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A highly complex network of intrinsic enteric neurons is required for the digestive and homeostatic functions 
of the gut. Nevertheless, the genetic and molecular mechanisms that regulate their assembly into functional 
neuronal circuits are currently unknown. Here we report that the planar cell polarity (PCP) genes Celsr3 and 
Fzd3 are required during murine embryogenesis to specifically control the guidance and growth of enteric 
neuronal projections relative to the longitudinal and radial gut axes. Ablation of these genes disrupts the nor-
mal organization of nascent neuronal projections, leading to subtle changes of axonal tract configuration in 
the mature enteric nervous system (ENS), but profound abnormalities in gastrointestinal motility. Our data 
argue that PCP-dependent modules of connectivity established at early stages of enteric neurogenesis control 
gastrointestinal function in adult animals and provide the first evidence that developmental deficits in ENS 
wiring may contribute to the pathogenesis of idiopathic bowel disorders.

Introduction
In the nervous system, fiber pathways often run along major 
developmental axes (1, 2). Nevertheless, the mechanisms that 
govern the geometric blueprint of emerging axons and their 
significance for connectivity and sensorimotor output remain 
unclear. The enteric nervous system (ENS) constitutes a network 
of interconnected ganglia, which are arranged radially through-
out the gut and integrate local and systemic signals to control 
gastrointestinal motility, secretion, and blood flow (3). In verte-
brates, the majority of enteric neurons and glia are derived from 
vagal neural crest cells which invade the foregut and, migrating 
rostro-caudally, uniformly colonize the entire length of the gas-
trointestinal tract (4). Considerable recent progress has identi-
fied a number of signaling pathways that control the migration 
of ENS progenitor cells and their differentiation into enteric 
neurons and glia (5). However, the organizing principles of enter-
ic connectivity and the mechanisms underlying the assembly of 
functional circuits from differentiated enteric neurons remain 
unclear. This can be traced to particular challenges presented by 
the ENS, such as a lack of recognizable topographic organization 
of the plethora of neuronal subtypes and the absence of predic-
tive rules that correlate subtype identity to postsynaptic targets. 
Despite the absence of an obvious anatomical and wiring logic 
of the ENS, enteric neuronal circuits regulate highly coordinated 
and stereotypic patterns of gut motility and secretion that are 
paramount to gastrointestinal function.

The importance of the ENS is highlighted by congenital and 
acquired conditions in which developmental failure (Hirschsprung 
disease, also referred to as HSCR) or secondary loss (e.g., Chagas 
disease) of enteric ganglia leads to severe gut dysmotility (6, 7). In 
addition to those conditions in which digestive abnormalities can 

be clearly ascribed to deficits in enteric ganglia, other often debili-
tating disorders characterized by disturbed intestinal motor func-
tion, such as chronic intestinal pseudo-obstruction or irritable 
bowel syndrome, present with either inconsistent pathology of the 
ENS or show no changes in the number or organization of enteric 
ganglia (8, 9). Although the pathogenesis of such idiopathic bowel 
disorders remains poorly defined, it has been suggested that they 
result from subtle changes in the biochemistry or connectivity of 
enteric neurons, which escape the scrutiny of currently available 
diagnostic procedures (10). Elucidating the developmental mech-
anisms that underlie the connectivity of enteric neurons is there-
fore crucial for a broader understanding of the physiological roles 
of the ENS in digestion and homeostasis and for exploring the 
pathogenetic mechanisms of congenital or acquired idiopathic 
gastrointestinal motility disorders.

Here we have combined in vivo and ex vivo physiological assays 
with gene inactivation and single-cell labeling to demonstrate 
that, in mice, the planar cell polarity (PCP) pathway controls gas-
trointestinal function by regulating the spatial organization of 
neuronal processes during gut organogenesis. Our studies identify 
critical regulators of ENS wiring in vivo and provide insight into 
the connection pathology that might underlie several idiopathic 
gut motility disorders.

Results
Celsr3 and Fzd3 are required for organization of the nascent neuronal 
plexus in the gut of mouse embryos. Previous studies have demon-
strated that several members of the Wnt family of morphogens 
are expressed in the gastrointestinal tract during embryogenesis 
(11). Our expression analysis of genes that are known to function 
downstream of Wnt signaling demonstrates that Celsr3 and Fzd3 —  
which encode, respectively, a cadherin adhesion molecule with 
a G-protein–coupled receptor domain (12) and a Wnt receptor 
(13) — are specifically expressed during embryogenesis in neu-
roectodermal derivatives of the gut (Figure 1). To begin explor-
ing the potential roles of these molecules in ENS formation, we 
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analyzed the nascent ENS plexus of Celsr3- and Fzd3-deficient 
mouse embryos (14, 15) using the pan-neuronal marker TuJ1 and 
the Wnt1-Cre/R26R-EYFP transgene combination, which drives 
expression of the fluorescent lineage reporter YFP in neural crest 
cell lineages (16, 17). No difference was observed in the distribu-
tion of GFP+ cells and TuJ1+ neurons in the gut of control (wild-
type or Celsr3+/– and Fzd3+/–) and homozygous mutant embryos 
at E12.5 or E14.5 (Figure 2, A–C, and Supplemental Figure 1). 
However, when we analyzed the spatial organization of develop-
ing enteric neuronal projections, we found that the prominent 
TuJ1+ bundles in the midgut of E12.5 control embryos (Figure 2D)  
were markedly reduced in number and thickness in Celsr3–/– and 
Fzd3–/– littermates (Figure 2, E and F). As a consequence, the neural 
network in mutant samples did not display the clear longitudinal 
predominance that was invariably observed in wild-type samples 
(see Methods and Figure 2, G–I). To further characterize this phe-
notype, we retrogradely traced subsets of neuronal processes by 
DiI application on whole-mount gut preparations from E12.5 
embryos. In control guts, the longitudinal processes extended 
for considerable distances from either side of the DiI applica-
tion site and ran parallel to the long axis of the gut (Figure 2J). 
In addition, neuronal cell bodies were evident only on the oral 
side (Figure 2J), consistent with the predominantly anal direction 
of enteric neuronal projections at this stage (18). DiI labeling of 
Celsr3–/– and Fzd3–/– guts identified fewer and shorter longitudinal 

