl were detected
within the esophagus, stomach and along most of the length
of the small intestine (SI) in TcofI ™" embryos. In contrast,
the migration wavefront was delayed in all of the Tcofl™
guts examined, such that NC-derived cells had advanced to
a maximum of only half the SI length. Furthermore, TuJ1+
neuronal cell bodies in the SI of TcofI™~ embryos were typ-
ically organized in thin chains with extensive fasciculation of
the nerve fibers, which is distinct from the widespread dis-
persed colonization observed in wild-type embryos (Fig. 1
and Supplementary Material, Fig. S1).

By E12.5, NC-derived cells had continued to travel along the
gut wall in Tcof1™" guts such that ~30% of the colon length
exhibited TuJ1+ staining (Fig. 1 and Supplementary Material,
Fig. S1). Moreover, NC-derived cells were arranged into a
dense network along the SI and throughout the cecum (Fig. 1).
In contrast, TuJ1+ cells were typically restricted to the SI and
concomitantly were absent from the cecum in 67% of
TcofI™~ embryos analyzed (n = 15; Supplementary Material,
Fig. S1). Cell bodies were more apparent within the SI of
Tcofl™'~ embryos with less fasciculation of nerve fibers
suggesting either reduced or delayed neuronal differentiation.
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Figure 1. Delayed NCC migration in E10.5, E12.5 and E14.5 TcofI™~ guts.
TuJ1 immunostaining of E10.5 whole guts shows that NC-derived cells have
colonized ~50% of the SI in Tcofl™~ guts in comparison with wild-type guts
where the migration wavefront is at the end of the SI (arrowhead). The cells
appear to have migrated collectively in a thick chain in the SI in Tcof1™~
guts rather than extending evenly across the entire wall of the gut in
TeofI''*. At E12.5, the migration wavefront is in the colon in Tcofl™™*
guts but has only reached the cecum in TcofI*’~ guts (arrowhead). There
appears to be reduced or delayed NCC differentiation in Tcof/™~ guts at
this stage. By E14.5, the characteristic network of NC-derived cells is
present along the entire length of the gut in TcofI™™ mice, while <50% of
TeofI™'~ guts contain aganglionic regions. A similar network is present in
the SI in both genotypes. ¢, colon; D, distal; si, small intestine; st, stomach.

As development proceeded, NCC continued to invade the
mesenchyme of the gut wall of both TcofI™™ and Tcofl™~
embryos. At E14.5, the entire colon length contained TuJl+
cells in Tcof1™* embryos (n = 18; Fig. 1 and Supplementary
Material, Fig. S1), and neuronal cell bodies and axons were

organized into a defined network in the SI (Fig. 1). All
TcofI™~ embryos examined contained an equivalent
network within the SI, despite the fact that only about 50%
of guts were completely colonized by NC-derived cells
(n = 23; Fig. 1 and Supplementary Material, Fig. S1). The
considerable delay in the colonization of the gut by NCC in
E10.5-E14.5 in Tcofl™’~ embryos is very similar to that
described in animal models of HSCR (34).

Neural tube apoptosis reduces the progenitor cell pool
in Tcofl*'~ embryos

The delayed and reduced colonization of the gut wall by NCC
in TeofI™ ™~ embryos could arise as a consequence of deficien-
cies in progenitor cell proliferation and survival. To test this
hypothesis, we co-immunostained cryosections of E9.5-
E10.5 TcofI™™ and TcofI™ embryos at the vagal neural
tube level (somites 1-7) with p75 to identify NCC and
either terminal dUTP nick end labeling (TUNEL) to mark
apoptotic cells or phosphoHistone H3 (pHH3) to determine
their mitotic index. These experiments revealed that the
neural tube (NT) in TcofI ™~ embryos is visibly smaller and
narrower than in Tcofl ™" embryos, however, no developmen-
tal delay was noted (Fig. 2A). Consistent with this, we
observed extensive TUNEL staining in the NT of TcofI™~
embryos compared with wild-type (n = 4 and 3, respectively;
Fig. 2A). Counting p75+ cells within these sections revealed a
40% reduction in the total numbers of NCC in Tcofl™~
embryos when compared with controls (Fig. 2B). However,
in contrast there was no difference in the small fraction of
TUNEL-positive NCC that had migrated from the NT into
the foregut (Fig. 2B). Similarly, there was no significant dif-
ference in the mitotic index of NCC that had migrated
towards and into the foregut (n = 3; Fig. 2B). Collectively,
these results show that the vagal NCC progenitor pool is con-
siderably diminished in TcofI™~ embryos as a consequence
of neural stem cell apoptosis within the NT.

