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N-Cadherin Sustains Motility and Polarity of Future Cortical
Interneurons during Tangential Migration
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In the developing brain, cortical GABAergic interneurons migrate long distances from the medial ganglionic eminence (MGE) in which
they are generated, to the cortex in which they settle. MGE cells express the cell adhesion molecule N-cadherin, a homophilic cell- cell
adhesion molecule that regulates numerous steps of brain development, from neuroepithelium morphogenesis to synapse formation.
N-cadherin is also expressed in embryonic territories crossed by MGE cells during their migration. In this study, we demonstrate that
N-cadherin is a key player in the long-distance migration of future cortical interneurons. Using N-cadherin-coated substrate, we show
that N-cadherin-dependent adhesion promotes the migration of mouse MGE cells in vitro. Conversely, mouse MGE cells electroporated
with a construct interfering with cadherin function show reduced cell motility, leading process instability, and impaired polarization
associated with abnormal myosin IIB dynamics. In vivo, the capability of electroporated MGE cells to invade the developing cortical plate
is altered. Using genetic ablation of N-cadherin in mouse embryos, we show that N-cadherin-depleted MGEs are severely disorganized.
MGE cells hardly exit the disorganized proliferative area. N-cadherin ablation at the postmitotic stage, which does not affect MGE
morphogenesis, alters MGE cell motility and directionality. The tangential migration to the cortex of N-cadherin ablated MGE cells is
delayed, and their radial migration within the cortical plate is perturbed. Altogether, these results identify N-cadherin as a pivotal
adhesion substrate that activates cell motility in future cortical interneurons and maintains cell polarity over their long-distance migra-

tion to the developing cortex.

Introduction

N-cadherin (N-cad or cad 2) is a homophilic cell adhesion molecule
expressed widely in the developing CNS starting at neurulation
(Hatta and Takeichi, 1986; Miyatani et al., 1989; Redies and Takei-
chi, 1996). N-cadherin plays a crucial role in controlling the polar-
ized organization of proliferative neuroepithelia (Ginzler-Odenthal
and Redies, 1998; Junghans et al., 2005; Lien et al., 2006; Kadowaki et
al., 2007). At later developmental stages, N-cadherin both mediates
selective adhesiveness between neural cells and induces axonal out-
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growth and growth cone migration (Matsunaga et al., 1988; Bixby
and Zhang, 1990; Letourneau et al., 1990; Riehl et al., 1996; for re-
view, see Hirano and Takeichi, 2012), likely by interacting with actin
treadmilling (Mege et al., 2006; Bard et al., 2008).

N-cadherin is expressed in the developing telencephalon along
the migratory paths of the two main classes of cortical neurons: (1)
the radially migrating glutamatergic neurons and (2) the tangentially
migrating GABAergic interneurons (Redies and Takeichi, 1993; Ka-
dowaki et al., 2007), suggesting its participation in cortical migra-
tions. Recent data indeed show that the radial glia-dependent
migration of glutamatergic cortical neurons requires the dynamic
recycling of N-cadherin at their surface (Kawauchi et al., 2010).
N-cadherin is also needed for the glia-independent somal transloca-
tion of projection neurons toward the marginal zone (MZ) of the
cortex and when cortical neurons switch from their multipolar state
in the intermediate zone (IZ) to their radially polarized shape in the
cortical plate (CP) (Franco et al., 2011; Jossin and Cooper, 2011;
Gil-Sanz et al., 2013). In contrast, the role of N-cadherin in the reg-
ulation of the migration of cortical inhibitory interneurons has not
been investigated, although N-cadherin is present along the entire
migration path of cortical interneurons and has been shown to pro-
mote the long-distance migration of neurons in the hindbrain
(Taniguchi et al., 2006).

GABAergic cortical interneurons are generated in the subpal-
lium and migrate tangentially to the cortex going through the MZ
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or the IZ/subventricular zone (SVZ). In the cortical wall, they
reorient their trajectory to enter the developing CP (Marin and
Rubenstein, 2001). This long-distance journey depends on both
diffusible and contact guidance cues (Marin et al., 2010). The
importance of specific adhesive interactions with cellular sub-
strates is emerging (for review, see Solecki, 2012).

Here we examined whether N-cadherin-mediated homophilic
adhesion controls the tangential migration of future cortical in-
terneurons. Using N-cad—Fc biomimetic substrates (Lambert et al.,
2000), we show that N-cadherin engagement activated medial gan-
glionic eminence (MGE) cell migration in vitro by stimulating cell
motility and leading process elongation. Conversely, MGE cells with
inactivated cadherin exhibited slowed migration and polarity defects
associated with abnormal actomyosin contractility. In utero electro-
poration of dominant-negative forms of N-cadherin and genetic
ablation of N-cadherin in proliferative or postmitotic MGE cells
further confirmed that N-cadherin not only controls the exit of fu-
ture cortical interneurons away from the neuroepithelium in the
MGE but moreover promotes their directional migration to the em-
bryonic cortex and, later, their radial migration in the developing
CP. These data identify N-cadherin as a pivotal adhesion molecule in
the long journey of migrating cortical interneurons.

Materials and Methods

Animals. Mice were housed and mated in a conventional animal facility
according to European guidelines. In this study, we used mouse embryos
of either sex produced by crossing adults from a loxP-flanked N-cadherin
line (Radice et al., 1997) with either Nkx 2.1-Cre, Rosa26R—GFP (Kessaris
etal., 2006) or Lhx6—Cre, Rosa26R—GFP (Fogarty et al., 2007) transgenic
mice. Midday of the day of vaginal plug formation was considered E0.5.
Swiss mice (Janvier) were used for cocultures experiments and in utero
electroporation. Embryos expressing ubiquitously the GFP-NMHC II-B
(GFP-NMIIB) fusion protein resulted from crosses between mutant mice
generated by homologous recombination to express the GFP-tagged full-
length coding region of human NMHC II-B (GFP-NMIIB) under the con-
trol of the endogenous NMHC II-B promoter (Bao et al., 2007).

