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Development/Plasticity/Repair

Abnormal Neuronal Migration Changes the Fate of
Developing Neurons in the Postnatal Olfactory Bulb

Richard Belvindrah,-** Antoine Nissant,->* and Pierre-Marie Lledo!
'Institut Pasteur, Laboratory for Perception and Memory, F-75015 Paris, France, and 2Centre National de la Recherche Scientifique Unité de Recherche
Associée 2182, F-75015 Paris, France

Neuronal precursors are continuously integrated into the adult olfactory bulb (OB). The vast majority of these precursor cells originates from the
subventricular zone and migrates along the rostral migratory stream (RMS) en route to the OB. This process, called postnatal neurogenesis,
results from intricate pathways depending both on cell-autonomous factors and extrinsic regulation provided by the local environment. Using
electroporation in postnatal mice to label neuronal precursors with green fluorescent protein (GFP) and to reduce the expression levels of
doublecortin (DCX) with short-hairpin (Sh) RNA, we investigated the consequences of impairing migration on the fate of postnatal-formed
neurons. First, we showed that electroporation of Dcx ShRNA plasmid efficiently knocks down the expression of DCX and disrupts cells migra-
tion along the RMS. Second, we found misplaced anomalous migrating cells that displayed defects in polarity and directionality. Third, patch-
clamp recordings performed at 5-7 days post-electroporation (dpe) revealed increased density of voltage-dependent Na' channels and
enhanced responsiveness to GABA , receptor agonist. At later time points (i.e., 12 and 30 dpe), most of the Dcx ShRNA " cells developed in the
core of the OB and displayed aberrant dendritic length and branching. Additional analysis revealed the formation of GABAergic and glutama-
tergic synaptic inputs on the mispositioned neurons. Finally, quantifying fate determination by numbering the proportion of GFP */calretinin *
newborn neurons revealed that Dex SRNA * cells acquire mature phenotype despite their immature location. We conclude that altering the
pace of migration at early stages of postnatal neurogenesis profoundly modifies the tightly orchestrated steps of neuronal maturation, and

unveils the influence of microenvironment on controlling neuronal development in the postnatal forebrain.

Introduction
The subventricular zone (SVZ), and to a lesser extent the rostral
migratory stream (RMS) of the mammalian forebrain, contains
neural progenitors that proliferate and migrate en route to the olfac-
tory bulb (OB) throughout life (Altman, 1969). In the OB, postna-
tally generated neuroblasts differentiate into two types of local
interneurons: granule cells (GCs) and periglomerular cells (Luskin,
1993; Lois and Alvarez-Buylla, 1994). The complex mechanism by
which neural precursors become an OB interneuron is not fully de-
ciphered. However, we know that a precisely orchestrated series of
morpho-functional changes is requested to ensure the recruitment
of neural precursors into their proper layers and, later, for develop-
ing correct connectivity with the host circuit (Petreanu and Alvarez-
Buylla, 2002; Belluzzi et al., 2003; Carleton et al., 2003).

In the postnatal forebrain, the molecular signals that contribute
to migration include polysialylated neural cell adhesion molecule
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(Chazal et al., 2000), ephrin-B (Conover et al., 2000), members of
the Slits (Nguyen-Ba-Charvet et al., 2004; Kaneko et al., 2010) and
integrin (Belvindrah et al., 2007) families, prokineticin 2 receptors
(Ng et al., 2005), and ambient GABA (Lledo et al., 2006; Pathania et
al.,, 2010). In addition, reelin and tenascin-R are two proteins that
trigger the detachment of neuroblasts from the RMS (Hack et al,,
2002; Saghatelyan et al., 2004). However, despite extensive investi-
gation of the molecular signals regulating the migration of neuro-
blasts from the SVZ and controlling their arrival to the bulb, it
remains poorly understood how much their innate developmental
program impacts their ultimate functional identity.

During embryogenesis a widely accepted model proposes that
external factors act in concert with cell-autonomous processes to
ensure the correct neuronal maturation and connectivity of neu-
ronal precursors (Ben-Ari and Spitzer, 2010). Extending this hy-
pothesis to OB adult neurogenesis, our previous studies have
shown that developing neurons receive synaptic inputs early, just
after arrival into the bulbar circuit (Carleton et al., 2003; Pan-
zanelli et al., 2009), thus implying developmental regulation by
both cell-autonomous factors and synaptic activity (Ming and
Song, 2005; Adam and Mizrahi, 2010).

Here, we investigated whether early alteration of neuroblast
migration impacts morphological and functional maturation.
Because newly formed neurons in the postnatal forebrain express
neurotransmitter receptors, we hypothesized that initial changes
in the local environment surrounding the migrating neuroblasts
might impair the subsequent developmental stages leading to
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long-lasting alteration of cell fate. By reducing the expression
levels of a protein that regulates the organization and stability of
microtubules [e.g., doublecortin (DCX)], we found changes to
cell targeting, dendritic development, and fate determination.
Surprisingly, despite aberrant localization and cell morphology,
DCX-deficient neuroblasts developing in ectopic positions re-
ceive GABAergic and glutamatergic synaptic inputs earlier when
compared with their control counterparts in similar locations.
Thus, variations in the microenvironment of developing postnatal-
generated neurons have profound and long-lasting effects on
their future function.

Materials and Methods

Animals. C57BL/6] mice used in this study were obtained from Janvier.
Animals were maintained in standard conditions (12 h light/dark cycle,
ad libitum access to dry food and water). All the experimental procedures
were accomplished according to the European Community Council Di-
rectives (86/609/EEC) and European Union General Guidelines. Those
procedures were reviewed and approved by the animal welfare commit-
tee of the Pasteur Institute.

In vivo electroporations. Postnatal day 3 (P3) to P4 mouse pups were
first anesthetized on ice for 3 min. Then, they were maintained on a 4°C
cold pad during the injection procedure. Mice were injected with the
different plasmids directly into the lateral ventricle by transluminescence
with an optical fiber (Leica). Approximately 2 ul of plasmid solutions at
a concentration of 5 pug/ul (in endotoxin-free TE buffer; Qiagen) were
injected with a 3.5 inch glass pulled pipette (Drummond) connected to a
15 wl Hamilton syringe. Then, the brain was placed between a 10 mm
Tweezertrode, with the positive pole oriented on the injected side. Five,
50 ms square-wave pulses of 100 V, with a latency of 950 ms, were given
with a BTX ECM 830 Electroporator (Harvard Apparatus). Reanimated
mice were kept warm under a heating lamp and quickly returned to their
mother after the procedure. Electroporated plasmids were as follows.
Dcx-GFP, the minimal promoter for mouse Dcx gene (2 kb upstream
genomic sequence of the Dex gene) (Wang et al., 2007), was amplified by
genomic PCR and cloned upstream to the GFP sequence from the
EGFP-C1 plasmid (Clontech); pCig2-ires-GFP plasmid [CMV-enhanc-
er/chicken B-actin promoter-GFP (CMV-GFP)] (kind gift from F. Pol-
leux, The Scripps Research Institute); Dcx short-hairpin (Sh) RNA
plasmid was produced from the SureSilencing ShRNA plasmid (SABio-
sciences Qiagen, Frederick, MD), where the following sequence, 5'-
TCACCTGTCTCCATGATTTCT-3’ (targeting specifically dcx mRNA),
was subcloned in the pGeneClip vector downstream to the U1 promoter
to express the ShRNA. For control experiments related to migration
studies, the same SureSilencing ShRNA plasmid was used with a scrambled
noncoding sequence (5'-GGAATCTCATTCGATGCATAC-3') instead of
the dex sequence, and no defect was observed. For long-term experiments
(ie., 30 dpe), the activity of Dcx promoter being repressed ~15 d after neu-
ronal precursor proliferation (Brown et al., 2003), pCig2-ires-GFP plasmid
was used instead and mixed with Dcx ShRNA plasmid to a 1:1 ratio at a final
concentration of 5 ug/ul for each vector.

