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ABSTRACT

Midbrain dopaminergic (mDA) neurons are generated in the ventral midbrain floor plate depending
on Sonic Hedgehog (SHH) signaling for induction. Primary cilia transduce canonical SHH signals.
Loss of intraflagellar transport protein IFT88, essential for ciliary function, disrupts SHH signaling in
the ventral midbrain and results in the reduction in mDA progenitors and neurons. We investigate
whether conditional inactivation of the kinesin motor protein KIF3A recapitulates phenotypes
observed in conditional /ft88 mutants. Conditional Kif3a inactivation reduced the mDA progenitor
domain size, but did not result in mDA neuron reduction, most likely because of a delayed loss of
cilia and delayed inactivation of SHH signaling. We thereby define a precise spatiotemporal window
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within which primary cilia-dependent SHH signaling determines mDA fate.

Midbrain dopaminergic (mDA) neurons are orga-
nized into 3 main nuclei, the substantia nigra pars
compacta (SNc, A9 group), the ventral tegmental area
(VTA, A10 group) and the retrorubral field (RRF, A8
group)." mDA neurons are critically involved in motor
and reward-related behaviors, and in the regulation of
arousal and cognitive processes. Thus, the dysfunction
of mDA neurons contributes to a number of psychiat-
ric conditions including depression, schizophrenia
and addiction.>™ In addition, motor symptoms of
Parkinson’s disease (PD) are caused by the degenera-
tion of SN¢c mDA neurons.” To study the pathome-
chanisms and improve treatment options for such
disorders, previous studies have explored the possibil-
ity of generating mDA neurons from induced pluripo-
tent stem cells.® However, this quest requires a
detailed understanding of the factors and processes
driving mDA neuron development. Even though this
has been the subject of extensive research during the
last 2 decades, the exact mechanisms underlying mDA
neuron development are still not fully understood.
Fully differentiated mDA neurons express the
enzymes of the dopamine synthesis pathway TH

(tyrosine hydroxylase) and AADC (aromatic L-amino
acid decarboxylase), the transporter proteins DAT
(dopamine transporter) and VMAT2 (vesicular
monoamine transporter 2), and a set of transcription
factors including PITX3 (paired-like homeodomain
3), NURRI (nuclear receptor related 1 protein), and
LMXI1A/B (LIM homeobox transcription factor 1
«/B).” During embryonic development, mDA progeni-
tors in the ventral midline (floor plate) express the
transcription factors FOXA1/2 (forkhead box 1/2) and
LMXI1A/B as well as the secreted morphogen SHH
(Sonic Hedgehog). The induction of mDA progenitors
depends on efficient signaling of SHH, WNTs (Wing-
less-related MMTYV integration site) and FGFs (fibro-
blast growth factors).

mDA neurons are not generated in the absence of
SHH signaling; in Shh null mutant embryos the neural
tube is dorsalized and as a consequence the dopami-
nergic progenitor domain in the ventral midline fails
to form.*>” SHH signaling is transduced by the trans-
membrane receptors Smoothened (SMO) and Patched
(PTCH), with PTCH suppressing SMO activity in the
absence of SHH. Under this condition, GLI3, a zinc
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finger transcription factor of the glioma-associated
oncogene family, is proteolytically cleaved to its
repressor form (GLI3R), which inhibits the transcrip-
tion of SHH target genes. When SHH is present, the
inhibition of SMO by PTCH is lifted; as a result, the
formation of GLI repressor proteins is attenuated and
a GLI activator forms, such as GLI2 activator
(GLI2A). GLIA in turn stimulates the transcription of
SHH target genes, e.g. Glil (a readout and a strong
amplifier of SHH signaling) and Ptch.'

Previous studies have posited a significant role of
the primary cilium in SHH signal transduction.'"!?
Primary cilia are non-motile membrane protrusions
that are present as a single copy in most mammalian
cells and serve as an antenna for extracellular signals.
Because primary cilia lack de novo protein synthesis,
the required proteins are transported from the cytosol
to the cilium tip by the intraflagellar transport (IFT)
system. IFT occurs along 9 microtubule pairs, which
are anchored to the basal body and span the entire
length of the primary cilium. This transport system
utilizes the motor proteins Kinesin-II (anterograde
transport, consists of the 2 subunits KIF3A and
KIF3B) and Dynein-II (retrograde transport, com-
posed of DYNC2H1 and DYNC2L1)."> The cargo
interacts with the respective motor protein via special-
ized IFT particles, some of which are used for antero-
grade transport (IFT A complex) while others
facilitate retrograde transport (IFT B complex).