NCC are less committed in TcofI*’~ embryos

To investigate whether TcofI haploinsufficiency alters the spe-
cification of the NCC that migrate towards and into the
foregut, we co-immunostained cryosections of E10 Tcofl™ ™
and Tcofl™~ embryos at the vagal neural tube level
(somites 1-7) with the ENS progenitor marker Sox10 and
the neuronal commitment marker, RET (Supplementary
Material, Fig. S2A). These experiments revealed a significant
reduction in the proportion of RET+ neural crest cells (RET+
Sox10+/Sox10+) within the foregut of TcofI™~ compared
with TcofI™ embryos (70 + 9.8% versus 91 + 2.5%, P =
0.002, n=3; Supplementary Material, Fig. S2B). Thus,
more multipotent progenitor cells enter the foregut in
TceofI™'~ embryos compared with wild-type animals.

Continued NCC migration in TcofI*’~ guts beyond E14.5

To ascertain whether the loss of Tcof! resulted in terminal
colonic aganglionosis later in development, guts were dis-
sected from E18.5 Tcofl™* and Tcofl™~ embryos and
TuJl-immunolabeled. NC-derived cells were present
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Figure 2. Neural tube apoptosis reduces the NCC numbers that migrate
towards and into the foregut in TcofI™™’~ mice. (A) Examination of apoptosis
and proliferation was Performed using immunostaining of cryosections of
TeofI™" and TeofI™~ embryos with the NCC marker p75 and either
TUNEL or pHH3, respectively. DAPI stained all nuclei. TUNEL staining
was observed in the neural tube of Tcofi™~ embryos which are also
smaller than their wild-type counterparts. No apparent proliferative differences
were observed between genotypes. (B) Histograms showing that NCC
numbers were reduced by 40% in Tcofl™~ embryos in comparison with
TeofIt'*. Similar percentages of apoptotic or proliferating NCC were found
between genotypes.

throughout the entire length of the colon in all of the wild-type
and mutant embryos examined (Fig. 3). This was a surprising
and unexpected finding as the colon is thought to become non-
permissive or less-permissive to NCC colonization after
E14.5. However, despite the fact that we observe a consider-
able delay in NCC colonization of the gut in Tcofl™~
embryos at E14.5, NCC are still capable of completing colon-
ization of the colon by E18.5. This challenges the dogma in
the field that there is a limited temporal window in which
NCC can colonize the full extent of the colon, the failure of
which manifests as HSCR.

Increased NCC proliferation and reduced neuronal
differentiation enable the continued advance
of NCC along the gut wall

To determine the mechanism by which NCC in Tcofl™~
embryos are capable of continued migration along the gut
tube beyond stages previously thought to be non-permissive,
we analyzed NCC proliferation and neuronal differentiation
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Figure 3. A complete ENS network is seen in Tcofl ™~ guts at E18.5. Tull
immunostaining of whole guts at E18.5 shows the ENS network within the
distal colon of E18.5 Tcofi™" and TcofI™  untreated and H,O,-treated
guts. D, distal.