Immunostaining and analysis. For studies in mice at 5, 7, and 12 days
post-electroporation (dpe), animals were anesthetized with isoflurane
(Mundipharma) and rapidly decapitated, and brains were fixed in 4%
paraformaldehyde overnight at 4°C. Then, dissected brains were embed-
ded in 3.5% agarose (Invitrogen) and 8% sucrose. Sagittal sections (70
um) were prepared using a VT1000S Vibratome (Leica), and immuno-
staining was performed on floating sections in 24-well plates. Sections
were incubated with PBS supplemented with 10% bovine serum (Invit-
rogen) and 0.2% Triton X-100 (blocking buffer) for 1 h at room temper-
ature, and incubated overnight at 4°C with the following antibodies in
blocking buffer: rabbit polyclonal anti-DCX (Ab18723, Abcam), rabbit
polyclonal anti-GFP (Invitrogen), chicken polyclonal anti-GFP (Milli-
pore), rabbit polyclonal anti-calretinin (ab5054, Millipore), rabbit
polyclonal anti-VGAT (anti-vesicular GABA transporter) (Millipore,
AB5062P), and rabbit polyclonal anti-VGLUT1 (anti-vesicular gluta-
mate transporter 1) (kind gift from S. El Mestikawy, INSERM, University
Paris 6). Then, sections were rinsed three times with PBS during 10 min
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and incubated at room temperature during 2 h with secondary antibod-
ies coupled to Alexa 488 or Alexa 568 (Invitrogen). For biocytin staining,
an amplification with the Vectastain ABC kit PK 6100 (Vector Labora-
tories) was performed before incubation with Alexa 568-conjugated
streptavidin (Invitrogen). Nuclei were counterstained for 10 min at room
temperature with 4',6'-diamidino-2-phenylindole dihydrochloride (1 g/
ml; Sigma-Aldrich). Sections were rinsed with PBS and mounted with Pro-
Long Gold anti-fade mounting medium (Invitrogen). Stainings were
analyzed with a confocal microscope (LSM 700, Zeiss) and, for synaptic
markers (VGAT and VGLUT1), analyzed with Imaris software (Bitplane)
for three-dimensional (3D) rendering and synaptic contact quantifications
(all values are given as mean * SEM, and a Student’s ¢ test was performed).

To quantify the neuronal polarity during migration, neuroblasts were
categorized according to the number of processes: type I, single leading
process; type II, bipolar neuroblast; or type III, multipolar cell. Count-
ings were expressed as a percentage of total number of GFP * cells in
three different regions (RMS1, RMS2, and core of the OB). Three con-
tiguous slices per animal were analyzed and six animals per condition
were studied. All values are given as mean * SEM. A Student’s ¢ test was
used. To quantify the directionality of the migration, we estimated the
angle between the longest leading processes of a migrating neuron along
with the general direction of the tangential migration in the core OB
(baseline) with Axiovision software (Zeiss). Then, cells were categorized
according to the value of that angle: 0—45°, tangential; 45-90°, radial I;
90-135°, radial IT; 135-180°, radial III. Values are expressed as a percent-
age of total analyzed GFP ™ cells in the core of the OB. Three contiguous
slices per animal were analyzed and five animals per condition were
studied. All values are given as mean * SEM. A Student’s ¢ test was
performed. Because there was some variability between electroporation
experiments, we quantified the neuronal differentiation as a ratio with
the GFP ™ cells, then taking into account the efficiency of electropora-
tion. To count double-labeled GFP */calretinin * neurons, we used the
QUIA Bio Image Analysis software (F. de Chaumont and J. C. Olivo-
Marin, http://www.bioimageanalysis.org/index.html, Institut Pasteur,
Paris France) based on a B3 wavelet-filtering unit. Briefly, after RMS and
GC layer (GCL) external limit delineation, automatic counting was per-
formed in concentric homogenous areas. Values are given as a percentage
of GFP " cells or double-labeled GFP */calretinin * cells. Three contigu-
ous slices per animal were analyzed and six animals per condition were
studied. All values are given as mean = SEM, and a Student’s t test was
used. Finally, to quantify the length of the primary apical dendrite and
the number of branchings per neuron, LSM Image Browser software
(Zeiss) was used. Five animals per condition were studied and 50 cells in
total for each condition were analyzed. All values are given as mean =
SEM, and a Student’s ¢ test was used.

Sholl analysis. To quantify the complexity of the dendritic arborization at
12 and 30 dpe, we measured for each neuron the number of intersections of
concentric circles (from the soma) with the dendrites. Confocal micrographs
were analyzed using NIH Image] and Sholl analysis plug-in from the A.
Ghosh laboratory (University of California, San Diego, La Jolla, CA). Values
are expressed as mean * SEM. Five animals per condition were studied and
50 cells in total for each condition were analyzed. A Student’s ¢ test was

performed to compare control versus Dcx ShRNA" populations.

Electrophysiological recordings. For patch-clamp recordings, mice were
deeply anesthetized with isoflurane (Mundipharma) and swiftly decapi-
tated. The right hemispheres were rapidly dissected and placed in ice-
cold artificial CSF (ACSF) (containing, in mm: 124 NaCl, 3 KCl, 1.3
MgSO,, 26 NaHCO;, 1.25 NaHPO,, 20 glucose, 2 CaCl; ~310 mOsm,
pH 7.3 when bubbled with a mixture of 95% O, and 5% CO,; all chem-
icals from Sigma), before being placed, submerged in ice-cold ACSF, in
the cutting chamber of a Leica Vibratome (VT 12008S). Sagittal slices (250
pum thick) of the OB were placed in bubbled ACSF in a warming bath at
35°C for 30 min and then at room temperature. For whole-cell record-
ings, individual slices were placed in a chamber mounted on a Zeiss
Axioskop upright microscope, and continuously perfused (1.5 ml/min)
with room temperature bubbled ACSF. Slices were visualized using a
40X water-immersion objective.

We obtained whole-cell patch-clamp recordings from visually tar-
geted GFP ™ neuroblasts or neurons. Patch pipettes, pulled from boro-
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at 1-10 kHz, digitized, and sampled at intervals

of 20—450 ws (2.2-20 kHz) according to the
individual protocols.