Importantly, the key proteins in the SHH signal
cascade, PTCH, SMO and GLI, are trafficked within
the primary cilium.'*'® Thus, the loss of IFT particles
and motor proteins results in aberrant or even the
complete loss of ciliary functions, culminating in the
cell’s failure to respond to SHH signaling, since nei-
ther GLI2A nor GLI3R are formed in the absence of
cilia function.'»'>!” Therefore, the loss of primary
cilia in the developing CNS results in phenotypes rem-
iniscent of SHH pathway mutants.

Similarly to loss of SHH signaling, the complete
inactivation of WNT1 dramatically reduces mDA pro-
genitors and precursors, leading to a severe depletion
of mDA neurons at later stages while inactivation of
WNT signaling in mDA progenitors or differentiating
mDA interferes with their progression from progeni-
tor state to differentiated mDA neurons.'®>°

WNT signals are conveyed via a complex contain-
ing a frizzled receptor and co-receptors, which
recruits the phosphoprotein Dishevelled (DSH) upon

activation by WNT ligands. In the canonical path-
way, the recruitment of DSH leads to the transloca-
tion of B-catenin to the nucleus, where it activates
target genes. In the non-canonical (planar cell polar-
ity (PCP) or calcium) pathway, WNT signaling acti-
vates a small Rho GTPase or a G-protein, which
stimulates actin remodeling and regulates calcium
release from the endoplasmatic reticulum, respec-
tively, via distinct signaling cascades.”’ Several com-
ponents of the WNT signal cascade localize to
primary cilia,”” and an inhibitory effect of primary
cilia on the WNT pathway was previously suggested,
since the absence of functional primary cilia caused a
hyper-responsiveness to canonical WNT signal-
ing.”>** On the other hand, canonical WNT signaling
is not altered in Kif3a, Ift88 and Ift172 mutant
mice.”” Thus, the role of the primary cilium in WNT
signaling remains controversial.

Given the importance of both SHH and WNT sig-
naling in mDA neurogenesis and the potential role of
primary cilia as mediators of both signaling pathways,
we explored the functional relevance of primary cilia
in mDA specification in 2 separate experimental para-
digms. For the first investigation, we summarize
recently-published results®® in the following sections.
We employed mouse mutants carrying a hypomor-
phic allele of the Ift gene Ift88 (cobblestone mutant),*®
which results in the 70-80 % reduction of Ift88 mRNA
and IFT88 protein levels, but which still produces a
wildtype protein sequence.’* Even though the struc-
tural integrity of primary cilia appeared preserved in
the cobblestone (cbbs) mutant embryo, the mDA pro-
genitor domain was highly disorganized at embryonic
day (E) 11.5, and contained peculiar rosette-like struc-
tures.”® Interestingly, many of these rosette-like struc-
tures expressed Shh and were intermingled with large
clusters of SHH-responding (Glil-expressing) cells,
suggesting that despite the severe reduction in IFT88
levels and the presumed loss of ciliary function the
SHH pathway was still activated in some ventral mid-
brain cells. In addition, Gli3-positive clusters were
interspersed within the ventral midline region. Wnt1I
and Axin2 (a readout for canonical WNT signaling)*®
were not expressed in the ventral midbrain of cbbs
mutants, indicating a complete disruption of canonical
WNT signaling. Interestingly, in a few cbbs mutants
the mDA progenitor domain was still induced as indi-
cated by the expression of the floor plate markers
Corin and Arx,”” within a FOXA2 positive domain.



