
REVIEW
published: 14 April 2015

doi: 10.3389/fncel.2015.00129

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 April 2015 | Volume 9 | Article 129

Edited by:

Yoko Arai,

Université Paris Diderot, France

Reviewed by:

Christine Métin,

Institut National de la Santé et de la

Recherche Médicale, France

Diego Matias Gelman,

Instituto de Biologia y Medicina

Experimental, Argentina

*Correspondence:

Laurent Nguyen,

GIGA-Neurosciences, Quartier

Hôpital, University of Liège, Tour B36,

Avenue Hippocrate 15, 4000 Liège,

Belgium

lnguyen@ulg.ac.be

†
These authors have contributed

equally to this work.

Received: 19 December 2014

Accepted: 19 March 2015

Published: 14 April 2015

Citation:

Peyre E, Silva CG and Nguyen L

(2015) Crosstalk between intracellular

and extracellular signals regulating

interneuron production, migration and

integration into the cortex.

Front. Cell. Neurosci. 9:129.

doi: 10.3389/fncel.2015.00129

Crosstalk between intracellular and
extracellular signals regulating
interneuron production, migration
and integration into the cortex

Elise Peyre 1, 2 †, Carla G. Silva 1, 2 † and Laurent Nguyen 1, 2, 3*

1GIGA-Neurosciences, University of Liège, Liège, Belgium, 2 Interdisciplinary Cluster for Applied Genoproteomics (GIGA-R),

University of Liège, Liège, Belgium, 3Wallon Excellence in Lifesciences and Biotechnology, University of Liège, Liège, Belgium

During embryogenesis, cortical interneurons are generated by ventral progenitors

located in the ganglionic eminences of the telencephalon. They travel along multiple

tangential paths to populate the cortical wall. As they reach this structure they undergo

intracortical dispersion to settle in their final destination. At the cellular level, migrating

interneurons are highly polarized cells that extend and retract processes using dynamic

remodeling of microtubule and actin cytoskeleton. Different levels of molecular regulation

contribute to interneuronmigration. These include: (1) Extrinsic guidance cues distributed

along migratory streams that are sensed and integrated by migrating interneurons; (2)

Intrinsic genetic programs driven by specific transcription factors that grant specification

and set the timing of migration for different subtypes of interneurons; (3) Adhesion

molecules and cytoskeletal elements/regulators that transduce molecular signalings into

coherent movement. These levels of molecular regulation must be properly integrated by

interneurons to allow their migration in the cortex. The aim of this review is to summarize

our current knowledge of the interplay between microenvironmental signals and cell

autonomous programs that drive cortical interneuron porduction, tangential migration,

and intergration in the developing cerebral cortex.
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Introduction

During mouse embryogenesis, cortical interneurons (cINs) are generated in the ventral subpal-
lium. Distinct proliferative regions can be identified in this area, including the lateral ganglionic
eminence (LGE), the medial ganglionic eminence (MGE), the caudal ganglionic eminence (CGE)
and the preoptic area (POA). While the MGE, CGE and POA contribute to the generation of cor-
tical interneurons (cINs) (Flames et al., 2007; Rubin et al., 2010), the LGE is mostly involved in
striatal and olfactory bulb histogenesis (Yun et al., 2003). These distinct subpallial regions differ

Abbreviations: CGE, caudal ganglionic eminence; cIN, cortical interneuron; CP, cortical plate; CR, calretinin; dMGE, dorsal

medial ganglionic eminence; F-actine, fibrilar actine; G-actine, globular actine; IP, intermediate progenitor; IZ, intermedi-

ate zone; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; MT, microtubule; MZ, marginal zone; NPY,

neuropeptide Y; POA, preoptic areo; PTM, post-translational modification; PV, parvalbumin; SAP, subapical progenitor; SNP,

short neuroal precursor; SP, subplate; SST, somatostatin; SVZ, subventricular zone; VIP, vasointestinal peptide; vMGE, ventral

medial ganglionic eminence; VZ, ventricular zone.
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in progenitor domain composition and in the ability to generate
IN subtypes characterized by specific networks of transcription
factors. In addition to genetic programs, diffusing molecules also
participate in shaping the timing, space and specificity of cIN
subtype production. Indeed, at the earlier stages of corticogene-
sis, molecules acting as mitogens andmorphogens induce genetic
programs eventually leading to the expansion of proliferative
regions, specification and maturation of cINs. In rodents, cINs
migrate long distances to reach their final destination. Again, they
are under control of genetic programs and signaling cascades
triggered by extracellular cues that work together to produce a
synchronized, harmonious and directed movement toward the
cortex. At the cellular level, these informations are integrated and
translated by the cytoskeleton into appropriate cellular behavior.
After settling at their final location, cINs integrate and organize
in coherent networks. Here we will review the current under-
standing of how genetic programs intermingle with extracellu-
lar signaling pathways to achieve the production, migration and
network integration of INs in the cortex.