Newly formed cells were identified either by
double-labeling with both GFP and rhodamine
during recording, or by the presence of GFP in
the tip of the patch pipette after membrane
rupture. GFP-targeted recordings that did not
meet either of these criteria were discarded
from our analyses. Cell membrane capacitance
(C,,) and cell membrane resistance (R,,) were
measured at —70 mV using a 5 mV voltage
step. The Na™ and K™ currents were both
measured under voltage-clamp conditions.
Depolarizing pulses (100 ms) from —70 mV by
incremental steps (5 mV), up to +10 mV, were
given at a rate of 1 Hz. Na* and K* currents
were measured after subtraction of scaled pas-
sive current responses to the appropriate volt-
age steps.

Before applying muscimol (25 um) or kainic
acid (50 um), we recorded a 3 min stable base-
line. We applied agonists until peak currents
were reached (2-3 min) and quickly washed
out. Spontaneous and evoked postsynaptic
currents were analyzed with ELPHY software
(Gérard Sadoc, Gif-sur-Yvette, France). To
evoke postsynaptic currents, we used a small
monopolar glass pipette (3—4 um tip diameter,
pulled from 1.5 mm outer diameter and 1.17
mm inner diameter borosilicate glass, and
filled with ACSF), finely positioned using a mi-
cromanipulator. Stimulation intensities (100—
200 pA, 100 us) were set to obtain maximal
responses. Amplitude and paired-pulse ratios
(amp2"9/amp1 **) were measured from averaged
traces (1030 traces). GABAergic postsynaptic
currents were recorded at 0 mV and AMPAR-

| mediated EPSCs were recorded at —70 mV.
[
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Figure 1.  Electroporation model in postnatal mouse brain and validation of doublecortin knockdown. A—C, P4 electroporated mice

with Dex-GFP construct, analyzed with sagittal sections at 5, 7, and 12 dpe. Note the increasing number of radially migrating cells in the 0B
over time. D, E, Double-staining GFP (green)/dcx (red) in sagittal sections of 7 dpe mouse brain in RMS2 region after electroporation of
control (D) or Dx ShRNA (E) plasmid. F~H, High-magnification picture of double-staining GFP (green)/DCX (red) of 7 dpe mouse brain in
RMS2 region after electroporation of control. The arrowhead indicates the double-labeled leading process. /, Quantification of double-
labeled cells GFP /DCX  at three different levels of the rostrocaudal axis of the RMS (RMS1, RMS2, and the core 0B) showing a strong
reduction of doublecortin expression in GFP * cells after Dcx ShRNA plasmid electroporation at 7 dpe. Note that the highest level of
doublecortin knockdown is in the core OB (***p << 0.001). Scale bars: 4, 210 um, inset, 72 um; D, 105 um; F, 43 um.

silicate glass (outer diameter 1.5 mm, inner diameter 1.17 mm, Harvard
Apparatus; P-87 Flaming/Brown micropipette puller, Sutter Instru-
ment), had resistances of 8—12 M() and were filled with a K-gluconate-
based solution (in mm: 130 K-gluconate, 6 KCl, 2 NaCl, 10 Na-HEPES, 10
D-glucose, 0.2 Cs-EGTA, 0.3 GTP, 2 Mg-ATP, 0.2 cAMP, with 0.15%
biocytin; 280-290 mOsm, pH 7.3). Rhodamine (0.1-0.4%) was included
in the internal solution for GFP * cell recordings. All voltages reported in
the text are corrected for a liquid junction potential of +10 mV between
our internal and external solutions. Recordings were obtained via an
Axopatch 1D amplifier (Molecular Devices). Signals were Bessel filtered

time, transfection to a subset of postna-
tal neuronal precursors. Because DCX is
a key family member of the microtubule-
associated proteins that pattern neuronal
migration, both in the developing neocor-
tex (Baietal., 2003) and during adult neu-
rogenesis (Kappeler et al., 2006; Koizumi
et al., 2006), we chose a hairpin plasmid
targeting specifically a region of the DCX
coding sequence to alter neuronal migration.

Short-hairpin RNA targeting DCX impairs RMS

neuroblast migration

Precursors cells in the SVZ give rise to neuroblasts that migrate
rostrally to reach the OB, where they become mostly GABAergic
interneurons (Lledo et al., 2006). Consistent with earlier find-
ings (Brown et al., 2003), Figure 1 A—C shows that postnatal-
generated neuroblasts express DCX when migrating tangentially
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from the SVZ to the OB, or radially from
the core of the OB to the distinct superfi-
cial layers. While a large number of labeled
cells are distributed along the SVZ-RMS
pathway at early time points (i.e., 5 dpe)
(Fig. 1A), GFP ™ cells also started populat-
ing the OB 2 d later (Fig. 1 B), where they
scattered throughout all layers at 12 dpe
(Fig. 1C) while vacating the RMS.

Because mutation in the DCX gene
impairs neuroblast migration in the de-
veloping brain, leading to X-linked liss-
encephaly (Francis et al., 1999; Gleeson et
al., 1999a), we hypothesized that knocking
down DCX protein levels in RMS neuro-
blasts might impair the microtubule dy-
namics and thus neuroblast migration.
Transfected cells with the control plasmid
construct (Dcx-GFP) exhibit the previ-
ously described chain-like organization,
with migrating RMS neuroblasts (Lois
and Alvarez-Buylla, 1994) with elongated
somas extending a single leading process
pointing along the cell’s direction of mi-
gration (Fig. 1 D, F-H). In sharp contrast,
when SVZ neural precursors were trans-
fected with Dcx ShRNA, the organization

| 7 dpe

Dcx-GFP

Dcx ShRNA
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RMS1 RMS2 core OB

of tangential migration was dramatically
changed, with a strong reduction of cells
migrating in parallel (Fig. 1 E). To validate
our approach, we processed 7 dpe Dcx
ShRNA-electroporated brains for DCX
immunocytochemistry (Fig. 1D-F). As
expected, the percentage of transfected cells (i.e., GFP ™) that
were also immunoreactive for DCX protein decreased in Dcx
ShRNA-transfected cells throughout the entire SVZ-OB path-
way, with a stronger effect more rostrally (i.e., core OB in Fig. 1)
(RMS1, 93.9 * 2.3% for Dcx-GFP ¥ and 49.5 + 3.0% for Dcx
ShRNA; RMS2, 97.0 = 1.2% for Dcx-GFP* and 37.8 = 1.8%
for Dcx ShRNA+; core OB, 94.1 * 0.8% for Dcx-GFP ' and

24.7 = 2.6% for Dcx ShRNA+). This result validated the effi-
ciency of our ShRNA approach at decreasing DCX protein ex-
pression levels in migrating postnatal-generated neuroblasts.
High-magnification examination of the forebrain (Fig. 2A, B)
confirmed that in control transfections, cells migrated in parallel,
both in the caudal (RMS1) and central (RMS2) part of the RMS
(Fig. 2C,D), before detaching from the chains in the core of the

OB (Fig. 2E). In contrast, while Dcx ShRNA" migrating neuro-
blasts were still organized in parallel in the RMS1 (Fig. 2F), this
organization was strongly disrupted both in the RMS2 (Fig. 2G)
and in the core of the OB (Fig. 2H). Thus, we conclude that a
normal DCX expression level is required to maintain migrating
RMS neuroblasts in a parallel and compact organization.

