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A B S T R A C T

The formation of the vertebrate nervous system depends on the complex interplay of morphogen signaling pathways and cell cycle progression to establish distinct
cell fates. The Sonic hedgehog (Shh) signaling pathway is well understood to promote ventral cell fates in the developing spinal cord. A key regulator of Shh signaling
is its receptor Patched1 (Ptch1). However, because the Ptch1 null mutation is lethal early in mouse embryogenesis, its role in controlling cell cycle progression,
neurogenesis, and axon guidance in the developing spinal cord is not fully understood. An allele of Ptch1 called Wiggable (Ptch1Wig), which was previously shown to
enhance Shh signaling, was used to test its ability to regulate neurogenesis and proliferation in the developing spinal cord. Ptch1Wig/Wig mutants displayed enhanced
ventral proneural gene activation, and aberrant proliferation of the neural tube and floor plate cells, the latter normally being a quiescent population. The expression
of the cell cycle regulators p27Kip1 and p57Kip2 were expanded in Ptch1Wig/Wig mutant spinal cords, as was the number of mitotic and S-phase nuclei, suggesting
enhanced cell cycle progression. However, Ptch1Wig/Wig mutants also showed enhanced apoptosis in the ventral embryonic spinal cord, which resulted in thinner
spinal cords at later embryonic stages. Commissural axons largely failed to cross the floor plate of Ptch1Wig/Wig mutant embryos, suggesting enhanced Shh signaling in
these mutants led to a dorsal expansion of the chemoattraction front. These findings are consistent with a role of Ptch1 in regulating neurogenesis and proliferation of
neural progenitors, and in restricting the influence of Shh signaling in commissural axon guidance to the floor plate.

1. Introduction

The coordination between growth, specification, and neurogenesis
is crucial for the proper formation and integration of neuronal circuits
during development. Signaling by morphogens play a powerful role in
regulating neuronal growth and specification, but how they influence
neuronal birth and cell cycle progression is less clear. The Sonic
hedgehog pathway is essential for the specification of ventral cell
identities in the vertebrate neural tube. While it has a potent mitogenic
influence leading to oncogenesis when it is over-expressed, Shh loss-of-
function of does not necessarily lead to inhibiting growth of the de-
veloping nervous system (Chiang et al., 1996; Matise, 2013). It remains
unclear how it can coordinately influence both neural progenitor pro-
liferation and differentiation. A possibility may involve bifurcating
pathways acting downstream of Shh signaling to separately influence
neurogenesis and growth control. For instance, Shh can activate aty-
pical guanine-nucleic exchange factors and kinase signaling to influ-
ence axonal growth and targeting independently of its patterning and
mitogenic roles (Izzi et al., 2011; Makihara et al., 2018; Yam et al.,
2012; Yam et al., 2009). Activation of the principal transcriptional ef-
fectors for Shh signaling, the Gli proteins, leads to the specification of
the ventral-most cell types in the developing nervous stems: namely, the
floor plate, V0–V3 interneurons, and motor neurons (Briscoe and Small,

2015; Iulianella et al., 2018).
Shh signaling principally acts by binding to a 12-pass transmem-

brane protein called Patched1 (Ptch1). It functions by inhibiting a co-
repressor, Smoothened (Smo), which in turn is responsible for pro-
moting the processing of full-length Gli factors into potent transcrip-
tional activators (Bai et al., 2004; Balaskas et al., 2012; Chen and
Struhl, 1996; Cohen et al., 2015; Gorojankina, 2016; Lei et al., 2004). In
the absence of ligand binding, Ptch1 remains at the cell surface prevent
Smo activation of downstream events necessary for the activation of
Shh target genes. The binding of lipid-modified Shh results in the en-
docytosis of the Shh-Ptch1 complex, allowing for the activation of Smo-
regulated downstream events (Denef et al., 2000; Incardona et al.,
2002; Myers et al., 2017; Torroja et al., 2004; Weiss et al., 2019). As
such Ptch1 acts a key regulator of the Shh pathway, dynamically reg-
ulating the response to the Shh signaling gradient during neural de-
velopment (Iulianella et al., 2018). Despite this, our knowledge of
Ptch1 receptor function is incomplete. For instance, despite homologies
to Niemann-Pick C1 disease protein (Carstea et al., 1997; Loftus et al.,
1997), we have yet to small lipophilic molecules that may pass through
it, allowing for an activation of Smo. However, recent structural evi-
dence suggests the possibility that Ptch1 may function as a hetero-
tetrameric channel complex that allows the transport of cholesterol-like
small molecules intracellularly, that could presumably activate Smo
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(Qian et al., 2019). It is a complex multi-functional protein, harboring a
sterol-sensing domain, extracellular Hh-binding loops, and a C-terminal
domain that interacts with several proteins, include pro-apoptotic XIAP
proteins (Aoto and Trainor, 2015; Marigo et al., 1996; Qi et al., 2018;
Rohatgi et al., 2007; Stone et al., 1996).