Tissue preparation and coculture experiments. Embryonic brains were
dissected in cold Leibovitz medium (Invitrogen) and immersion fixed in
cold 4% (w/v) paraformaldehyde in 0.12 M phosphate buffer, pH 7.4,
overnight. Brains were then embedded in 3% agarose and coronally sec-
tioned with the vibratome at 50 um. Cocultures were prepared as de-
scribed previously (Bellion et al., 2005). N-cadherin substrates were
prepared as detailed previously by Lambert et al. (2000). Briefly, glass
coverslips were incubated overnight at 4°C with 3 ug/ml poly-ornithine
(Sigma) and 4 ug/ml goat anti-human Fc antibody (Jackson ImmunoRe-
search). Coverslips were then washed and incubated with 1 wg/cm? pu-
rified N-cad—hFc chimera for 3 h at 37°C. N-cadherin/laminin-coated
coverslips were prepared as above except for the addition of 4 ug/ml
laminin (Sigma) to 4 wg/ml goat anti-human Fc antibody. Cocultures
and cultures were fixed in 4% (w/v) paraformaldehyde in 0.12 M phos-
phate buffer, pH 7.4, with 0.33 M sucrose for 3 h. Cultures prepared for
Golgi staining were fixed for 10 min in methanol at —20°C and then
rinsed in PBS.

In vitro electroporation. In vitro electroporation of MGE explants was per-
formed as described by Baudoin et al. (2012). pCAG-EGFP, pCAG—Cre and
PpCAG-EGFP-N-cad(t) constructs were used at a final concentration of 1
ug/ul, whereas pCAG-RFP, pCAG-Tomato and p-CAG-PACT-mKOI
constructs were used at 0.5 ug/ul.

In utero electroporation. Ganglionic eminence directed in utero elec-
troporation was performed on E12.5 wild-type embryos of timed preg-
nant females as described previously (Tanaka et al, 2003). Glass
capillaries (Narishige) were pulled and calibrated for 1-2 ul plasmid
injections. After DNA injection into the lateral ventricle, five pulses sep-
arated by 950 ms were applied at 60 V for 50 ms at an angle of 30—60°
from the horizontal plane (electrodes LF650P2; BEX). pCAG-EGFP,
PpCAG-EGFP-N-cad(t) and pCAG-cN390A constructs (Taniguchi et al.,
2006) were diluted in PBS and 0.01% fast green at a final concentration
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2.5 pg/ul. Embryos were allowed to develop in utero for 3 d and killed at
E15.5.

Immunohistochemistry. Brain sections and fixed neurons were perme-
abilized in 0.25% (w/v) Triton X-100 and then blocked for 2 h with 2 g/L
gelatin and 2% normal goat serum, respectively. The following primary
antibodies were used: chicken anti-GFP (1:5000; Aves Labs), rabbit anti-
GFP (1:1000; Invitrogen), rabbit anti-N-cadherin (1:100; Santa Cruz
Biotechnology), rabbit anti-B-catenin (1:500; Sigma), anti-phospho-
histone 3 (1:500; Millipore), mouse anti-TUJ1 (1:500; Babco), mouse
IgM anti-RC2 (1:20; Developmental Studies Hybridoma Bank) and an-
tibodies against Golgi proteins [mouse IgG clone CTR433 at 1:100 on
methanol-fixed cultures (generous gift from Michel Bornens, Institut
Curie/CNRS UMR 144, Paris, France) or rabbit anti-GM130 at 1:100 on
paraformaldehyde-fixed sections (Sigma)]. Appropriate Alexa Fluor
dye-conjugated secondary antibodies (1:500; Invitrogen) were used to
detect primary antibodies. Brain sections were extensively washed in PBS
after antibody incubation. DAPI (1:5000; Sigma) was used for fluores-
cent nuclear counterstaining. Slices and cocultures were mounted in
Mowiol-Dabco and observed with either an epifluorescence macroscope
(MVX10; Olympus) or an upright fluorescence microscope (DM6000;
Leica). Cell counting and immunofluorescence analysis in brain sections
were performed on a series of confocal sections acquired using a confocal
microscope (TCS SP5 II; Leica) or a spinning-disk confocal microscope
(DMI4000; Leica). Image reconstruction of the whole embryonic cortex
was performed using the automatic “stitching” function of the Leica TCS
SP5 II confocal microscope or using the “stack combine” function of
NIH Image].

Live-cell imaging. Time-lapse imaging was performed with either an
inverted wide-field fluorescent microscope or an inverted spinning-disk
confocal microscope (DMI4000; Leica) equipped with a temperature-
controlled chamber. Cocultures were imaged with a 20X or 40X objec-
tive. Stacks were captured with a Coolsnap HQ camera (Roper Scientific)
every 3 or 5 min for up to 10 h. Control and mutant MGE cells were
recorded at the same time under the same acquisition conditions. Pic-
tures were acquired using MetaMorph software, and cell tracking was
performed with either MetaMorph or NIH ImageJ software (MTrack]).

Cell counting and measurement. Cell counting in a volume or surface,
migration area measurement around MGE explants, measurement of
leading process length, and cell migration speed in time-lapse experi-
ments were performed with either MetaMorph or NIH Image] software,
especially with Cell Counter, MTrack], and Neuron] plugins.

Statistical analyses. Statistical analyses made use of Student’s t and x>
tests or Mann—Whitney test for nonparametric samples, across # sam-
ples, where # is the number of embryos or cells as specified in the figure
legends.

Results

N-cadherin promotes motility of migrating MGE cells in vitro
To test whether N-cadherin is a potent substrate for MGE cell
migration, we compared the migration of control MGE cells out
of explants collected at E13.5 and cultured on a N-cadherin bio-
mimetic substrate (Fig. 1B; Lambert et al., 2000) or on dissociated
cortical cells, a well known substrate for MGE cell migration in
vitro (Fig. 1A; Bellion et al., 2005). The N-cadherin substrate
provides a means to analyze the response of MGE cells to the
selective stimulation of their N-cadherin receptors.