Figure 2.

Low levels of DCX impair cell polarity and directionality of
neuronal migration

To further investigate the cellular consequences of reducing DCX
expression, we analyzed the morphology of migrating neuro-
blasts in the forebrain at 7 dpe. Throughout the entire SVZ-OB
system, control migrating Dcx-GFP * neuroblasts were mostly
monopolar with elongated soma extending a single leading pro-
cess (Fig. 3A, type I). Rarely, we could see bipolar morphology

Altered neuronal migration of Dx ShRNA™ cells at 7 dpe. A4, B, Low-magnification picture of sagittal brain sections after
electroporation with Dcx-GFP construct or Dex ShRNA plasmid followed by anti-GFP immunostaining. C—H, Representative examples of
GFP ™ cells atthree defined levels along the rostrocaudal axis of the RMS after control and Dox ShRNA plasmid electroporation: RMST (€, F),
RMS2 (D, ), core OB (E, H). Note that the migration is the most altered in the core OB. Scale bars: 4, 210 m; ¢, 115 pum.

(Fig. 3A, type II) and we almost never observed multipolar neu-
roblasts (Fig. 3A, type III), except a few in the core of the OB (
Dcx-GFP;y,: RMSI, 94.2 *+ 3.0% for type I; 5.7 * 3.0% for type
II; RMS2, 79.6 = 1.4% for type I; 19.1 = 2.5% for type II and
1.2 £ 0.2% for type III; Core OB, 64.8 = 3.1% for type [; 33.5 =
3.7% for type II; and 1.6 = 0.3% for type III). In contrast, in all

areas there was a significant decrease in Dcx ShRNA " neuroblasts
with monopolar morphology, and a significant increase in
the proportion of neuroblasts with bipolar morphology (Dcx
ShRNAJ;,.: RMS1, 71.2 + 4.0% for type I; 28.7 * 4.0% for type
II; RMS2, 62.3 * 3.9% for type I; 36.5 * 3.5% for type II and
1.7 = 0.3% for type I1I; core OB, 33.7 % 2.4% for type [; 61.0 = 2.4%
for typeIl;and 5.1 = 0.5% for type III). This result demonstrates that
DCX expression is required for the morphology and polarity of neu-
roblasts during RMS migration in the postnatal forebrain.

Next, we sought to investigate whether these morphological
changes could alter the directionality of migration. To address
this point, we quantified the direction of migrating neuroblasts
by measuring the angle between the longest leading process and
the central axis passing through the core of the OB (depicted by
the dotted yellow lines in Fig. 3B). The angle values were used
here to define the directionality of migration. As expected for the
control condition, the vast majority of neuroblasts migrate in
parallel to the central axis (89.5 = 5.8%), while the rest (10.4 =
2.5%) formed a 45-90° angle with the central axis (Fig. 3B, radial

I). In Dex ShRNA" neuroblasts, the proportion of navigating
cells in the radial I mode was dramatically increased at the ex-
pense of the number of tangentially migrating cells (55.1 = 7.9%
for tangential and 34.4 = 5.7% for radial I). Some of the Dcx
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gions of acute forebrain slices (Fig. 4A).
Patch-clamp recordings, at 5-7 dpe, re-
vealed that the membrane capacitance,
membrane resistance, and maximum
density of voltage-gated K* currents all
remained unchanged in Dcx ShRNA™
neuroblasts (Table 1; Fig. 4 A). In contrast,
the density of voltage-dependent Na™
channels was increased in Dcx ShRNA™
neuroblasts recorded in the core of the OB
(Table 1; Fig. 4A). Furthermore, respon-
siveness to bath application of a GABA,
receptor agonist, muscimol (25 uM), was

M Dcx-GFP
H Dcx ShRNA

5
g
S
J L J

Tipe

RMS1

Dcx-GFP

*%

% of GFP cells

Dcx ShRNA

Radial lll

increased twofold in Dcx ShRNA™ cells
located in the RMS2 and the core of the
OB (Table 1; Fig. 4B). This enhanced
response to muscimol was specific to
GABA, receptors, since the glutamate re-
sponsiveness remained constant (Table 1;
Fig. 4C). These results show that altering
neuronal migration by decreasing DCX
expression levels influences the early func-
tional maturation of neuroblasts.

core OB

0o
Tangential
%o

Radial |
.

e, &
o Radial Il

L5,

M Dcx-GFP
M Dcx ShRNA

Dcx ShRNA* neurons showed altered
dendritic arbor architecture and earlier
fate determination

Because previous works have established a
clear link between early GABAergic sig-
naling and neuroblast maturation during
adult neurogenesis (for review, see Ge et
al., 2007; Platel et al., 2010), we sought to
investigate whether higher GABAergic re-

**

Tangential Radial |

Figure3.

(*p < 0.05,**p < 0.01). Scale bar: B, 90 um.

ShRNA " neuroblasts were even located in the 90—135° sector
(Fig. 3B, 10.3 * 2.4% in radial II), where we never observed
control neuroblasts. From these results, we conclude that migra-

tion directionality was significantly altered in Dcx ShRNA " neu-
roblasts, at least when analyzed at 7 dpe, leading to mispositioned
cells in the central portion of the RMS and the core of the OB.

Altered electrophysiological maturation of mutant

neural cells

Because a large number of Dcx ShRNA " neuroblasts were found
scattered throughout the RMS-OB pathway (Fig. 3B), we won-
dered whether developing neuroblasts in ectopic locations would
mature properly and would receive synaptic inputs. We investi-
gated the precise developmental stages of the electrophysiological
properties of RMS neuroblasts located in the three distinct re-

Impaired polarity and directionality during neuroblast migration after Dcx ShRNA plasmid electroporation at 7 dpe. 4,
Categorization of migrating neuroblasts according to their morphology, following the three predefined levels of the rostrocaudal
axis of the RMS (RMS1, RMS2, and core OB): type |, single leading process, type Il, bipolar shape,
neuroblasts. Note the increased proportion of type Il migrating neuroblasts at the three levels (RMS1, RMS2, core OB) after
electroporation with Dcx ShRNA plasmid. B, Quantification of directionality of the neuroblast migration after Dcx ShRNA plasmid
electroporation in the core 0B at 7 dpe. Migrating neuroblasts have been categorized (tangential, radial |, Il, and ll) according to
theangle defined by the orientation of the longest neuronal leading process along with the tangential migration directionality. The
yellow dashed line represents the baseline directionality defined by the tangential migration in the core OB. Note the increase of
the radial | and Il population (red arrows) vs tangential population (yellow arrows) after electroporation with Dcx ShRNA plasmid

T 1

. +
Radial Il sponses seen at 5 dpe in Dcx ShRNA™ cells

would lead to morphological changes a
few days later. In cells located in the core
of the OB at 12 dpe, the overall morphol-
ogy of mutant developing neurons ap-
peared quite different from that of control
cells (Fig. 5A,B), and this difference was
accentuated at 30 dpe (Fig. 5C). A thor-
ough quantification of dendritic arbor
complexity by Sholl analysis revealed con-
trol neurons form unbranched dendrites,
whereas Dcx ShRNA " neurons exhibited
intricate arborization at 12 dpe that be-
came even more complex at 30 dpe (Fig.
5D). We quantified the dendritic arbor ar-
chitecture by measuring the length of the primary apical dendrite
and the average number of branchings per neuron. Already at 12
dpe, we observed a twofold increase in the number of branchings in
mutant cells, and by 30 dpe, the longest dendritic length had doubled
(length of apical dendrite: Dcx-GFP g, 50.0 * 3.4 pwm; Dex
ShRNA 4,0 49.9 * 3.1 pm; Dex ShRNA g, 102.8 *+ 17.8 pumy;
average branching: Dcx—GFPf’zdpe, 1.71 = 0.1 wm; Dcx ShRNAf}dpe,
3.5 + 0.3 wm; Dex ShRNAS ., 4.0 = 0.2 pum; Fig. 5E).