at E11.5 when NCC were colonizing the cecum and at
E13.5 during their advance along the colon. The proportion
of proliferating NCC at E11.5 was scored in TcofI™" and
Tcofl™~ size-matched whole guts co-immunostained with
p75 and either pHH3 or an antibody to detect BrdU incorpor-
ation (DNA synthesis label). The proportion of dividing NCC
was quantified at both the migration wavefront and along the
SI (Fig. 4A and B). At this stage, an equivalent proportion
of dividing NCC was observed at both the wavefront and
along the SI using both pHH3 and BrdU labeling in wild-type
guts (11.6 + 2% versus 11.5 + 2% for pHH3 and 50.8 + 2%
versus 53 +2% for BrdU, respectively). However, we
observed a significant increase in the percentage of proliferat-
ing NCC at the migration wavefront in TcofI ™~ guts using
both pHH3 (16.9 + 2% versus 11.6 + 2%, P = 0.002, n = 4;
Fig. 4A) and BrdU labeling (58.5 + 4 versus 50.8 + 2, P =
0.001, n =4 and 7, respectively; Fig. 4B). In contrast, no dif-
ference in NCC proliferation was observed along the length of
the SI (Fig. 4A and B). Examination of neuronal differenti-
ation was also performed at E11.5 via co-immunostaining
TcofI™ and Tcofl™~ guts with p75 and TuJl. Again, we
noted a similar percentage of NCC-expressing TuJl at both
the migration wavefront and along the SI in wild-type guts
(19.9 + 3% versus 18.6 + 4%). Although, a significant reduc-
tion in the extent of neuronal differentiation both at the migra-
tion wavefront (5.8 + 3% versus 19.9 + 3%, n=15 and 7,
respectively; Fig. 4C) and along the length of the SI (8.3 +
2% versus 18.6 + 4%; Fig. 4C) was counted in TcofI™~ com-
pared with TcofI™ embryos. The reduced neuronal differen-
tiation detected with TuJl was also reflected in a smaller
fraction of p75+ cells expressing RET scored in cryosections
of the gut at this same stage (Supplementary Material,
Fig. S2B). This indicates that NCC at the wavefront in
Tcofl™~ embryos exhibit increased proliferation at the
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Figure 4. Increased proliferation at the NCC migration wavefront and reduced neuronal differentiation along the gut at E11.5 in TcofI™ ™ embryos. Immunos-
taining of E11.5 whole guts with p75 (red) and either pHH3 (green) or BrdU (green) revealed no difference in proliferation between genotypes along the intes-
tines. Dividing cells can be identified by the presence of green staining in the nucleus. However, a significant increase in NCC proliferation at the migration
wavefront was counted in TcofI™~ embryos compared with wild-type. Reduced neuronal differentiation was scored throughout the intestines in Tcof/™ ™~ com-
pared with TeofI™" guts immunostained with p75 (red) and TuJl (green). *P < 0.05 (Student’s #-test).

expense of differentiation and this may account for their cap-
acity to colonize the entire extent of the colon.

Unlike what we observed above, by E13.5, the proportion of
dividing NCC was significantly increased at the migration
wavefront compared with the SI in wild-type guts (43 + 2%
versus 22 + 2%, P =4.9x 10_6). In addition to this, and con-
sistent with what we had seen earlier, NCC proliferation was
increased at the migration wavefront in the colon of E13.5
Teof1™~ embryos compared with control TcofI™ ™+ embryos
(50 + 5% versus 43 + 2%, P = 0.04, n = 4; Supplementary
Material, Fig. S3). In contrast, equivalent proportions of pro-
liferating NCC were observed along the SI in comparisons
between wild-type and mutant embryos (28 + 5 versus 22 +
2, P=10.07; Supplementary Material, Fig. S3). Analysis of

differentiation at this stage using co-immunostaining of
whole guts with p75 and the neuronal marker, Hu showed a
significant decrease in the percentage of NCC labeled with
Hu at the migration wavefront compared with the SI in wild-
type guts (12.9 + 2% versus 18.5 + 2%, P = 0.01). When we
compared the neuronal differentiation at the migration wave-
front between size-matched mutant and wild-type guts, we
found a reduction in the percentage of NCC labeled with Hu
in Tcofl™~ when compared with TcofI ™™ guts (7.5 + 1%
versus 12.9 + 2%, P = 0.003, n = 4; Supplementary Material,
Fig. S3). In contrast, similar levels of neuronal differentiation
were detected along the length of the SI between animals
(15.8 £+ 1 versus 18.5 + 2, P = 0.09; Supplementary Material,
Fig. S3) reflecting the comparable TuJl staining densities
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observed at E14.5 (Fig. 1). Therefore, the balance of increased
NCC proliferation at the migration wavefront both at E11.5
and E13.5, together with reduced neuronal differentiation
throughout the gut at E11.5 and at the wavefront at E13.5 in
TcofI™'~ embryos, ensures that despite the initial reduction
in the size of the progenitor pool that migrates into the
foregut, a sufficient number of proliferating NCC are main-
tained that are capable of colonizing the gut wall at later
developmental stages.