However, the Lmxla-expressing domain was severely
reduced in the cbbs embryos and was located at a dis-
tance to the ventricle, consistent with the dependence
of Lmxla expression on both SHH and WNT signal-
ing”® Further, the clear anatomical distinction
between the LMX1A/FOXA2-expressing mDA pro-
genitors and NKX6-1/FOXA2-positive red nucleus
progenitors that is seen in control embryos was not
maintained in cbbs mutants (Fig. 1). Our subsequent
investigations of differentiated mDA neurons at E12.5
showed a dramatic reduction of neurons expressing
TH. These TH-positive cells co-expressed further
mDA markers, such as NURR1, PITX3, LMX1A and
FOXA2 suggesting a proper specification toward an
mDA neuronal fate. Interestingly, these few mDA
neurons were often found surrounding the rosette-like
structures. However, due to the early lethality of cbbs
mutants,”* a follow-up investigation on the survival of
differentiated mDA neurons was not possible.

To overcome the residual expression of IFT88 in the
cbbs mutant as well as the global defects in these mutants
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(e.g neural tube closure defects and early lethality), we
conditionally inactivated Ift88 in the midbrain and ante-
rior hindbrain after E8.5 in our previous study.”® Ift88
conditional knockout mice (Ift88 cko) were generated by
crossing En1-Cre*® line to mice with floxed alleles of Ift88
(Ift88"°x) 1> As the loss of primary cilia is thought to
interrupt the formation of GLI2A and GLI3R and thus
resulting in diminished or abolished SHH signaling, we
compared the phenotype of Ift88 cko mice with mice in
which the SHH pathway was switched-off by inactivating
both Gli2 and Gli3 in a conditional manner. To this end,
we used Gli27#10x230 and Gli3*3132 mice and crossed
them with the Enl-Cre line (referred to as Gli2/3 cko).
mDA progenitors respond to SHH between E8.0 and
E9.5, thus inactivation of SHH signaling at E8.5 results in
the partial induction of the mDA progenitor domain.”**

The conditional knockout of Ift88 resulted in the
reduction of primary cilia at the ventricle of the ven-
tral midbrain at E9.5, and their complete loss by
E10.5. The loss of primary cilia starting from E9.5 was
paralleled by an inactivation of SHH signaling, as
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Figure 1. The reduced size of mDA progenitor domains results in decreased numbers of mDA neurons in cbbs, Ift88 and Gli2/3 cko
mutant embryos. Schematic representation of mDA progenitor domains at E10.5 (upper panels) and the VTA and SNc at E18.5 (lower
panels) of control, cbbs, Ift88 cko and Gli2/3 cko embryos as described previously.?® The E10.5 schematics show progenitor domains on
the left and the expression of SHH and WNT signaling pathways components on the right. For the cbbs mutant, results are summarized
for E11.5. E18.5 cbbs mutants were not analyzed, because the mutants are not viable beyond E14.5.
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shown by the absence of Glil expression in Ift88 cko
embryos, and a ventral expansion of the Gli3 expres-
sion domain as compared to control embryos. Simi-
larly, Glil expression was not induced in Gli2/3 cko
embryos. In both Ift88 cko and Gli2/3 cko, the size of
the expression domains of Shh, LMX1A, and FOXA2
was significantly reduced compared to control. Due to
the reduction of the FOXA2 expression domain, the
FOXA2/NKX6-1-positive progenitor domain was
almost fully abolished in both Ift88 and Gli2/3 cko
mutants, even though NKX6-1 expression was not
obviously altered (Fig. 1). Further, mRNA levels of
several Wnt ligands (Wntl, Wnt5a, Wnt7a) were sig-
nificantly reduced in microdissected E11.5 midbrains
of Ift88 cko mutants as compared to control mice. In
line with our finding of the reduced mDA progenitor
domain size, we found a significantly lower number of
TH-positive mDA neurons in Ift88 cko (at E13.5 and
E18.5) and in Gli2/3 cko (at E12.5 and E18.5) as com-
pared to control embryos. However, these TH-positive
neurons had acquired the full mDA identity, as dem-
onstrated by their co-expression of the mDA markers
PITX3, NURRI, DAT, VMAT2 and AADC. Interest-
ingly, the distribution of mDA neurons showed differ-
ent patterns between control, Ift88 cko and Gli2/3 cko
embryos at E18.5; the VTA and SN were overall less
densely populated by TH-positive neurons and the lat-
eral-medial expansion appeared reduced in Ift88 and
Gli2/3 cko embryos compared to control. Moreover,
medial parts of the VT A were greatly reduced in Ift88
cko mice, an effect that was even more prominent in
Gli2/3 cko mice (Fig. 1).