These morphological changes led us to ask whether the den-
dritic alteration seen in mispositioned migrating cells was accom-
panied by changes in their fate. We concentrated our analysis on
the appearance of calretinin expression (Fig. 6 A, B). We specifi-
cally used calretinin since it is the most predominant marker for
GCs generated during the postnatal period (Kosaka and Kosaka,

Radial Il

and type IIl, multipolar process
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Figure4. Early functional maturation is modified in Dox SARNA™ newborn cells (5-7 dpe). A, Electrophysiological properties of newly generated cells were assessed by whole-cell patch-clamp
recordings in three different regions with respect to the rostrocaudal axis (RMS1, RMS2, core OB). Membrane capacitance (), membrane resistance (R,,), and maximum density of voltage-
dependent K * channel-mediated currents (/, +) were measured. No significant differences were observed between control and Dox ShRNA™ cells. In contrast, the maximum density of voltage-
dependentNa™ channels (/,+) was significantly increased in Dex ShRNA™ cells located in the core of the 0B. B, GABA receptor (GABA-R)-mediated peak current amplitudes (/) Were measured
afterbath application of muscimol (25 um) at 0mV. Calibration: 205, 10 pA. €, Non-NMDA glutamate receptor (GluR)-mediated peak current amplitudes (/g ;) were measured after bath application
of kainic acid (50 um) at —60 mV. Note that the GABA-R-mediated current is significantly increased in Dcx ShRNA™ cells in the RMS2 and in the core of the 0B, although the amplitude of
GluR-mediated currents remains constant. All cells were recorded between 5 and 7 dpe. Groups were compared 2 by 2 using a Mann—Whitney test (**p < 0.01, ***p < 0.001).
Calibration: 2 min, 10 pA.

Table 1. Functional properties of Dcx-GFP * or Dox ShRNA™ cells along the RMS (5-7 dpe)

RMS1 RMS2 Core OB

Dex-GFP Dcx ShRNA™ Dex-GFP Dcx ShRNAT Dex-GFP + Dcx ShRNA™
G,y (pF) 36+03,n=7 39+£05n=5 34+02,n=10 30+03,n=6 41+£09,n=2 35+202n=18
R, (G€Y) 32+05n=6 40+09,n=5 41£09,n=28 39+06,n=38 42+10,n=12 45+09,n=13
I+ (pA/pF) 189 *=52,n=5 208 +25n=4 306 £43,n=10 331%£33,n=7 412£39n=19 46.1£78,n=16
Iya* (PA/PF) MN1*+=14n=5 144+13,n=2 M.7x£26,n=9 19.7 £48,n=7 104 +12,n=18 19.0 = 2.5,n = 11**
loaga (PA/PF) 1.0£02,n=9 15+04n=5 09x01L,n="1 2.5+0.5,n =8 23£03,n=18 49 + 04,n = 17%**
Teyur (PA/PF) 09+ 03,n=6 14+05n=5 11+03,n=6 14+03,n=6 31+09,1=9 24+07,n=10

The three different regions were defined with respect to the rostrocaudal axis (RMS1, RMS2, core 0B). C,,,, R.,,, and /i + were not different between control and Dex ShRNA™ cells. In contrast, fy,, + was significantly increased in Dcx ShRNA™
cells located in the core of the OB. The GABA receptor-mediated currentis significantly increased in Dox ShRNA™ cells in the RMS2 and in the core of the OB, although the amplitude of glutamate receptor-mediated currents remains constant.

Groups were compared 2 by 2 using a Mann—Whitney test (**p << 0.01, ***p < 0.001).

2007; Whitman and Greer, 2007; Batista-Brito et al., 2008). Nev-
ertheless, we cannot rule out the possibility that the mutant cells
switch to other subtypes since we lack additional markers to con-
firm this. When we quantified the laminar distribution by count-
ing the number of GFP " cells found in concentric sectors starting
from the RMS toward the more superficial portion of the GCL,
the proportion of GFP * neuroblasts accumulated in the core of
the RMS was increased after electroporation with Dcx ShRNA
plasmid (Fig. 6C; control CMV-GFP3y,., 17.6 * 3.0%; Dcx
ShRNA;OdPe, 41.9 * 12.9%). Remarkably, the percentage of
double-labeled GFP */calretinin * cells accumulated in the core
of the OB was also significantly increased in Dcx ShRNA™ neu-
roblasts (Fig. 6D; control CMV-GFPj4,, 19.0 = 3.0%; Dex
ShRNA%dPe, 39.5 * 12.9%), indicating that migrating cells
trapped in the core of the OB nevertheless differentiate into cal-
retinin * neurons.

Synaptic integration of mispositioned developing neurons

Next, we asked whether the dendritic alteration and change in cell
fate determination were accompanied by physiological changes.
For this purpose, patch-clamp recordings were performed in the
core of the OB at two time points following electroporation: 12
and 30 dpe (Fig. 7A). Intrinsic membrane properties indicated
that mutant cells had higher membrane capacitance (C,, = 3.7 =
0.2 pF, n = 8 for control Dex-GFP 4,5 C,,, = 10.1 + 1.4 pF, n =
12 for Dex ShRNA,s C,, = 145 * 1.2 pF, n = 9 for
ShRNA;)dPE) but lower input membrane resistance (R, = 3.3 =
1.0 GQ, n = 5 for Dcx—GFPTZdPe; 1.1 = 0.3 GQ, n = 6 for Dcx
ShRNA/4,;; 0.4 + 0.1 GQ, n = 9 for Dex ShRNA,,..) and lower
density of voltage-dependent K™ currents (Iy+ = 52.2 + 8.2
pA/pF, n = 6 for Dcx-GFP,,,; 20.8 * 3.2 pA/pF, n = 10 for Dcx
ShRNA 4, 26.2 + 4.8 pA/pF, n = 7 for Dcx ShRNA;,,.) (Fig.
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Figure 5.  Impaired morphological maturation after doublecortin knockdown at 12 and 30
dpe. A-C, Morphological changes of GFP ™ cells between control Dex-GFP * cells (A) and Dex
ShRNA™ cells at 12 dpe (B) and Dcx ShRNA™ cells blocked in the core OB at 30 dpe (C). D, Sholl
analysis of control and mutant neurons at 12 and 30 dpe. Note the increased complexity of
cellular morphology of Dex ShRNA™ cells. E, Quantification of the length of the primary apical
dendrite and the average number of branchings per neuron (*p << 0.05, ***p << 0.001). Scale
bars: A-C, 18 um.