The exact number of cIN subtypes remains debated, mainly
due to the diversity in their morphological, molecular and func-
tional properties (Petilla Interneuron Nomenclature et al., 2008).
In this review, a simplified nomenclature combining molecular
and physiological properties of cINs will be used. According to
this nomenclature (Gelman and Marin, 2010), the large variety
of cIN subtypes will fall in one of four major groups: (a) fast
spiking, parvalbumin (PV)-expressing cINs; (b) burst spiking or
adapting non-fast spiking somatostatin (SST)-expressing cINs;
(c) non-fast spiking and fast adapting calretinin (CR)- and/or
vasointestinal peptide (VIP)-expressing cINs; (d) rapidly adapt-
ing neuropeptide Y (NPY)- and/or reelin-expressing cINs. Most
studies discussed here used rodents as experimental model. They
have been useful in the understanding of the physiopathology
underlying cortical interneuron development. We will finalize by
giving example of how these findings fit with what starts being
known about the production, migration and cortical integration
of GABAergic neurons in primate and human.

Generation and Specification of Cortical
Interneurons

Role of Morphogens in Establishing Ventral
Identity
MGE histogenesis starts at around embryonic day (E) 9, fol-
lowed by the generation of LGE at E10 and CGE at E11 (Smart,
1976). GEs histogenesis requires a complex interplay between
morphogens and transcription factors to ventralize the struc-
ture and promote IN production. Sonic hedgehog (SHH) and
fibroblast growth factors (FGFs) contribute to the dorso-ventral
patterning and subpallium development (Jessell, 2000; Briscoe
and Ericson, 2001; Ingham and McMahon, 2001). Shh is widely
expressed in the prospectiveMGE by E9 and by E12 its expression
spreads to the mantle zone of the MGE and POA (Echelard et al.,
1993). Cell responsiveness to SHH greatly depends on the action
of the transcription factors of the GLI family that can, in their
constitutively cleaved forms, act as transcriptional repressors in

the absence of SHH signaling. Conversely if uncleaved, they func-
tion as transcriptional activators in the presence of SHH (Bai
et al., 2004; Pan et al., 2006). The current understanding postu-
lates that SHH signaling is required to counteract GLI3 repressor
activity therefore contributing to the positioning of the dorso-
ventral boundary (Figure 1). At early stages of brain develop-
ment, SHH prevents dorsalization of the ventral telencephalon,
allowing the subsequent formation of the GEs. This is in con-
trast with the role of GLI proteins in the spinal cord where these
factors act as activators by directly promoting ventral patterning
(Rallu et al., 2002; Bai et al., 2004). Downstream effectors of SHH
signaling are also required for ventral development. They include
smoothened, the low-density lipoprotein receptor-related pro-
tein 2 (LRP2) ormegalin and themultifunctional transmembrane
protein Cdo (Fuccillo et al., 2004; Spoelgen et al., 2005; Zhang
et al., 2006). In Shh knockout mouse models, rescue of the ven-
tral telencephalon by compound Gli3 removal gives the indica-
tion that other genes might act independently or downstream
of Shh (Rallu et al., 2002). Several studies provide evidence that
FGFs act downstream of SHH and can directly induce ventral
gene expression in dorsal telencephalic explants when SHH sig-
naling is inhibited (Aoto et al., 2002; Ohkubo et al., 2002; Kuschel
et al., 2003; Gutin et al., 2006; Rash and Grove, 2007). Since SHH
promotes Fgf expression (Martynoga et al., 2005), FGFs are con-
sidered mandatory effectors of SHH signaling (Figure 1). The
forkhead G1 factor (FOXG1) is the main generator of direct ven-
tralization within the forming ventral telencephalon as it induces
expression of Fgf8 (Martynoga et al., 2005) in the MGE or FGF15
in the CGE (Borello et al., 2008). Foxg1 acts in concert with FGF
signaling, forming a positive feedback loop (Shimamura et al.,
1995; Martynoga et al., 2005). Foxg1 expression is independent
of the direct action of SHH but impaired in the absence of Shh
due to the increased repressor activity of GLI3 (Rash and Grove,
2007).