MGE cells started migrating ~18 h after MGE explant place-
ment on cortical cells. As described previously (Bellion et al.,
2005), nuclear movements were saltatory. Dynamic forward
translocations of the nucleus directed toward a swelling in the
leading neurite alternated with long nuclear resting phases dur-
ing which the swelling widened (Fig. 1A, white arrowhead). Sur-
prisingly, MGE cells started migrating several hours earlier on
recombinant N-cadherin than on dissociated cortical cells. The
first migrating MGE cells were generally observed 4—6 h after
MGE explant placement on recombinant N-cadherin. Analysis of
nuclear dynamics showed that MGE cells migrated significantly
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N-cadherinis a permissive substrate for MGE cell migration in vitro. A-C, Time-lapse sequences show the migration of wild-type MGE cells expressing GFP (inverted LUT) on dissociated

cortical cells (A, CTL), on a biomimetic N-cadherin substrate (B, N-cad), and on a substrate of N-cadherin and laminin (C, N-cad/LN). Time is indicated in hours:minutes on frames. White arrowhead
shows a swelling (A) and a change in polarity (B). Graphsin A"—~C" are characteristic examples of MGE cell trajectories on dissociated cortical cells (A"), N-cad coating (B"), and N-cad/LN coating (C").
D-F, MGE cells cultured on N-cad migrate faster than on dissociated cortical cells (D). On N-cad coating, the direction persistence decreases but is rescued by laminin addition (E). On N-cad, the
frequency of polarity reversals significantly increases compared with control (F). G, Photomicrographs illustrate three migrating MGE cells on N-cad coating showing different subcellular localization
of the Golgi apparatus (GA) revealed with CTR433 antibodies: top, at nuclear front; middle, at nuclear rear; bottom, in the middle of the nucleus. Histogram shows that MGE cells migrating on
dissociated cortical cells (left bar, CTL) have a Golgi apparatus frequently located in a swelling of the leading process, whereas MGE cells migrating on N-cad (middle bar) have a Golgi apparatus more
frequently found at the rear of the nucleus. Laminin addition to N-cad (right bar) partially corrects the positioning of the Golgi apparatus. Numbers below the bars indicate the number of cells
analyzed in each condition (***p << 0.001, x test). Ip, Leading process. Histograms D—F show mean = SEM. Student’s t test, *p << 0.05, ***p << 0.001. Scale bars: A=C, 10 um; G, 5 um.

faster on N-cadherin substrate than on cortical cells (Fig. 1D),
indicating that N-cadherin engagement by itself is able to stimu-
late MGE cell motility, comprising nucleokinesis. On N-cadherin
substrate, MGE cells did not form a cytoplasmic swelling and lost
their typical saltatory behavior (Fig. 1B). Nevertheless, the overall
efficacy of the migration was decreased because cells took mean-
dering trajectories and underwent polarity reversals at much
higher frequencies than on a substrate of cortical cells (Fig.
1A",B',E,F). We examined the polarity of MGE cells migrating
on N-cadherin by localizing the Golgi apparatus that tightly as-
sociates with the centrosome and can be used as a marker of cell
polarity in migrating neurons (Bellion et al., 2005; Causeret et al.,
2009; Jossin and Cooper, 2011; Yanagida et al., 2012). Immuno-
staining of the median Golgi with CTR433 antibodies (Fig. 1G)
revealed that the Golgi was located in the swelling of the leading
process or ahead of the nucleus in the vast majority of control

MGE cells. In contrast, the Golgi apparatus of MGE cells migrat-
ing on recombinant N-cadherin was found frequently in the mid-
dle of the cell soma or at the rear of the nucleus and rarely in the
leading process (histogram in Fig. 1G). Interestingly, among the
different adhesion molecules that we tested (Cad-11, Cad-6,
E-cad, and laminin), N-cadherin was the only substrate to effi-
ciently stimulate the migration of MGE cells. N-cadherin stimu-
lated motility but did not promote the sustained directional
migration observed on cortical neurons. We thus tested whether
concomitant activation of integrin-dependent cell adhesion
would restore the directed migration observed on cortical cells.
Addition of laminin to the N-cadherin substrate rescued the mi-
gration efficacy defect seen on N-cadherin but did not restore the
saltatory progression of MGE cells (Fig. 1C,C"). It did maintain
the increased nuclear speed observed on N-cadherin substrate
alone (Fig. 1D) but diminished the frequency of polarity reversals
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(Fig. 1E). Accordingly, the abnormal localization of the Golgi
observed on N-cadherin-only substrate was partially but signifi-
cantly rescued on the N-cadherin/laminin substrate (Fig. 1G).

Altogether, these data suggest that N-cadherin engagement
stimulates MGE cell motility but cannot provide polarity cues
when presented as a homogeneous substrate.

Cadherin inactivation impairs cell motility, cell polarity, and
cortical distribution of MGE cells

To interfere with cadherin function, MGE cells were electropo-
rated with the dominant-negative EGFP-N-cad(t) construct (Fig.
2) that acts by sequestering endogenous catenins and perturbs
signaling downstream classical cadherins (Taniguchi et al., 2006).
In cocultures on cortical cells, the migration speed of MGE cells
with inactivated cadherin was reduced by 58% on average (n = 15
cells in each condition, p < 0.001, Mann—Whitney test), and the
frequency of polarity reversals was increased by sixfold. Polarity
defects were confirmed by an analysis of the centrosome dynam-
ics (Fig. 2A,A’"). In control cells, the centrosome spent most of its
time ahead of the nucleus and in the swelling (Fig. 2B, white bars).
In contrast, in MGE cells with inactivated cadherin, the centro-
some was mislocated, spending equal time between the front and
the rear of the nucleus (Fig. 2B, black bars).

The actomyosin cytoskeleton and cadherins are functionally
linked (Giannone et al., 2009), and nucleokinesis in migrating
neurons is controlled by actomyosin contractility (Bellion et al.,
2005; Schaar and McConnell, 2005; Tsai et al., 2007; Martini and
Valdeolmillos, 2010). We hypothesized that perturbation of
N-cadherin-mediated cell adhesion might affect cellular migra-
tion by altering the actomyosin cytoskeleton. To visualize myosin
dynamics in control and cadherin-inactivated MGE cells, we
monitored MGE cells from mice expressing a fusion protein,
GFP-NMIIB (Bao et al., 2007). In control cells, NMIIB distrib-
uted in the whole cell body during nuclear resting phases and
became asymmetrically distributed during nucleokinesis. It con-
centrated at the rear of the nucleus in a cuplike structure before
and during the nuclear translocation and was maintained in the
trailing process after nucleokinesis (Fig. 2C,D). These accumula-
tions likely reflect cyclic local activation of the actomyosin cyto-
skeleton. In contrast, in MGE cells with inactivated cadherin,
NMIIB did not stabilize at one pole of the nuclear compartment
and rarely built cuplike structures at the rear of the nucleus (Fig.
2C",D). These results indicate that cadherin-dependent adhesion
is critical for polarization of myosin IIB activity during nuclear
translocation.