processes (Figure 2, K and L), suggesting that the neurite 
network is disrupted. Similar defects in longitudinal tract 
formation and neurite organization were also observed at 
later developmental stages (E14.5 and P0) in both the mid- 
and hindgut of mutant embryos (Supplemental Figure 2).  
The severe reduction in DiI-labeled neuronal processes 
suggests reduced differentiation or defective neuritogen-
esis by immature enteric neurons. However, we found no 
differences in the proliferation (Supplemental Figure 3, 
A–D), neuronal differentiation (Supplemental Figure 3, 
E–H), or subtype specification (Supplemental Figure 3, I–P) 
of enteric neural crest cells between control and mutant 
embryos. Moreover, when placed in culture, mutant enteric 
neurons did not present any obvious defects in morphology 
or neuritogenesis (Supplemental Figure 4).

Celsr3 and Fzd3 specifically control the trajectory and growth 
of neuronal processes within the gut. To further enhance the 
resolution of our analysis, we introduced into the Celsr3 
and Fzd3 mutant backgrounds a transgenic combination 
(Sox10-iCreERT2;R26R-EYFP) that drives expression of YFP in 
multilineage progenitors of the ENS (19). By titrating this 
in vivo labeling system, we were able to visualize individ-
ual YFP+TuJ1+ enteric neurons and their principal projec-
tions throughout the midgut of E12.5 control and mutant 
embryos and determine their organization relative to the 
radial and longitudinal axes of the gut (Figure 3, A and B). 
In control guts, the vast majority of identifiable neuronal 
processes were directed anally parallel to the longitudinal 
axis. However, in both Celsr3 and Fzd3 mutants, a signifi-
cantly larger fraction of neural projections were arranged 
circumferentially or directed orally (Figure 3, C–I). In addi-
tion to the altered trajectory, Celsr3- and Fzd3-deficient 
enteric neurons had on average shorter primary neurites 
(Figure 3J), while a fraction of them acquired bipolar or 
multipolar morphology (Figure 3K). Taken together, these 

experiments demonstrate that Celsr3 and Fzd3 control the growth 
and spatial organization of primary neural processes of nascent 
enteric neurons during development.

To determine whether the aberrant trajectory and abnormal 
length of neurites of Celsr3-deficient enteric neurons could be 
rescued by wild-type enteric neural crest derivatives, we generated 
Sox10-iCreERT2;R26R-EYFP;Celsr3fl/– embryos, which allowed the 
conditional (upon administration of tamoxifen) ablation of Celsr3 
from a subset of neural crest progenitors and their simultaneous 
labeling with the fluorescent reporter YFP (20). Celsr3-deficient 
enteric neurons showed a significant decrease in the percentage 
of caudally directed neurites and a concomitant increase in cir-
cumferentially and orally projecting neurites (Figure 3, L–N). In 
contrast to the orientation, the length of YFP+Celsr3– neurites was 
unaffected (Figure 3O). These experiments show that Celsr3 is 
cell-autonomously required in enteric neural crest derivatives to 
control the spatial organization of neural projections within the 
gut and suggest that guidance and growth of neural processes are 
regulated by genetically distinct mechanisms.

Neural crest–specific inactivation of Celsr3 leads to functional abnor-
malities of the gastrointestinal tract. It is currently unclear whether 
connectivity in the ENS is based on a genetically controlled 
embryonic blueprint of neurite organization, or rather reflects 
the nonspecific adjustment of enteric circuitry to overriding func-
tional requirements of the postnatal gut. To address this question, 