To more fully explore the role of Shh signaling in ventral neuro-
genesis and cell cycle progression, a previously reported Ptch1 allele
called Wiggable was used to create excess Shh signaling in the em-
bryonic spinal cord. This allele was produced by ethylnitrosourea
(ENU)-mediated mutagenesis in a mouse embryonic forward genetic
screen, and results in a Carboxyl (C)-terminal truncation of Ptch1
(Iulianella et al., 2018; Kurosaka et al., 2014; Kurosaka et al., 2015;
Sandell et al., 2011). The C-terminus is crucial for the regulation of Smo
activity, thus the Ptch1Wig protein behaves genetically as a Shh gain-of-
function mutation (Iulianella et al., 2018). Indeed, the Ptch1Wig allele
was recently used to explore the role of Shh activity gradient in the
ventral neural specification (Iulianella et al., 2018). It was reported to
act as a Shh gain-of-function mutation, showed reduced Gli-repressor
formation, and as a consequence an expansion of ventral neural pro-
genitor patterning in the developing spinal cord. However, the effect of
the Ptch1Wig mutation on proliferation, neurogenesis, and commissural
axon guidance in the developing spinal cord has yet to be investigated.

The formation of neurons requires the activation of a proneural gene
expression program and cell cycle exit of specified progenitors. The
proneural factors, which include basic-helix-loop-helix domain-con-
taining transcription factors such as Neurod1, Ngn1, Ngn2, and Ascl1,
act downstream of Notch signaling to drive the switch from progenitor
maintenance to differentiation in the developing spinal cord (Iulianella
et al., 2008; Iulianella et al., 2009; Sugimori et al., 2007; Yamamoto
et al., 2001). Interestingly, previous findings have suggested a link
between Notch and Shh signaling crosstalk in regulating embryonic
neurogenesis (Dave et al., 2011; Kong et al., 2015; Stasiulewicz et al.,
2015). In this study, the Ptch1Wig allele was used to reveal a role for the
Ptch1 receptor, and Shh signaling in general, in the regulation of the
proliferation and neurogenesis in the developing nervous system, in-
cluding the floor plate cells. It is reported here that Ptch1Wig/Wig mutants
displayed aberrantly enhanced proliferation, and expanded expression
of a proneural gene expression program and cell cycle exit regulators in
the embryonic spinal cord. As a consequence, commissural axon gui-
dance towards the midline was greatly perturbed. Based on these
findings, it is concluded that Ptch1 influences proneural gene activation
and cell cycle progression, facilitating the rapid specification of ventral
neural cell types during spinal cord development.

2. Results

Shh signaling plays crucial roles in the patterning and growth of the
embryonic nervous system. The Ptch1Wig allele is a carboxyl (C)-term-
inal truncation of Ptch1 protein that results in a loss negative feedback
control of Shh signaling during development. Ptch1wig/wig mutants are
viable until E11.5, allowing for an analysis of some of the key events in
neural and craniofacial patterning (Iulianella et al., 2018; Kurosaka
et al., 2015). It was recently reported that Ptch1wig/wig mutants dis-
played expanded ventral progenitor domains in eth embryonic spinal
cord, while maintaining dorsal specification, suggesting it functioned as
a hypomorphic allele relative to the much more severe Ptch1 complete
loss-of-function phenotype (Iulianella et al., 2018; Rohatgi et al., 2007).
It is thus a useful allele to explore the consequences of excess Shh
signaling during development. While the role of Shh signaling in the
specification ventral cell identities is well established, its regulation of
proneural gene activity during neural growth it is less understood. The
Ptch1Wig allele was used to explore the consequences of a ventral ex-
pansion of Shh signaling during early neurogenesis in the mouse em-
bryo.

2.1. Ptch1Wig/Wig mutants displayed enhanced neuroepithelial proliferation
and floor plate expansion

In order to evaluate the effect of Ptch1Wig/Wig mutation on the for-
mation of ventral midline tissues, Shh mRNA expression was examined
by whole mount ISH (Fig. 1A–C). Shh expression was increased in
ventral midline tissues in the Ptch1Wig/Wig mutant, with a greater in-
crease observed in the hindbrain to forebrain regions (Fig. 1A–C). Shh
immunohistochemistry confirmed expanded Shh expression from the
Ptch1Wig/Wig floor plate, especially in more anterior regions of the neural
tube, which displayed exencephaly (Fig. 1D, E, H, I). This was accom-
panied by an expansion of the floor plate marker FoxA2 in the mutants,
especially in more anterior regions of the developing neural tube (*,
Fig. 1G, K). These findings suggested that the expanded ventral identity
of Ptch1Wig/Wig mutants may be due to enhanced proliferation of ventral
neural progenitors. To explore this possibility, BrdU pulse labeling of
DNA synthetic nuclei was conducted following a short (1 h) pulse of
dams at E9.5 and E11.5. In conjunction, mitotic nuclei were labeled
with pH 3 antibodies. The neuroepithelium of the mouse embryo at
E9.5 consists mostly of rapidly diving progenitor cells lining the ven-
tricles in a pseudostratified cellular organization. At this stage very few
cells have exited the cell cycle, and as such the marginal zone has yet to
develop (Fig. 2A). Proliferation of neuroepithelium at E9.5 was largely
unaffected in Ptch1Wig/Wig mutants, although there was a non-significant
trend for enhanced BrdU+ and pH 3-positive mitotic nuclei (Fig. 2B,
H). The spacing between the BrdU- and pH 3-positive domains in the
mutant embryonic neuroepithelium was decreased, and DNA synthetic
and mitotic nuclei intermingled at their respective boundaries instead
of being separated by a layer of unlabeled nuclei, suggesting aberrant
cell cycle progression in the mutants (Fig. 2A, B). By E11.5 significant
increases were observed in both BrdU+ and pH 3+ nuclei of Ptch1Wig/

Wig mutants relative to wild type littermates (Fig. 2C–F, ***P < .0001,
Fig. 2G, H). Interestingly, in the forebrain, the Ptch1Wig/Wig neuroe-
pithelium was aberrantly kinked, superficially resembling the organi-
zation of the cerebellum (Fig. 2D). This abnormal forebrain morpho-
genesis could be a result of the hyperproliferation of the
neuroepithelium or aberrant floor plate development in the Ptch1Wig/Wig

embryo. These findings illustrated that the loss of Ptch1 led to unrest-
ricted proliferation of the early embryonic neuroepithelium.