To further confirm that cadherin inactivation interfered with the
migratory response activated by N-cadherin receptor engagement,
we cultured wild-type MGE explants electroporated with the
dominant-negative EGFP-N-cad(t) construct on an N-cadherin
substrate. Postmitotic neurons with inactivated cadherin left MGE
explants less efficiently than control neurons (Fig. 2 F, F'). The small
number still able to migrate on the N-cadherin substrate colonized
twice smaller areas around MGE explants than control neurons (Fig.
2H). Accordingly, leading processes of neurons with inactivated
cadherin were clearly shorter than those of control cells (Fig.
2G,G',I). Together, these data indicate that loss of cadherin function
in MGE cells prevents their exit from MGE explant in vitro and
perturbs their migration by impairing cell polarity and leading pro-
cess elongation and/or stability.

We then examined how cadherin inactivation alters the mi-
gration of MGE cells in vivo. We locally inhibited cadherin func-
tion in a fraction of early-born MGE cells by electroporating
wild-type embryonic MGEs in utero at E12.5 with vectors ex-
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pressing either the cytoplasmic dominant-negative form of
N-cadherin [EGFP-N-cad(t)] or a membrane-bound dominant-
negative construct (¢N390A; Taniguchi et al., 2006; Fig. 3) that
should both sequester endogenous catenins and perturb signal-
ing downstream classical cadherins. The distribution of electro-
porated MGE cells was analyzed at E15.5. In spite of impairment
of cadherin function by either constructs, MGE development
appeared normal. Cells electroporated with a control plasmid
expressing GFP only were found in the MZ, CP, and IZ/SVZ (Fig.
3B,C). As expected, they distributed in the whole latero-dorsal
extent of the cortex and in the hippocampus. During inhibition
of cadherin function with either EGFP—N-cad(t) or cN390A con-
structs, MGE-derived cells still distributed in the whole neocor-
tex and hippocampus, but only a small fraction of them could
enter the CP and the MZ. Most of them remained in the IZ and
ventricular zone (VZ)/SVZ (Fig. 3B',C',D).

These results indicate that classical cadherins play an impor-
tant role to control the long-distance migration of future cortical
interneurons toward the developing CP.

Genetic ablation of N-cadherin in the MGE impairs MGE
morphogenesis and MGE cell distribution in vivo

Our in vitro experiments illustrated in Figure 1 showed that
N-cadherin receptor engagement was particularly efficient to ac-
tivate MGE cell motility. We thus examined the specific role of
N-cadherin in the long-distance migration of MGE cells in con-
ditional knock-outs (cKOs). To generate mice with N-cadherin
KO MGE cells, we crossed a N-cadherin floxed allele mouse line
(Radice et al., 1997) to an Nkx2.1-Cre, Rosa26R—GFP line (Kes-
saris et al., 2006). In cKO embryos N-cadherin™;Nkx2.1-Cre;
Rosa26R-GFP (named below N-cad™’ Nkx2.1-cre,GFP), the
embryonic lethality caused by N-cadherin ablation was bypassed.
N-cadherin was deleted in MGE progenitors at midgestation.
Inducible GFP expression was used to detect N-cadherin ablated
cells. By immunostaining brain slices with anti N-cadherin and
B-catenin antibodies, we confirmed N-cadherin ablation in the GFP-
positive (GFP ©) MGEs of N-cad™ Nkx2.1-cre,GFP cKOs (Fig. 4).
We analyzed the distribution of GFP * cells in cortical brain sections
of control (N-cad”" Nkx2.1-cre,GFP) and cKOs (N-cad”
Nkx2.1-cre,GFP) embryos. At E14.5, which corresponds to a pe-
riod of intense tangential migration of MGE cells, numerous GFP *
cells born in subpallial regions expressing Nkx2.1 (Kessaris et al.,
2006) distributed in the cortical IZ/SVZ and MZ of control brains
(Fig. 5A, B). In contrast, N-cadherin ablated GFP * cells remained in
the MGE and in other subpallial regions, mainly the anterior entope-
duncular area, preoptic area, and septum (Fig. 5A"). A few mutant
cells were found beyond the ventricular angle in the IZ of the
cortex (Fig. 5B") and in some cases in the MZ. Low numbers of
N-cadherin KO cells colonized the piriform cortex and the mantle
zone of the lateral ganglionic eminence (LGE; Fig. 5A"). Later at
E16.5, N-cadherin KO GFP ™ cells were found farther in the dor-
somedial cortex, although they were much less abundant in CP
compared with GFP ™ control cells that colonized the entire CP
(Fig. 5G-H"), suggesting a delay in either migration and/or
CP colonization.

The genetic ablation of N-cadherin in the GFP ™ Nkx 2.1-
expressing subpallial domain caused additional defects. First,
N-cadherin cKO (N-cad™ Nkx2.1- cre, GEP) mice showed an in-
creased size of the lateral ventricles and an abnormal position-
ing of the GFP™ territory compared with control littermates
(Figs. 4, 5A,A",F). Second, as reported previously after targeted
N-cadherin ablation in the telencephalon (Kadowaki et al., 2007),
we observed the disruption of neuroepithelial integrity likely re-
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fluorescence intensity of GFP—NMIIB in neither polarized nor not polarized patterns of myosin. Time is in hours:minutes on frames. Histograms B, D, and E show mean == SEM (ns, not significant;
one-way ANOVA test, n = 9 for each condition). F~I, MGE explants electroporated with either an RFP construct (F, G) or the RFP and dominant-negative £GFP—N-cad(t) constructs (F’, G") were
cultured on a N-cadherin substrate for 36 h. In Fand F’, the red lines surround the surfaces colonized by electroporated cells, the green dotted lines the surfaces colonized by electroporated and
non-electroporated TUJ1  MGE neurons, and the blue dotted lines the MGE explants. G, G, At higher magnification, the morphology of control (G) and cadherin inactivated MGE neurons (G”). The
migration index of electroporated cells (H) is the ratio between the areas comprised between the red and blue lines and the green and blue lines. Cadherin inactivated RFP * MGE cells colonized a
smaller area than control RFP * MGE cells around explants (H) and extended shorter leading processes (/). Histograms show mean = SEM (**p << 0.01, ***p < 0.001, Mann—Whitney test in H,