7B), consistent with Dcx ShRNA™ cells having advanced matu-
ration. This assumption was also supported by the increase of
voltage-gated Na™ channel density (Iy,+ = 28.85 * 7.55 pA/pF,
n =3 for Dex-GFP . 44.1 + 7.7, n = 7 for Dex ShRNA .5
118.7 = 7.5, n = 8 for Dcx ShRNA;Ode; Fig. 7B). A thorough
detailed investigation of the synaptic activity reveals similar func-
tional maturation. Whereas Dex-GFP/ 4, neurons located in the
core of the OB had not yet received synaptic inputs, both GABA ,
receptor-mediated postsynaptic currents (IPSCs) and glutama-
tergic receptor-mediated postsynaptic currents (EPSCs) were re-
corded in mutant neurons at 12 and 30 dpe. The frequency of
spontaneous IPSCs (0.03 + 0.01 Hz, n = 6 at 12 dpe; 0.12 * 0.03
Hz, n = 7 at 30 dpe) (Fig. 7C) and the amplitude of IPSCs evoked
by electrical stimulations delivered in the GCL (74.0 = 15.5 pA,
n =5 at 12 dpe; 236.0 = 36.0 pA, n = 7 at 30 dpe) (Fig. 7D)
increased between 12 and 30 dpe, suggesting that the number of
GABAergic synapses impinging onto Dcx ShRNA™ neurons was
enhanced over time. We found no change in the amplitude of
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spontaneous IPSCs (22.9 = 3.1 pA, n = 6 at 12 dpe; 25.3 = 3.2
PA, n =7 at 30 dpe; Fig. 7C) or in the paired-pulse ratio of evoked
responses [amp2 "d/ampl 0.8 = 0.1,n=>5at 12dpe, 0.7 = 0.1,n =
7 at 30 dpe with interstimulus interval (ISI) = 150 ms; Fig. 7D],
indicating no major presynaptic or postsynaptic modification of
these synapses between 12 and 30 dpe.

Concerning the glutamatergic inputs, we only analyzed EPSCs
evoked by electrical stimulations delivered in the GCL because of
the very low occurrence of spontaneous events at 12 dpe (data not
shown). The amplitude of EPSCs was dramatically increased
(39.80 = 8.31 pA, n = 5at 12 dpe; 153.9 = 51.42 pA, n = 7 at 30
dpe) and the paired-pulse ratio was decreased (ISI = 50 ms;
amp2™//amp1*,1.81 = 0.16,n = 5at 12 dpe; 1.13 = 0.07,n = 7
at 30 dpe) (Fig. 7E), suggesting an increase in the probability of
glutamate release over time (Zucker and Regehr, 2002).

The rapid synaptic integration of ectopically maturing Dcx
ShRNA™ neurons, followed by an increase in the frequency of syn-
aptic events between 12 and 30 dpe, suggests that the density of input
nerve terminals might increase during the same time frame. Analyz-
ing the presence of presynaptic staining apposed to GFP * neurons
confirmed this hypothesis (Fig. 8). At 12 dpe, a double staining of
GFP with VGAT (Fig. 8 A, B) revealed GABAergic contacts imping-
ing onto Dcx ShRNA™ neurons. Closer views at the proximal por-
tion of the dendrites indicated that GABAergic terminals were
apposed, and sometimes occurred on dendritic spines along the den-
drites of maturing Dcx ShRNA™ neurons (Fig. 8C). Quantifications
of those contacts indicated an increase of VGAT * punctae between
12 and 30 dpe (Fig. 8 H). Similarly, the double staining of GFP with
VGLUT1 (Fig. 8 D, E) indicated fewer densities of glutamatergic ap-
position along dendrites of Dcx SARNA™ neurons when counted at
12 dpe and increased dramatically at 30 dpe, with glutamatergic
terminals being found both in apposition along GFP * dendrites and
contacting GFP * spines (Fig. 8 I-H). Collectively, these data dem-
onstrate that Dcx ShRNA™ neurons located deep inside the OB pre-
cociously assumed features of Dcx-expressing interneurons, but also
exhibited novel features never seen in Dcx-expressing interneurons
at early stages of postnatal neurogenesis.

Discussion

Neuronal migration in the postnatal RMS supplies the OB with
immature neurons fated to replace preexisting neurons lo-
cated in the GCL and the glomerular layer. Many genetic mod-
els affecting neuronal migration, such as neural cell adhesion
molecule(NCAM) (Chazal et al., 2000), integrins (Belvindrah et
al., 2007), ephrins (Conover et al., 2000), prokineticin (Ng et al.,
2005), Slits (Nguyen-Ba-Charvet et al., 2004; Kaneko et al., 2010),
DCX (Koizumi et al., 2006; Kappeler et al., 2007), and cyclin-
dependent kinase 5 (CDK5) (Hirota et al., 2007), have high-
lighted the importance of the migratory pathway to convey the
neuronal precursors at the right place and at the right time. Here,
our study provides for the first time insights on how the determi-
nation of neuronal fate is dependent on cellular migration in the
postnatal RMS. Specifically, our data reveal unexpected features of
newly formed neurons when their journey in the RMS is artificially
prolonged during early postnatal life. Reducing the expression levels
of DCX in migrating neuroblasts altered their migration and placed
them in atypical locations. Surprisingly, developing neurons in ab-
errant positions continue to mature and develop a multibranching
dendritic arborization that receives anomalous synaptic contacts as
earlyas 12 dpe, and that are maintained for several weeks. Thus, early
defects in the migration generated during the first postnatal days had
profound and long-lasting modifications in the subsequent develop-
mental stages of postnatal-generated neurons, including their mor-
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phology, their fate determination, and their
cellular physiology. Together, these findings
highlight the surprisingly high degree of cel-
lular plasticity of maturing neurons.

DCX downregulation modifies the
temporal sequence of

neuroblast maturation

Correct neuronal targeting is essential dur-
ing postnatal neurogenesis for normal bul-
bar functions (Belvindrah and Lledo,
2011). RMS tangential migration is a
dynamic process involving both cell-
autonomous and environmental factors.
One of the key players involved in cell mo-
tility is DCX, which binds to and stabilizes
microtubules (Gleeson et al., 1999b; Schaar
etal,, 2004). Our Dcx ShRNA approach de-
creased DCX protein expression levels in
migrating postnatal-generated neuroblasts.
During normal maturation, newly gener-
ated neurons begin to express mature neu-
ronal markers such as the calcium-binding
protein calretinin upon reaching mature
bulbar circuits. At the same time, DCX
immunoreactivity decreases sharply and
remains undetectable thereafter. Because
DCX naturally turns off (Brown et al.,
2003), our knockdown strategy forces this
normal change to occur at an abnormally
early period of neural maturation. Future
studies will be conducted to address the pos-
sibility that DCX acts as a tonic inhibitor
preventing neural cells to achieve an ad-
vanced program of maturation by main-
taining them in an immature state. Our
study shows that early alteration in tangen-
tial migration has profound effects not only
on the ultimate neuronal positioning, but
also on the cell’s morphology and wiring
with host circuits. To confirm that this de-
fect in temporal maturation of neuroblasts is a general consequence
of alteration of tangential migration, it would be interesting to revisit
the phenotype of different genetic models of neuronal migration
perturbations such as NCAM, B1-integrins, prokineticin, or CDK5
mutant mice with the same toolbox used in the present study (Cha-
zal et al., 2000; Ng et al., 2005; Belvindrah et al., 2007; Hirota et al.,
2007).

