
Progress in Neurobiology 208 (2022) 102177

Available online 25 September 2021
0301-0082/© 2021 Elsevier Ltd. All rights reserved.

Original Research Article 
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A B S T R A C T   

The tangential migration of immature neurons in the postnatal brain involves consecutive migration cycles and 
depends on constant remodeling of the cell cytoskeleton, particularly in the leading process (LP). Despite the 
identification of several proteins with permissive and empowering functions, the mechanisms that specify the 
direction of migration remain largely unknown. Here, we report that planar cell polarity protein Celsr3 orients 
neuroblasts migration from the subventricular zone (SVZ) to olfactory bulb (OB). In Celsr3-forebrain conditional 
knockout mice, neuroblasts loose directionality and few can reach the OB. Celsr3-deficient neuroblasts exhibit 
aberrant branching of LP, de novo LP formation, and decreased growth rate of microtubules (MT). Mechanis
tically, we show that Celsr3 interacts physically with Kif2a, a MT depolymerizing protein and that conditional 
inactivation of Kif2a in the forebrain recapitulates the Celsr3 knockout phenotype. Our findings provide evidence 
that Celsr3 and Kif2a cooperatively specify the directionality of neuroblasts tangential migration in the postnatal 
brain.   

1. Introduction 

Brain development involves extensive migration of neuroblasts over 
long distances to reach their final destinations. The majority of neuro
blasts differentiate and migrate to their final positions during embryonic 
period in the mammalian brain (Lim and Alvarez-Buylla, 2016; Wich
terle et al., 2001). However, neurogenesis and neuronal migration do 
persist in restricted areas in the postnatal/adult brain. Postnatally 
generated neuroblasts in the subventricular zone (SVZ) migrate through 
rostral migratory stream (RMS) into the olfactory bulbs (OB) where they 
differentiate into distinct subsets of interneurons and integrate into the 
preexisting olfactory circuitries (Alvarez-Buylla and Garcia-Verdugo, 
2002; Batista-Brito et al., 2008; Khodosevich et al., 2013; Lledo et al., 
2008; Lois et al., 1996; Whitman and Greer, 2007). Postnatally gener
ated OB interneurons participate in processing olfactory inputs 
impacting odor learning, discrimination and memory (Alonso et al., 
2012; Shimshek et al., 2005). Therefore, postnatal neurogenesis in the 
SVZ and migration of neuroblasts towards OB shape olfactory 

perception and animal behavior (Alonso et al., 2012; Forest et al., 2019). 
The tangential migration of neuroblasts in RMS is regulated by several 
extracellular and intracellular factors that modify the migratory 
behavior (Kaneko et al., 2017; Wichterle et al., 1997). Neuroblasts 
migrate in chains in close contact with glial cells and blood vessels. 
Therefore, cell-cell contacts and cell- extracellular matrix interactions 
are important permissive factors that facilitate neuroblasts migration. 
On the other hand, neuroblasts directionality and speed rely on proper 
progression of migratory cycle and branching (Belvindrah et al., 2017; 
Cooper, 2013; Kaneko et al., 2017; Marin et al., 2010; Nakamuta et al., 
2017). The migratory cycle begins when neuroblasts extend their lead
ing process (LP) to sample surrounding environment while the centro
some and soma remain stationary. This exploration phase is followed by 
LP stabilization and centrosome movement into the dilation which is 
formed into the base of LP. After centrosome movement, nucleus and 
soma migrate towards the centrosome in a process called somal trans
location. The migratory cycle including LP extension, migration of the 
cell organelles and somal translocation is then repeated consecutively 
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during migration (Cooper, 2013; Schaar and McConnell, 2005; Tsai and 
Gleeson, 2005). MT dynamics has a major role in many processes during 
the migratory cycle, such as LP extension, migration of the cell organ
elles and somal translocation (Rivas and Hatten, 1995; Tsai and Gleeson, 
2005). MT dynamics affect the initiation, frequency, length, and 
life-time of LP branches (Godin et al., 2012; Kappeler et al., 2006; 
Nakamuta et al., 2017; Sonego et al., 2015). Time-lapse imaging and 
genetic studies have started to unveil the role of intrinsic factors and 
molecules that have an impact on neuroblasts cytoskeleton dynamics 
(Belvindrah et al., 2017; Godin et al., 2012; Nakamuta et al., 2017). Yet, 
how migrating neuroblasts integrate intrinsic and extrinsic cues and 
elicit cytoskeletal changes for a proper migration remain still largely 
unknown. 

Celsr3 (Cadherin, EGF-like, Laminin G-like, Seven pass, G-type Re
ceptor 3) is an evolutionary conserved adhesion G protein-coupled re
ceptor belonging to planar cell polarity (PCP) pathway (Goffinet and 
Tissir, 2017). Celsr3 acts by homo- and heterotypic interactions to co
ordinate intercellular polarity and support different developmental 
processes (Lindenmaier et al., 2019; Shima et al., 2007; Tissir and 
Goffinet, 2013). During the embryonic development, Celsr3 is involved 
in axon guidance (Tissir et al., 2005; Zhou et al., 2008), neural pro
genitor cell differentiation (Wang et al., 2016), neuronal migration (Qu 
et al., 2010; Ying et al., 2009), and ependymal ciliogenesis (Boutin et al., 
2014; Tissir et al., 2010). 

Here, we report that Celsr3 is highly expressed in the RMS at the peak 
of the postnatal neurogenesis. We combined genetic and molecular ap
proaches with time-lapse imaging and found that Celsr3 plays a critical 
role during tangential migration of neuroblasts from SVZ to OB. Celsr3 
interacts with Kif2a (kinesin superfamily protein 2a), a member of 
kinesin 13 gene family (Friel and Welburn, 2018) that, in addition to its 
motor function, triggers depolymerization of MTs in ATP dependent 
manner (Ogawa et al., 2017; Trofimova et al., 2018). Celsr3 and Kif2a 
cooperatively control migratory cycle and LP branching through cyto
skeleton dynamics and determine directionality and speed of neuro
blasts migration. 

2. Material and methods 

2.1. Animals 

All animal procedures were approved by the animal ethics commit
tee of the Université catholique de Louvain and carried out in compli
ance with European guidelines. Mouse lines used in this study were: 
Celsr3f/f (Tissir et al., 2005), Kif2af/f (Fig. S2), Foxg1-Cre (Hebert and 
McConnell, 2000) and Dlx5/6-cre-EGFP (Stenman et al., 2003). For 
generation of conditional Celsr3 and Kif2a knock-out mice (Celsr3 cKO 
and Kif2a cKO), FoxG1-Cre;Celsr3+/− and FoxG1-Cre;Kif2a+/− males 
were crossed with Celsr3f/f and Kif2af/f females, respectively. For time 
lapse imaging FoxG1-Cre;Dlx5/6-Cre-EGFP;Celsr3+/− and FoxG1-Cre; 
Dlx5/6-Cre-EGFP;Kif2a+/− males were crossed with Celsr3f/f and Kif2af/f 

females to produce Celsr3 and Kif2a knock-out mice in which Dlx5/6 
derivatives express GFP (Celsr3 cKO-EGFP and Kif2a cKO-EGFP). 

2.2. Olfactory bulb (OB) measurement 

OB length and width were measured from fresh P12 brains imaged 
with Leica stereo microscope (MDG41) equipped with Leica DFC450 
camera. A total number of five mice were studied per genotype. 

2.3. Immunoprecipitation and western blotting 

All reagents were purchased from ThermoFisher Scientific, unless 
specified otherwise. E14.5 brains (WT) were collected and stored at − 80 
◦C until use. Immunoprecipitation (IP) was performed on pools of eight 
brains homogenized with 0.8 ml of lysis buffer (Tris 15 mM pH 7.4, 
Glycerol 2%, Triton-X100 1%, Halt-protease and phosphatase inhibitor). 

For Kif2a-IP, Triton-X100 was eventually replaced by N-dodecyl-β-D- 
maltoside (DDM) or n-octyl-β-D-glucoside (N-OG) from the lysis buffer. 
Brain homogenates were incubated for 30 min at 4 ◦C on a tube rotator 
and insoluble materials were removed by centrifugation (20.000xg/10 
min/4 ◦C). IPs were performed using the Pierce crosslink magnetic co-IP 
kit (Thermo Fisher scientific, 88855) following the manufacturer’s in
structions. Briefly 10 μg of guinea pig anti-Celsr3 antibodies (Linden
maier et al., 2019) and normal guinea serum (Sigma, G9774 used as 
negative control); and rabbit polyclonal anti-Kif2a (Abcam, ab37005) 
and normal rabbit serum (Sigma, 12–370) were crosslinked on 25μl of 
Protein A/G magnetic beads. Antibodies-beads complexes resuspended 
with 300 μl of IP-buffer (IPB), were incubated 2 h at RT with 300 μl of 
brain extracts. The flowthrough was recovered, and the beads were 
washed with 500 μl of successively IPB, IPB + NaCl 500 mM, IPB. Pro
tein complexes were eluted by incubating beads 8 min (RT) with 125 μl 
of acidic elution solution, (100 mM glycine− HCl, 100 mM citric acid, pH 
3.0), 10 μl was evaluated by WB was and 115 μl for mass spectrometry 
(see below). For WB, only the elution fraction and the first two washes of 
IP (referred to in Fig. 4 as “E”, “Wash”, and “NaCl”, respectively) were 
denatured in LDS-sample buffer + DTT 50 mM (overnight at 56 ◦C then 
20 min at72 ◦C after DTT-renewal). Protein were separated on a 
Tris-acetate 3–8 % SDS-PAGE electrophoresis gradient-gel and trans
ferred onto PVDF membrane. The membrane was blocked 1 h with 
nonfat milk 6% diluted in TBS + Tween 0.1 % and probed ON at 4 ◦C 
with Antibodies diluted in the same buffer (Celsr3 1:7500, Kif2a 
1/8000). Secondary antibodies, anti-rabbit (Cell Signaling-7074, 
1:20000), anti-guinea pig (Merck Millipore-AP108 P, 1:7500), were 
incubated 1 h at room temperature. The HRP-signal was detected on 
X-ray film using a mix of Supersignal reagent (Thermofisher scientific). 