PTCH-independent, constitutively active SHH sig-
naling depends on primary cilia in adult neural stem
cells.” In our previous study,”® we examined whether
this is also the case in mDA progenitors, and analyzed
mice with the Smo-M2 allele. Upon Cre-mediated acti-
vation, a constitutively active version of SMO is
expressed, which escapes the repression by PTCH,
leading to the continuous localization of SMO at the
membrane, irrespective of the presence or absence of
SHH (En1““*; R265™M* termed SmoM2 ca).
Because of the constant activation of the SHH path-
way and the excessive formation of GLI2A, SmoM2 ca
embryos exhibited a ventralization of the midbrain.
However, when the floxed allele of Ift88 was intro-
duced into this mouse line (resulting in Enl1“;
R265MoM/+, Ift88ﬂ"x/ﬂ"x mice), the ventralization of the
midbrain was reversed and resulted essentially in the

same phenotype as in Ift88 cko embryos. Further, con-
sistent with the trafficking of SMO or SMO-M2 within

the primary cilium, ¢3¢

our results emphasize that
SMO activity depends on functional primary cilia and
that the loss of primary cilia abolishes even constitu-
tively-active SHH signaling. In summary, our previous
work strongly suggests that the reduction in mDA
progenitors and consequently in mDA neurons in
Ift88 mutants that lack functional primary cilia, is
largely due to the loss of SHH signaling (Fig. 1).%

In the second investigation, whose results we pres-
ent here, our aim was to explore whether the observed
phenotype in Ift88 cko mice is caused solely by the cil-
iary function of IFT88. To this end, we decided to
inactivate Kif3a”” in the developing midbrain
(En1¢+, Kif3aﬂ”"/ﬂ"x, referred to as Kif3a cko). To
investigate the loss of primary cilia upon loss of
KIF3A expression in Kif3a cko brains, cilia were
detected with immunofluorescence, using an anti-
y-tubulin antibody to recognize the basal body”® and
an anti-ARL13B antibody to label the ciliary axo-
neme”” We observed a mild loss of primary cilia from
the midbrain ventricular surface at E9.5 as evident by
decreased immunoreactivity of ARL13B, while a com-
plete loss ensued at E10.5. On the other hand, basal
bodies were preserved after the loss of Kif3a, as indi-
cated by the anti-y-tubulin staining (Fig. 2A-D). SHH
signaling was not completely inactivated at E9.5, since
Glil expression could still be detected in the Kif3a cko
midbrain; only by E10.5 GliI was no longer expressed
(Fig. 2E, F, I, J). This is in contrast to Ift88 or Gli2/
Gli3 cko mutant embryos, in which GliI was already
absent in the E9.5 ventral midbrainZ. Similarly, the
ventral expansion of Gli3 expression observed in the
Ift88 cko mutants was not apparent in the Kif3a cko
midbrain, further indicating that the full inactivation
of SHH signaling occurred later in the Kif3a cko than
in the Ift88 cko embryos (Fig. 2G, H, K, L). However,
similar to Ift88 and Gli2/3 cko mutants, the Shh/Foxa2
double-positive area (Fig. 2M-P, W), and the LmxIa-
positive domain (Fig. 2Q, R, X) were reduced in E10.5
Kif3a cko mutant midbrain in comparison to controls.
On the other hand, the size of the WntI expression
domain (Fig. 2U, V) and the Corin-positive domain
(Fig. 2S, T) did not appear altered between Kif3a cko
and control embryos.