In contrast to the developing neuroepithelium, floor plate cells are
normally quiescent, showing very little (if any) proliferation during
development (E9.5–11.5; Fig. 2A, E, I, K). It was therefore surprising to
see the accumulation of mitotic floor plate cells in the Wiggable mutant
(Fig. 2I, J, arrows). Antibodies against acetylated-α-tubulin, which is
found in stabilized microtubules, can be used to detect monocilia and
kinetochore of mitotic chromosomes, and the latter was clearly ob-
served in the Ptch1Wig/Wig floor plate cells (arrow, Fig. 2L). This led to a
deviation from the normal pseudostratified organization of the floor
plate, revealed by high magnification confocal images of DAPI and
acetylated-α-tubulin staining (Fig. 2K, L). Thus the mutant floor plate
was proliferative, accounting for the dorsal expansion of the Shh gra-
dient and FoxA2 cells (Fig. 1).

Despite the increased proliferation of Ptch1Wig/Wig mutant floor plate
cells, they appeared to maintain the presence of monocilia in epen-
dymal region (turquoise arrowhead, Fig. 2K, L), suggesting that mutant
floor plate cells retained their appropriate cytoarchitecture. While
FoxA2 expression is used to infer floor plate identity, its levels can also
reflect a direct transcriptional response to Shh signaling (Iulianella
et al., 2018; Sasaki et al., 1997). Thus, to unambiguously determine if
the increased FoxA2 expression in Ptch1Wig/Wig mutants reflected floor
plate expansion, we utilized another marker, Hes1, to outline the floor
plate boundary region (Baek et al., 2006). While Ptch1Wig/Wig mutant
floor plate cells displayed a sharp ventrally restricted Hes1-positive
floor plate boundary region, low Hes1 expression was observed
throughout the basal plate, likely reflecting an expanded competency to
form floor plate cells (Fig. 2N, cyan bar). This is consistent with the
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Fig. 1. Ptch1Wig/Wig mutants display an expanded
FoxA2+ territory in the ventral embryonic nervous
system. (A–C) Shh mRNA in situ hybridization of E9.5
wild type (A) and Ptch1Wig/Wig mutant (B, C) mouse em-
bryos. (D, E) Shh immunohistochemistry in the hindbrain
region in E9.5 wild type (D) and a Ptch1Wig/Wig mutant
(E). (F, G) FoxA2 immunohistochemistry in E9.5 wild
type (F) and Ptch1Wig/Wig mutant (G) embryos, showing
expanded FoxA2+ cells in the mutant (bar, *). (H, I) Shh
immunohistochemistry in the floor plate and notochord
within the spinal cord region of E9.5 wild type (H) and
Ptch1Wig/Wig mutant (I) embryos. (J, K) FoxA2 im-
munohistochemistry in E9.5 wild type (J) and Ptch1Wig/

Wig mutant (K), showing expanded FoxA2+ cells in mu-
tant spinal cords (bar, *). DAPI counterstain.
Abbreviations: ec, ectoderm; en, endoderm; fb, forebrain;
fp, floor plate; hb, hindbrain; mb, midbrain; nc, no-
tochord.
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expansion of FoxA2 as a marker for floor plate identity observed in
Ptch1Wig/Wig mutants (Fig.1). Altogether, these findings confirmed that
despite the enhanced proliferation of floor plate cells in Ptch1Wig/Wig

mutants, they nonetheless maintained their proper identity as floor
plate tissue.

The increased proliferation of the Ptch1Wig/Wig mutant neuroe-
pithelium during contrasted with its thinning later in the development,
suggesting elimination of excess cells by death (Fig. 2A–F). To in-
vestigate this possibility, Cleaved Capsase-3 immunostaining was used
to identify apoptotic nuclei. Ptch1Wig/Wig mutants showed greatly en-
hanced cell death in the basal neuroepithelium and surrounding ventral
mesenchymal tissues, which are tissues sensitive to Shh levels (Fig.2O,
P, *). Taken together these findings demonstrate that enhanced Shh
signaling in Ptch1Wig/Wig mutants resulted in a limited expansion of
neuroepithelial proliferation, concomitant with a ventralized basal
plate.