2.4. Mass spectrometry 

For mass spectrometry, elution fractions (115 μl) of both Celsr3-IP 
and Control-IP (normal guinea pig serum) were first concentrated by 
Methanol/chloroform precipitation (Wessel and Flugge, 1984). Pre
cipitates were solubilized in 35 μl of LDS sample buffer with DTT 50 mM 
ON at 4 ◦C, then 20 min at 42 ◦C and finally 20 min at 72 ◦C, after DTT 
renewal. Protein were separated by electrophoresis and gel was stained 
with colloidal Coomassie blue. The gel was divided in 4 slices per well, 
excised, in-gel digested with trypsin and analyzed by liquid chromato
graphic tandem mass spectrometry. Peptides were dissolved in solvent A 
(0.1 % TFA in 2% ACN), directly loaded onto reversed-phase pre-column 
(Acclaim PepMap 100, Thermo Scientific) and eluted in backflush mode. 
Peptide separation was performed using a reversed-phase analytical 
column (Acclaim PepMap RSLC, 0.075 × 250 mm,Thermo Scientific) 
with a linear gradient of 4 %–27.5 % solvent B (0.1 % formic acid in 98 
% acetonitrile) for 100 min, 27.5 %–40 % solvent B for 10 min, 40 %–95 
% solvent B for 1 min and holding at 95 % for the last 10 min at a 
constant flow rate of 300 nl/min on an EASY-nLC 1000 RSLC system 
couple to a LTQ XL (linear ion trap) from ThermoScientific equipped 
with a nanospray ESI source. The MS scan routine was set to analyze by 
MS/MS the 10 most intense ions of each full MS scan, dynamic exclusion 
was enabled to assure detection of co-eluting peptides. Protein identi
fication was performed with Sequest HT. Specifically, peak lists were 
generated using extract-msn (ThermoScientific) within Proteome 
Discoverer 2.2. The resulting peak lists were searched using SequestHT 
against a target-decoy Mus musculus protein database (101 302 entries 
comprising forward and reversed sequences) obtained from Uniprot. 
The following parameters were used: trypsin was selected with proteo
lytic cleavage only after arginine and lysine, number of internal cleavage 
sites was set to 1, mass tolerance for precursors and fragment ions was 
1.0 Da, considered dynamic modifications were +15.99 Da for oxidized 
methionine. Peptide matches were filtered using the q-value and Pos
terior Error Probability calculated by the Percolator algorithm ensuring 
an estimated false positive rate below 5%. 
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2.5. Immunohistochemistry 

At postnatal day (P) 12, mice were perfused with phosphate-buffered 
saline, pH 7.4 (PBS), followed by 4% paraformaldehyde (PFA). The 
brains were dissected out and post-fixed in 4% PFA at 4 ◦C for overnight, 
cryoprotected in 10 %, 20 % and 30 % sucrose series in PBS at 4 ◦C, and 
cut in sagittal plan into 50 μm thick sections with a sliding microtome 
(Thermo Scientific™, HM 450). Sections were blocked for immuno
staining 2 h in PBS containing 3% bovine serum albumin and 0.5 % 
Triton X-100, followed by incubation with primary antibody at 4 ◦C for 
overnight. Primary antibodies used were rabbit anti-doublecortin 
(1:400, Cell Signaling Technology Cat# 4604, RRID: AB_561007) and 
rabbit anti-Kif2a (1:1000, Abcam Cat# ab37005, RRID: AB_2296593). 
Secondary antibody used was anti-rabbit AlexaFluor568 (1:500, Thermo 
Fisher Scientific Cat# A10042, RRID: AB_2534017). The nuclei were 
visualized using DAPI (4′,6-diamidino-2-phenylindole, Sigma). Sections 
were collected onto coated glass slides (SuperFrostPlus, Thermo Scien
tific™) and mounted with Mowiol mounting medium (0.1 M Tris− HCl, 
pH 8.5, 25 % glycerol, 10 % Mowiol 4–88 Reagent, Calbiochem; and 2.5 
% 1,4-diazabicyclo-[2.2.2]-octan, Sigma-Aldrich). They were imaged by 
laser scanning confocal microscope (Olympus Fluoview FV1000). Im
ages were assembled using Fiji software (Schindelin et al., 2012), and 
imported into Adobe Photoshop 2019 for montage. Calculations of RMS 
width and cell numbers were performed in three distinct areas: proximal 
RMS (area size, 525 μm x 150 μm), middle/elbow of the RMS (area size, 
400 μm x 150 μm), and distal RMS (area size 400 μm x 150 μm). These 
areas were imaged completely through sections with confocal micro
scopy using 5 μm sampling interval. Three optical slices per area, 
starting at the level of RMS widest point, were calculated to obtain 
corresponding slices and overlapping was avoided by calculating every 
second slice. Calculations were performed with ImageJ (Fiji) software. 
Spot counter plugin was used to automatically count for nuclei (settings, 
box 3, noise 100). Cell counter plugin was used to count doublecortin- 
and DAPI-cells. A total number of four mice were studied for Celsr3 cKO 
and for littermate controls. Three mice were studied for Kif2a cKO and 
for littermate controls. All values are given as mean ± SEM. Student’s 
t-test was performed for the statistical analysis. 

2.6. Organotypic brain slice culture 

Organotypic brain slice cultures were used for imaging neuroblast 
migration in RMS. At P12, mice were anesthetized and sacrificed. 
Dissected brains were immediately placed into ice cold artificial cere
brospinal fluid (aCSF; NaCl 125 mM, KCl 3 mM, MgCl2 1 mM, CaCl2 2 
mM, NaH2PO4 1.25 mM, NaHCO3 25 mM, HEPES 25 mM, Glucose 10 
mM) and cut into 150 μm thick sagittal slices with a vibratome (Leica 
VT1000S). Slices containing RMS were transferred into tissue culture 
insert (Picmorg50, Millicell®) within a glass-bottomed cell culture dish 
(627860, CELLview, Greiner bio-one) containing pre-warmed aCSF 
(+37 ◦C), and incubated for ~2 h at +37 ◦C in a 5% CO2 before time 
lapse imaging. 

2.7. Postnatal electroporation in vivo 

Electroporation was performed mainly as described previously 
(Boutin et al., 2008). Briefly, P1–2 Celsr3 cKO, Kif2a cKO and control 
mouse pups were anesthetized on ice ~3 min before injection. 2 μl of 
plasmid solution at concentration ~4 μg/μl were injected into the lateral 
ventricles using glass-pulled pipette connected to 2 μl Hamilton. Five 
50-ms pulses of 90− 100 V, with 850-ms interval were then delivered 
with tweezer electrodes positioned on each side of the pup’s head. After 
electroporation, pups were reanimated on a +37 ◦C heating pad and 
returned to their mother. Co-electroporated plasmids were pCAG-PACT- 
mKO1-N1 plasmid (PACT domain of pericentrin-2 protein fused with a 
fluorescent protein mKO1), generous gift from Professor F. Matsuzaki 
(Riken Kobe Institute, Japan) to stain the centrosome, and Green 

Fluorescent Protein (GFP) eukaryotic expression vector based on the 
chicken beta-actin promoter and the CMV enhancer (pCX-EGFP-N1) was 
used to visualize electroporated cells. Brains were extracted one week 
after electroporation and placed into ice cold aCSF. Electroporated 
hemispheres were collected and cut with a vibratome into 150 μm thick 
sagittal slices. Slices containing fluorescently labeled neuroblasts along 
the RMS were transferred into a tissue culture insert (Picmorg50, Mil
licell®) placed in a glass-bottomed cell culture dish (PS, 35/10 mm, 
Gibco) containing prewarmed aCSF (+37 ◦C) and incubated for ~2 h at 
+37 ◦C in a 5% CO2 incubator prior to time lapse imaging. 

