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Midbrain dopaminergic (mDA) neurons modulate various motor and cognitive functions, and their
dysfunction or degeneration has been implicated in several psychiatric diseases. Both Sonic Hedgehog
(Shh) and Wnt signaling pathways have been shown to be essential for normal development of mDA
neurons. Primary cilia are critical for the development of a number of structures in the brain by serving as
a hub for essential developmental signaling cascades, but their role in the generation of mDA neurons
has not been examined. We analyzed mutant mouse lines deficient in the intraflagellar transport protein
IFT88, which is critical for primary cilia function. Conditional inactivation of Ift88 in the midbrain after
E9.0 results in progressive loss of primary cilia, a decreased size of the mDA progenitor domain, and a
reduction in mDA neurons. We identified Shh signaling as the primary cause of these defects, since
conditional inactivation of the Shh signaling pathway after E9.0, through genetic ablation of Gli2 and Gli3
in the midbrain, results in a phenotype basically identical to the one seen in [ft88 conditional mutants.
Moreover, the expansion of the mDA progenitor domain observed when Shh signaling is constitutively
activated does not occur in absence of Ift88. In contrast, clusters of Shh-responding progenitors are
maintained in the ventral midbrain of the hypomorphic Ift88 mouse mutant, cobblestone. Despite the
residual Shh signaling, the integrity of the mDA progenitor domain is severely disturbed, and conse-
quently very few mDA neurons are generated in cobblestone mutants. Our results identify for the first
time a crucial role of primary cilia in the induction of mDA progenitors, define a narrow time window in
which Shh-mediated signaling is dependent upon normal primary cilia function for this purpose, and
suggest that later Wnt signaling-dependent events act independently of primary cilia.
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1. Introduction

Midbrain dopaminergic (mDA) neurons regulate movement,
reward behavior, and cognitive function, and their degeneration or
dysfunction is implicated in a number of neurological diseases,
including Parkinson's disease, schizophrenia, and depression (Al-
bin et al., 1989; Tye et al., 2013; Winterer and Weinberger, 2004).
The anatomy and physiology of mDA neurons have been studied
extensively, but the mechanisms underlying their development
are still not understood. Recent studies conclusively showed that
mDA neurons arise from neural progenitors in the ventral midline
(floor plate) of the embryonic midbrain (reviewed in (Blaess and
Ang, 2015)). These mDA progenitors are defined by the expression
of the transcription factors Lmx1a/b (LIM homeobox transcription
factor 1 alpha/beta) and Foxal/2 (forkhead box 1/2), and the se-
creted morphogen Shh (Sonic Hedgehog) (Andersson et al., 2006;
Deng et al., 2011; Lin et al., 2009; Nakatani et al., 2010; Yan et al.,
2011). The induction of these factors in the floor plate and sub-
sequent induction of mDA progenitors is dependent on signaling
pathways activated by Shh, Wnts, and fibroblast growth factors
(Fgf) (Andersson et al., 2006; Andersson et al., 2013; Blaess et al.,
2006; Farkas et al., 2003; Fernando et al., 2014; Lahti et al., 2012;
Yang et al., 2013; Ye et al., 1998).

Shh is critical for specification of ventral cell fates in many parts
of the nervous system. Shh signaling is transduced by the trans-
membrane receptors patched (Ptch) and Smoothened (Smo) and
intracellularly by the Gli zinc-finger transcription factors (Gli1-3).
Gli2 is the main activator downstream of Shh signaling; Gli3 acts
as a repressor in the pathway (Fuccillo et al., 2006). The formation
of both a Gli2 transcriptional activator and a Gli3 transcriptional
repressor — and consequently Hedgehog signaling - is critically
dependent upon a functional primary cilium in the responding cell
(Goetz and Anderson, 2010). Primary cilia are short protrusions
from the plasma membrane that are found extending from the
surface of most vertebrate cell types (Hoyer-Fender, 2013). The
axonemal center of the cilium is composed of ordered microtubule
doublets originating in a centrosome-derived basal body. Traf-
ficking of cargo, including signal transduction proteins, into and
out of the cilium is a tightly-regulated process dependent upon
intraflagellar transport (IFT). IFT utilizes the motor proteins kine-
sin-Il and cytoplasmic dynein-II for anterograde and retrograde
transport, respectively, while proteins of the IFT-B and IFT-A
classes, respectively, are critical for both transport and signal
transduction (Scholey, 2003). Genetic evidence has revealed that
multiple mutants in IFT proteins, and in proteins localized to the
basal body or the axoneme, demonstrate characteristic defects in
Shh signaling in organs throughout the body (Tasouri and Tucker,
2011). Cell biological analysis has shown that crucial components
of Hedgehog signaling specifically localize to the cilia in a dynamic
fashion, including Ptch1, Smo, and the Gli proteins (Corbit et al.,
2005; Haycraft et al., 2005; Rohatgi et al., 2007).