Manipulating the progenitor cell pool size in Tcofl*'~
embryos

Tcof1 haploinsufficiency alone appears insufficient to cause
aganglionosis. However, the considerable initial retardation
in the extent of migration and colonization of the gastrointes-
tinal tract in Tcofl™’~ embryos is similar to that observed in
mouse models of HSCR (34). Furthermore, diminishment of
NCCs via neural tube ablation experiments in avians results
in the absence of the ENS in the hindgut, mimicking the
HSCR phenotype in humans (2,35—-37). Moreover, analyses
in avian embryos have suggested that only a minimal
number of NCC is required to successfully complete coloniza-
tion of the entire gut (35). Therefore, we hypothesized that
Tcofl/Treacle may be a modifier of or be sensitive to condi-
tions that promote the pathogenesis of colonic aganglionosis.
It is therefore formally possible that the colon is successfully
colonized by E18.5 in TcofI ™~ mice because the 40% reduc-
tion of NCC numbers in these mice does not reduce the pro-
genitor cell pool below a critical minimal level or ‘tipping
point’ (Fig. 2B). In order to reduce the NCC numbers
further in Tcof/™ mice, and test the hypothesis that a
minimal number of NCC are required for complete coloniza-
tion of the gut, we exposed TcofI™~ embryos to oxidative
stress. NCC cultures have been reported to be devoid of sig-
nificant superoxide dismutase activity (38), such that exogen-
ous oxidation preferentially affects NCC survival and
proliferation (39). Therefore, we injected pregnant mice with
either phosphate-buffered saline (PBS) or the oxidant, hydro-
gen peroxide (H,0,), beginning at E7, prior to vagal NCC for-
mation and delamination. Subsequently, guts were harvested
from treated embryos at E11.5 and the extent of ENS forma-
tion was examined. Analysis of TcofI*’~ guts using p75
and Tull revealed that 67% of those harvested from H,O,-
injected mice (n = 8/12; Fig. 5) exhibited a migration delay
when compared with only 47% of Tcofl™~ guts treated
with PBS (n=9/19; Fig. 5). Thus, exogenous oxidative
stress enhanced the frequency of retarded NCC migration
and perturbed ENS formation. In addition, there was a statis-
tical difference in the location of the caudal-most NCC in
TeofI™'~ guts from mice treated with H,O, when compared
with PBS (P = 0.005), with the NCC migration wavefront
being more severely retarded in guts of H,O,-treated
Tcofl™’~ embryos (Fig. 5).

Since H,O, exacerbated the retardation of NCC coloniza-
tion of the gut in TcofI™~ embryos when compared with
PBS injected or untreated Tcof! ™~ mice, we examined
whether this effect was due to a further reduction in the size
of the progenitor cell pool in these mice. Embryos from H,O,-
injected mice were harvested at E9.5—-E10 and cryosections of
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the wvagal neural tube level (somites 1-7) were
co-immunostained with p75 and either TUNEL or pHH3 as
described above (Supplementary Material, Fig. S4A). Quanti-
fication of p75+ cells revealed about a 60% reduction in the
NCC progenitor cell pool in TcofI™~ embryos treated with
H,0, compared with wild-type littermates (Supplementary
Material, Fig. S4B). This is reflected in the smaller number
of NCC around the foregut (Supplementary Material,
Fig. S4A). TUNEL staining was again apparent within the
NT of only Tcofl™~ embryos (Supplementary Material,
Fig. S4A) and analysis of the NCC that had migrated
towards and into the foregut revealed no difference in the pro-
portion of TUNEL+ NCC in comparisons between H,O,-
treated wild-type and Tcofl™~ embryos (4.2 + 0.9% versus
4.2 + 0.5%, n =4 and 5, respectively; Supplementary Mater-
ial, Fig. S4B). However, there was a statistically significant in-
crease in the number of apoptotic NCC in H,O,-treated
Teof1™’~ embryos when compared with untreated Tcofl™~
embryos (4.2 + 0.5% compared with 3.3 + 0.3%, P = 0.04;
compare Supplementary Material, Fig. S4B with Fig. 2B). Al-
though a similar NCC mitotic index was observed in H,O,-
treated wild-type and TcofI ™~ embryos, this was significantly
reduced in comparison with untreated TcofIt'* (3.7 + 1%
versus 11 + 1.4%, P =0.0005; compare Supplementary
Material, Fig. S4B with Fig. 2B) and untreated Tcofl™~
(4.3 + 1% versus 9.3 + 0.9%, P = 0.002; compare Supple-
mentary Material, Fig. S4B with Fig. 2B) embryos. Thus,
exogenous oxidative stress compromises survival in
TeofI™’~ and proliferation in both wild-type and Tcof1™'~
embryos; however, Tcofl™’~ embryos are more sensitive to
oxidative stress as they exhibit an exacerbated 60% reduction
in NCC required to colonize the gut and form the ENS.