2.8. Time-lapse imaging and analysis 

Time lapse imaging was performed with inverted Zeiss Axio 
Observer microscope equipped with environmental chamber (37 ◦C, 5% 
CO2; Pecon) and Zeiss Axiocam 503 mono camera. Time lapses of 
organotypic and in vivo electroporated brain slices were taken using a 
10x (NA = 0.45) objective (Zeiss). Images were captured every three 
minutes for 8− 12 hours and each image was generated by compressing 
4–6 z-stack images (6 μm interval) into a single frame. For neuroblasts 
speed and directionality, we tracked all Dlx5/6-Cre-EGFP positive neu
roblasts which were visible in the vertical limb of RMS (RMS cross- 
section covering 400 μm in height, movie S2 and S10) for at least 6 h. 
Neuroblast tracking was performed manually with ImageJ plugin 
MtrackJ. A total number of 408 neuroblasts were tracked for Celsr3 cKO- 
EGFP (at least 100 neuroblasts/mouse, n = 4) and 222 neuroblasts for 
littermate controls (at least 50 neuroblasts/mouse, n = 4). A total 
number of 727 neuroblasts were tracked for Kif2a cKO-EGFP (at least 
100 neuroblasts/mouse, n = 4) and 224 neuroblasts for litter mate 
controls (at least 50 neuroblasts/mouse, n = 4). To distinguish station
ary and migrating neuroblasts, we divided all tracked neuroblasts into 
bins according to the distance they had migrated during 6 h. Neuroblasts 
which had migrated over 90 μm/6 h (mean speed of 15 μm/h) were 
defined as moving neuroblasts and included in further analyses (Celsr3 
cKO-EGFP, n = 253 and control, n = 164 trajectories. Kif2a cKO-EGFP, n 
= 296 and control n = 172 trajectories). The collapsed optical stacks (Z- 
stacks, 24–36 micrometers of RMS) did not take in account the move
ment in 3D. Migrating neuroblasts moved vertically in relation to the 
microscope objective by changing their “depth” inside RMS. Thus, our 
results may underestimate slightly the migration speed and distance. 
Neuroblasts speed varied from slow to high while migrating in RMS. 
This variation of speed can be presented as oscillations to analyze 
temporal changes in neuroblasts speed. From these oscillations, we 
measured the mean frequency between maximum (peak) speeds and 
amplitude of oscillations per cell. For directionality, neuroblasts tra
jectories were transferred to begin from center point and directionality 
was quantified from the trajectory’s endpoints (movie S3 and S12). A 
custom-made-open-source computer program, DiPer, was used to 
calculate neuroblasts directionality ratio (d/D) and last point direc
tionality (Gorelik and Gautreau, 2014). All values are given as mean ±
SEM, and Student’s t test was performed for the statistical analyses. For 
migratory cycle analysis, we tracked LP, centrosome, and soma of the 
migrating neuroblasts for 6 h (Movie S5 and S14) and measured their 
velocity and distance relative to each other. The length and amplitude of 
the migratory cycle was quantified by measuring the distance between 
centrosome (stained with PACT-mKO1) and soma (GFP positive) over 
time. The distance between centrosome and soma is minimal at the 
beginning of the migratory cycle, and maximal when the centrosome 
moves forward in the leading process dilation. The variation of distance 
between the centrosome and soma was calculated for each time point to 
define the minimal and maximal distances. The amplitude of the 
migratory cycle was calculated as a mean difference between consecu
tive minimal and maximal distances over time per cell. The mean length 
of the migratory cycle was calculated as the number of maximal dis
tances divided by measured time per cell. All values are given as mean ±
SEM, and a Student’s t test was used for the statistical analysis. For 
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nucleus-centrosome (N-C) coupling, we compared velocity of LP, 
centrosome, and soma relative to each other. A total number of 41 
neuroblasts from four mice were studied for the Celsr3 cKO and 41 
neuroblasts from three mice for control mice. For Kif2a cKO, a total 
number of 38 neuroblasts from four mice were studied and 38 neuro
blasts from three mice for control. Values were obtained by one-way 
ANOVA and Tukey post hoc test. For branching analysis, we quanti
fied overall branching frequency as the number of new branches per 
hour. New branches were then divided into two categories according to 
the branching start point, (1) leading edge (LE) splitting, where the 
branching started from the growth cone-like structure located at the 
most distal part of LP, and (2) side branching from proximal LP or de 
novo LP formation from soma. For these two categories, we measured 
branching frequency per hour, maximum branch length and branch 
lifetime. A total number of 46 neuroblasts from five mice were studied 
for Celsr3 cKO and 44 neuroblasts from four mice for control. For Kif2a 
cKO, a total number of 48 neuroblasts from five mice were studied and 
44 neuroblasts from four mice for control. All values are given as mean ±
SEM. Student’s t-test was performed for the statistical analyses. 

2.9. Astrocyte primary cultures 

CD1 P2− 4 mouse brains were dissected and cortices were isolated. 
Cortical cells were dissociated using papain, counted using a Bürker 
chamber, and plated in 75 cm2 plastic flask at a density of ~104 cells/ml 
in astrocytes medium (DMEM high glucose, 10 % FBS, 1% Penicillin/ 
streptomycin). Cells were kept in culture at least for one week and 
medium (Neurobasal™ -A Medium, minus phenol red (12349015, 
Gibco), B27™ supplement (17504− 44,Gibco), L-glutamine 200 mM and 
Penicillin/streptomycin 1X) was changed every second day. When cells 
reached confluence, each type of glial cells was separated by two con
secutives shaking: first, 180 rpm for 30 min to remove microglia, then 
240 rpm for 6 h to remove oligodendrocytes. The remaining astrocytes 
were washed and detached in 5 ml of Trypsin/EDTA for 30 min. Finally, 
astrocytes were plated on 35 mm petri dishes at a density of ~3.104 

cells/ml. 

2.10. EB3 live imaging 

RMS explants were prepared from 200 μm thick vibratome sections 
and placed into 35 mm petri dishes as floating cultures with neurobasal 
medium (Neurobasal™ -A Medium, minus phenol red (12349015, 
Gibco), B27™ supplement (17504− 44,Gibco), L-glutamine 200 mM and 
Penicillin/streptomycin 1X). Lentiviral particles encoding EB3-RFP 
(LentiBrite™ EB3-RFP, 17-10222, Millipore) were added to cultures at 
a concentration of 3.3 × 106 infectious units/dish for 24 h. After 
transfection, explants were transferred on top of astrocyte monolayer 
culture and incubated for additional 24 h allowing neuroblasts to start 
migration (Fig. 4C, D). Time lapse imaging was then performed using 
Zeiss Axio Observer microscope equipped with environmental chamber 
(37 ◦C, 5% CO2; Pecon), Zeiss Axiocam 503 mono camera and 63x (NA =
1.2) water immersion objective (Zeiss). Time lapse series were captured 
every 2 s for 3 min from EB-RFP positive neuroblasts that migrated out 
of the explant and exhibited a bipolar morphology. EB3-RFP comets 
movement was tracked from the base towards the tip of the leading 
process. All time lapses were then deconvoluted with Huygens profes
sional software (automatic deconvolution using CMLE algorithm with S/ 
N ratio 15). EB3 comets were tracked manually with ImageJ plugin 
MtrackJ and trajectories and velocities were quantified with Graphpad 
Prism 8. A total number of 21 cells were studied for Celsr3 cKO and 10 
cells for control from three independent explant cultures. For Kif2a cKO, 
20 cells were studied and 10 cells for control from three independent 
explant cultures. Data are represented as Tukey`s box plots. All values 
are given as mean ± SEM. Student’s t-test was performed for the sta
tistical analysis. 

2.11. MT assay 

MTs/Tubulin in vivo Assay Kit (BK038, Cytoskeleton Inc.) was used 
according to the manufacturer instructions to determine relative amount 
of MT versus free tubulin content in forebrain. Forebrain samples 
weighing 0.05− 0.1 g were collected from P12 mice and homogenized in 
1 ml of 37 ◦C pre-warmed lysis buffer with a 25-gauge syringe needle. 
Cellular debris was removed from the samples by centrifugation of lysis 
buffer at 1500 × g for 5 min at 37 ◦C. After centrifugation, 500 μl of 
supernatant was transferred into a new tube and centrifuged at 100,000 
× g at 37 ◦C for one hour to separate polymerized tubulins/MTs (pellet) 
from tubulin monomers (supernatant). Supernatant was collected into a 
new tube and pellet was re-suspended to equal amount of lysis buffer 
(500 μl) as supernatant. An equal amount of both polymerized tubulins/ 
MTs (pellet) and tubulin monomers (supernatant) was loaded for each 
SDS/PAGE assay, followed by chemiluminescent Western blotting with 
sheep anti-tubulin antibody (1:5000, Cytoskeleton, Inc. Cat# ATN02, 
RRID:10708807) to detect both α- and β-tubulin. Quantification of 
Western blots was performed by using Gel analysis method in imageJ 
software. The relative αβ-tubulin level between polymerized tubulins/ 
MTs (pellet) and tubulin monomers (supernatant) were achieved by 
dividing relative intensity of pellet with supernatant relative intensity. A 
total number of five forebrain samples were studied for Celsr3 cKO and 
for littermate controls. All values are given as mean ± SEM. Student’s t- 
test was performed for the statistical analysis. 