Figure 1
Celsr3 and Fzd3 are expressed in the developing ENS. In situ hybridization 
histochemistry on serial transverse sections of E12.5 (A–C), E14.5 (D–F), and 
E16.5 (G–I) wild-type embryos using riboprobes specific for Ret (A, D, and G), 
Celsr3 (B, E, and H), and Fzd3 (C, F, and I). The distribution of Celsr3 and 
Fzd3 transcripts within the developing gut (arrows) is very similar to that of Ret 
mRNA, indicating that these genes are specifically expressed by enteric neural 
crest derivatives. Note that Cels3 and Fzd3 appear to label only a subset of 
cells marked with the Ret riboprobe. Scale bars: 100 μm.
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we assessed the consequences of the aberrant configuration of 
neurites in the gut of Celsr3- and Fzd3-deficient mouse embryos 
on functional output and organization of the ENS in 4-week-old 
animals. Since constitutive ablation of Celsr3 and Fzd3 results in 
perinatal lethality of mice (14, 15), we combined conditional and 
null alleles of Celsr3 (Celsr3fl/–) with the Wnt1-Cre transgene to spe-
cifically and efficiently delete the locus in neural crest lineages, 
including the ENS. At weaning (P21) Celsr3fl/–;Wnt1-Cre;R26R-YFP 
mutant mice (referred to hereafter as Celsr3|Wnt1) were present 
at the expected ratio, but their survival, size, and weight were 
consistently reduced relative to control littermates (Figure 4, A 
and B). In addition, macroscopic examination of the gastrointes-

tinal tracts of Celsr3|Wnt1 mice revealed abnormally contracted 
and dilated segments of the small bowel, localized accumulation 
of intestinal contents, and a higher number of smaller fecal pel-
lets (Figure 4, C and D). This phenotype was very pronounced 
in moribund animals, suggesting that altered gut function con-
tributes to the increased lethality of Celsr3|Wnt1 animals. To fur-
ther analyze the gastrointestinal motor activity in mutant mice, 
we assayed whole gut transit time with a nonabsorbable carmine 
red solution administered by oral gavage. Consistent with the 
observed abnormal gut morphology, the whole gut transit time 
of mutant mice was significantly slower compared with control 
littermates (Figure 4E). Finally, the weight and water content of 

Figure 2
Deficits in the organization of neuronal 
processes in Celsr3 and Fzd3 mutant 
guts. (A–C) Grayscale inver ted 
images of gut preparations from 
E12.5 control (A), Celsr3–/– (B), and 
Fzd3–/– (C) embryos immunostained 
for TuJ1. Arrows indicate the position 
of the most caudally located neurons. 
(D–F) High magnification of equivalent 
midgut areas from preparations shown 
in A–C. Red arrows in D indicate the 
prominent longitudinal tracts found in 
control midguts, which were absent 
in mutant embryos. (G–I) Analysis 
of the distribution of the developing 
neuronal plexus in either one of the 
12 directions (15° wide from –90° to 
+90°). The gray dotted line indicates 
the hypothetical case in which TuJ1+ 
neuronal tracts were organized ran-
domly (equal distribution over all bins, 
180°/12 = 0.083). A Gaussian fit was 
used to identify the dominant direc-
tion in each genotype. In mutants, 
the plexus orientation deviates less 
from the random order and is signifi-
cantly different from the control (N = 6  
per genotype). Two-way ANOVA,  
P < 0.0001; Bonferroni’s post-hoc test, 
*P < 0.05, **P < 0.01, and ***P < 0.001.  
(J–L) DiI tracing in control (J), Celsr3–/–  
(K), and Fzd3–/– (L) E12.5 midguts. Left 
and right panels indicate the rostral 
and caudal sides of tracings, respec-
tively. Note the dramatic reduction in 
the number and length of longitudinal 
projections and the number of cell bod-
ies (arrows) in mutant preparations. ca, 
caecum; hg, hindgut; mg, midgut; st, 
stomach. Scale bars: 500 μm (A–C), 
50 μm (D–F), and 100 μm (J–L).
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fecal pellets were consistently reduced (Figure 4, F and G). Based 
on these experiments, we suggest that neural crest–specific dele-
tion of Celsr3 leads to severe gastrointestinal dysfunction.

Genetic ablation of Celsr3 affects colonic motility. To investigate the 
role of Celsr3 in gastrointestinal physiology, we video recorded 
the spontaneous motility of colon preparations dissected from 
4-week-old control and Celsr3|Wnt1 mice. The resulting spatio-
temporal maps allowed us to characterize the colonic migrat-
ing motor complexes (CMMCs), which constitute spontaneous 
ENS-mediated anally propagating contractions generated in 
a recurrent fashion (21, 22). CMMCs recorded from colons of  
Celsr3|Wnt1 animals showed increased frequency and migrated for 
shorter distances relative to their counterparts in control prepara-
tions (Figure 5, A–F, and Supplemental Videos 1 and 2). Although 
CMMCs in Celsr3|Wnt1 colons had a tendency to propagate more 

slowly, the average speed was not significantly different compared 
with that of controls (Figure 5G). In addition to CMMCs, con-
trol colons showed occasionally short-lived orally propagating 
contractions. Interestingly, such contractions were more frequent 
and persistent in mutant colons (Figure 5, D and H). Both anally 
and orally propagating contractions were of neuronal origin, as 
they were abolished by the addition of the voltage-gated sodium 
channel blocker tetrodotoxin (TTX, 1 μM) (Figure 5, insets in C 
and D). To test the propulsion of luminal contents, colonic prep-
arations were challenged with an artificial pellet introduced into 
the proximal (caecal) end. In contrast to the control preparations, 
which reproducibly and effectively propelled the pellet toward the 
rectum, mutant colons repeatedly failed to generate peristalsis 
and often showed tonic contractile activity aborally to the luminal 
pellet (Figure 5, I–M, and Supplemental Videos 3 and 4). These 