To investigate how the loss of SHH signaling after E9.5
affects the generation of mDA neurons in Kif3a cko mice,
we analyzed mDA neurons in E13.5 and E18.5 Kif3a cko
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Figure 2. In Kif3a cko embryos primary cilia and SHH signaling are lost at E10.5 resulting in a reduced size of the mDA progenitor domain.
Antibody staining for the ciliary marker ARL13B (red) and y-tubulin (green) (A-D) at the ventricular surface of the ventral midbrain shows
that primary cilia are present at E9.5 in Kif3a cko mutants, but are completely lost at E10.5. Blue, Hoechst-labeled nuclei. (E-L) RNA in situ
hybridization for Gli1 (E, F, |, J) and Gli3 (G, H, K, L) in E9.5 and E10.5 midbrain sections. While Gli7 was still expressed at E9.5, its expression
disappeared by E10.5 in Kif3a cko mutants. Black arrowheads indicate the ventral borders of the expression domains. (M-V) RNA in situ
hybridization for Shh (M\N), Foxa2 (O,P), Lmx1a (QR), Corin (S,T) and Wnt1 (UV) in E10.5 ventral midbrain. Arrows: Patchy expression of
Foxa2. (W,X) Size of the Foxa2-positive (W) and LmxTa-positive (X) expression domain (normalized to the inner perimeter of the ventricle) at
E10.5. The size of both the Foxa2 (n > 3, t(10) = 2.92) and the LmxTa (n > 3, t(6) = 3.55) domain was significantly reduced in Kif3a cko
mutants as compared to controls. “P < 0.05, **P < 0.01. Scale bars: A-D, 10 um; E-L, 200 ;em, M-V, 100 pm.

brains. In E13.5 Kif3a cko embryos, the TH-positive cell ~ LMX1A and FOXA2. NKX6-1 was expressed in an adja-
clusters were distributed differently than in controls, but ~ cent domain (Fig. 3A-F). At E18.5, mDA neurons
the TH-positive cells co-expressed the mDA markers  appeared to be correctly specified since they were positive
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for TH, PITX3, NURRI and DAT (Fig. 3G-L). Together,
these results suggest that mDA neurons undergo normal
differentiation in Kif3a cko mice. We found no obvious
reduction in the number of TH-positive cells in Kif3a cko
mice as compared to control, neither at E13.5 (Fig. 3A-F,
control: 681.5 &= 102.5 cells, Kif3a cko: 659.5 & 23.5 cells,
n = 2) nor at E18.5 (Fig. 3G-H’, M).

In summary, we demonstrate here that the condi-
tional inactivation of Kif3a in the midbrain results
eventually in the loss of primary cilia and SHH signal-
ing in the ventral midbrain, as seen in the Ift88 cko
mutant embryos,*® but not in the reduction of mDA
neurons (Fig. 3N). The dependence of SHH signaling
on KIF3A function has previously been demonstrated,
for example in cerebellum*® and hippocampus.”
Interestingly, in our study, the disappearance of func-
tional primary cilia from the ventricular zone of the
ventral midbrain was delayed in Kif3a cko embryos by
about one day, as compared to Ift88 cko embryos,
resulting in the shutdown of SHH signal transduction
only after E9.5. This delayed disappearance of primary
cilia may reflect the persistence of functional KIF3A
protein, which may be caused by the following: rela-
tive protein and/or mRNA stabilities of KIF3A and
IFT88, the relative importance of the KIF3A and
IFT88 proteins for primary ciliary maintenance, and
potentially even differences in the timing of the Cre-
mediated genetic recombination event. In our previ-
ous study,”® we verified the loss of primary cilia in the
ventral embryonic midbrain with scanning electron
microscopy and with immunofluorescent stainings for
ciliary axoneme. Although we restrict our analysis in
this study to immunofluorescence detection of the pri-
mary cilium, we think that a parsimonious explana-
tion of our observations would be that a loss of
ARLI13B is indeed reflective of a loss of primary cilia,
as has been seen in other studies (e.g., developing cere-
bellum*>*!) comparing loss of Ift88 to loss Kif3a gene
expression. A primary cilia-dependent loss-of-func-
tion phenotype in both the Ift88 and the Kif3a cko
mutants is also reflected in the similar biological read-
outs of the 2 phenotypes. For example, the delayed
inactivation of SHH signaling in the Kif3a cko
embryos still resulted in a reduced size of the Lmx1la-
positive mDA progenitor domain and a smaller Foxa2
domain at E10.5 and overall changes in the anatomy
of TH-positive neuronal clusters at E13.5 (Fig. 20-R,
Fig. 3A, B). However, the number of differentiated
mDA neurons in Kif3a cko mice was not decreased
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Figure 3. The number of TH-positive mDA neurons is not altered in
Kif3a cko mutants. (A-D) mDA neurons in E13.5 Kif3a cko and control
embryos as shown by (A,B) RNA in situ hybridization for Lmx7a and
(CD) immunofluorescent staining of TH and FOXA2. (EF) TH and
NKX6-1-expressing neurons in E13.5 Kif3a cko and control embryos.
(G) mDA neurons in E185 midbrains of Kif3a cko and control
embryos. Antibody staining for (G-H’) TH and FOXA2, (I.J) DAT and
PITX3, and (K,L) NURR1 in ventral midbrains of Kif3a cko and control
embryos. (G ,H") Higher magnification of boxed areas in (GH). (M)
Quantification of TH-positive neurons in control versus Kif3a cko brains
at E18.5. The number of TH-expressing cells in the ventral midbrain
was not significantly different between Kif3a cko and control mice
(control: n = 6, Kif3a cko: n = 4, 1(8) = 1.54, p = 0.162). (N) Schematic
representation of mDA progenitor domains at E10.5 (upper panels)
and the VTA and SNc at E18.5 (lower panels) of Kif3a cko embryos. The
E10.5 schematics show progenitor domains on the left and the expres-
sion of SHH and WNT signaling pathways components on the right.
Asterisk indicates that NKX6-1 expression was only analyzed at E13.5.
Scale bars: A-F, 100 «m, GH, 200 pem, G",H", 40 pum, I-L, 20 pum.