3. Results 

3.1. Neuroblasts accumulate in the vertical limb of RMS in Celsr3 cKO 
mice 

While Celsr3 is expressed in virtually all postmitotic neurons during 
embryogenesis, its expression is sharply downregulated in the postnatal 
brain except in derivatives of adult neurogenesis, including cells in the 
hippocampal formation, SVZ and RMS (Fig. 1A) (Tissir et al., 2002; 
Tissir and Goffinet, 2006). Given the perinatal lethality of Celsr3 null 
mice, and with aim to investigate the role of Celsr3 in postnatal neu
rogenesis, we produced and analyzed conditional knockout mice where 
Celsr3 is deleted in the forebrain (Celsrf/f;Foxg1-Cre, hereafter referred to 
as Celsr3 cKO). At postnatal day 12 (P12), Celsr3 cKO forebrain and, 
especially, olfactory bulbs were smaller compared to controls from lit
termates (length: -17 ± 0.6 %, P < 0.0001; width: -11.6 ± 2.1 %, P =
0.009; Fig1. B–E and Fig. S1). We labeled the neuroblasts using dou
blecortin (DCX) immunostaining in brain sagittal sections at postnatal 
day (P) 12 when the production of olfactory interneurons peaks. 
Whereas the RMS had a uniform width from the SVZ to OB in control 
mice, the mutant RMS appeared irregular. It was thicker proximally and 
thinner distally compared to controls (Fig. 1F, G). To quantify these 
changes, we divided the RMS into 3 distinct areas and calculated the 
width, total number of cells, and number of neuroblasts in each area. In 
the proximal RMS (that is the beginning of the vertical arm; area a, a’ in 
Fig. F, G), the width, total cell number, and number of neuroblasts were 
increased in Celsr3 cKO compared to control littermates (width: +105.9 
± 12.3 %, P < 0.0001; total cell number of cells: +91.5 ± 9.3 %, P <
0.0001; and neuroblasts +85.5 ± 19.6 %, P = 0.0025; Fig. 1H). At elbow 
level (i.e. the transition between vertical and horizontal arms area b, b’), 
they rose by +56.7 ± 11.1 % (P = 0.0002); +42.7 ± 13.9 %, (P =
0.0074); and +50.3 ± 16.2 % (P = 0.0019) respectively (Fig. 1I). By 
contrast, in the distal RMS (area c, c’), they were all reduced in Celsr3 
cKO (width: -53.4 ± 2.6 %, P < 0.000; total cell number: -56.8 ± 1.6 %, P 
< 0.0001; and neuroblasts: -50.6 ± 5.9 %, P = 0.0049; Fig. 1J). Thus, a 
substantial proportion of neuroblasts failed to progress beyond the 
elbow and accumulated in the vertical arm of RMS in mutant mice, 
suggesting that Celsr3 is important for tangential migration of neuro
blasts in the postnatal brain. 
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3.2. Celsr3 specifies the direction and regulates velocity of migration 

Accumulation of neuroblasts in the proximal RMS could be due to 
impaired initiation of migration, prolonged stationary phase, or reduced 
speed of migration (Hakanen et al., 2011; Haumann et al., 2020; Nam 
et al., 2007; Turner and Sontheimer, 2014). To gain insights into the 
dynamics leading to accumulation of Celsr3-deficient neuroblasts in the 
vertical limb, we used time-lapse analysis. We crossed Celsr3 cKO mice 
with Dlx5/6-Cre-EGFP mouse line to visualize a subpopulation of neu
roblasts migrating from ventral telencephalon (Fig. 2A, movie S1) 
(Stenman et al., 2003). We measured the migration speed in acute brain 
slices by tracking neuroblasts present in the RMS vertical limb for a 
period of 6 h (Fig. 2B, Movie S2). Many Celsr3-deficient neuroblasts 
were motionless (Movie S1). To distinguish stationary and migrating 
cells, we segregated them into bins according to the distance they had 
migrated in 6 h and considered as “migrating” cells those that moved at 
least 90 μm. In Celsr3 cKO-EGFP mice, 38 % of neuroblasts were sta
tionary versus 26.1 % in control mice (Fig. 2C). The maximum migration 
length was 732 μm for Celsr3-deficient neuroblasts and 954 μm for 
control (Fig. 2C). After removal of stationary neuroblasts, the net 
displacement of neuroblasts was decreased in Celsr3 cKO-EGFP mice 
compared to controls (-35.98 %, P < 0.0001, control = 421.6 ± 15.6 μm 
vs. Celsr3 cKO-EGFP = 269.9 ± 9 μm, Fig. 2D). Consistent with these 
results, the migration speed of neuroblasts was reduced in Celsr3 
cKO-EGFP mice compared to controls (-38.99 %, P < 0.0001, control =
70.3 ± 2.6 μm/h, Celsr3 cKO-EGFP = 45 ± 1.5 μm/h, Fig. 2E). Neuro
blasts undergo saltatory movement (Belvindrah et al., 2017; Garcia-
Gonzalez et al., 2017; Nam et al., 2007), we tested whether the saltatory 

migration pattern was preserved in Celsr3-deficient neuroblasts. We 
quantified neuroblasts frequency of peaks and amplitude of maximum 
velocities (Fig. 2F-H). Whereas the frequency of peaks was not affected 
(Fig. 2F, G), the amplitude was reduced in Celsr3 deficient neuroblasts 
compared to controls (-32.55 %, P < 0.0001, control = 114.9 ± 4.1 
μm/h vs. Celsr3 cKO-EGFP = 77.5 ± 2.3 μm/h Fig. 2F, H). We assessed 
the movement directionality by analyzing the trajectory of individual 
neuroblasts (movie S3, Fig. 2I-L). In control mice, 84.8 % of neuroblasts 
migrated toward OB, 6.1 % toward SVZ, and 9.1 % remained in the 
central ring (Fig. 2J left). In Celsr3 cKO-EGFP mice, only 37.9 % 
migrated towards OB, 51.4 % toward SVZ and 10 % stayed inside the 
center (Fig. 2J right). Finally, we evaluated the directionality ratio (dD), 
which designates the deviation between the observed migration and 
optimal linear paths. Celsr3-deficient neuroblasts migration trajectory 
was significantly more curved compared to control neuroblasts 
(Fig. 2K). When the directionality ratio was measured from last point of 
the trajectories, Celsr3-deficient neuroblasts migration directionality 
deviated significantly from control neuroblasts (Fig. 2L; last point 
directionality, P = 0.006). These results show that Celsr3 is important 
for directionality and speed of neuroblasts migration but not for overall 
saltatory movement pattern. 

3.3. Defective migratory cycle and branching in Celsr3-deficient 
neuroblasts 

Neuroblasts migration is composed of consecutive migratory cycles 
that determine the migration speed. To scrutinize the migratory cycle, 
we labeled the neuroblast and centrosome by electroporating the pCX- 

Fig. 1. Neuroblasts accumulate into the vertical RMS in Celsr3 cKO mice. (A) Celsr3 mRNA expression in the forebrain at P12. (B, C) P12 brains from control (B) 
and Celsr3 cKO (C) mice. Nissl staining of control (D) and Celsr3 cKO (E) mice olfactory bulb. (F, G) Composite images of sagittal brain sections from control (F) and 
Celsr3 cKO (G) immunostained with anti-DCX (red) and DAPI (blue). White rectangles in F and G outlines enlarged areas in the proximal RMS (a, a’), elbow of the 
RMS (b,b’) and distal RMS (c, c’). White boxes in the images (a, a’), (b, b’) and (c, c’) represents areas used for quantification of width, total number of cells and DCX 
positive cells. Scale bars, (A-D) 400 μm and (a-c’) 100 μm. (H-J) Bar charts of width, total number of cells, and DCX positive cells in (a, a’), (b, b’) and (c, c’), 
respectively. Control (gray color) n = 4 mice and Celsr3 cKO (blue color) n = 4 mice. Data are represented as mean ± SEM. Values were obtained by unpaired 
Student’s t-test; *: P < 0.05, **: P < 0.01, and ***: P < 0.001. OB, olfactory bulb. CX, cortex. LV, lateral ventricle. RMS, rostral migratory stream. 
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EGFP and pCAG-PACT-mKO1-N1 plasmids into the lateral ventricle of 
neonates mice, and carried out time-lapse imaging on acute brain slices 
prepared 7 days after electroporation (Movie S4 and S5; Fig. 3A, B). 
Celsr3-deficient neuroblasts exhibited a longer LP (+22.22 %, P =
0.0048, control = 39.6 ± 1.7 μm vs. Celsr3 cKO = 48.4 ± 2.4 μm; Fig. 3C, 
D), but the distance between centrosome and nucleus was reduced (-20 
%, P = 0.0093, control = 8 ± 0.5 μm vs. Celsr3 cKO vs. 6.4 ± 0.4 μm; 

Fig. 3E). This difference in centrosome positioning suggests that 
nucleus-centrosome (N-C) coupling could be defective in Celsr3 defi
cient neuroblasts, which may influence the somal translocation. To test 
this possibility, we compared velocities of LP, centrosome, and soma 
with respect to each other. Celsr3-deficient neuroblasts have reduced 
mean velocity for LP, centrosome and soma compared with control 
neuroblasts (LP velocity: -18.48 %, P = 0.0007, control = 108.2 ± 3.9 