Figure 3
Celsr3 and Fzd3 are required for guidance and growth 
of enteric neuronal projections. (A and B) Grayscale 
inverted images of a gut segment from a 4-OHT–
exposed Sox10-iCreERT2;R26R-EYFP embryo double 
immunostained for TuJ1 (A) and GFP (B). This trans-
genic combination allows untangling of the complex 
neuronal network (A) and characterization of the mor-
phology of individual GFP-labeled neurons (B, arrows). 
(C–E) Representative images of GFP-labeled enteric 
neurons in the gut of control, Celsr3-, and Fzd3-defi-
cient embryos. Indicated neurons project caudally (C), 
orally (D), or circumferentially (E). Neurons were identi-
fied and analyzed along the entire length of the midgut. 
(F–H) Distribution of angles formed between neurites 
and the longitudinal axis of the gut (n = 65). (I and J)  
Quantification of the directionality and length of neu-
rites in the gut of control and mutant embryos. (K) 
Quantification of neurons with unipolar and bi-/multi-
polar morphology (n ≥ 80). One-way ANOVA, P < 0.05; 
Bonferroni’s post-hoc test, *P < 0.05, **P < 0.01, and 
***P < 0.001. (L and M) GFP+ neurons in Celsr3fl/+ (L, 
control) and Celsr3fl/– (M) embryos transgenic for Sox-
10-iCreERT2;R26R-EYFP. Arrows indicate caudally (L) 
or circumferentially projecting (M) neurites. (N and O) 
Quantification of directionality and length of neurites in 
the indicated genotypes (n ≥ 107). Two-tailed Student’s 
t test, *P < 0.05, **P < 0.01, and ***P < 0.001. Scale 
bars: 200 μm (A and B), and 100 μm (C–E, L, and M).
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experiments suggest that Celsr3 activity is required for the elabo-
ration of enteric circuits that underlie the coordinated peristaltic 
activity of the gut.

Celsr3 activity is required for organization of the neuronal plexus of the 
gut. Several of the features of gastrointestinal physiology identi-
fied in Celsr3-deficient animals are evocative of the uncoordinated 
motor activity observed in idiopathic intestinal dysmotility syn-
dromes (23). Such syndromes, however, are associated with min-
imal or no changes in the organization of the enteric ganglionic 
plexus, thus thwarting efforts to demonstrate their neurogenic 
origin. Likewise, despite profound changes in the gastrointestinal 
physiology of Celsr3|Wnt1 mice, no obvious abnormalities in the 
overall organization of the myenteric and submucosal ganglia were 
observed in the ileum (Figure 6, A and B) and colon (Supplemen-
tal Figure 5) of these animals. In addition, the density of enteric 
neurons and the relative proportion of the neuronal nitric oxide 
synthase–expressing (nNOS-expressing) and calretinin-expressing 
subtypes, which represent the two main nonoverlapping neuronal 
subtypes in the mouse intestine (24), were similar between con-
trol and Celsr3|Wnt1 mutants (Figure 6, C–E, and Supplemental 
Figure 5). Furthermore, we observed no changes in the network 
of interstitial cells of Cajal and smooth muscle layers (Figure 6, 
A and B, and Supplemental Figures 5 and 6), consistent with the 
normal myogenic contractions (“ripples”) recorded in mutant 
colon preparations (Supplemental Figure 6). Nonetheless, upon 
careful examination of the myenteric plexus of Celsr3|Wnt1 mice, 
we found that the TuJ1+ interganglionic strands showed irregular 
trajectories and reduced thickness (Figure 6, F and G, and Sup-

plemental Figure 5). DiI tracing revealed that in controls, these 
strands were formed by fibers extending for considerable distances 
from the site of dye application and were predominantly aligned 
with the circumferential or longitudinal axes of the gut (Figure 6H  
and Supplemental Figure 5). In Celsr3|Wnt1 mutants, however, 
DiI-labeled fibers were reduced in number and length and their 
trajectory did not follow a clear orientation (Figure 6I and Sup-
plemental Figure 5). Interestingly, nNOS immunoreactivity was 
markedly decreased in the nitrergic interganglionic strands of 
Celsr3|Wnt1 mutants, whereas no difference was observed upon 
immunostaining for the vesicular acetylcholine transporter 
(vAChT) (Figure 6, J and K). This suggests that nitrergic intergan-
glionic strands, which in the mammalian ENS are mainly formed 
by axons of descending interneurons and inhibitory motor neu-
rons (24, 25), are selectively affected in Celsr3 mutants. Overall, 
these findings argue that Celsr3 activity is required for the organi-
zation of the enteric neuronal plexus in mammals.