Complete ENS formation in Tcofl™~ despite severe
reduction in NCC numbers

The extensive reduction in initial NCC numbers in H,O,-
treated TcofI™’~ embryos due to increased apoptosis and
reduced proliferation en route to the foregut is associated
with significantly retarded colonization of the intestine at
E11.5. However, TuJl staining of guts in E18.5 Tcofl™~
and wild-type mice treated with H,O, showed a similarly
complete ENS network throughout the entire length of the
colon (n=10; Fig. 3). Interestingly, progenitor cell pool
size reductions of the magnitude observed in H,O,-treated
Tcofl™~ mice have previously been reported in other
mouse mutants to result in almost complete intestinal agan-
glionosis (40). However, despite a nearly two-thirds reduction
of NCC in H,O,-treated Tcof1+/ ~ embryos, these residual
cells are still capable of completing colonization of the
entire colon and forming a complete ENS during embryonic
development.

Increased NCC proliferation and reduced neuronal
migration in H,O,-injected TcofI™’~ embryos maintain

a sufficient progenitor cell pool

To understand why the gut is completely colonized at E18.5 in

H,0,-injected Tcof1 +~ embryos, we analyzed NCC prolifer-
ation and neuronal differentiation at E11.5 using p75 and
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Figure 5. Oxidation treatment reduces the NCC migration in TcofI™ ™ guts. Injection of pregnant females with 1% H,O, prior to NCC delamination results in
reduced NCC colonization of the gut in Teof/ ™~ mice compared with wild-type and PBS-injected Tcof! ™~ embryos. Immunostaining of E11.5 TcofI " and
TcofI™~ whole guts with p75 (red) and TuJ1 (green) showed a migration delay in 47% of TcofI™ ™ injected with PBS which increased to ~70% in H,O,-treated
embryos. The percentage of SI and colon length colonized by NCC is represented by arrows. The number of guts with NCC at this position is above the arrow.

(+/4), Teof I7F; (+/=), TeofI*'~.

either BrdU or TuJl. A similar effect on NCC proliferation
was seen in these guts as detected previously in untreated
embryos where there was a greater percentage of BrdU+
NCC only at the migration wavefront in Tcofl ™~ embryos
compared with guts in H,O,-treated TcofI™* embryos
(58.6 + 7% versus 47 + 5%, P =0.05). No difference in

proliferation was observed along the SI (47 + 8% versus
47 + 3%). However, neuronal differentiation was significantly
reduced in guts from H,O,-treated TcofI™~ embryos when
compared with controls both at the migration wavefront
5.5+ 1% versus 16 £ 0.5, P=2x10"") and along the
length of the SI (6 + 1% versus 15.7 + 4%, P = 0.002).
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E14, was increased in this region in TcofI™ colon in comparison with TcofI™*'*. P, proximal; D, distal.

Thus, despite the dramatic effects of H,O, on the NCC pro-
genitor pool and exacerbated retardation of gut colonization
in TcofI™~ embryos, increased NCC proliferation at the mi-
gration wavefront and an overall reduction in neuronal differ-
entiation facilitate the eventual—albeit delayed—formation of
a complete ENS.

Changes in ECM molecules in TcofI™'~ guts

Since temporal changes in the gut microenvironment may
affect NCC migration along the colon (25,26), we examined
the expression of the cell adhesion molecules, laminin
and B1 integrin in the colon of E13 and E14 TcofI™™" and
Teof IV~ embryos. Laminin was detected in the basal
laminae around the epithelium, around blood vessels and in
the serosal layer along the length of the colon and the intensity
of staining appeared to be stronger and more diffuse in the
serosal layer of Tcofl™~ embryos when compared with
TcofI™™ controls (Fig. 6). At E13, Bl integrin expression
was observed across the colon with higher levels around
blood vessels. Subsequently, the expression of Bl integrin
increases with developmental age such that the staining is
greater at E14, especially in the terminal colon (Fig. 6). Initial-
ly at E13.5, less B1 integrin expression was detected in the
proximal colon of Tcofl™~ embryos when compared with
TcofI ™'+ embryos (38 + 2 versus 51 + 1 mean pixels/mea-
sured area; Fig. 6). However, by E14.5, expression in the

proximal colon was noticeably higher in the Tcofi™~
embryos when compared with wild-type. In contrast, 1 integ-
rin levels in the distal colon were comparable between mutants
and controls (89 + 2 versus 71 + 2 mean pixels/area mea-
sured, Fig. 6). Thus, we observed an increase in laminin
expression throughout the colon during development in
TcofI™~ embryos compared with wild-type. However, the
change in B1 integrin expression between the genotypes was
restricted to the proximal colon, where it had previously
been shown to be required to modulate the effects of
tenascin-C and fibronectin (22). Although the activity of
laminin and B1 integrin dynamically changes in the gut
throughout embryogenesis and there are spatially quantitative
differences between wild-type and Tcofl™ ™ individuals,
neither molecule is absent. Thus, the extracellular matrix
molecules appear not to play a critical role in regulating
NCC colonization of the colon in Tcofl™~ embryos.
Rather, TcofI™~ appears to be an important regulator of
vagal NCC number and ENS formation via its effects
on vagal NCC formation, survival, proliferation and
differentiation.