Fig. 2. Celsr3 regulates neuroblasts the direction and velocity of migration. (A) Scheme illustrating the time lapse imaging procedure. (B) Representative time 
lapse sequence illustrating tracking of neuroblasts in control and Celsr3 cKO-EGFP mice. Neuroblasts which were visible between dashed lines (diameter, 400 μm) in 
the beginning of time lapse imaging were tracked for 6 h. Images are taken from video S2. Scale bars, 200 μm. 
(C) Distribution of neuroblasts by migrated distance in control and Celsr3 cKO-EGFP mice. Shaded area delineates stationary neuroblasts (0− 90 μm) which were 
removed from further analysis. (D) Migrating neuroblasts net displacement in control and Celsr3 cKO-EGFP mice. (E) Neuroblasts speed in control and Celsr3 cKO- 
EGFP mice. (F) Representative graph illustrating temporal changes in migrating neuroblasts speed. (G) Frequency of neuroblasts peak speed in control and Celsr3 
cKO-EGFP mice. (H) Amplitude of neuroblasts speed in control and Celsr3 cKO-EGFP mice. (I) Schematic illustration of neuroblasts migratory trajectories starting 
from center point. (J) the distribution of neuroblast directionality was quantified from trajectories endpoint. (J) In control mice (left), 84.8 % (139 trajectories) were 
directed towards the OB, 6.1 % (10 trajectories) towards the SVZ, and 9.1 % (15 trajectories) did not move out of the central ring (n = 164 trajectories, 4 mice). In 
Celsr3 cKO-EGFP mice (right), 51.4 % (130 trajectories) moved towards the OB, 37.9 % (96 trajectories) towards the SVZ, and 10.7 % (27 trajectories) did not leave 
the center (n = 253 trajectories, 4 mice). (K) Neuroblasts directionality ratio (dD) analysis between control and Celsr3 cKO-EGFP mice. Directionality ratio 1 denotes 
a straight migration trajectory from start to endpoint, and 0 a highly curved migration trajectory. Note that in Celsr3 cKO-EGFP mice, neuroblast migration trajectory 
is closer to 0, suggesting a more curved neuroblast migration trajectory compared to control mice. (L) Last point directionality of control and Celsr3 cKO-EGFP mice. 
For graphs (C–H and J–L), control (gray color) n = 164 cells from four animals and Celsr3 cKO-EGFP (blue color) n = 253 cells from four animals. Data are rep
resented as mean ± SEM. Values were obtained by unpaired Student’s t test; ns = not significant, P < 0.01** and P < 0.001***. SVZ, subventricular zone. OB, 
olfactory bulb. D, dorsal. V, ventral. 
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μm/h vs. Celsr3 cKO = 88.2 ± 4.1 μm/h; Fig. 3F. Centrosome velocity: 
-27.7 %, P < 0.0001, control = 93 ± 4 μm/h vs. Celsr3 cKO = 67.2 ± 4.4 
μm/h; Fig. 3G. Soma velocity: -27.5 %, P = 0.0002, control = 90.5 ± 4.2 
μm/h vs. Celsr3 cKO = 65.6 ± 4.7 μm/h; Fig. 3H). However, the relative 
connection between these three velocities was similar between control 
and mutant mice (Fig. 3I). In both cases, the neuroblasts LP velocity was 
significantly higher compared to the centrosome and soma velocities; 
but the centrosome and soma/nucleus velocities did not differ signifi
cantly from each other. These results suggest that the observed differ
ence in the centrosome positioning is not due to defective N-C coupling. 
We also quantified the mean amplitude and duration of migratory cycle 
by measuring temporal variation in the soma-centrosome distance 
(Fig. 3J). The amplitude of soma-centrosome distance was not changed 
(P = 0.068, control = 5.9 ± 0.3 μm vs. Celsr3 cKO 5.1 ± 0.3 μm; Fig. 3K). 
However, the mean duration of the migratory cycle was longer in Celsr3- 
deficient neuroblasts compared to controls (+23.73 %, P < 0.0001, 
control = 11.8 ± 0.3 min. vs. Celsr3 cKO = 14.6 ± 0.4 min.; Fig. 3L). 
These results suggest that the movement range of the centrosome and 
soma is intact in Celsr3-deficient neuroblasts during the migratory cycle. 

The extended migratory cycle is caused by uniform reduction of LP, 
centrosome, and soma velocities. A major factor in directing neuroblasts 
pathfinding is LP branching during migration (Cooper, 2013; Valiente 
and Martini, 2009). Thus, we analyzed LP branching from the time 
lapses (movies S6 and S7 and Fig. 3M, N). The overall branching fre
quency was much higher in Celsr3-deficient neuroblasts compared to 
controls (+158.62 %, P < 0.0001, control = 0.29 ± 0.03 branching 
events/hour vs. Celsr3 cKO = 0.75 ± 0.05 branching events/hour; 
Fig. 3O). Branching normally occurs at the leading edge (Cooper, 2013). 
However, we observed branches emerging from different starting points 
(movies S6 and S7 and Fig. 3P, Q). Therefore, we divided the branching 
into two categories: (1) leading edge (LE) splitting, and (2) side 
branching from proximal LP or de novo LP formation from soma. In 
Celsr3-depleted neuroblasts, the frequency of both categories was 
increased (LE splitting +56 %, P = 0.0035, control = 0.25 ± 0.03 
branching events/hour vs. Celsr3 cKO = 0.39 ± 0.04; Fig. 3P. Side 
branching orde novo LP formation +1050 %, P < 0.0001, control = 0.04 
± 0.01 branching events/hour vs. Celsr3 cKO = 0.46 ± 0.04 branching 
events/hour; Fig. 3Q). We also quantified the maximum length and 

Fig. 3. Celsr3-deficient neuroblasts have 
longer migratory cycle and increased 
branching. (A) Scheme illustrating experi
mental procedure. Neonate control and Celsr3 
cKO mice were electroporated with pCX-EGFP 
and pCAG-PACT- mKO1-N1 plasmids to visu
alize neuroblasts morphology and centrosome 
position, respectively. Brain slices were 
analyzed 7 days after the electroporation with 
time lapse imaging. (B) Representative time 
lapse sequence emphasizing movement of the 
cell soma, centrosome, and LP during neuro
blasts migration in RMS. Red arrowheads depict 
the end of LP, yellow arrowheads the position 
of the centrosome, and green arrowheads the 
position of cell soma. The timeline is shown in 
left down corner. (C-E) Quantification of the 
soma-end of LP distance, soma-centrosome 
distance, and centrosome-LP end distance. (F- 
H) Quantification of LP, centrosome and soma 
velocity. (I) Analysis of LP-C-S coupling. Note 
that LP-C-S coupling profiles are identical in 
control and Celsr3 cKO mice. The quantifications 
were obtained by one-way ANOVA and Tukey 
post hoc tests. (J) Representative graph illus
trating temporal changes in the distance be
tween, soma, and centrosome in migrating 
neuroblasts. Control (gray) and Celsr3 cKO 
(blue). (K) Quantification of mean amplitude of 
soma to centrosome distance during neuroblasts 
migration. (L) Quantification of migratory cycle 
duration. For graphs (C-L, n = 41 cells from 
three control mice (gray color), and 41 cells 
from four Celsr3 cKO mice (blue color), Un
paired Student’s t test). (M, N) Representative 
time lapse sequence illustrating neuroblasts 
branching. Branching category is indicated in 
the heading and mouse genotype on the side of 
the figure. The timeline is shown in left down 
corner. (O) Overall frequency of branching in 
control and Celsr3 cKO mice (n = 44 cells from 
four control mice and 46 cells from five Celsr3 
cKO mice). (P-U) Frequency, maximum branch 
length, and lifetime of leading edge (LE) split
ting (P, R, and S, respectively); and of side 
branching (Q, T and U, respectively). Data are 
represented as mean ± SEM. Values were ob
tained by unpaired Student’s t test; ns: not sig
nificant, *: P < 0.05, **: P < 0.01, and ***: P <
0.001.   
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lifetime of the branches in both categories (Fig. 3R-U). In 
Celsr3-deficient neuroblasts, the length of branches was slightly 
decreased in LE splitting compared to control neuroblasts (-16 %, P =
0.0154, control = 17.5 ± 0.8 μm vs. Celsr3 cKO 14.7 ± 0.8 μm; Fig. 3R). 
The maximum length of side branches and de novo LP, and the lifetime 
of both types were similar in the two genotypes (Fig. 3S-U). These results 
suggest that exuberant branching and prolonged migratory cycles cause 
the migration defects of Celsr3-deficient neuroblasts. 