Discussion
Assembly of diverse neuronal subtypes into ganglia and the growth, 
guidance, and branching of axons and dendrites are essential for 
the correct wiring of the peripheral nervous system in vertebrates. 
Neural crest cell migration and gangliogenesis have been studied 
extensively in the context of ENS development, but the mecha-
nisms that control axon guidance and connectivity of enteric neu-
rons remain poorly defined. Understanding such mechanisms is 
a crucial step for characterization of the wiring blueprint of the 
ENS and identification of pathogenetic cascades that lead to mam-

Figure 4
Neural crest–specific inactivation of Celsr3 
leads to deficits in gastrointestinal function. 
(A) Kaplan-Meier graphs of the survival of 
Celsr3|Wnt1 mutants and controls (N = 22 
and N = 46, respectively). Log-rank test, 
P < 0.001. (B) P30 Celsr3|Wnt1 mutants 
(Mut) are smaller relative to wild-type litter-
mates (Ctrl). Graphs indicating the weight 
increase of male and female Celsr3|Wnt1 
and control mice from P0-P84 (N ≥ 3 for 
each age). Two-way ANOVA, ***P < 0.001. 
(C and D) Photomicrographs of whole gas-
trointestinal tract preparations from control 
(C) and 2 Celsr3|Wnt1 mutants (D) at P30. 
Mutant guts are characterized by con-
stricted segments (arrows) which are often 
preceded by distended regions. Arrow-
heads in the colon indicate individual fecal 
pellets in control and mutant guts. (E–G) 
Gastrointestinal transit time (E) and weight 
of stools (F) and water content (G) of fecal 
pellets from control and Celsr3|Wnt1 ani-
mals (N = 15 and N = 11, respectively). Two-
tailed Student’s t test, *P < 0.05, **P < 0.01,  
and ***P < 0.001. Scale bars: 1 cm.
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malian gut dysfunction. By combining constitutive and cell type–
specific gene inactivation in mice with in vivo and ex vivo analysis 
of gastrointestinal physiology and high-resolution cell labeling of 
neural crest derivatives, we provide evidence that core components 
of the PCP pathway link the spatial organization of neuronal pro-
cesses at early stages of enteric neurogenesis to adult gut function.

Previous studies have suggested that the longitudinal arrange-
ment and anal orientation of enteric neuronal projections dur-
ing embryogenesis is associated with, and perhaps imposed by, 
the rostro-caudal migration of neural crest progenitors (18, 26). 
Our present findings demonstrate that Celsr3 and Fzd3 regulate 
the polarized organization of nascent neurites of enteric neurons 
directly and cell autonomously (in the case of Celsr3), thus pro-
viding for the first time evidence for a genetic cascade that con-
trols the blueprint of ENS wiring. Normal colonization of the gut 
in Celsr3- and Fzd3-deficient embryos suggests that these genes 
control the organization of neuronal projections independently 
of enteric neural crest cell migration. Nevertheless, our current 
data do not exclude the possibility that in addition to its effect on 
enteric neuronal projections, PCP signaling also regulates some 
aspect of enteric neural crest cell motility. Resolving this issue will 
require fluorescence videomicroscopy of neural crest cells in live 
gut preparations from wild-type and mutant embryos.

Earlier studies have demonstrated that Drosophila flamingo/starry 
night collaborates with frizzled to regulate PCP, a signaling pathway 
that aligns cells with their neighbors along body and appendicular 
axes (27, 28). In a similar manner, the mammalian orthologs of 
these genes, Celsr and Fzd, control the polarized organization of 

cells within fields of neural and non-neural tissues, often in a Wnt 
morphogen–dependent manner (14, 20, 29–34). Interestingly, the 
noncanonical Wnt5a morphogen is expressed in a graded manner 
along the embryonic gut (11) and is required for gut organogen-
esis in the context of body axis elongation (35, 36). These studies 
and our present work raise the possibility that Wnt5a, in addition 
to its role in intestinal organogenesis, serves as an upstream global 
polarizing signal for the ENS. We suggest that during enteric neu-
rogenesis, Fzd3 and Celsr3 function downstream of Wnt5a to link 
gut morphogenesis to the installation of neural circuits that con-
trol its physiological output.

Consistent with the altered arrangement of neuronal projec-
tions in Celsr3-deficient embryos, in adult conditional Celsr3 
mutant mice, longitudinal interganglionic neuronal strands 
were often reduced in thickness and followed irregular trajec-
tories. A major component of these tracts are axons of nNOS+ 
descending interneurons and inhibitory motor neurons which 
project caudally in the mammalian ENS (24, 25), suggesting that 
nitrergic innervation is affected in Celsr3 mutants. This idea is 
further supported by the observation that genetic ablation of the 
nNos locus or pharmacological inhibition of its product leads to 
increased frequency of CMMCs (37, 38), a phenotype shared by 
the Celsr3-deficient colonic preparations. Since nNOS+ enteric 
neurons are among the first to emerge in the ENS (18, 39) and 
their axons project longitudinally and caudally from the outset 
(18), we suggest that PCP signaling controls the correct spatial 
organization of the processes of early nitrergic neurons, which is 
subsequently required for the formation of functional neural cir-