In addition, both canonical and non-canonical Wnt signaling
pathways have also been implicated in the functional biology of
primary cilia, but the evidence for their absolute dependence upon
primary cilia function is controversial. Studies in different organ
systems such as the forebrain, skeleton, and abdominal viscera,
indicate that the disruption of cilia- or basal body-localized pro-
teins results in dysfunctional Wnt signaling (in terms of beta-ca-
tenin or Axin2 levels as a readout for canonical signaling, or de-
fects in convergent extension movements during gastrulation) (Oh
and Katsanis, 2012). However, comprehensive studies examining
early development in zebrafish and mice lacking primary cilia
observed no defects in classic Wnt-dependent developmental
processes (Huang and Schier, 2009; Ocbina et al., 2009; Tran et al.,
2008). Clearly, abnormalities in Wnt signaling are also observed in
progression to cystic kidney disease when proteins localizing to

cilia and basal bodies bear mutations (Lienkamp et al., 2012). To
reconcile these disparate findings, various possibilities exist, in-
cluding the idea that Wnt signaling is dependent upon basal body
function, but not on IFT or axoneme-localized ciliary processes
(Huang and Schier, 2009). Alternatively, subcellular localization of
“ciliary” proteins distinct from the primary cilium / basal body
may be responsible for modifications in Wnt signaling pathways.

Given that both Shh and Wnt signaling are essential for the
specification of mDA progenitors, and that not only Shh, but also
Wnt signaling may depend upon primary cilia function, it is of
great interest to understand the impact of primary cilia function
on mDA specification. Here we address this question using mouse
genetic models in which IFT and Shh signaling components are
disrupted.

2. Materials and methods
2.1. Mouse lines

All experiments were conducted according to the guidelines of
the states of Baden-Wiirttemberg and North Rhine-Westphalia,
Germany. chbs (Willaredt et al., 2008), Ift887°% (Haycraft et al., 2007),
Gli3** (Hui and Joyner, 1993), Gli2#® (Matise et al., 1998), Gli2°x
(Corrales et al., 2006), Gli3"* (Blaess et al., 2008), R26°™M? (Jeong
et al,, 2004), and En1<™ (Kimmel et al., 2000) alleles were generated
as described. 12 noon of the day of the vaginal plug was assigned
the date embryonic day 0.5 (E0.5). To generate conditional knock-
out (cko) mice or mice in which the Shh signaling receptor Smo was
conditionally activated (ca), En1<¥* mice were crossed with mice
bearing floxed alleles (genotypes in brackets): Ift88-cko (En1<®/~,
Ift88M0M1oxy - Gli2/3-cko (En1"¥/*, Gli2™¥a  Gli3M"¥xt)  Smo-ca
(En1¢¥*, SmoM2"°¥+) and Ift88-cko; Smo-ca (En1/~, Ift88/ox/flox
SmoM2"¥+). For all embryonic stages before E12.5, somite-mat-
ched embryos were compared for analysis as follows: E9.5: 21-29
somites, E10.5: 35-39 somites; E11.5: > 45 somites (Theiler, 1989).
Genomic DNA was isolated from embryonic and adult tissue as
described (Laird et al, 1991). For PCR genotyping the following
primers were utilized Cre-F: 5'-TAAAGATATCTCACGTACTGACGGTG-
3, Cre-R: 5'-TCTCTGACCAGAGTCATCETTAGC-3', En1WT-F: 5'-
CACCGCACCACCAACTTTTTC-3, En1WT-R: 5'-TCGCATCTGGAGCA-
CACAAGAG-3', Gli3 P1: 5-GGCCCAAACATCTACCAACACATAG-3/,
Gli3 P2: 5-GTTGGCTGCTGCATGAAGACTGAC-3', Gli3 P3: 5'-TACCC-
CAGCAGGAGACTCAGATTAG-3', Gli3 P4: 5-AAACCCGTGGCTCAG-
GACAAG-3', Gli2-S: 5-AAACAAAGCTCCTGTACACG-3', Gli2-AS: 5'-
CACCCCAAAGCATGTGTTTT-3’, Gli2neo-PA: 5'-ATGCCTGCTCTTTACT-
GAAG-3', Gli2flox-C: 5'-AGGTCCTCTTATTGTCAAG-3’, Gli2flox-D: 5'-
GAGACTCCAAGGTACTTAGC-3’, 1ft88 common 5 primer: 5'-
GCCTCCTGTTTCTTGACAACA GTG-3/, Ift88 3’ flox and WT allele
primer: 5'-GGTCCTAACAAGTAAGCCCAGTGTT-3, R26SMO: R26SMO
YFP_F: 5-CCT CGT GAC CAC CTT CG-3’, R26SMO YFP_R: 5'-TTG ATG
CCG TTC TTC TGC-3'.

2.2. Immunohistochemical analysis

Embryos or embryonic brains were dissected, collected in cold
0.1 M phosphate-buffered saline (PBS), and embryonic tail samples
were collected separately for DNA extraction and genotyping. The
embryos were fixed for periods of 30 min to overnight at 4 °C in 4%
paraformaldehyde (PFA) in 0.1 M PBS. After rinsing twice in 0.1 M
PBS for 30 min the embryos were either treated in an ascending
sucrose series (10, 20, and 30% in 0.1 M PBS) and mounted in Jung
tissue freezing medium (Leica Biosystems, Wetzlar, Germany) or
dehydrated and processed for paraffin embedding. Stainings of
10-14 um cryosections or 7 pm paraffin sections were performed as
described (Blaess et al, 2011; Brachmann et al, 2007) with the
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