DISCUSSION

In this study, we have identified TcofI as a novel key regulator
of vagal NCC development. Tcof! *~ mice exhibit many of
the early developmental features of HSCR. We show that
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neuroepithelial apoptosis reduces the progenitor cell pool in
Tcofl™~ mice resulting in delayed NCC migration along
the gut from E10.5 to E14.5. This phenotype is very similar
to that previously characterized in other animal models of
HSCR. However, we report for the first time in mammalian
ENS development, increased proliferation at the NCC migra-
tory wavefront which enables the maintenance of a sufficient
progenitor cell pool capable of continued advance along the
colon and beyond stages at which the gut microenvironment
is considered to be non-permissive or less-permissive to NCC.

Unlike many animal models of HSCR, where ENS progeni-
tor cell numbers are reduced by apoptosis during their migra-
tion into the foregut (40—43), loss of Tcofl causes NT
apoptosis thereby preventing the formation and delamination
of sufficient numbers of NCC. A similar mechanism has
been shown to underlie the cardiac phenotype observed in
Pax3~’" mice (44—46) and it may also contribute to the
almost complete aganglionosis observed in these mice as
well (47). HSCR is a multigenic disorder, however, mutations
in known HSCR-associated genes account for <50% of
reported cases. Furthermore, not only are the genetics of
HSCR complex but they are also not strictly Mendelian. In
addition, incomplete penetrance, inter- and intrafamilial vari-
ation are commonly observed as part of the condition. Thus,
there is an increasing body of evidence that points towards
interactions between known HSCR susceptibility genes and
modifier genes. Interestingly, both Tcofl and Pax3
loss-of-function induces p53-dependent cell death (32,44).
Therefore, it will be interesting in the future to test whether
Tcofl might act as a modifier of colonic aganglionosis in
the manifestation of HSCR through a synergistic interaction
with Pax3.

In an effort to determine whether complete ENS formation
observed within Tcof1™~ embryos was due to the fact that the
progenitor cell pool had not been sufficiently reduced below a
critical threshold level or ‘tipping’ point, we treated mice with
the oxidizing agent H,0O,. Oxidation has previously been
shown to induce apoptosis in migrating NCC, thereby redu-
cing the total cardiac NCC pool (39). We observed equivalent
effects in our studies as evidenced by a significant increase in
TUNEL+ NCC migrating towards and into the foregut of
Teof1™~ embryos treated with H,O, compared with untreated
mice. However, unlike the previous report (39), no significant
apoptotic effect was apparent in wild-type embryos. In con-
trast, however, we did observe reduced proliferation of
p75+ cells migrating towards and into the foregut within
these embryos. The defects in cardiac NCC development eli-
cited by oxidation were attributed to decreased Pax3 expres-
sion (39), however, we observed no change in Pax3 levels in
TcofI™~ embryos. Nonetheless, the sensitivity of Tcof1™ ™~
embryos to exogenous oxidation and the similar apoptotic
effects of oxidation on cardiac and vagal NCC in Pax3™~
and TcofI™’~ embryos heighten the potential for synergistic
interactions in ENS formation and the pathogenesis of HSCR.

Complete ENS formation along the entire length of the gut
requires a critical number of NCC and proliferation is a crucial
regulator of this process in both avians and mice (15,35,48—
50). Differential proliferation has been reported at the migra-
tion wavefront of cranial and enteric NCC in avian embryos
(49-51). However, this may be species-specific, as we and

others have previously documented no significant differences
in NCC proliferation rates in different gut regions of E11.5
and E12.5 wild-type mammalian embryos (52,53). It is also
possible that the differences observed between the mouse
and avian gut data could arise from technical differences in
the way that the experiments were performed. The avian gut
analysis was performed on explant cultures which do not
grow significantly during the period of investigation, while
mouse data were collected from guts that were dissected
from embryos that were growing during the normal process
of development.