compared to control (Fig. 3M). While this may seem
to be a surprising result at first blush, the lack of effect
on mDA neuron number is consistent with previous
data. Genetic fate mapping of SHH-responding cells
showed that mDA progenitors cease to respond to
SHH signaling after E9.5.>>** Moreover, conditional
inactivation of SHH signaling after E9.0 in the Shh-
positive progenitor domain results in only transient
phenotypes and eventually normal numbers of TH-
positive neurons.”*** Thus, the induction and specifi-
cation of mDA neurons may have been completed by
the time primary cilia and SHH signaling are lost in
Kif3a cko mice. Alternatively or in addition, mild
defects in the number of mDA progenitors might be
compensated for by adjustments in mDA progenitor
proliferation and differentiation. These results, com-
bined with our analysis of the Ift88 cko mutants,*
have demonstrated an exquisite spatiotemporal speci-
ficity in the coincident timing of the presence of func-
tional primary cilia in mDA progenitors, and their
consequent processing of developmentally-normal
levels of SHH signaling.

In conclusion, these data and our previous study”®
show that the induction of mDA progenitors, and
consequently the generation of a normal number of
mDA neurons during embryonic development, is crit-
ically dependent on primary cilia function and SHH
signaling, but only before E9.5. These data also dem-
onstrate that when studying the function of proteins
involved in primary cilia function, the interpretation
of conditional knock-out phenotypes should take into
careful consideration the precise timing of the inacti-
vation of a given "ciliary gene." This can have enor-
mous consequences for the resulting loss of primary
cilia function and thus the primary cilia-dependent
signaling pathway(s), as evidenced by the specific
mutant phenotype.

Materials and methods
Mouse lines and genotyping

The generation of the mouse lines Kif3¢™’ and
En1“**® were described previously. Genotype analysis
was performed by PCR on genomic DNA from
embryonic tissue (tail or yolk sack samples) as
described*>** using the following additional primers
for Kif3a: K1: 5-TCT GTG AGT TTG TGA CCA
GCC-3’ (flox), K2: 5- AGG GCA GAC GGA AGG
GTG G-3’ (common). 12 noon of the day of the
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vaginal plug was designated the date embryonic day
0.5 (E0.5) and embryonic stages before E12.5 were
identified by somite analysis.”*** All experiments were
conducted according to the guidelines of the states of
Baden-Wiirttemberg and North Rhine-Westphalia,
Germany.

Immunohistochemical analysis and in situ
hybridization

Tissue collection and processing, immunohistochem-
istry and RNA in situ hybridization were performed
as described.”® In brief, embryos or embryonic brains
were dissected and collected in cold 0.1M PBS and
fixed for periods adapted to the embryonic stage
(30 min to overnight at 4°C) in 4% paraformaldehyde
(PFA, in 0.IM PBS). After rinsing in 0.1M PBS, the
embryos were treated either in an ascending sucrose
series (10, 20, and 30% in 0.1M PBS) and mounted in
Jung tissue freezing medium (Leica Biosystems,
Wetzlar, Germany), or dehydrated and processed for
paraffin embedding.