3.4. MT dynamics is impaired in Celsr3 cKO mice 

Neuroblasts migration, directionality, migratory cycle and LP 
branching require constant rearrangement of the cell cytoskeleton 
(Kapitein and Hoogenraad, 2015). To investigate how Celsr3 may affect 
the cytoskeleton, we conducted a proteomic analysis on E.14.5 brain 
extracts. We identified 242 potential interactants (Supplementary 
Table 1). Kif2a, a Kinesin implicated in MT depolymerization and axonal 
transport, was selected for further investigations because i) it plays a 

role in radial migration (Homma et al., 2003), ii) it is expressed in the 
RMS during the peak of neuroblast migration, and iii) Kif2a KO and 
Celsr3 KO mice have overlapping axonal phenotypes (Homma et al., 
2003; Tissir et al., 2005). Celsr3-Kif2a interaction was confirmed by 
immunoprecipitation (IP) of endogenous Kif2a by anti-Celsr3 antibodies 
from embryonic day (E)14.5 brain extracts followed by western blotting 
(Fig. 4A). Inversely, anti- Kif2a antibodies immunoprecipitated Celsr3 
(Fig. 4B) confirming the presence of the two proteins in the same 
complex. To explore the link between Celsr3 and MT dynamics in 
migrating Celsr3 neuroblasts, we transfected RMS explants with Lenti
Brite™ EB3-RFP fusion protein that binds to the MT plus end, and can be 
used to monitor the MT growth rate (Fig. 4C, D). Specifically, we tracked 
EB3-RFP fusion proteins (EB3 comets) movement in LP while neuro
blasts migrated out of the RMS explants (Movie S8 and Fig. 4E). The 
movement of EB3 comets was slower in Celsr3-deficient neuroblasts 
than in controls. (-12.82 %, P = 0.0009, control = 0.39 ± 0.006 μm/sec 
vs. Celsr3 cKO = 0.34 ± 0.009 μm/sec; Fig. 4F), indicating that the MT 
growth rate was reduced in the mutant tissue. To further analyze MT 

Fig. 4. MT dynamics is impaired in Celsr3 cKO and Kif2a cKO neuroblasts. (A, B) Immunoprecipitation (IP) of Celsr3 and Kif2a from E14.5 brain extracts. Kif2a 
IP was performed with 3 different detergents: Triton X100 (Tx100), N-octylglucopyraoside (N-OG) and N-dodecyl maltoside (DDM). (C) Scheme illustrating the 
microtubule growth rate experiment. Explants were collected from RMS of P12 mice transfected with LentiBrite™ EB3-RFP and placed on top of the astrocyte 
monolayer. Time lapse imaging was performed in 2 s intervals for 3 min. (D) Representative image illustrating transfected explant and higher magnification (dashed 
square) showing the neuroblast imaged for time lapse (E) and Movie S8. (E) Representative time lapse sequence illustrating EB3-RFP comets tracking in control and 
Celsr3 cKO neuroblasts. Dashed box in the upper panels presents the magnified area of the neuroblasts shown in dashed panels below. Time points 0 s, 10 s and 20 s. 
Scale bars 5 μm. (F) Quantification of EB3 comets velocity in control and Celsr3 cKO neuroblasts. EB3 comets velocity data are represented as Tukey`s box plots, n =
10 cells (control, gray color) and 21 cells (Celsr3 cKO cells, blue color) from three independent explant cultures per genotype. (G) Scheme illustrating microtubule the 
spin-down assay used to quantify polymerized microtubule (pellet fraction) versus non-polymerized (supernatant fraction) tubulin in control, and Celsr3 cKO mice 
forebrain at P12. (H) Western blotting of control and Celsr3 cKO mice supernatant (SN) and pellet (P) fractions with αβ-tubulin antibody. (I) Quantification of 
polymerized microtubule versus non-polymerized tubulin ratio between control and Celsr3 cKO mice (n = 5 mice for each genotype). (J) Representative time lapse 
sequence illustrating EB3-RFP comets tracking in control and Kif2a cKO neuroblasts. Dashed box in the upper panels presents the magnified area of the neuroblasts 
shown in dashed panels below. Time points 0 s, 10 s and 20 s. Scale bars 5 μm. (K) Quantification of EB3 comets velocity in control and Kif2a cKO neuroblasts. Data 
are represented as Tukey`s box plots, n = 10 cells (control, gray) and 20 cells (Kif2a cKO cells, brown) from three independent explant cultures per genotype. 
Quantitative data are represented as mean ± SEM. Unpaired Student’s t test; ns: not significant, *: P < 0.05, **: P < 0.01, and ***: P < 0.001. 
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dynamics, we performed a tubulin spin-down assay to quantify the ratio 
of polymerized MT and free (non-polymerized) tubulin. We used ex
tracts of the RMS area and separated polymerized MT from 
non-polymerized tubulin by centrifugation (Fig. 4G). The ratio between 
polymerized MT and non-polymerized tubulin in Celsr3-deficient fore
brain was smaller compared to control forebrains (-33.33 %, P = 0.0015, 
control = 1.05 ± 0.06 vs. Celsr3 cKO = 0.7 ± 0.06; Fig. 4H, I). To test 
whether Kif2a could be involved in MT dynamics defects found in Celsr3 
cKO mice, we produced Kif2a-forebrain conditional knockout mice 
using the Foxg1-Cre line (Kif2a cKO) (Fig. S2 A–H). Like Celsr3, Kif2a 
depletion affected neuroblasts migration and MT dynamics (Movie S9, 
S10). EB3 comets movement in Kif2a-deficient neuroblasts was 
decreased compared to controls (-18.42 %, P < 0.0001, control = 0.38 ±
0.009 μm/sec vs. Kif2a cKO = 0.31 ± 0.007 μm/sec; Fig. 4J, K, Movie 
S10). These results suggest that Celsr3-deficiency affects the rate of MT 
growth/stability likely in Kif2a-dependent manner. 

3.5. Deletion of Kif2a in the forebrain recapitulates the Celsr3 cKO 
phenotype 

In Kif2a cKO mice, the OB was markedly smaller than in controls at 
P12 (length: -23.5 ± 2%, P < 0.0001; width: -14.7 ± 1.4 %, P < 0.0001; 
(Fig. S1D, E and Fig. S2). We analyzed the distribution of neuroblasts 
using DCX staining (Fig. 5A, B), and detected a substantial accumulation 
of cells in the proximal RMS in Kif2a cKO mice (Fig. 5A, B a’’-a’’’, C; 
width +158.1 ± 29.8 %, P = 0.0039; total number of cells: +145.1 ±
34.9 %, P = 0.0064; neuroblasts +147.6 ± 33.5 %, P = 0.0055). 
Accumulation of cells extended to the RMS elbow (Fig. 5A, B, b’’-b’’’, D; 
width: +78.8 ± 13.9 %, P = 0.0028; total number of cells: +55.8 ± 13.1 
%, P = 0.0045, neuroblasts: +61.2 ± 17.1 %, P = 0.0046; Fig). Hence, 
the distal RMS had shrunk and comprised less cells (Fig. 5A, B, c’’-c’’’, E; 
width: -60.6 ± 6%, P = 0.0005; total number of cells: -60.1 ± 7.6 %, P =
0.002; neuroblasts: -57.7 ± 10.2 %, P = 0.0059). To assess whether these 
defects are due to impaired velocity and directionality, we performed 
time lapse imaging in Kif2a cKO; Dlx5/6-Cre-EGFP (Kif2a cKO-EGFP) 
mice (Fig. 6A; movie S11). 58.7 % of the neuroblasts were stationary 
in Kif2a cKO-EGFP versus 23.2 % in control mice (Fig. 6B). The 

maximum migration length was 564 μm for Kif2a-deficient and 774 μm 
for control neuroblasts (Fig. 6B). The net displacement of neuroblasts 
and the migration speed were significantly reduced in Kif2a cKO mutant 
mice compared to control mice (displacement: -47.45 %; P < 0.0001, 
control 380.2 ± 14.6 μm vs. Kif2a cKO-EGFP 199.8 ± 6.1 μm; Fig. 6C. 
Speed: -44.95 % P < 0.0001, control = 63.4 ± 2.4 μm/h vs. Kif2a cKO- 
EGFP 34.9 ± 1.1 μm/h; Fig. 6D). We analyzed the migratory pattern 
(Fig. 6E) and found that both the frequency of peaks and the mean 
amplitude of maximum velocity were reduced in Kif2a cKO (frequency: 
-4.1 %, P < 0.0001, control = 36.6 ± 0.2, Kif2a cKO-EGFP = 35.1 ± 0.2; 
Fig. 6F. Amplitude -45.16 %, P < 0.0001, control = 104.3 ± 3.9 μm/h, 
Kif2a cKO-EGFP = 57.2 ± 1.7 μm/h; Fig. 6G). The directionality was 
also affected as only 35 % of neuroblasts migrated toward OB in Kif2a 
cKO versus 82 % in control mice (Movie S12; Fig. 6H, I), and the 
migration end point significantly deviated from the normal path (Fig. 6J, 
K). To test whether the loss-of-function of Kif2a triggers similar modi
fications of migratory cycle and branching as those observed in Celsr3 
cKO mice, we electroporated pCX-EGFP and pCAG-PACT- mKO1-N1 
expression vectors in lateral ventricles of newborn mice, and scrutinized 
neuroblast migration using time lapses in organotypic slices (Movie S13 
and S14, Fig. 7A). Like in Celsr3 cKO mice, LP was longer in Kif2a- 
depleted neuroblasts, and the distance between centrosome and soma 
was greatly extended compared to controls (LP length +53.55 %, P <
0.0001, control = 49.3 ± 1.4 μm vs. Kif2a cKO = 75.7 ± 2.7 μm; soma- 
centrosome distance +90.79 %, P < 0.0001, control = 7.6 ± 0.4 μm vs. 
Kif2a cKO = 14.5 ± 0.8 μm; Movie S14, Fig. 7B-D). The velocity of LP, 
centrosome and soma were decreased in Kif2a deficient neuroblasts 
compared to controls (LP velocity -20.96 %, P = 0.0002, control = 114.5 
± 3.8 μm/h vs. Kif2a cKO 90.5 ± 4.7 μm/h; centrosome velocity -36.55 
%, P < 0.0001, control = 96.3 ± 4.6 μm/h vs. Kif2a cKO = 61.1 ± 4.3 
μm/h; soma velocity -45.04 %, P < 0.0001, control = 95.7 ± 4.5 μm/h 
vs. Kif2a cKO = 52.6 ± 4.4 μm/h; Fig. 7E-G). Like in Celsr3 cKO mice, the 
relative connection between these three velocities was identical be
tween control and Kif2a cKO mice (Fig. 7H). We analyzed the migratory 
cycle (Fig. 7I) and observed no change in the cycle amplitude (Fig. 7J). 
However, the mean duration of the cycle was longer in Kif2a cKO 
(+47.27 %, P < 0.0001, control = 11 ± 0.3 min. vs. Kif2a cKO 16.2 ± 0.6 