We did, however, discover inverse differential proliferation
and differentiation between the migration wavefront in the
colon and along the SI at E13.5, such that the proliferation
was increased, while the differentiation was decreased at the
migration wavefront compared with the SI. This might be rea-
sonably expected as the SI is completely colonized at this
stage with neuronal differentiation well underway, while
NCC are still migrating along the colon. Despite the initial re-
duction in NCC numbers that enter Tcof1™~ foreguts and the
additional dramatic effect of oxidation on this population,
increased NCC proliferation at the migration wavefront main-
tains a sufficient progenitor cell pool enabling the eventual and
complete colonization of the gut in untreated and H,O,-treated
TcofI™~ embryos.

The capability of NCC to completely colonize the gut at late
developmental stages in TcofI™’~ embryos is drastically dif-
ferent from the results observed when the initial population
of progenitor cells is reduced within avian embryos
(2,35,54). In these experiments, NCC were delayed throughout
all the stages of development examined. They were halted spe-
cifically within the duodenum, equivalent to the anterior extent
of the Nerve of Remak resulting in almost complete intestinal
aganglionosis (2,35,54).

NCC proliferation and differentiation need to be tightly
coordinated during development to ensure a complete and
fully functioning ENS is established along the entire gut
wall. The consequence of a failure to maintain this critical
balance is evident in the many animal models of HSCR
(8,13,42). Therefore, delayed specification of the NCC in
TcofI™~ embryos as evidenced via reduced numbers of
RET+ progenitor cells located around the foregut together
with diminished neuronal differentiation of NCC within the
gut of Tcof1™~ embryos collectively contributed to the main-
tenance of a sufficient progenitor cell pool capable of contin-
ued advancement along the colon at later developmental
stages.

To date, only two other mutants, Gdnf ™~ and Llcam null
mice, have been reported to exhibit early NCC migration
delays, yet still complete formation of a proper ENS
(15,43,55,56). However, the migration delay in these mice is
not as extensive as that observed in TcofI™~ embryos as
NCC have colonized the cecum by EI12.5 in Gdnf and
Llcam mutants and this is not the case in Tcofl™~
embryos. The early ENS phenotype in TcofI ™'~ embryos is
in fact more similar to that described for endothelin signaling
loss-of-function mice (34,57—59), where NCC in about 70%
of cases examined at E12.5 have not entered the colon. It
has been proposed that the colonic microenvironment
becomes non-permissive or less-permissive to NCC migration



with developmental age since restricted migration of NCC into
aganglionic colon was seen at E14.5 when compared with
E11.5 (25). This change has been attributed to a temporal in-
crease in laminin expression during normal embryonic devel-
opment (26). Enhanced laminin expression was also detected
in Edn3 mutants when compared with wild-type guts (23,24)
and it has been proposed that laminin may restrict NCC migra-
tion with increasing neuronal differentiation. The expression
of B1 integrin also needs to be regulated in order to ensure
complete gut colonization as it is required to modulate the
effects of high levels of tenascin-C and fibronectin within
the cecum and proximal colon that may inhibit NCC invasion
(22). We observed spatiotemporal changes and differences in
laminin and PB1 integrin expression in the gastrointestinal
tract of Tcofl e embryos when compared with wild-type,
however, colonization of the colon well after E14.5 in
TcofI™~ embryos challenges the notion that the environment
of the gut becomes non-permissive to migration at any particu-
lar developmental stage. Our results therefore highlight the
importance of coordinately regulating NCC proliferation
with differentiation as modulating this balance can overcome
dramatic deficiencies in the initial vagal NCC progenitor pool.

Taken together, our data show that TcofI™~ mice model
many of the features of HSCR since apoptosis within the
NT reduces the pool of NCC progenitor cells that migrate
towards and into the gut in Tcofl™”~ embryos causing an
early developmental ENS defect. However, we demonstrate
for the first time that a sufficient pool of dividing progenitors
cells can be maintained within the gut through increased NCC
proliferation specifically at the migration wavefront in com-
bination with reduced neuronal differentiation. Together with
an appropriate colonic microenvironment, this enables the for-
mation of a complete ENS beyond developmental stages at
which the colon was considered to be non-permissive or
less-permissive to NCC. Therefore, we show that normal
ENS formation can be achieved by balancing NCC intrinsic
processes with those of the gut microenvironment. This
demonstrates the important role played by Tcofl/Treacle in
vagal NCC development and sets the stage for future investi-
gations of Tcofl as a novel modifier of colonic aganglionosis
in the pathogenesis of HSCR.