2.2. Enhanced neurogenesis in Ptch1Wig/Wig mutant spinal cords

Given the increased proliferation of neural progenitors in the
Ptch1Wig/Wig mutant neural tube, cell cycle exit was explored by im-
munohistochemistry for the two main cell cycle inhibitory kinases ac-
tive in the developing spinal cords: P27Kip1 and P57Kip2 (Gui et al.,
2007; Iulianella et al., 2008; Iulianella et al., 2009). P27Kip1 was ex-
pressed throughout the marginal zone and adjacent intermediate region
surrounding the ventricular zone at E10.5 (Fig. 3A). The levels of
p27Kip1 appeared to be more intense in the basal plate of Ptch1Wig/Wig

mutants (Fig. 3B) (Iulianella et al., 2008), likely reflect a contracted
marginal zone region. P57Kip2 labels neuroblasts exiting the cell cycle in
two separate clusters in the dorsal and ventral embryonic neural tube
(Fig. 3C). Interestingly the spacing between these two P57Kip2 expres-
sion clusters was expanded in the Ptch1Wig/Wig mutants, as was and its
ventral expression domain (*, Fig. 3D). This suggested that the basal
half of the mutant embryonic spinal cord displayed enhanced formation
of neuroblasts relative to the alar plate. To confirm this phenotype,
Ascl1/Mash1 immunostaining was used to explore the formation of
neurogenic progenitors one day earlier at E9.5. As with p57Kip1, Ascl1
was normally expressed in two domains, one identifying p3 progenitors
in the ventral neural tube, the other a cluster of dorsal commissural
neurons (Fig. 3E) (Iulianella et al., 2009). In contrast, E9.5 Ptch1Wig/Wig

mutants showed an expanded ventral p3 Ascl1 domain, but a severe
reduction of the dorsal Ascl1-positive cluster, signifying enhanced for-
mation of ventral progenitors and delayed development of dorsal pro-
genitors. This is consistent with a recent report demonstrating ex-
panded ventral neural progenitor regions in the Ptch1Wig/Wig mutant
(Fig. 3F) (Iulianella et al., 2018). Because of the dramatic expansion of
neural progenitors in the E9.5 Ptch1Wig/Wig mutant spinal cord, it was
expected that the mutants should show expanded neuroblast formation
at neurogenic phases of spinal cord development (E10.5–11.5). To
evaluate this, antibodies against the proneural protein Neurod1 was
used in conjunction with the neural progenitor marker Pax6 in im-
munostaining experiments. In control wild type embryos, Neurod1 was

highly expressed in neuroblasts, while Pax6 was restricted to neural
progenitors in the ventricular zone (Fig. 3G). Ptch1Wig/Wig mutant em-
bryos displayed expanded Neurod1 levels in the basal plate and dor-
salized Pax6 expression (Fig. 3H), confirming enhanced neurogenesis.
Altogether theses findings demonstrate that the loss of Ptch1 function
led to unrestricted proliferation of ventral neural progenitors, which led
to expanded neurogenesis within the basal neural plate. This led to the
expectation that targeting of axons to the ventral midline should be
affected during the wiring of the developing spinal cord.

2.3. Mis-targeting of commissural axons towards the ventral midline of
Ptch1Wig/Wig mutant spinal cords

The floor plate is enriched in guidance molecules such as Netrin and
Shh, which act coordinately to attract growing axons from dorsal
commissural neurons during spinal cord development (Sloan et al.,
2015; Wu et al., 2019). The absence of either Netrin or Shh leads to a
mis-targeting commissural axons at a distance away from the floor plate
(Charron et al., 2003; Kennedy et al., 1994). However, in the case of the
Shh mutant, the aberrant targeting of commissural axons could be a
secondary consequence of the lack of floor plate tissues (Charron et al.,
2003; Chiang et al., 1996). Recently, the endocytic adapter molecule
Numb was shown to regulate the internationalization of a receptor
complex involving Ptch1 to allow for growth cone turning during
commissural axon guidance (Ferent et al., 2019). This suggests that
Ptch1 is critically required for axon guidance decisions during spinal
cord development, but a definite conclusion required a genetic analysis
using Ptch1 loss-of-function mutations.

Ptch1Wig/Wig mutant embryos maintain floor plate identity, but also
showed an expansion of Shh and FoxA2 in this tissue, suggesting ex-
panded floor plate identity (Fig. 1). A previous report demonstrated
that Ptch1Wig/Wig mutants displayed enhanced Shh signaling in the
ventral neural tube, acting as a Shh gain-of-function mutation (ref).
Thus, the Ptch1Wig/Wig mutant it is an appropriate model to examine the
effect of an enhanced Shh signaling gradient on axon guidance. The
anatomy of the embryonic spinal cord was visualized using H&E
staining at E10.5 (Fig. 4). White matter tracts containing axons pre-
ferentially stained with Eosin (pink) revealed a dramatic loss of fibers
coursing through the ventral commissure of Ptch1Wig/Wig mutants
(Fig. 4B, D). Tag-1 used to reveal commissural axonal tracts, which
generally failed to target the mutant ventral midline, which stained for
Shh protein, and instead ended aberrantly in the basal plate (arrow-
heads, Fig. 5D, F). Although some Tag-1-positve axons made it to the
mutant floor plate and crossed the ventral commissure (Fig. 5F), mid-
line targeting was largely abnormal. Furthermore, ventral roots of
motor axons exited the spinal cord in more dorso-lateral positions in
Ptch1Wig/Wig mutants relative to wild type littermates (arrows, Figs. 4
and 5B, D). Given that Shh levels were expanded in the Ptch1Wig/Wig

mutants (Fig.1, Fig. 5A–D), it is likely that the chemoattraction front
expanded dorsally in the mutant, allowing for the premature ending of
commissural axonal growth throughout the basal plate instead of reach
and crossing the midline. Taken together, these results demonstrate the