Student’s t testin /). Scale bars: 4, ¢, 5 um, F’, 200 wm; G’, 50 um.
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(adherininactivation impairs migration to the CP of MGE cells. 4, Scheme of the experimental design. Constructs were injected in lateral ventricles and in utero electroporation targeted

the ventral forebrain. B, B', In utero electroporation of dominant-negative N-cadherin constructs in wild-type MGE cells (B”) block them in the IZ compared with control (B). Cand " are enlarged
views of white squaresin Band B”. D, Analysis of GFP ™ cell distribution indicates that most cadherin-invalidated MGE cells remain in the Z/SVZ, whereas a very small population enters the CP and
MZ. Histogram D shows means == SEM (n = 4 for each condition, Mann—Whitney test, *p << 0.05, **p << 0.01). Scale bars: B, 100 wm; €, 40 um.

sulting from the loss of the apical junc-
tional complex proteins N-cadherin and
B-catenin. Accordingly, N-cadherin KO
neuroepithelial cells built up an aberrant
protrusion bulging in the lateral ventricles
(Figs. 4, 5A',F) and formed rosette-like
structures (Fig. 5F"). Some mutant GFP ©
cells were found inside the lateral ventricles
(Fig. 5F', open white arrowheads). Recent
reports described an effect of N-cadherin
deletion on proliferation of cortical progen-
itors (Zhang et al, 2010) and an anti-
apoptotic function of N-cadherin on
neuronal cells in vitro (Lelievre et al., 2012).
A mitotic index was calculated as the ratio
between the number of cells in mitosis
(phospho-histone 3-positive cells) and the
total number of cells (DAPI™ cells). Apo-
ptosis was estimated by counting the num-
ber of caspase-3™ cells over DAPI ™ cells.
Cell counting was performed in a region of
interest of 10* um?, and four animals were
analyzed for each condition. Analyses were
performed in the GFP ™ domain of control
and N-cadherin cKO animals. Cell counting
showed that N-cadherin deletion signifi-
cantly reduced the number of dividing cells
(Fig. 5D,D’,E) and significantly increased

QOverlay GFP beta-catenin DAPI beta-catenin N-cadherin

N-cad™* Nkx2.1-Cre,GFP

N-cad"Nkx2.1-Cre,GFP

Figure4. Geneticablation of N-cadherin in the MGE of mouse embryos. The expression of the apical junctional complex proteins
N-cadherin and B-catenin is shown in the MGE of control (N-cad™ " Nkx2.1—cre,GFP; A-D) and N-cadherin cKO (N-cad™”
,Nkx2.1—cre,GFP; A’~D") embryos at E14.5. Coronal sections were immunoreacted with N-cadherin (D, D’) and 3-catenin (B, ,
B’, (") antibodies. GFP ™ MGE cells express the Cre recombinase. High-magnification views (B—C’) of frontal sections (4, A’) show
the strong expression of 3-catenin at the ventricular side of the basal telencephalon (B, €, white arrowheads), which is suppressed
in GFP ™ MGE cells of N-cadherin cKO embryos (B’, €', open arrowheads). D, D’, Strong N-cadherin expression in neuronal
progenitors and mantle zone of the MGE (D, white arrowheads) is suppressed in the MGE of N-cad™” Nkx2.1— cre embryos (D',
open arrowheads). NCx, Neocortex; Th, thalamus. Scale bars: 4, 250 wm; D, D’, 50 m.

the number of apoptotic cells (0.017 = 0.0052 vs 0.025 = 0.0086,
mean * SEM, p < 0.05) at E14.5. The combined reduction of pro-
liferation and enhanced cell death may thus lead to the apparent
hypoplasia of N-cadherin ablated regions.

Together, these data indicate that N-cadherin ablation in the
territory generating cortical interneurons induces a prominent

disorganization of this region and hampers the migration of fu-
ture cortical interneurons toward the developing neocortex.

MGE cells with N-cadherin ablation show abnormal dynamic
properties and cell polarity

To determine whether the abnormal distribution of MGE cells in
cKO brains resulted from migratory defects, we analyzed in vitro
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Figure5.  Conditional ablation of N-cadherin in MGE progenitors dramatically impairs MGE morphogenesis and MGE cells distribution
in the telencephalon. Coronal sections through the brains of control (4, B, D, G, H, N-cad I+ Nkx2.1— cre,GFP) and N-cadherin KO (A, B,
D' F-F',G' H',I",N-cad™ Nkx2.1- cre,GFP) transgenic embryos compare the distribution of control and mutant GFP  MGE cellsin the
telencephalon at E14.5 (A-F") and E16.5 (G—H’). At E14.5, control MGE cells form two migratory streams in the MZ and 1Z/SVZ of the
developing cortex (4, B). N-cadherin ablation in MGE hampers MGE cells to leave the subpallium (4"). Afew cells reach the ventricular angle
(asterisk in A"). Sparse GFP * cells can be detected at higher magnification in the cortical IZ (B"). C~E’, Phospho-histone 3 (PH3, red)
antibodies label dividing neuronal progenitors. N-cadherin ablated MGE shows a significant reduction of dividing cells (D") compared with
control (D, E). N-cadherin ablated (GFP ) neuroepithelium form aberrant protrusion (white arrowheadinA’, F’) and some mutant GFP
cells distribute in the lateral ventricle (open arrowheads in F'). N-cadherin ablated neuroepithelial cells in the MGE form neural cell rosettes
(F"). G-H', N-cadherin ablated MGE cells start to reach the developing cortex at E16.5 (6" and enlarged view of cortex in H'). H is a
high-magnification view of the cerebral cortexin G, illustrating the large distribution of control MGE cells in the 1Z/SVZ, MZ, and CP at E16.5.
NCx, Neocortex; Th, thalamus; Str, striatum; PCx, piriform cortex. Scale bars: 4, F, 300 m; B, F, 25 um; F”, 40 um; G, 100 em; H, 200 .