At a temporal level, when the precise expression pattern of
DCX is altered, most of the mutant neurons show an atypical
morphology and extend prematurely exuberant multipolar pro-
cesses, suggesting impairment in growth of radial neurites. Nev-
ertheless, some cells attained bipolar morphologies and migrated
properly into the superficial GCL. We do not know yet whether
these neurons represent an insensitive population of cells to DCX
knockdown or, more likely, whether these neurons express nor-
mal levels of DCX because they have been transfected with lower
copy numbers of Dcx ShRNA plasmids.

Our study also revealed that the migratory behavior of multipolar
mutant cells is quite distinct from that of bipolar control neuroblasts
characterized by a leading and a trailing process. We found that the
mutant neuroblasts had no preferential migratory direction. As a
consequence, the overall migration rate was much slower, thus lead-
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Abnormally differentiated Dcx ShRNA™ neurons in the core OB are calretinin ™ at 30 dpe. 4, €, Double-staining
calretinin (red)/GFP (green), 30 dpe after either control CMV-GFP or Dcx ShRNA plasmid electroporation. Note the presence of
accumulated GFP ™ cells in the core of the OB. Inset in €, Example of double-labeled GFP * /calretinin ™ cell (arrowhead). B, D,
Quantification of percentage of GFP * cells (B) and percentage of double-labeled GFP * /calretinin * cells (D) according to con-
centric sectors from the RMS toward the more superficial portion of the GCL. Inset in B, Schematic representation of concentric
sectors of the OB for quantification of GFP * and calretinin ™ cells (D, dorsal; V, ventral; A, anterior; P, posterior). Note the increased
percentage of double-labeled GFP * /calretinin ™ cells in the core OB (RMS) after electroporation with Dcx ShRNA plasmid (*p <
0.05, **p < 0.01). Scale bars: 4, 210 wm; Cinset, 37 um.

ing to longer residence time in the RMS. We still do not know
whether the premature expression of neuronal marker (e.g., calre-
tinin) originates from changes in the pattern of cell migration or
from modification of their cellular morphology. According to the
former hypothesis, the apparent increase in time spent during their
journey in the RMS would lead to differential exposure to signaling
or cellular interactions. Alternatively, it is possible that the dramatic
morphological changes could result from direct effects of DCX on
the cellular physiology since DCX can form a complex with cytoplas-
mic dynein (Tanaka et al., 2004), a retrograde molecular motor in-
volved in nucleosomal translocation coupling and intracellular
transport. In this context, DCX is required directly in migrating cells
for the appropriate cytoskeletal dynamic and could also regulate the
intracellular signaling and trafficking required to sense external sig-
nals that direct tangential migration. Among others, BDNF is a re-
cent candidate that has been demonstrated to regulate bidirectional
RMS flow via different receptors such as TrkB (Bagley and Belluscio,
2010) and p75NTR (Snapyan et al., 2009).

Developing postnatal-generated neurons in ectopic areas
At a spatial level, the downregulation of the DCX expression
generates neurons that develop in ectopic areas, a unique situa-
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Synapticintegration of Dox ShRNA ™ cells in the core of the OB. A, Example of Dox ShRNA™ cells recorded at 12 and 30 dpe in the core of the OB. The presence of biocytin in the pipette

solution confirmed the presence of GFP in the recorded cell and allowed visualization of cell position and morphology. Scale bar, 37 wm. B, Intrinsic membrane properties of control cells recorded
at 12 dpeand Dox ShRNA™ cells at 12 and 30 dpein the core of the 0B. Membrane capacitance (C,), membrane resistance (R.,), and maximum density of voltage-dependent K ™ channel (/, +)- and
Na* channel (/y,+)-mediated currents were measured. Note that although the Dcx ShRNA™ cells are blocked in the core of the OB, the changes of their intrinsic membrane properties confirm that
they are undergoing maturation. C, Properties of spontaneous IPSCs at 0 mV received by Dcx ShRNA™ cells in the core of the OB at 12 and 30 dpe. Note that there is an increase of Dox ShARNA™ cells’
spontaneous IPSCfrequency, but not amplitude, over the maturation time. Calibration: 3 ms, 10 pA. D, Properties of IPSCs evoked by paired electrical stimulation in the GCL (voltage clamp = 0 mV;
ISI = 150 ms) onto Dcx ShRNA™ cells in the core of the OB at 12 and 30 dpe. Note the increase of IPSC amplitude without modification of the paired-pulse ratio. Representative traces are averages
of >101PSCs. Calibration: 50 ms, 50 pA. E, Properties of EPSCs evoked by paired electrical stimulation in the GCL (voltage clamp = —70mV; ISI = 50 ms) onto Dcx ShARNA™ cells in the core of the
0B at 12 and 30 dpe. Representative traces are averages of =10 IPSCs (calibration: 10 ms, 25 pA). Note the increase of IPSC amplitude and decrease of the paired-pulse ratio. Then, despite their

ectopic location, Dcx ShRNA™ cells undergo synaptic integration. Groups were compared 2 by 2 using a Mann—Whitney test (*p << 0.05, **p << 0.01, ***p < 0.001).

tion never seen in control neuroblasts (Belvindrah et al., 2009;
Platel et al., 2010). The aberrant positions include neurons found
in the RMS of the OB and in the deep portion of the GCL, in sharp
contrast to their control counterparts already integrated in the
more superficial portion of the GCL. The concomitant modification
of neuronal morphology and physiology with the mispositioning
of the neurons highlights the importance of fate determinants
provided by the local environment and/or the host circuits. This
is demonstrated by the fact that mutant neuroblasts in the RMS
showed an aberrant phenotype even before reaching the host
circuit. Our results suggest that the mean residence time in the
RMS could be an important factor in determining the cell fate.
Moreover, the instructive function fulfilled by the migratory path
represents a unique process specific to adult neurogenesis, where
surrounding astrocytes and blood vessels actively participate in
modulating migration (Snapyan et al., 2009; Kaneko et al., 2010).
For instance, the GABA release from neuroblasts suppresses pro-
liferation in the SVZ but also reduces the pace of neuroblast
migration in the RMS (Bolteus and Bordey, 2004; Mejia-
Gervacio et al.,, 2011). In contrast, during embryogenesis, the
migrating neuroblasts receive fewer messengers (i.e., GABA, glu-
tamate, trophic factors, etc.) sent by immature surrounding tis-
sues. Future transplantation experiments will address the precise
impact of the host circuit in shaping the fate of developing neu-

rons and how the context of the microenvironment could poten-
tiate fate programming and neuronal commitment versus a
potential direct implication of DCX in dendritic development.