Fig. 2. Ptch1Wig/Wig mutant neural tubes displayed abnormal proliferation of floor plate cells and enhanced apoptosis of ventral tissues. (A-F) Phosphohistone H3
(pH 3, green) and 5-bromo-2′-deoxyuridine (BrdU, red) immunohistochemistry following a 1-hour pulse in wild type (A, C, E) and Ptch1Wig/Wig mutant (B, D, F)
embryos at E9.5 (A-B) and E11.5 (CeF). (G-H) Quantification of BrdU+ (G) and phosphohistone H3+ (pH 3+; H) cells relative to total DAPI+ cells in the
developing spinal cord at E9.5 and E11.5 in wild type and Ptch1Wig/Wig mutants. Ptch1Wig/Wig mutants displayed enhanced proliferation of neuroepithelial cells
revealed by pH 3+ (N= 7, ***P= .0002) and BrdU+ cells at E11.5 (N = 7, ***P= .0003). (H) Ptch1Wig/Wig mutants (N = 7) showed non-significant increases in
pH 3+ cells (N = 7, P= .5834) and BrdU+ cells (N = 7, P= .5596) at E9.5. (I, J) pH 3 (green) and FoxA2 (red) immunohistochemistry if E10.5 wild type (I) and
Ptch1Wig/Wig mutant (J) embryos displaying aberrant mitotic nuclei (arrows) in the floor plate of mutant embryonic spinal cords. (K, L) High magnification image of
acetylated-α-tubulin immunostaining of the floor plate of E10.5 wild type (K) and Ptch1Wig/Wig mutant (L) embryos revealed a non-pseudostratified appearance and
mitotic nuclei (arrow). Monocilia were present in floor plate cells of wild type (K) and Ptch1Wig/Wig mutant embryos (turquoise arrowhead). (M, N) Hes1 im-
munostaining of E9.5 wild type (M) and Ptch1Wig/Wig mutant (N) spinal cords revealed the floor plate boundary region (bar). (N) Ptch1Wig/Wig embryo displayed an
expanded domain of low Hes1 levels in the basal neural tube (cyan bar). (O, P) Cleaved Caspase-3 (clcasp3) immunostaining of E10.5 wild type (O) and Ptch1Wig/Wig

mutant (P) embryos, displaying enhanced apoptosis in the ventral neural tube and mesenchyme (bar, *). DAPI counterstain. Scale bars: (A, I, M, O), 50 μm; (K),
12.5 μm. Abbreviations: fp, floor plate; nc, notochord.
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Fig. 3. Ptch1Wig/Wig mutants displayed enhanced
neurogenesis and cell cycle exit in embryonic
spinal cords. (A, B) p27Kip1 im-
munohistochemistry in E10.5 wild type (A) and
Ptch1Wig/Wig mutant (B) spinal cords. (C, D)
p57Kip2 immunohistochemistry in E10.5 wild
type (C) and Ptch1Wig/Wig mutant (D) spinal
cords, revealing enhanced cell cycle exit in
ventral neural progenitors (bar, *). (E, F) Ascl1
expression in E9.5 wild type (E) and Ptch1Wig/Wig

mutant (F) spinal cords, revealed enhanced
neurogenesis in the ventral neuroepithelium
(bar, *). (G, H) Pax6 (red) and Neurod1 (green)
immunohistochemistry in E10.5 wild type (G)
and Ptch1Wig/Wig mutant (H) spinal cords, re-
vealed expanded Neurod1 in the ventral neu-
roepithelium (bar, *). DAPI counterstain. Scale
bars: (A), 100 μm; (E, G), 50 μm. Abbreviations:
d, dorsal commissural progenitors; drg, dorsal
root ganglion; fp, floor plate; nc, notochord; p3,
V3 interneuron progenitor domain.
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importance of Ptch1 in controlling the response to Shh signaling in
ventral neurogenesis and targeting of commissural axons to the midline.

3. Discussion

The contribution of the Hedgehog receptor Ptch1 in embryonic
neurogenesis is unknown as the Ptch1 null allele is lethal early in em-
bryogenesis (Goodrich et al., 1997). This study takes advantage of a
previously reported ENU allele of Ptch1 called Wiggable (Ptch1Wig) to
explore its role neurogenesis and floor plate development and function
(Kurosaka et al., 2015; Iulianella et al., 2018). This is possible as
Ptch1Wig/Wig mutants are viable until E11.5–12.5, allowing for an as-
sessment of spinal cord neurogenesis and commissural axon guidance.
Previous work has revealed the utility of the Ptch1Wig allele to explore
the role of the Shh activity gradient during neural patterning (Iulianella
et al., 2018), and craniofacial development (Kurosaka et al., 2014), and
in regulating neural crest and placodal cell interactions during the
formation of cranial ganglia (Kurosaka et al., 2015). The findings re-
ported here reveal a role for Ptch1 in restricting the proliferation of
ventral spinal cord progenitors and floor plate cells and regulating
neurogenesis in the ventral spinal cord. As a consequence, defects in

commissural axon guidance were observed. These results refine our
view of the dynamic regulation of Shh signaling during the formation
and integration of neuronal circuits during development.