the migratory behavior of control (N-cad”" Nkx—cre,GFP) ver-
sus N-cadherin KO (N-cad™ Nkx—cre,GFP) MGE cells on a sub-
strate of dissociated wild-type cortical cells. N-cadherin ablated
MGE cells were unable to leave their explant of origin and to
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colonize the cortical cell substrate for at
least 24 h after MGE placement on cortical
cells (Fig. 6A, Movie 1). After 36 h, a small
number of mutant cells migrated out of
the explant and covered a much smaller
area than that covered by control cells
(Fig. 6 B, B'). Similarly, N-cadherin floxed
MGE cells electroporated at E13.5 with
Cre recombinase-expression vector mi-
grated in vitro on cortical cells with a
migration speed reduced by fourfold
compared with control cells (Fig. 6C-E).
Cell tracking analysis also showed that
N-cadherin-depleted cells displayed me-
andering trajectories as reflected by a de-
crease of the direction persistence (Fig.
6F) and no longer extended stable leading
processes (Movie 1, right panel). Alto-
gether, these results show that loss of
N-cadherin function in MGE cells perturb
their migration by impairing cell polarity
and leading process stability.

As observed in vitro, N-cadherin ab-
lated MGE cells located on tangential mi-
gratory paths in cKO embryos (N-cad™’,
Nkx2.1-cre,GFP) manifested major polarity
defect. The Golgi apparatus labeled with
antibodies against GM130 was aberrantly
localized at the rear of the nucleus at a
significantly higher frequency in mutant
MGE cells compared with the control
(Fig. 6G,G",H). N-cadherin ablated MGE
cells exhibited thus polarity defects during
their phase of migration and did not nor-
mally contribute to the formation of mi-
gratory streams.

Postmitotic invalidation of N-cadherin

delays MGE cell migration to the cortex
and within the CP

To further characterize the contribution
of N-cadherin-dependent cell adhesion to
the migration of future cortical interneu-
rons toward the developing cortex, we
deleted N-cadherin in MGE cells at a post-
mitotic stage. N-cadherin floxed allele
mice (Radice et al., 1997) were crossed to
Lhx6—Cre, Rosa26R—GFP transgenic mice
(Fogarty et al., 2007). In transgenic Lhx6—
Cre, Rosa26R—GFP embryos, inducible
GFP was strongly expressed in MGE cells
at E13.5, attesting to efficient genetic ab-
lation of floxed alleles by the Lhx6—Cre
transgene (Vidaki et al., 2012). In these
animals, the basal telencephalon did not
present any obvious morphological
defects (Fig. 7A,A"). We analyzed the
distribution of GFP* MGE cells with
postmitotic ablation of N-cadherin in

E13.5, E14.5, and E16.5 embryos (Fig. 7B—E). At all embryonic
stages, the density of GFP" MGE cells in the MZ was strongly
diminished in cKO brains (N-Cad”,Lhx6—cre,GFP) compared
with control brains (N-Cad*,Lhx6—cre,GFP). Mutant MGE



18156 - J. Neurosci., November 13, 2013 - 33(46):18149-18160 Luccardini et al. « N-Cadherin in Cortical Interneuron Migration

F 5 H)
A N-cadherin KO MGE explant on cortical cells B control B’ N-cad™" Nkx-Cre
o 1S
ol gl 4
(.’{ “
[}
S » e’ ‘." »
— - ps ek e ™
o 4 ¥, T
S= s 3 ‘ o
(&} e o . oA p “a »” :
=_O - ’ . ‘ 4
S ¢+ w y “ i
L R - - ;o %
< % T e R
. 00:00 g’ as. 03:00 e - 06:00 & A" 09:00

00:00 03:00 06:00 09:00

G

N-cad™ Nkx-Cre, GFP
Ea
:' T
TR

C N-cadherin ablated MGE cells on cortical cells

8 . TR
_E -
g [ e @ v
§E+ » » P y

2 .

U 00:00 01:00 02:00 03:00

e} [—

©

1S

L

’

+ /

o {

5t \ " . . -

< o -~ ‘a

8

z 00:00 01:00 02:00 03:00

D Mean nuclear migration E Resting cells F Direction persistence
speed (DIT)

60

40

% of recorded cells

um/h

20

0 N-cad™”, Tomato [0 N-cad™, Nkx-Cre

ol 1313 B N-cad™, Cre + Tomato W N-cad™ Nkx-Cre

fl/fl
G N-cad"*, Nkx2.1-Cre, GFP G’ N-cad", Nkx2.1-Cre, GFP Ofi+, Cre (n=4)
W /A, Cre (n=4)
o 20
Inverted £
cell 915
. z<
polarity < ‘? 10
25
235
°
© o

Figure 6. N-cadherin ablation in migrating MGE cells affects migration speed and cell directionality. A, Time-lapse imaging of fluorescent MGE cells (inverted LUT) migrating from
control (top raw) or N-cadherin ablated (bottom raw) E13.5 MGE explants placed in the same cultivation chamber. Recording started 24 h after placing explants in chamber (time in
hours:minutes). Images were taken at 3 min intervals (see also Movie 1), and images at every 3 h are shown as examples. B and B” show the migration of MGE cells around control (B)
and N-cadherin mutant (B’) MGE explants at 36 h of culture. €, Time-lapse imaging of MGE cells migrating away from E13.5 N-cadherin™" MGE explants electroporated with a tomato
construct (top raw, control) or coelectroporated with tomato and Cre recombinase constructs (bottom raw). Control MGE cells show dynamic forward translocations of the nucleus (white
arrowhead), whereas invalidated MGE cells have no processive movements over 2 h and invert their polarity (time 3:00, black arrowhead). Time in hours:minutes. D, Both N-cadherin-
deleted MGE cells (black bar) and MGE cells with acute N-cadherin ablation (dark gray bar) migrate fourfold slower than control cells (white and light gray bars). E, F, Mutant MGE cells
spend more time without moving (E, dark gray bar) and change more frequently their direction as shown by decreased direction persistence (F, black bar). Histograms D—F show mean =+
SEM (**p < 0.01, ***p < 0.001, Student’s t test). G, ", MGE cell polarity in the basal forebrain of control (@) and N-cadherin cK0 (G’) E14.5 embryos was analyzed on coronal sections.
The Golgi apparatus (GA) was stained with GM130 antibodies to visualize MGE cell polarity. The curved arrow indicates the direction of the migratory stream in control brains. H,
Schematic of the criteria chosen for counting cells with inverted polarity. Histogram shows that N-cadherin-depleted MGE cells display a significant higher percentage of cells with
inverted polarity compared with control (Mann—Whitney test, **p < 0.01). Scale bars: 4, B, 50 wm; €, 20 wm; G, 30 wm.
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Movie 1. Migration of control and N-cad KO MGE cells on dissociated cortical cells. Time-lapse
fluorescent images of control (N-cad % Nkx2.1— cre EGFP; left) and N-cad KO (N-cad™” Nkx2.1—
cre, EGFP; right) MGE cells migrating on dissociated cortical cells. Images were acquired at 6 min inter-
vals for 10 h (10 frames/s). See also Figure 6A.