Immunohistochemical stainings of 10-14 xm cryosec-
tions or 7 jum paraffin sections were performed following
standard procedures as described previsouly.”*** Primary
antibodies: mouse anti-y-tubulin (clone GTU-88, Sigma-
Aldrich, St. Louis, USA) 1:1000; rabbit anti-ARL13B
(kind gift of Tamara Caspary, Emory University, Atlanta,
USA) 1:1500; rabbit or mouse anti-TH (AB152,
MAB318, Millipore, Billerica, Massachusetts, USA)
1:500; goat anti-FOXA2 (clone M-20; Santa Cruz Bio-
technology, Santa Cruz, USA) 1:1000; rat anti-DAT
(AB369, EMD Millipore) 1:1000; rabbit anti-NURR1 (sc-
990, Santa Cruz) 1:250; mouse anti-NKX6-1 (clone
F55A10 developed by OD Madsen; Developmental Stud-
ies Hybridoma Bank) 1:50; rabbit anti-PITX3 (38-2850,
Thermo Fischer Scientific) 1:250. Secondary antibodies:
Cy3-conjugated donkey anti-rabbit, anti-mouse or anti-
goat (Cat.No. 11-165-152, 715-165-150 or 05-165-147,
Jackson ImmunoResearch Laboratories, West Grove,
USA) 1:200, Alexa 488 conjugated donkey anti-rabbit or
anti-mouse IgG (Cat.No. AB150149, A21206 or A21202,
Life Technologies, Carlsbad, USA) 1:500, Goat Alexa 546
and Alexa 488 anti-rabbit IgG, Alexa 488 anti-mouse
IgGl, or Alexa 488 anti-mouse IgG (Cat.No. A11029, BD
Biocsciences, San Jose, USA) 1:1000. For immunofluores-
cent detection of transcription factors (FOXA2, LMXIA,
NKX6-1, NURRI, PITX3), sections were pre-treated
with 1 mM EDTA (65°C, 10 min) and incubated with
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biotinylated anti-mouse or anti-goat secondary antibod-
ies (1:200, Cat.No. 715-065-150 or 711-065-152, Jackson
Immuno Research) followed by Cy3-conjugated Strepta-
vidin (Cat.No. 016-160-084, Jackson ImmunoResearch
Laboratories, West Grove, USA) at 1:1000.

For non-radioactive RNA in situ hybridization, par-
affin sections were deparaffinized using Xylene, rehy-
drated in a descending ethanol series, treated with
Proteinase K (Roche, Penzberg, Germany), and then
acetylated. Cryosections were fixed in 4% PFA and
washed in PBS. Subsequently, sections were washed in
H,O, dehydrated in an ascending ethanol series, and
incubated in chloroform. Following the overnight
hybridization with the cRNA probes and immunode-
tections of digoxigenin with alkaline phosphatase con-
jugated antibody (Roche, Penzberg, Germany), the
reaction product was visualized using BM purple
(Roche, Penzberg, Germany).

Image acquisition and signal quantification

Confocal (Nikon AI1R microscope, Nikon Imaging
Center, University of Heidelberg) and widefield
microscopy (Leica DM1000 microscope, and for fluo-
rescent samples: Axio Observer equipped with Apo-
Tome, Zeiss, Oberkochen, Germany) as well as the
quantification of LmxIa-, Foxa2-positive domains and
the number of TH/Fox2-positive neurons of Kif3a cko
and control animals was performed as described pre-
viously.*® Briefly, the perimeter of LmxIa- and Foxa2-
positive domains was measured and normalized to the
inner perimeter of the ventricle in each embryo (n >
3) using the Image] software package 1.48v (http://rsb.
info.nih.gov/ij/ <http://rsb.info.nih.gov/ij/>). Count-
ing of TH/Foxa2-positive cells was performed using
the cell counter plugin in Image]. For E18.5, cell num-
bers were normalized to controls (set at 100 %).

Statistical analysis

Statistical analysis of histological data was performed
using an unpaired 2-sided Student's t-test (Prism 6,
Graphpad). Statistical significance levels were set at
p < 0.05. The values are shown as mean £ SD
(standard deviation).
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