Ectopic neurons exhibit unique features

The misplaced developing Dcx ShRNA™ neurons extended a
complex multibranched dendritic arbor in the RMS of the OB
that was clearly distinguishable from the morphology of control
developing neurons of similar ages in the GCL. Control neurons
migrated out of the RMS toward superficial layers of the GCL and
projected a long apical dendrite into the external plexiform layer,
where they formed dendro-dendritic reciprocal synapses with
mitral/tufted cells (Shepherd et al., 2004). Then, because of the
absence of an appropriate spatiotemporal control neuronal pop-
ulation, we deliberately concentrated our efforts on a temporal
analysis of mutant neurons that continue to develop in ectopic
areas. This provided a unique opportunity to evaluate the func-
tional properties of developing neurons located in inappropriate
positions using a genetic model of a human neuronal develop-
mental disorder. In contrast to the results gained from cortical
DCX-deficient neurons, which exhibited delayed maturation rate
(Ackman et al., 2009), we found that ectopic mutant neurons
display anticipated maturation of their functional properties, at
least for some parameters. For instance, at 7 dpe in the RMS, these
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developing neurons expressed a higher
density of voltage-dependent Na™ chan-
nels and a greater responsiveness to bath
application of muscimol. This effect was
specific to GABA, receptors, since the
glutamate responsiveness remained un-
changed. The presence of synaptic events
further indicates that despite their errone-
ous location, mutant neurons have inte-
grated into an ectopic network. This
peculiarity raises the question of the identity
of the ectopic presynaptic terminals im-
pinging onto the newly formed neurons.

Remarkably, the maturing Dcx ShRNA™
neurons located deep inside the bulb de-
veloped some features of mature bulbar
interneurons such as early GABAergic syn-
aptic inputs (Panzanelli et al., 2009) and ex-
pression of calretinin. We still do not know
whether the synaptic inputs trigger early
maturation, and what function the multi-
branching GABAergic ectopic neurons
might fulfill in these aberrant locations.

Despite possessing some hallmarks of
postnatal-born developing OB interneu-
rons, other electrophysiological proper-
ties were unique to the mutant neurons.
Most puzzling was the early increase of
Na™ currents together with the down-
regulation of K™ currents that produced
precocious spiking activity. This observa-
tion supports previous findings obtained
with animal models that have revealed in-
creased neuronal excitability, and seizure
risk, when neuronal migration is dis-
rupted in the neocortex (Roper et al., 1995; Lee et al., 1997;
Nosten-Bertrand et al., 2008). Similarly, in the hippocampus,
despite a strong defect in morphological development after re-
duction of DISC-1 (disrupted in schizophrenia 1 protein) expres-
sion, aberrant neurons display an accelerated maturation (Duan
etal., 2007). It could also explain to some degree why most of the
neuronal migration disorders in humans are risk factors for sei-
zure (Guerrini et al., 1999; Sheen and Walsh, 2003). In the future,
it will be important to determine which specific molecular mech-
anisms are responsible for the developmental restriction of Na™
current in developing postnatal control neurons.

The increased expression of GABA, receptors together with
voltage-gated Na™ channels in mutant neurons, well before syn-
apses appeared, demonstrates that the development of these neu-
rons is not a fully automated unidirectional process that remains
insensitive to the local environment. In contrast, this result sup-
ports the claim that activation of transmitter signaling provides a
phenotypic checkpoint (Ben-Ari and Spitzer, 2010). Neverthe-
less, those fate switches and plasticity properties are different
according to excitatory versus inhibitory neurogenesis and/or
embryogenesis versus postnatal development. For instance, DCX
mutant excitatory precursors generated from the ventricular
zone during cortical development are in a “freezing” state during
which the fate of these neurons could be rescued by reexpression
of DCX, but not changed to another cell type (Manent et al.,
2009). On the other hand, the inhibitory GC precursors, once
misrouted from the OB, demonstrated their ability to very rap-
idly acquire a mature phenotype distinct from their original fate.

Figure8.
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Abnormally differentiated Dox ShARNA ™ neurons receive GABAergic and glutamatergicinputs at different time points
of maturation after electroporation. A—C, Double-staining GFP (green)/VGAT (red) (4) at 12 dpe in the core OB after electroporation
with Dox ShRNA plasmid (box with plain line is enlarged in B and dashed line box is represented in € as a 3D rendering of that
region). B, Red dots (VGAT staining) are closely apposed along the neuronal process (arrows). €, 3D rendering of the GFP * dendrite
of Dox ShRNA™ neuron at 12 dpe. Note that VGAT staining (red) is present along the dendrite as appositions (star), developing
spine (arrowhead), or spine (arrow). D-G, Double-staining GFP (green)/VGLUT1 (red) on differentiated Dcx ShRNA™ neuronsat 12
and 30 dpe in the core 0B. Box in D is enlarged in E (with 3D rendering); box in F is enlarged in G. Arrows in E and G indicate the
presence of glutamatergic apposition (red) along the GFP ™ dendrite (green). Note the presence of VGLUTT * appositions on
GFP* spine at 30 dpe (G). H, Quantifications of VGAT * and VGLUT1 * contacts per um>. Note the increase of VGAT * and
VGLUTT * contact densities between 12 and 30 dpe. Scale bars: 4, D, F, 26 um; B, 3.46 um; €,0.72 wm; E, 1.17 um; G, 2.34 wm.

This finding reveals the high level of plasticity of postnatal pre-
cursors, and the existence of a phenotype “critical period,” which
varies according to the timing or the nature of neurogenesis (em-

bryonic vs adult).

Implication for disorders of neuronal migration and for
cellular brain therapies
Human mutations in the X-linked gene Dcx are one of the most
common genetic defaults of double-cortex syndrome and of lis-
sencephaly (Dobyns and Truwit, 1995). Our study suggests that
human developmental disorders that originate from disrupting
neuroblast migration do not only produce neurons that fail to
reach their target circuits, but that also imperfectly recapitulate
the original program of maturation. As a result, these neurons
synaptically integrate into inappropriate neural networks.
Previous studies have shown that endogenous or transplanted
neuronal progenitors in the CNS can migrate to sites of injury
(Imitola et al., 2004). If rerouting neuroblasts could be therapeu-
tically useful, our study indicates that such approaches would
need to take into account the impact of modifying neuronal mi-
gration on cell fate determination and on cellular physiology,
particularly when neuronal precursors are guided outside of the
olfactory system. For instance, in some experimental demyelinat-
ing models intended to replicate the symptoms of multiple scle-
rosis, it has been shown that SVZ precursors have the ability to
generate oligodendrocytes, whereas most progenitors are fated to
generate interneurons (Nait-Oumesmar et al., 1999). In the case
of cortical lesions, neuroblasts can emigrate toward the site of
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injury, likely through an epidermal growth factor pathway
(Sundholm-Peters et al., 2005). This emphasizes how important
itis to characterize what endogenous factors modulate the migra-
tion of neuronal precursors and, thus, control cell fate.

To conclude, we have demonstrated that alteration of neuro-
nal migration by knocking down DCX generates permanent
changes to the fate and the physiology of neuronal precursors.
Consequently, therapeutic strategies aiming at directing neuro-
blasts toward lesion sites should take into account where the
neuroblasts have to migrate during their journey to provide the
damaged circuit with the desired neuronal phenotype.
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