cells were two times less numerous than control cells in the deep
tangential stream of the lateral cortex at E13.5 (Fig. 7B,B’,C). At
E14.5, a small but insignificant difference was still observed. At
E16.5, aslightly lower density of GFP * MGE cells was observed in
the developing cortical wall of cKO embryos (Fig. 7D,D’,E).
More interestingly, cell bodies of mutant MGE cells were much
less regularly ordered along the radial glial fibers than the cell
bodies of control MGE cells (Fig. 7D, D"). Together, these results
confirm that N-cadherin favors the tangential migration of MGE
cells toward the developing cortex and promotes CP invasion
along the radial glial cells.

Discussion

In this study, we investigated the role of the cell adhesion mole-
cule N-cadherin during the tangential migration of future corti-
cal interneurons. Our results show that N-cadherin controls
cortical interneuron development at three successive stages. First,
N-cadherin ablation in the MGEs strongly disorganized the neuro-
epithelium. Second, N-cadherin ablated MGE cells hardly exited the
MGE and showed decreased motility and a significant defect in
maintaining their polarity. Third, N-cadherin ablated MGE cells that
reached the dorsal cortex were much less efficient in colonizing the
CP, although they finally succeeded at the adult stage, suggesting
compensatory mechanisms. Moreover, we demonstrated in vitro
that N-cadherin is required for activation of MGE cell motility, for
maintenance of cell polarity likely through the regulation of local
actomyosin contractile waves and for leading process stabilization.
Altogether, these results indicate that N-cadherin is a central player
in the migration of future cortical interneurons to the developing
cortex.

N-cadherin adhesion stimulates MGE cell motility and is
required for the maintenance of their polarization during
migration

The combination of in vivo and in vitro analyses identified at least
two main defective processes in cadherin invalidated MGE cells
or N-cadherin ablated MGE cells: (1) cell motility and (2) cell
polarity. Noteworthy, ablating N-cadherin in MGE cells was as
efficient as inactivating classical cadherins to impair MGE cell
motility and polarity, showing a preponderant and cell-
autonomous function of N-cadherin in these cells. N-cadherin
ablation drastically decreased the MGE cell migration speed in
vitro and significantly delayed their migration in vivo. Con-
versely, overstimulation of N-cadherin-dependent adhesion on
biomimetic substrates increased the migration speed of wild-type
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MGE cells. Stimulation of growth cone motility by N-cadherin
has been shown previously to sustain neurite elongation (Matsu-
naga et al., 1988; Bard et al., 2008), and this stimulation has been
associated with the anchorage of cadherin molecules to the
actomyosin-based motility system (Giannone et al., 2009). How-
ever, blocking the function of N-cadherin is not sufficient to
completely inhibit cell motility, suggesting either a partial contri-
bution of N-cadherin-dependent actomyosin activity to cell mi-
gration or compensatory mechanisms. Accordingly, disruption
of cdh-2 in zebrafish cerebellar granule cells does not impair cell
motility (Rieger et al., 2009), whereas perturbation of cadherin
function in tangentially migrating precerebellar neurons induces
a delayed migration that affects nucleogenesis in the hindbrain
(Taniguchi et al., 2006). Obviously, parallel pathways operate in
vivo to control migration speed, and even some N-cadherin-
depleted MGE cells are still able to reach the CP. It is difficult at
this stage to decipher whether it reflects a stochastic behavior of
mutant neurons or whether there are some subpopulations in
which the lack of N-cadherin can be compensated for by addi-
tional pathways.

Our data also show that N-cadherin is required for proper cell
polarity maintenance in vivo and in vitro. Polarity defects in
N-cadherin invalidated MGE cells are associated with (1) aber-
rant protrusion of neuroepithelial cells into the ventricles, (2)
random walk in vitro and polarity reversal in tangential migratory
paths in vivo, and (3) impaired migration along radial glial cells in
the developing cortex. The phenotype that we observed in
N-cadherin-deleted MGE cells are reminiscent of the loss of di-
rectional migration in N-cadherin-depleted early-born neurons
during glia-independent somal translocation (Franco et al,
2011) and N-cadherin-depleted multipolar late-born neurons as
they enter the CP (Jossin and Cooper, 2011). Surprisingly, over-
activation of N-cadherin receptors provided by recombinant
N-cadherin substrates stimulated motility but was also associated
with a loss of directionality. These results are consistent with
current models describing the interplay between polarization and
adhesion, in which dynamic formation and removal of adhesion
junctions support directional migration in neurons (Kawauchi et
al., 2010; for review, see Solecki, 2012). Interestingly, addition of
laminin to the N-cadherin coating partially corrected the polar-
ization defects, most likely through the engagement of integrins.
This may be attributable to either an instructive signal brought by
integrin engagement or a reduction of N-cadherin expression or
activity induced by integrin activation. Such interplay between
integrins and cadherins has been documented in glial cells and
neural tube cells (Fournier-Thibault et al., 2009; Camand et al.,
2012). Moreover integrins control the migration of future corti-
cal interneurons. In particular, the interaction between «331 in-
tegrin at the surface of MGE cells and the molecular cue netrin-1
is necessary to guide future interneurons from the MGE to the
neocortex (Stanco et al., 2009). N-cadherin could cooperate with
additional adhesion systems, as recently described between Cajal
Retzius cells and radially migrating cortical projection neurons
(Gil-Sanz et al., 2013). Accordingly, the protocadherin Celsr 3 is
required for the tangential migration of GABAergic neurons in
the forebrain (Ying et al., 2009), and gap junctions have been
proposed to provide adhesive functions required for switching
from tangential to radial migration (Elias et al., 2010).