MATERIALS AND METHODS
Animals

All animal protocols were approved by the Institutional
Animal Care and Use Committee of Stowers Institute for
Medical Research. Genetic analysis was performed as detailed
previously (33); however, briefly, the severity and penetrance
of characteristic Treacher Collins syndrome facial defects in
Tcof1 heterozygous mice are dependent upon the genetic back-
ground. Therefore, consistent with previous studies (31,32,60),
we maintained the TcofI™ ™ line on a pure DBA background,
and then outcrossed to C57BL/6 in order to generate embryos
with the characteristic features of Treacher Collins syndrome.
Importantly, although the embryos analyzed were of mixed
DBA x C57BL/6 background, the characteristic mutant
phenotype was consistently reproducible with minimal inter-
embryo variability at each developmental stage and as
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previously reported, all neonates displayed gasping behavior
and abdominal distension and died within 24 h of birth.

Immunohistochemistry

Whole-gut immunolabeling was performed after dissection
from the embryo. Tissues were fixed for 2 h at room tempera-
ture (RT) in 4% paraformaldehyde in PBS before being rinsed
several times with PBS. They were incubated in blocking so-
lution (10% heat-inactivated sheep serum in PBS + 0.1%
Triton X-100) for 2 h at RT. Primary antibodies (see table)
in blocking solution were added overnight at 4°C. The follow-
ing day, they were rinsed in PBS three times for 5 min and
then for 1 h at RT prior to the addition of appropriate second-
ary antibodies (1:500 Alexa, Invitrogen; see Supplementary
Material, Table S1) diluted in blocking solution for 4 h at
RT. Guts were rinsed in PBS, mounted in Vectashield with
DAPI (Vector Laboratories) and analyzed using an LSMS5
PASCAL confocal microscope (Carl Zeiss). Composite
images were compiled using Adobe Photoshop software,
brightness and contrast may have been modified.

For immunolabeling 10 wm cryosections of whole embryos
or dissected guts, the slides were placed into blocking solution
for 30 min before being immunostained for 2 h at RT with the
primary antibodies (see Supplementary Material, Table S1).
After PBS washing, secondary antibodies in blocking solution
were added for 2 h at RT before rinsing in PBS and mounting
in Vectashield with DAPI (Vector Laboratories). Immunohis-
tochemistry with the Sox10 antibody was as described except
that the signal was amplified using DSB-X™ biotin donkey
anti-goat IgG (1:100, Invitrogen) and Streptavidin Alexa 568
(1:300, Invitrogen). Apoptosis was detected using the in situ
Cell Death Detection Kit Fluorescein (Roche) after the immu-
nostaining according to the manufacturer’s instructions. Mean
pixel intensity values were calculated using Image J software.

BrdU incorporation

BrdU (Sigma) was injected intraperitoneally (IP) (1 pl/g of
animal weight of a 100 mg/ml stock solution) into pregnant
mice. Embryos were harvested 45 min later, guts were dis-
sected and immunostained with p75 as described above.
They were then post-fixed in 4% PFA for 10 min and treated
with 2m HCI at 37°C for 30 min prior to the incubation
with the BrdU antibody.

Hydrogen peroxide treatment

IP injection of 1% hydrogen peroxide solution was given to
pregnant mice (10 pl/g of animal weight) once at E7, twice
at E7.5 with a 6 h time interval and then once at ES8.5.
Females were sacrificed at E10, E11.5 and E18.5 to determine
any effects of the treatment upon NCC death, proliferation and
colonization of the gut.

NCC death and proliferation analysis of sections

Apoptosis within the NCC that had migrated towards the
foregut was determined on sections of embryos from E9.5 to
E10.5. TUNEL/p75 double-positive cells were scored in 15
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cryosections of the embryo at the vagal neural tube level
(somites 1-7) and represented as a percentage of total
number of p75* cells. The mitotic index was defined in a
similar manner using pHH3"/p75™ cells shown as a fraction
of the total p75* cells. Data are mean + standard deviation
(SD). Statistical analysis was carried out using an unpaired
t-test and we considered P-values >0.05 not significant.

NCC proliferation and neuronal differentiation analysis
in whole guts

The extent of proliferation was determined at the migration
wavefront of NCC by counting double-positive pHH3/p75 or
BrdU/p75 of the first 50 p75" cells from the analysis of
1.5 wm optical sections collected using a 63X lens using a
LSMS PASCAL confocal microscope. Cell proliferation
along the SI was obtained by examining a minimum of four
regions along the entire length. Neuronal differentiation at
the NCC migration wavefront and along the SI was measured
at E11.5 and E13.5 as described above except that TuJ1/p75™
or Hu/p75™ cells were identified. Data are mean + SD. We
considered P-values >0.05 not significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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