Figure 5
Severe dysmotility of the large bowel of Celsr3|Wnt1 mice. (A–D) Video recordings of spontaneous motor patterns of colonic preparations from 
control and Celsr3|Wnt1 mice were analyzed using spatiotemporal maps (C and D; see also Supplemental Videos 1 and 2). Maximum dilation 
(white), maximum constriction (black), and intermediate levels of constriction (grayscale) are represented over time (downward). Images in A and 
B correspond to the dashed lines in C and D, respectively. CMMCs (white arrowheads) in mutant colons often stop prematurely (arrows in D). 
Red arrowheads in D indicate orally directed contractions. TTX abolishes contractions (insets in C and D) (N = 3). (E–G) Average frequency (E), 
length propagated (F), and speed (G) of CMMCs (N ≥ 11). Student’s t test, *P < 0.05 and **P < 0.01. (H) Proportions of preparations from control 
and Celsr3|Wnt1 mutant mice displaying 0, 0–3, and >3 orally propagating contractions within a 1,000-second recording. χ2 test, **P < 0.01. (I–L) 
Video recordings of distention-evoked motor patterns of control and Celsr3|Wnt1 colons were analyzed using spatiotemporal maps (K and L; 
see also Supplemental Videos 3 and 4). Images in I and J correspond to the dashed lines in K and L, respectively. The majority of mutant colons 
failed to generate efficient peristalsis and often showed tonic contractions aborally to the pellet (arrow in J). (M) Proportion of preparations that 
successfully propelled an artificial pellet. χ2 test, *P < 0.05. Scale bars: 150 seconds (vertical) and 5 mm (horizontal).
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cuits. Of course we cannot exclude the possibility that Celsr3 (and 
Fzd3) signaling directly controls the spatial organization of neu-
rites emerging from other neuronal subtypes or that this pathway 
controls other as-yet unidentified aspects of ENS connectivity at 
later stages. Stage- and neuronal subtype–specific ablation of the 
PCP genes will clarify these outstanding issues in the future. Nev-
ertheless, our current studies indicate that relatively simple and 
genetically hardwired modules of neurite organization positioned 
at a relatively low level in the hierarchical organization of the ENS 
emerge during embryogenesis and serve as building blocks for the 
formation of higher-order neural circuits that control intestinal 
motility and secretion, thus providing a framework for unraveling 
the daunting complexity of the mammalian ENS.

Intestinal peristalsis and effective propulsion of luminal con-
tents depend on the spatiotemporal integration of excitatory and 
inhibitory neural activity along the longitudinal axis of the gut. 
Our study provides evidence that the polarized physiological out-
put of the ENS in adult animals depends on the asymmetric orga-

nization of emerging enteric circuits during embryogenesis. In 
that respect, Celsr3 mutant mice represent novel genetic models 
in which gut motility deficits do not represent downstream sec-
ondary effects of defective gangliogenesis, as is the case for mouse 
strains presenting with congenital megacolon (40–43); rather, 
they are the direct consequence of selective and subtle alterations 
of ENS wiring. Gastrointestinal motility disorders, including 
intestinal pseudo-obstruction and functional bowel disorders, 
are often associated with dysmotility, changes in transit time, 
and uncoordinated propulsive activity (23, 44). Although such 
conditions often lead to serious disability, no clear evidence of 
pathological changes in neuronal or non-neuronal gut tissues has 
been consistently observed in these cases (9, 45). Nevertheless, the 
clinical presentation of these conditions is indicative of altered 
ENS function and suggests that at least some of these cases 
might result from subtle abnormalities in the underlying enteric 
circuitry. Based on the evidence we present here, we suggest that 
changes in the activity of conserved PCP genes in humans lead to 

Figure 6
Subtle deficits of fiber tracts in the ENS of Celsr3|Wnt1 mice. (A and B) Control and Celsr3|Wnt1 ileum immunolabeled for GFP (green), c-Kit 
(red), α-SMA (blue), and counterstained for DAPI (gray). (C and D) Myenteric ganglia from control and Celsr3|Wnt1 mice immunostained for 
HuC/D (magenta) and nNOS (green, C), or calretinin (green, D). (E) Density of HuC/D+ neurons and proportion of nNOS+ and calretinin+ neurons 
in the gut of control and Celsr3|Wnt1 mice (n ≥ 1,200). The Student’s t test was nonsignificant. (F and G) Grayscale images of myenteric plexus 
from control and Celsr3|Wnt1 mice immunostained for TuJ1. The longitudinal trajectory of TuJ1+ interganglionic strands is often lost in Celsr3|Wnt1 
mutants (G). (H and I) DiI tracing of adult myenteric plexus from gut preparations that correspond to F and G, respectively. Images in H and I 
correspond to the boxed areas of the insets. (J and K) Triple labeling of myenteric plexus for nNOS (red), vAChT (green), and HuC/D (blue). In 
mutants, longitudinal nNOS+ strands were reduced in number and thickness (arrows), while vAChT+ fibers were unaffected. cm, circular muscle; 
lm, longitudinal muscle; mu, mucosa. Scale bars: 50 μm (A–D), 200 μm (F–K), and 500 μm (H and I insets).
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DiI labeling. Adult myenteric plexus preparations and embryonic guts were 
fixed in 4% (w/v) PFA and 0.1% (w/v) EDTA in PBS at 4°C for 30 minutes 
and 2 hours, respectively. Tissues were anchored to Sylgard-coated (Dow 
Corning) dishes using 0.2-mm insect pins by pinning the edges of the mus-
cle strips (adult preparations) or the stomach and caecum (embryonic guts) 
to the dish. An additional pin that was dipped in DiI tissue-labeling paste 
(Life Technologies) was applied in the central region of the peel or midgut. 
Tissues were covered in 4% PFA and 0.1% EDTA in PBS and placed at 37°C 
for 7 days. After the incubation period, tissues were washed and mounted in 
PBS and promptly examined using a TCS SP5 confocal microscope (Leica).