Fig. 5. Neuroblasts accumulate into the vertical RMS in Kif2a cKO mice. 
(A, B) Immunostaining with anti-DCX (red) and DAPI (blue) of brain sagittal sections at P12 from control (A) and Kif2a cKO (B) mice. White boxes in (A, B left panels) 
outline enlarged areas in the corresponding right panels that were used for quantifications. Scale bars; 400 μm in (A, B) and 100 μm in (a-c’). (C–E) Quantification of 
the width, total number of cells and DCX positive cells in the proximal RMS (C; a: control, a’: Kif2a cKO), elbow (D; b: control, b’: Kif2a cKO) and distal RMS (E; c’: 
control, c’: Kif2a cKO). Control (gray color) and Kif2a cKO (brown color), n = 3 mice for each genotype. Data are represented as mean ± SEM, Unpaired Student’s t 
test; *: P < 0.05, **: P < 0.01, and ***: P < 0.001. 

J. Hakanen et al.                                                                                                                                                                                                                                



Progress in Neurobiology 208 (2022) 102177

10

min; Fig. 7K). We also quantified neuroblasts branching (movies S15 and 
S16; Fig. 7L, M). The frequency of branching was higher in Kif2a cKO 
compared to control neuroblasts (+161.54 %, P < 0.0001, control =
0.26 ± 0.03 branching events/hour vs. Kif2a cKO = 0.68 ± 0.06 
branching events/hour; Fig. 7N), mainly because of a much greater side 
branching frequency (+940 %, P < 0.0001, control = 0.05 ± 0.02 
branching events/hour vs. Kif2a cKO = 0.52 ± 0.06 branching events/ 
hour; Fig. 7O, P). The maximum length and lifetime of the side branches 
were not changed (Fig. 7Q-T). Overall, these results show that the Kif2a 
cKO phenotype resembles that of Celsr3 cKO mice, with accumulation of 

neuroblasts in the vertical limb of RMS, reduced migration velocity, 
prolonged migratory cycle, increased branching, and loss of direction
ally toward OB. 

4. Discussion 

Here, we report that Celsr3 and Kif2a regulate tangential migration 
in the postnatal brain. Celsr3 cKO and Kif2a cKO mice exhibit an accu
mulation of neuroblasts in the vertical RMS, along with a decrease in 
their number in OB. Celsr3 and Kif2a-depleted cells have impaired 

Fig. 6. Loss of Kif2a alters direction and velocity of migration. 
(A) Representative time lapse sequence illustrating neuroblasts tracking in control and Kif2a cKO-EGFP mice. Neuroblasts which were comprised between the dashed 
lines (diameter, 400 μm) in the beginning of the time lapse imaging were tracked for 6 h. Images are taken from move S11. Scale bars, 200 μm. (B) Distribution of 
control and Kif2a-deficient neuroblasts by the migrated distance. The shaded area delineates the stationary neuroblasts (moved 0− 90 μm) which were not considered 
for further analysis. (C) Net displacement in control and Kif2a cKO-EGFP mice. (D) Speed of migration in control and Kif2a cKO-EGFP mice. (E) Representative graph 
illustrating temporal changes in migrating neuroblasts speed in control (gray) and Kif2a cKO-EGFP (brown) mice. (F) Frequency of neuroblasts peak speed in control 
and Kif2a cKO-EGFP mice. (G) Amplitude of neuroblasts speed in control and Kif2a cKO-EGFP mice. (H) Schematic illustration of neuroblasts migratory trajectories 
starting from center point. . (I) Distribution of neuroblasts migratory direction was quantified from trajectories endpoint. In control mice (left), 82 % (141 trajec
tories) were directed towards the olfactory bulb, 8.7 % (15 trajectories) towards the SVZ and 9.3 % (16 trajectories) did not leave the central ring (n = 172 tra
jectories, 4 mice). In Kif2a cKO-EGFP mice (right), 51.4 % (105 trajectories) moved towards the olfactory bulb, 35 % (154 trajectories) towards the SVZ and 13.6 % 
(41 trajectories) did not move out of the central ring (n = 296 trajectories, 4 mice). (J) Directionality ratio (dD) analysis showed that the Kif2a cKO neuroblasts have 
more curved migration trajectory compared to the control mice. (K) Last point directionality of control and Kif2a cKO-EGFP. n = 172 control and 296 Kif2a cKO- 
EGFP cells from four animals for each genotype. Data are represented as mean ± SEM, Unpaired Student’s t test; ***: P < 0.001.SVZ, subventricular zone. OB, 
olfactory bulb. D, dorsal. V, ventral. 
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migration speed and directionality. The migratory cycle, branching of 
the leading process and MT dynamics are altered. Celsr3 interacts 
physically with Kif2a. This interaction, uncovered by Mass Spectrometry 
and confirmed by reciprocal Co-IPs, could be direct, or could involve 
other partners. The phenotype is, however, more severe in Kif2a cKO 
than that in Celsr3 cKO, and minor differences between Celsr3 and Kif2a 
deficient neuroblasts were observed, suggesting that other proteins than 
Celsr3 act upstream of Kif2a during tangential migration of neuroblasts. 
To exit the neurogenic niche and migrate long distances towards OB, 
neuroblasts must integrate information from the extracellular environ
ment and neighbor cells and transduce it into intracellular signals that 
trigger re-distribution of polarity proteins and remodeling of cell junc
tions and cytoskeleton. Therefore, transmembrane proteins at adherent 
junctions are key molecules in the process. For instance, N-cadherin 
mediates the adhesion of ependymocytes in the SVZ of adult mice and 
between neuroblasts while migrating towards the olfactory bulb (Fuji
kake et al., 2018; Porlan et al., 2014). Celsr cadherins are core compo
nent of the PCP signaling, which mediates cell adhesion and polarity and 
has been implicated in the tangential migration of facial branchiomotor 
neurons (Davey et al., 2016; Glasco et al., 2016, 2012; Qu et al., 2010; 
Vivancos et al., 2009; Yang et al., 2014). In this work, we show for the 
first time that the PCP protein Celsr3 is essential to centrosome posi
tioning and LP dynamics. On the other hand, the intracellular polarity 
complexes underlying apicobasal polarity (e.g. Par3-Par6-aPKC, 
Crumbs-Pals1-Patj1, and Scribble-Lgl-Dlg) convey the extracellular 

signaling to the cytoskeleton (Raman et al., 2018), regulating different 
aspects of neuronal migration such as bipolar morphology, nuclear and 
centrosome movement, and LP dynamics (Hakanen et al., 2019; Jossin, 
2020). Whether PCP acts upstream of or in parallel to apical basal po
larity to remodel the cytoskeleton awaits further investigations. Note 
however that Scribble, a key regulator of apical basal polarity, has a 
documented role in PCP (Moreau et al., 2010; Sun et al., 2016) and 
might constitute the molecular link between the two pathways. 