Although the long-distance migration of future cortical in-
terneurons in extremely complex environments most certainly
involves more than one adhesive molecule, it is clear that
N-cadherin is constantly present all along the migration path to
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N-cadherin ablation in postmitotic MGE cells delays tangential migration and CP colonization in vivo. Coronal sections through the brains of control (N-cad ™, Lhx6 —

cre,GFP; A, B, D) and N-cadherin cKO (N-cad™” Lhx6 — cre,GFP: A, B', D’) transgenic mice illustrate the distribution of control and mutant GFP * MGE cells in the telencephalon at E14.5
(A, A”) and in the developing cortex at E13.5 (B, B’) and E16.5 (D, D"). A, A", KO brains show normal MGE morphogenesis and a decreased number of GFP * MGE cells in the MZ of the
cortex (white arrowsin A, A’). B, B', C, At E13.5, mutant MGE cells (B’) migrating tangentially in the IZ/SVZ of the lateral cortex (between horizontal white arrows) are less numerous
compared with control (B). Cortical sectors used for cell counting in 1Z/SVZ are dorsal to the ventricular angle (white asterisk) and 200 wm high. Confocal sections were acquired each 1
jum over 13 wm. Pictures in B and B” are Z-projections of cortical sectors used for cell counting. Histogram in € shows that the delay in MGE migration observed at E13.5 in the deep
tangential stream is no longer visible at E14.5. D, D', E, At E16.5, the density of mutant GFP * MGE cells in the MZ is obviously diminished (D") and cell bodies no longer show the nice
radial orientation seen in control cortex (D, white arrowheads). Higher-magpnification views of insetsin Dand D" show normal RC2-labeled radial glial cells in cKO cortex. Counting reveals
a smaller density of mutant MGE cells in the CP compared with control (E). Histograms show mean == SEM (*p << 0.05, Student’s ¢ test). Numbers within bars are the number of brains
analyzed per genotype. Yellow asterisks indicate GFP-expressing vessels in Lhx6 transgenic mice. NCx, Neocortex; POA, preoptic area; Th, thalamus; Str, striatum; PCx, piriform cortex.

Scale bars: A’, 500 wm; B', 50 wm; D', 100 wm.

engage homophilic interactions and to support the tangential
migration of future interneurons.

N-cadherin controls polarized migration through centrosome
positioning, compartmentalized myosin activation, and
leading process stabilization

During neuronal migration, nuclear translocation toward the
leading process occurs after forward movement of the centro-
some and Golgi apparatus that form a swelling ahead of the
nucleus. The inability of cadherin ablated MGE cells to stabi-
lize cell polarization was correlated to the perinuclear local-
ization of the centrosome/Golgi complex in these cells. The
centrosome/Golgi complex was rarely located in the leading
process, showing that N-cadherin mediated cell-cell contacts
either promote forward migration or stabilize the centrosome/
Golgi complex in the leading process. Recently, it was demon-
strated that, during chain migration of zebrafish granule cells,
N-cadherin localizes at the leading edge of the migrating neuron in
which it stabilizes the centrosome and coordinates cell—cell
contacts and cell polarity trough the remodeling of adherent
junctions (Rieger et al., 2009). In MGE cells, disruption of
N-cadherin function affects both centrosome repositioning
ahead of the nucleus and the formation of a cup of myosin IIB
at the rear nuclear pole. We observed previously in migrating
MGE cells that myosin II concentrates at the rear of the nu-

cleus before nucleokinesis, suggesting that actomyosin pro-
vided pushing forces to the nucleus, as confirmed recently
(Bellion et al., 2005; Martini and Valdeolmillos, 2010; Shino-
hara et al., 2012). Cadherin engagement has been reported to
stimulate Rho GTPases activation, which plays a central role in
cell polarization (Noren et al., 2001). However, precise analy-
sis of N-cadherin subcellular distribution and dissection of
intracellular signaling activated by N-cadherin engagement
will be required to reveal the regulatory pathways involved
in the control of cell polarity in migrating interneuron
precursors.

Polarity defects in N-cadherin depleted MGE cells may also
result from abnormal regulation of microtubule dynamics be-
cause a link has been established in various cell types between
cadherin-mediated adhesion and microtubules (for review,
see Stehbens et al., 2009). In agreement with this hypothesis,
the TUJ1 * microtubule bundles that fill the leading process of
MGE cells were strongly shortened after cadherin inactivation,
and N-cadherin ablation drastically reduced the stability of
MGE cell leading process. Whether these cellular responses
mainly reflect decreased microtubule stability or involve per-
turbed cell adhesion remains to be investigated.

In conclusion, N-cadherin is a key component to promote
interneuron precursors exit from the MGE and fulfills a central
permissive role for their migration.
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N-cadherin deletion in MGE affects both the exit and
tangential migration of MGE cells

Specific deletion of N-cadherin in neural precursors disrupts the
neuroepithelial integrity with the formation of neural cell rosettes
and an intermixing of mature and proliferating cells, as described
in other brain regions (Chenn and Walsh, 2002; Lele et al., 2002;
Kadowaki et al., 2007). Interestingly, rosettes were also observed
in the neuroepithelium of NMIIB KO mice (Ma et al., 2006).
Moreover, we observed GFP * cells floating in the ventricles (Fig.
6C). Although we did not demonstrate that these cells originated
from the MGE, it is tempting to speculate that significant altera-
tion of neuroepithelial cell adhesion might induce both increased
apoptosis in the MGE and aberrant delamination in the ventricle.
Disrupted junctions at the ventricular surface might permit cell
movements in this region. Conversely, signaling molecules in the
CSF would become available to cells normally isolated from the
ventricles and could influence their proliferation and/or migra-
tion. However, N-cadherin deletion in postmitotic MGE cells
confirmed a cell-autonomous role of N-cadherin to control the
tangential migration of MGE cells to the cortex and to promote
their migration along radial glial cells in the developing CP. In
conjunction with the proliferation defect, these results place
N-cadherin as a central player in MGE and cortical interneuron
development.
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