3.1. Ptch1Wig embryos displayed enhanced Shh signaling, proliferation and
apoptosis in the ventral embryonic spinal cord

Shh signaling regulates both proliferation and patterning during
neural development. Ptch1 can also regulate cell cycle progression at
least in vitro through an association with the cell cycle regulator cyclin
B1 (Barnes et al., 2001), but this has not been explored in vivo. To
ensure the proper formation and integration of neuronal circuits in the
spinal cord, progenitor cell neurogenesis necessitates a withdrawal the
cell cycle exit and migration of neuroblasts to the forming marginal
zone (Iulianella et al., 2008). Any perturbation of this process will lead
to aberrant neuronal maturation and cell survival. It is therefore not
surprising that Ptch1Wig/Wig mutants exhibited unrestricted Shh sig-
naling in the ventral nervous system (Iulianella et al., 2018), and
showed enhanced proliferation and neurogenesis in the ventral spinal
cord (this study). Interesting, these mutants also showed greatly en-
hanced apoptosis, accounting for the thinning of the neuroepithelium

Fig. 4. Reduced ventral commissure in Ptch1Wig/Wig mutant embryonic spinal cords. (A–D) Hematoxylin-Eosin (H&E) staining of E10.5 wild type (A–C) and Ptch1Wig/

Wig mutant spinal cords. (B, D) Ptch1Wig/Wig mutants displayed abnormal dorsally positioned exit point for the ventral root and reduced Eosin-positive white matter
tracts in the ventral commissure (red arrows). Abbreviations: drg, dorsal root ganglion; mn, motor neuron domain; vr, ventral root; vz, ventricular zone.
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by E10.5–11.5. Ptch1 is a large multifunctional transmembrane protein
that can positively regulate programmed cell death (Aoto and Trainor,
2015; Guerrero and Ruiz i Altaba, 2003; Katic et al., 2017; Mille et al.,
2009; Thibert et al., 2003). It is therefore surprising that the Ptch1Wig/

Wig mutant displayed enhanced cell death in the basal plate and ventral
mesenchymal cells; populations that are normally exposed to high le-
vels of Shh signaling. The Ptch1Wig allele encodes a stable C-terminal
deletion protein of approximately 70 kDa (Kurosaka et al., 2015). Since
the apoptotic function of Ptch1 has been mapped to the C-terminal tail
of the protein (Aoto and Trainor, 2015; Thibert et al., 2003), it is
possible that Ptch1Wig/Wig ventral neural and mesenchymal cells exhibit

high levels of cell death because they are extremely sensitive to the
enhanced Shh levels. A previous study has shown this enhanced sen-
sitivity is responsible for a failure of integration of neural crest with
placodal cells during cranial ganglia formation in Ptch1Wig/Wig mutants
(Kurosaka et al., 2015). The enhanced sensitivity of Ptch1Wig/Wig mu-
tants to Shh levels likely is a contributing factor to the dys-regualted
proliferation and apoptosis of ventral tissues during development. An-
other possibility is that the Ptch1 may directly regulate apoptosis-pro-
moting factors in the remaining regions of the Ptch1Wig protein, but at
this time there is no evidence of such interactions.

Fig. 5. Mis-targeting of commissural axons in ventral embryonic spinal cord of Ptch1Wig/Wig mutants. (A–D) Shh (green) and Tag-1 (red) immunostaining in E10.5
wild type (A, C) and Ptch1Wig/Wig mutant (B, D) spinal cords revealed aberrant dorsal exit of ventral motor roots (arrow, B, D) and reduced crossing of commissural
fibers in the vc. (D) Ptch1Wig/Wig mutant displayed aberrant targeting of commissural axons towards the fp (arrowheads) and dorsal exit of the ventral root (arrow). (E,
F) Tag-1 immunhistochemistry revealed a failure of Ptch1Wig/Wig mutant commissural axons to target the ventral midline (arrowheads, F). DAPI counterstain.
Abbreviations: drez, dorsal root entry zone; fp, floor plate, vc, ventral commissure.
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3.2. Enhanced neurogenesis and cell cycle exit in Ptch1Wig/Wig mutants

Recent work revealed expanded ventral patterning in Ptch1Wig/Wig

mutants (Iulianella et al., 2018). Specifically, the mutants showed
slightly expanded FoxA2+ floor plate cells and more significant ex-
pansion of progenitor domains for V3 interneurons and motor inter-
neurons, while keeping dorsal patterning largely intact. In the Ptch1Wig/

Wig mutants the entire basal neural plate was shifted dorsally, con-
straining dorsal progenitors to a reduced region that nonetheless
maintained all the diversity of progenitor cell types typically contained
in the region, including commissural neurons. This contrasted with the
conclusion drawn from the Ptch1 null mutation, which exhibited earlier
lethality relative to the Ptch1Wig allele and resulted in the formation of
mostly floor plate cells in the embryonic neural tube (Goodrich et al.,
1997). The latter finding was interpreted as a near full ventralization of
the character of the developing neural tube. Thus, the Ptch1Wig muta-
tion is much less severe and allowed the full range of neural progenitor
types to develop in the embryonic spinal cord. It is thus a useful mouse
allele to explore basic mechanisms of Shh gradient responsiveness
during development (Iulianella et al., 2018).