4.1. Celsr3 and Kif2a direct neuronal migration 

Neuronal migration proceeds in a stereotypical manner and involves 
the repetition of migratory cycles. These events require persistent 
remodeling of cell cytoskeleton and is driven by actin- and MT- 
dependent forces (Bertipaglia et al., 2018; Etienne-Manneville, 2013; 
Kapitein and Hoogenraad, 2015). Our results show that neuroblasts 
lacking either Celsr3 or Kif2a have longer leading processes, suggesting 
that Celsr3-Kif2a axis regulates MT stability. Consistent with that, 
silencing Celsr3 in hippocampal neurons in vitro results in overgrowth of 
dendrites and axons (Shima et al., 2007). Similarly, axons and axon 
collaterals are longer in Kif2a depleted hippocampal neurons(Homma 
et al., 2003, 2018; Noda et al., 2012). It has been proposed that the 
centrosome serves as a central link between MT dependent forces 
generated from extending LP and the MT cage surrounding the nucleus 
to drive neuronal migration cycle (Higginbotham and Gleeson, 2007; 

Fig. 7. Kif2a-deficient neuroblasts have 
prolonged migratory cycle and increased 
branching. (A) representative time lapse se
quences illustrating movement of cell soma, 
centrosome, and LP during neuroblasts migra
tion. pCX-EGFP and pCAG-PACT- mKO1-N1 
signals are shown in green and yellow, respec
tively. The red arrowhead points to the tip of LP 
end, yellow arrowhead depicts the position of 
the centrosome, and green arrowhead the po
sition of the cell soma. The timeline is shown in 
left down corner. (B-D) Quantification of the 
soma-LP, soma-centrosome, and centrosome-LP 
distance. (E-G) Quantification of the LP, 
centrosome, and soma velocity. (H) Analysis of 
LP-C-S coupling. Note that the LP-C-S coupling 
profiles are similar in the two genotypes. Ana
lyses were performed using one-way ANOVA 
and Tukey post hoc test. (I) Representative 
graphs illustrating temporal changes in the 
distance between soma and centrosome in 
migrating neuroblasts. Control (gray) and Kif2a 
cKO (brown). (J) Quantification of mean 
amplitude of soma to centrosome distance. (K) 
Quantification of migratory cycle duration. For 
graphs (B-K), n = 38 cells from three control 
control mice (gray) and 38 cells from four Kif2a 
cKO mice (brown). (L, M) A representative time 
lapse sequence illustrating neuroblast branch
ing during migration. Branching category is 
indicated in the heading and mouse genotype 
on the side of the figure. (N) Overall frequency 
of branching in control and Kif2a cKO mice. (O- 
T) Frequency, maximum branch length, and 
lifetime of leading edge splitting (O, Q, and R, 
respectively); and of side branching or de novo 
LP formation (P, S and T, respectively). n = 44 
cells from four control mice and 48 cells from 
five Kif2a cKO mice. Data are represented as 
mean ± SEM; Unpaired Student’s t test; ns: not 
significant, *: P < 0.05, **: P < 0.01, and ***: P 
< 0.001.   
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Rivas and Hatten, 1995; Tsai et al., 2007; Tsai and Gleeson, 2005; Xie 
et al., 2003). The MT network between the LP and centrosome forms a 
scaffold for dynein/kinesin reliant forces to move the centrosome for
ward into the dilation (Fructuoso et al., 2020; Tsai et al., 2007; Tsai and 
Gleeson, 2005). Furthermore, the network of MT that links the centro
some to nucleus mediates dynein/kinesin dependent forces to pull the 
latter towards the former (Shu et al., 2004). Therefore, dynein and its 
activators are major regulators of centrosome positioning during 
migratory cycle (Dantas et al., 2016; Luxton and Gundersen, 2011; Shu 
et al., 2004; Tsai and Gleeson, 2005). Dynein inhibition increases the 
distance between nucleus and centrosome (Luxton and Gundersen, 
2011; Shu et al., 2004). Our results show that Celsr3 and Kif2a have 
opposite effects on positioning the centrosome and soma relative to each 
other. The centrosome to soma distance is narrowed in Celsr3 cKO and 
stretched in Kif2a cKO compared to controls. These results suggest that 
Kif2a could affect dynein-mediated forces during somal translocation 
independently of Celsr3. Kif2a localizes to centrosome together with 
dynein activators and this localization is regulated by dynein pathway 
activator CDK5 (Chapman et al., 2019; Ding et al., 2019; Kodani et al., 
2020). Dynein is also believed to target Kif2a into spindle poles in 
proliferating cells (Gaetz and Kapoor, 2004). Centrosome-soma uncou
pling, i.e. abnormal relative distance between centrosome and soma also 
indicates impaired somal translocation (Bellion et al., 2005; Belvindrah 
et al., 2017; Nakamuta et al., 2017; Shu et al., 2004). Interestingly, 
Celsr3- and Kif2a-deficient neuroblasts show normal movement range of 
somal translocation suggesting that soma-centrosome coupling is pre
served, despite the altered relative distance between the centrosome and 
soma. Celsr3- and Kif2a-deficient neuroblasts have reduced velocities of 
the leading process, centrosome, soma; decreased MT growth rate; and 
longer migratory cycle. Most likely, the reduced MT growth rate impairs 
LP extension, centrosome, and soma movement, and leads to longer 
migratory cycle. Similar protracted migratory cycle with reduced MT 
growth has been found in mutant with loss of MT associated protein p27 
and Map1B (Godin et al., 2012; Takei et al., 2000; Tymanskyj et al., 
2012). On the other hand, inhibiting dynein and its activators does not 
affect MT growth rate (Grabham et al., 2007; Kappeler et al., 2006; 
Moores et al., 2006; Pramparo et al., 2010; Tsai et al., 2007). Celsr3 
modulates Kif2a function likely by affecting its depolymerizing activity. 
Kif2a-mediated MT depolymerization is phosphorylation-dependent 
(Ogawa et al., 2017). BDNF through its receptor TrkB and down
stream effectors PAK1 and CDK5 kinases stimulates Kif2a phosphory
lation (Ogawa et al., 2017). Lack of BDNF, TrkB, PAK1 and CDK5 have 
been shown to disrupt neuroblasts migration in RMS (Bagley and Bel
luscio, 2010; Hirota et al., 2007; Zhou et al., 2015). Whether the Celsr3 
signal affects the phosphorylation of Kif2a awaits further investigations. 

MT growth rate is decreased by either positive or negative changes in 
MT stability (Duellberg et al., 2016; Zanic et al., 2013). Kif2a is a MT 
destabilizer and its lack results in more stable MTs (Homma et al., 2003; 
Noda et al., 2012). Therefore, Celsr3-Kif2a interaction could regulate 
MT stability. Celsr3 deficient (forebrain) tissue also has less polymerized 
tubulin compared to control mice, suggesting that tubulin polymeriza
tion is impaired. Like Celsr3, ablation of the 
phosphoinositide-dependent protein kinase 1 (PDK1) reduces the 
amount of polymerized MT in brain. PDK1 knockout neurons have 
reduced amount of MAPs bound to the MTs, which is suggested to affect 
MT dynamics and thereby the amount of polymerized MT (Itoh et al., 
2016). Intriguingly, despite the fact that Celsr3 is membrane bound 
protein, some tubulins, centrosomal- and microtubule-associated pro
teins (e.g. Tubulin gamma-1 chain, centrosomal protein of 164 kDa, 
centrosomal protein of 170 kDa, Kinesin family member 2A, 
Microtubule-associated protein 1B, Isoform 3 of Microtubule-associated 
protein 6, Dynein heavy chain 5, Dynactin subunit 1) were detected by 
MS as potential interactants of Celsr3 (supplementary Table S1). 

4.2. LP branching facilitates pathfinding during neuronal migration 

The branching occurs at the tip of LP and one of the branches is 
stabilized, defining the future direction of neuron movement (Cooper, 
2013). The branching frequency negatively correlates with the migra
tory speed, so that the increased branching reduces the speed and 
vice-versa (Bear et al., 2002; Guerrier et al., 2009; Martinez-Molina 
et al., 2011). Many studies have indicated that MT assembly and 
disassembly rates determine both the extent and frequency of branching 
(Kapitein and Hoogenraad, 2015). Mutations in several MT associated 
proteins (e.g. DCX, Tuba1a, p27kip1, Fascin, Drebrin E and Dock7) lead 
to aberrant branching and impaired migration (Belvindrah et al., 2017; 
Godin et al., 2012; Kappeler et al., 2006; Nakamuta et al., 2017; Sonego 
et al., 2013, 2015). Thus, branching is a key event during neuronal 
migration and links MT to both directionality and speed of movement. 
Leading edge splitting as well as side branching and de novo LP for
mation are markedly enhanced in Celsr3 and Kif2a cKO mice. In axons, 
interstitial side branching occurs by local destabilization of the MT and 
actin cytoskeleton (Brill et al., 2016; Luo, 2002). The impaired direc
tionality and speed observed in neuroblasts lacking Celsr3 or Kif2a may 
result, at least partially, from increased branching frequency and 
compromised MT dynamics. The Celsr3-Kif2a signal through regulating 
MT dynamics is required for suppressing supernumerary branches and 
maintaining directionality of migrating neuroblasts in RMS. 

Besides branching, neuroblasts form “chains” in RMS in contact with 
each other. These contacts are mediated by adhesion molecules and 
must be tightly regulated (Kaneko et al., 2017; Solecki, 2012). Adhesion 
molecules like integrins, PSA-NCAM and N-CAM are associated with the 
formation of neuroblast chains (Belvindrah et al., 2007; Chazal et al., 
2000; Cremer et al., 1994; Mobley and McCarty, 2011). Disrupted chain 
formation is often reported with ectopic migration of neuroblasts into 
the surrounding tissues (Belvindrah et al., 2007; Sonego et al., 2013). 
We did not observe substantial ectopic migration of neuroblasts to the 
surrounding tissue both in Celsr3 cKO and Kif2a cKO mice. However, 
many stationary neuroblasts were accumulating in the proximal RMS, 
thus causing its widening. 

Altogether, our results suggest a model where the Celsr3-Kif2a axis 
regulates MT dynamics, thereby affecting the extension, branching and 
velocity of the leading process, as well as velocity of the centrosome and 
soma. This, in turn, regulates the duration of the migratory cycle, speed, 
and directionality of neuronal migration in the postnatal forebrain. 
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