Cell culture. For “short-term cultures” E12.5 guts were washed in Ca2+ and 
Mg2+-free PBS (Life Technologies) and digested for 5 minutes with 1 mg/ml  
collagenase/dispase solution (Roche) at 37°C. Tissues were washed in 
PBS and further dissociated into a single-cell suspension by pipetting in 
Opti-MEM (Life Technologies). After a brief centrifugation, the entire cell 
suspension was plated onto fibronectin-coated (20 μl/ml; Sigma-Aldrich) 
8-well chamber slides (Thermo Fisher Scientific) in Opti-MEM supple-
mented with L-glutamine (1 mM; Life Technologies) and a penicillin/strep-
tomycin antibiotic mixture (100 U/ml; Life Technologies). For cell prolifer-
ation analysis, 10 μM EdU (Invitrogen) was added to the culture medium. 
Cultures were maintained for up to 4 hours in an atmosphere of 5% CO2.

For cultures of primary neurons (“long-term cultures”), E12.5 guts were 
dissociated as described for short-term cultures. After centrifugation, 
cells were resuspended in neurobasal medium (Life Technologies) supple-
mented with B27 and N2 supplements (Life Technologies), L-glutamine  
(1 mM), and a penicillin/streptomycin antibiotic mixture (100 U/ml), then 
plated onto poly-D-lysine (1 mg/ml; Sigma-Aldrich) and laminin-coated  
(1 μg/μl; Sigma-Aldrich) 8-well chamber slides. Neuronal cultures were 
maintained for 4 days in an atmosphere of 5% CO2.

Immunofluorescence. Immunofluorescence of dissociated gut cultures and 
neuronal cultures was carried out as reported previously (51). EdU detec-
tion was performed by using the Click-iT EdU Alexa Fluor 594 Imaging kit 
(Invitrogen) followed by an immunofluorescence protocol. Adult tissues 
were fixed in 4% PFA in PBS for 30 minutes at room temperature, whereas 
embryonic guts were fixed for 2 hours at 4°C. Samples were blocked in PBS 
containing 10% heat-inactivated sheep serum (Biosera) and 0.1% Triton- 
X100 (Sigma-Aldrich). Primary antisera used in the study are as follows: 
rabbit anti–α-SMA (1:1000; Abcam), rabbit anti-calretinin (1:500; Swant), 
goat anti–c-Kit (1:500; R&D Systems), rabbit anti-nNOS (1:200; Life Tech-
nologies), mouse anti-TuJ1 (1:1,000; Covance), and guinea pig anti-vAChT 
(1:250; Life Technologies). Rabbit anti-GFP (1:1,000; Life Technologies) 
and rat anti-GFP (1:1,000; Nacalai Tesque) antibodies were used to detect 
expression of the YFP reporter, and the 2 terms are used interchangeably. 
Primary antibodies were applied overnight at 4°C. Secondary antibod-
ies were goat or donkey hosted Alexa Fluor 488-, Alexa Fluor 568-, and 
Cy5-conjugated anti-mouse, anti-goat, anti-rabbit, and anti-rat, and Alexa 
Fluor 488 anti–guinea pig (all 1:500; Life Technologies and Jackson Immu-
noResearch) were applied for 2 hours at room temperature. After antibody 
treatment the samples were mounted with mounting media containing 
DAPI (Vectashield or Prolong Gold; Invitrogen).

Image acquisition and analysis. Microphotographs of gastrointestinal tracts 
were acquired using a QICAM-Fast camera and QCapture Pro 6.0 software 
(both from Q-Imaging). Images of fluorescence samples (immunolabeled 
and DiI) were acquired with a TCS SP5 laser confocal microscope (Leica) 
using standard excitation and emission filters for visualizing DAPI, Alexa 
Fluor 488, Alexa Fluor 568, DiI, and Cy5.

All fluorescence images were processed with Adobe Photoshop CS2 
(Adobe Systems), while analyses were performed using the image processing 
package Fiji/ImageJ (Wayne Rasband, NIH). Analysis of neuronal morphol-
ogy in vitro was performed by using the plug-in for ImageJ, NeuronJ (52).

aberrant organization and connectivity of the ENS and represent 
a plausible pathogenetic mechanism for some debilitating idio-
pathic bowel disorders.

Methods
Animals. The generation of the Celsr3– (14), Celsr3flox (20), and Fzd3– (15) alle-
les, and the Wnt1-Cre (16), Sox10iCreERT2 (19), and R26R-EYFP (17) transgenes 
in mice have been described previously. In Celsr3fl/–;Wnt1-Cre (Celsr3|Wnt1) 
animals, the Rosa26R-EYFP reporter was used to monitor Cre activity. For 
labeling of individual enteric neurons in vivo, 4-hydroxytamoxifen (4-OHT; 
Sigma-Aldrich) was dissolved in an ethanol/sunflower oil (1:9) mixture at  
10 mg/ml and administered intraperitoneally (3 μg/g) to E10.5 pregnant 
females transgenic for the Sox10iCreERT2;R26R-YFP reporter system. For all 
embryonic studies, the day of the vaginal plug was considered E0.5.

In situ hybridization. In situ hybridization histochemistry was performed 
essentially as described (46) on sections from E12.5, E14.5, and E16.5 
embryos. The generation of riboprobes specific for Fzd3, Celsr3 (47), and 
Ret (48) have been reported previously.