The purpose of this study was to explore the contribution of Ptch1 to
neurogenesis and cell cycle exit in the neural tube. As expected from the
ventralized spinal cords, Ptch1Wgi/Wig mutants exhibited expanded
proneural protein expression in the basal plate, along with enhanced
expression of cell cycle exhibit regulators in neuroblasts, identified by
p57Kip2 staining. Ptch1 is the Shh receptor protein but also acts to re-
strict Shh signaling in the absence of ligand via its inhibition of Smo
(Briscoe and Small, 2015; Chen and Struhl, 1996; Cohen et al., 2015;
Incardona et al., 2000; Rohatgi et al., 2007; Taipale et al., 2002). The
truncated Ptch1Wig receptor, while stably expressed, losses the ability to
repress Shh signaling downstream and respond to Smo activation
within the monocilia, reducing Gli3 repressor formation (Iulianella
et al., 2018). As such the resulting mutant embryos exhibited enhanced
sensitivity to Shh signaling. Confocal images of floor plate cells revealed
that Ptch1Wig/Wig mutants still possess what appear to be monocilia in
vivo (Fig. 2K, L). Thus, despite the enhanced proliferation of floor plate
tissues, Ptch1Wig/Wig mutants still retained the cytoarchitectural and
transcriptional features of floor plate cells. What is changed, however,
is in inability to restrict Shh signaling in the ventral neural tube, as was
argued in a previous study (Iulianella et al., 2018). A consequence of
this unrestricted proliferation of neural progenitors was the expanded
production of neuroblasts emanating from the ventral progenitor do-
mains. Altogether, these findings along with those of a previous study
(Iulianella et al., 2018) indicates that proliferation and cell cycle exit
cannot be uncoupled downstream of Shh signaling in vivo. It also sug-
gests that the relationship between Shh signaling, monocilia morpho-
genesis, and neuroepithelial proliferation is complex, and the exact
mechanisms coordinately regulating these processes have yet to be
ascertained. With respect to proliferation control and neurogenesis, an
interesting possibility is that Shh signaling regulates components of the
Notch signaling pathway, allowing of the integration of cell growth and
segregation of distinct neuronal subtype identities. Indeed, previous
work has revealed the ability of Shh signaling to regulate Notch
downstream components in the developing spinal cord (Dave et al.,
2011; Kong et al., 2015; Stasiulewicz et al., 2015). As such the upre-
gulation of Ascl1 and Neurod1 in the Ptch1Wig/Wig mutants reported here
can be taken as evidence of crosstalk between the Shh pathways and the
proneural program during the formation of spinal cord circuits.

3.3. Floor plate proliferation of commissural axon guidance defects in
Ptch1Wig/Wig mutants

The floor plate is a quiescent tissue that displays extremely limited
growth during development. This is presumably to maintain archi-
tectural stability of the basal plate, but also to provide a source of
chemoattractive signals to guide commissural neurons during the

wiring of the developing nervous system (Charron et al., 2003;
Dominici et al., 2017; Kennedy et al., 1994; Morales, 2018; Moreno-
Bravo et al., 2019; Sloan et al., 2015; Varadarajan and Butler, 2017;
Varadarajan et al., 2017; Wu et al., 2019). Interestingly, Ptch1Wig/Wig

displayed aberrant proliferation of the floor plate, breaking the normal
pseudostratified anatomy of the ventral midline of the nervous system.
Instead mutant floor plate cells were mitotic and disorganized. There
are not many known regulators of floor plate quiescence, therefore
study adds significant to our understanding of this process. The findings
report herein support the view that Shh signaling in the floor plate may
have numerous roles, including axon guidance and pattern formation.
But its effect on proliferation needs to be normally counteracted by
Ptch1 to prevent uncontrolled proliferation and cytoarchitectural dis-
array. Unlike full length Ptch1, Ptch1Wig protein cannot translocate to
monocilia upon the activation Smo (Iulianella et al., 2018; Rohatgi
et al., 2007). Proteins implicated in ciliary biogenesis and function have
important roles in regulating developmental signaling, and particularly
Shh signaling (Eggenschwiler and Anderson, 2007; Huangfu and
Anderson, 2005; Huangfu et al., 2003). They also show disorganized
neuroepithelial architecture and aberrant proliferation, suggesting
these two processes are linked (Caspary et al., 2007; Higginbotham
et al., 2013; Su et al., 2012). It is possible that cilia are abnormal
Ptch1Wig/Wig mutants. However, close examination of acetylated-α-tu-
bulin staining in the Ptch1Wig/Wig floor late revealed the existence of
small extensions from floor plate cells, as was the case for wild type
controls (turquoise arrowheads, Fig. 2K, L), suggesting monocilia are
intact in the mutants. Another possibility is that monocilia function is
somehow perturbed in Ptch1Wig/Wig mutants leading to aberrant floor
plate proliferation; a possibility that cannot at present be dismissed.

Since Ptch1Wig/Wig mutants displayed expanded Shh signaling in the
basal plate (Fig. 1) (Iulianella et al., 2018), it was expected that this
would lead to aberrant axonal targeting towards the midline. While
there is some debate as to the importance of floor plate tissues (vs.
ventral neural progenitors) in Netrin1-mediated axon guidance, it
clearly plays a role in commissural axon targeting to the midline by
virtue of the combinatorial expression of Netrin1 and Shh, both key
guidance cues (Charron et al., 2003; Dominici et al., 2017; Kennedy
et al., 1994; Morales, 2018; Moreno-Bravo et al., 2019; Sloan et al.,
2015; Varadarajan and Butler, 2017; Varadarajan et al., 2017; Wu et al.,
2019). Consistent with this commissural axons (revealed by Tag-1
staining) failed to target the midline and projected aberrantly
throughout the basal plate (Fig. 5). As such white matter tracts in the
ventral commissure were severely attenuated. These results add to our
view of the importance of floor plate signaling in chemoattraction, but
also revealed a direct role for the Shh receptor Ptch1 in this procedure,
which was hitherto unknown.