Gastrointestinal transit time. Total gastrointestinal transit time was 
measured as previously described (49). Animals were placed individ-
ually in cages devoid of bedding, and after fasting for 1 hour, 0.3 ml of 
6% (w/v) carmine red dye (Sigma-Aldrich) in 0.5% (w/v) methylcellulose 
(Sigma-Aldrich) was administered to each mouse by oral gavage. The time 
period from gavage until the emergence of the first red-colored pellet was 
recorded as total intestinal transit time. Hereafter, animals were returned 
to their home cage. Maximum observation time was 5 hours and in all 
animals analyzed, a red-colored stool was observed within this time frame.

Stool analysis. Average total weight per stool was measured by placing 
individual animals in a novel cage and collecting all stools produced over 
a 1-hour period (9–10 am). Stools were then allowed to desiccate at 75°C 
overnight to determine their dry weight. Water content per stool was calcu-
lated as the difference between wet and dry weight expressed as a percentage.

Live video imaging and spatiotemporal mapping of colonic motility. Ex vivo 
video imaging and analysis of colonic motility was performed as described 
previously (37, 50). Entire colons were carefully isolated and loosely 
pinned in an organ bath chamber, continuously superfused (flow rate: 
4 ml per minute) with oxygenated (95% O2 and 5% CO2) Krebs solution 
(in mM: 120.9 NaCl, 5.9 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 14.4 
NaHCO3, 11.5 Glucose) kept at 37°C. Intestines were allowed to equili-
brate for 45 minutes, after which movies of colonic motility were captured 
(2.5 Hz frame rate) with a QICAM-Fast camera using QCapture Pro 6.0 
software (Q-Imaging). Images were read into an Igor Pro (WaveMetrics) 
and analyzed using custom-written algorithms. The bowel’s edges were 
determined and the width computed and mapped over time. From the 
generated spatiotemporal maps, the frequency, travel distance, and speed 
(measured as the average speed over the total propagated distance) of 
propagating contractions were determined. For analysis of colonic pro-
pulsion, an artificial pellet was inserted into the colon, 0.5–1 cm starting 
from the proximal (caecal) end. Propagation of the pellet was recorded 
and analyzed as described above.

Adult myenteric plexus preparation. Preparations of adult gut muscle strips 
with adherent myenteric plexus were obtained by placing 2-cm-long pieces 
of small intestine and colon (prewashed in PBS) over a 1-ml pipette. A 
small incision was made longitudinally on the outer muscle layer and a 
cotton swab soaked in PBS was used to strip away the longitudinal and 
circular muscle layers and the adherent myenteric plexus from the under-
lying mucosa. Tissue strips were then stretched and pinned flat onto a dish 
coated with Sylgard 184 Elastomer (Dow Corning) using stainless steel  
0.2-mm insect pins (Agar Scientific) and processed for immunofluorescence 
staining or DiI labeling.
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proportions). A P value less than 0.05 was considered to be significant. Sig-
nificant differences in P < 0.05, P < 0.01, and P < 0.001 are indicated with *, 
**, and ***, respectively. Statistical analysis was performed with Microsoft 
Excel (Microsoft) and GraphPad Prism software (GraphPad Software). All 
graphs error bars represent the standard error of the mean (SEM). Nonsig-
nificant differences (ns) were P > 0.05.

Study approval. All experimental procedures with mice were approved by 
the ethical review panel of the National Institute for Medical Research and 
were carried out under the authority of a United Kingdom Home Office 
Project License.
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To analyze whether the developing neuronal plexus forms in an ordered 
fashion, and whether its spatial organization displays a dominant direc-
tion, we used the plug-in for ImageJ, Directionality (Jean-Yves Tinevez). 
First, merged confocal stacks of midgut regions immunolabeled for TuJ1 
were blinded and oriented in the 0° direction (longitudinal axis of the gut) 
and Fourier transformed. After applying a 12-bin spatial filter in Fourier 
space, the amount of power per bin was calculated. These values represent 
how much spatial information is repeated along either one of 12 directions 
(15° wide from –90° to +90°). A Gaussian fit was used to identify the dom-
inant direction and indicates how much this distribution deviated from a 
random order, in which case all information would be equally distributed 
over each of the 12 bins.

Directionality of projections in Sox10-iCreERT2;R26R-EYFP guts was 
defined by the angle formed to the longitudinal axis of the gut with a line 
connecting the region of the cell body where the processes emerged to the 
end of their tip. Rose plots showing the distribution of angles were gener-
ated in MATLAB (MathWorks). For analysis of directionality, angle mea-
surements were divided into 3 bins: caudal for angles ranging from 335° to 
45° (counterclockwise); circumferential from 45° to 135° and from 225° 
to 315°; and oral from 135° to 225°.

Statistics. Cell counting was performed on a total sample of cells spec-
ified as “n” and obtained from at least 3 independent embryos or adult 
animals per genotype. Physiological measurements were obtained from 
a number of independent animals indicated as “N.” Differences between 
datasets were determined either by log-rank test (for survival curves), 
2-tailed Student’s t test, and ANOVA followed by a Bonferroni’s post-hoc 
test (for single and multiple comparison tests, respectively), or χ2 test (for 
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