3.4. Conclusions

This study provides evidence for the role of Shh signaling in reg-
ulating the balance between proliferation and cell death in neural
progenitors of the developing spinal cord. Using a mouse ENU mutant
for the Shh receptor Ptch1 (Ptch1Wig), it was shown that this balance
could be disturbed resulting in both enhanced neurogenesis and cell
death in the spinal cord. It was also discovered that Shh signaling
through this receptor normally acts to limit proliferation in the floor
plate and keep it largely quiescent. In the absence of a normal Ptch1
protein, floor plate proliferation ensued and led to expanded Shh sig-
naling. Consequently commissural axon guidance towards the midline
was perturbed, with axons ending throughout the basal plate instead of
crossing the ventral commissure. Ptch1Wig/Wig mutants also displayed an
aberrant dorsal positioning of the ventral root exit point, reflecting the
expanded basal plate. Lastly, this study confirms the utility of using
forward genetic screens to create new alleles to refine our knowledge of
key developmental processes such as ventral patterning and neuro-
genesis.
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4. Methods

4.1. Animal husbandry

Ptch1Wig/+ mice were generated as described previous (Kurosaka
et al., 2015) and maintained as heterozygotes through breeding with
FVB strain of mice. The mice were genotyped by sequencing for the
presence of the Wiggable allele in amplicons surrounding the mutation
site as previously described in Kurosaka et al. (2015). Ptch1Wig/Wig

embryos are lethal at E11.5–12.5, slowing for an analysis of neuro-
genesis during spinal cord development. Ptch1Wig/+ heterozygous mice
were intercrossed and examined for the presence of a vaginal plug the
following morning. Litters were harvested at E9.5-E11.5 and processed
for immunohistochemistry. For 5-Bromo-2′-deoxyuridine (BrdU) ana-
lysis, 3 mg/Kg BrdU solution in PBS was injected intraperitoneally into
pregnant E9.5 and E11.5 Ptch1Wig/+ intercross dams, sacrificed 1 h
following injection to capture S-phase nuclei, and litters were processed
for immunohistochemistry as described below.

4.2. Immunohistochemistry, in situ hybridization, and histology

Embryos were collected from E9.5–11.5 and fixed in 4% paraf-
ormaldehyde (PFA; Sigma) in PBS for 4–8 h depending on embryonic
stages. Wild type vs. Ptch1Wig/Wig embryos were cryoprotected in su-
crose and embedded in Optimal Cutting Temperature compound
(O.C.T., VWR) for sectioning at 12 μm using a cryostat, and serial sec-
tions were collected in Superfrost plus slides (VWR). Sections were
subjections to fluorescent immunohistochemistry using the following
primary antibodies: Acetylated α-Tubulin (Sigma, 1:1000), Ascl1/
Mash1 (BD Transduction labs, 1:400), BrdU (Abcam 1:200), Cleaved
Caspase-3 (Cell Signaling Technology, 1:300), Cyclind1 (Upstate,
1:500), FoxA2 (Developmental Studies Hybridoma Bank or DSHB, 4D1
concentrate, 1:200), Hes1 (Neuromics, 1:400), Neurod1 (1:500, kind
gift of Dr. Jacques Drouin, IRCM), p27Kip1 (BD transduction labs,
1:300), p57Kip2 (LabVision Neomarkers, 1:50), Phosphohistone H3
(pHH3, Millipore, 1:300), Sonic hedgehog (Shh, DSHB, 5E1 con-
centrate, 1:200), Tag-1 (DSHB, 4D1 concentrate, 1:300). Signal was
revealed using the appropriate species-specific fluorescent secondary
antibodies conjugated to either AlexaFluor 594 or 488 (Invitrogen/
ThermoFisher), or DyLight 594 or 488 (Jackson ImmunoResearch) at
1:1000–1:2000. All slides were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma) and images were taken with a Zeiss
Axiovert 200 M upright microscope or a Zeiss LSM510 confocal mi-
croscope and processed for brightness levels using Adobe Photoshop
CS6.

Whole mount Shh mRNA in situ hybridization (ISH) was performed
as previously described (Kurosaka et al., 2014) and embryos were
photographed using a Zeiss V8 dissecting microscope equipped with an
ERc5 color camera (Zeiss). To reveal overall grey (soma/nuclei) and
white matter (axons) anatomy, E10.5 wild type and Ptch1Wig/Wig mutant
embryos were sectioned at 12 μm using a cryostat and stained using a
Hematoxylin-Eosin (H&E) solution (Sigma, St. Louis) according to
manufacturer's recommendation. Slides were mounted with Permount
(Fisher Scientific) and photographed in bright field using a Zeiss Ax-
iovert 200 M upright microscope.

4.3. Statistical analysis

For quantification of BrdU and pH 3 immunopositive (pH 3) cells,
cell counts were conducted for the entire neural tube and normalized
for total cell numbers using DAPI staining. At least 2 adjacent sections
from 7 different wild type and Ptch1Wig mutants were used for each
stage of analysis (E9.5 and 11.5), and represented as mean BrdU
+/DAPI+ and pH 3+/DAPI+ cell numbers. Significance was eval-
uated using a Student's t-test, 2 sample, unequal variance in Prism
(Graphpad). The level for statistical significance was set at P < .05,

and *** reflected a P < .001. Values were plotted as mean with error
bars reflecting variance (Fig. 2G, H).
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