Transcription Factors acting in Concert with
Morphogens in the MGE
The MGE contributes to the production of 50–60% of the total
population of cINs in the mouse (Pleasure et al., 2000; Butt et al.,
2005; Wonders and Anderson, 2006). On top of the hierarchical
MGE SHH- and FGF-dependent organizers is Nkx2-1 transcrip-
tion factor (Sussel et al., 1999; Gutin et al., 2006; Storm et al., 2006;
Fogarty et al., 2007; Xu et al., 2008, 2010). Nkx2-1 itself main-
tains Shh expression within the early MGE, a process depend-
ing on FoxA2/HNF-3β transcription factor (Sussel et al., 1999)
(Figure 1). Moreover, early removal of Nkx2.1 from MGE pro-
genitors re-specifies INs into early LGE medium spiny neuron
identity, while its late removal leads to acquisition of CGE IN pro-
file (Butt et al., 2008). Nkx2-1 is no longer detected in mice that
lack expression of both Fgfr1 and Fgfr2 (Gutin et al., 2006). The
analysis of the expression of several transcription factors within
the ventricular zone (VZ) of the MGE have led to the proposal
that this region can be compartmentalized into five different pro-
genitor domains (Flames et al., 2007). The dorsal region of the
MGE (dMGE) preferentially gives rise to somatostatin (SST)-
expressing cINs. In contrast, the ventral part of theMGE (vMGE)
was shown tomostly generate paravalbulin (PV)-expressing cINs.
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FIGURE 1 | Genetic regulation of cINs production in the different

compartments of the subpallium. (A) Representation of the

developing mouse brain with the different subpallium structures and

interneurons migration routes. (B) Signaling cascades regulating cIN

production and specification, in the MGE and POA. (C) Signaling

cascades regulating cIN production and specification, in the CGE. The

two main sources of SHH, ventricles and mantle zone, are depicted in

purple.

Since Nkx2-1 expression promotes the specification of both SST
and PV cIN subtypes, it was suggested that the SHH gradient
determines the final fate of interneurons. High levels of SHH sig-
naling would favor the generation of SST-expressing cINs at the
expenses of PV-expressing cINs (Xu et al., 2010). Consistently,
high expression levels of SHH effectors were found in the dMGE
(Wonders et al., 2008). More recently, it was demonstrated that
neurons from the mantle zone are an additional source of SHH
(Flandin et al., 2011). They play a relevant role in maintaining
a high SHH gradient in the dMGE, far away from the VZ. SHH
production by mantle neurons was shown to require expression
of Lhx6 (Flandin et al., 2011), a direct target of Nkx2-1, also
implicated in PV or SST fate acquisition. In the absence of Lhx6,
NPY fate was promoted at the expenses of PV or SST (Liodis
et al., 2007; Zhao et al., 2008). It was also shown that disruption
of the gene encoding FGF receptor 1 (Fgfr1) lead to a loss of

Lhx6 and Lhx8(7) expression, both necessary for the formation
of MGE-derived INs (Fragkouli et al., 2005; Gutin et al., 2006;
Liodis et al., 2007) andmaturation of PV-cINs (Smith et al., 2014).
Other genes act downstream of or in concert with Nkx2-1. For
example, high levels of Lhx8(7) expression shifts the fate of cINs
toward globus pallidus GABAergic neurons and into cholinergic
INs from the striatum (Zhao et al., 2003; Fragkouli et al., 2005).
Sox6 expression is required for the generation of the appro-
priate number of PV and SST INs as demonstrated in studies
using germline and conditional knockout mice (Azim et al., 2009;
Batista-Brito et al., 2009). In these mice models, a concomitant
increase of NPY cINs was observed (Azim et al., 2009; Batista-
Brito et al., 2009). Sox6 acts downstream Lhx6 and is expressed
continuously within the MGE from postmitotic progenitor stage
until adulthood and is implicated in the placement and matu-
ration of PV and ST cINs (Batista-Brito et al., 2009). Dlx genes
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also contribute to cINs specification and maturation. Dlx genes
expression is temporally regulated, following the sequence: Dlx2,
Dlx1, Dlx5, and Dlx6 (Liu et al., 1997; Eisenstat et al., 1999).
Dlx1/2 gene seems to be particularly important for the acquisi-
tion of SST, calretinin (CR), NPY and reelin fates (Cobos et al.,
2005) as its absence leads to an abnormal expression of corti-
cal markers in the ventral telencephalon (Long et al., 2009a,b).
The expression of a wide range of transcription factors in the
MGE progenitors from the VZ and subventricular zone (SVZ)
as well as non-transcription factor proteins involved in migra-
tion and cortical integration are also under the control of Dlx1/2
(Long et al., 2009a). For example, Dlx1/2 has a repressor activity
over Arx transcription factor, required for MGE differentiation.
In their absence, cINmigration is blocked, resulting in accumula-
tion of cells in the GEs and reduced numbers of INs in the cortex
(Colombo et al., 2007). In addition,Dlx1/2 genes are also required
for the delayed expression ofDlx5/6 genes (Anderson et al., 1997;
Yun et al., 2002; Long et al., 2009b), particularly important for
the establishment of PV subtype identity (Wang et al., 2010).
Furthermore, Dlx1/2 tightly control the generation of oligoden-
drocytes in the forebrain by repressing Olig2 (Petryniak et al.,
2007). More precisely, the choice between neuronal and glial fate
involves cross-regulation betweenMash1 or Acsl1 and Dlx genes.
Mash1 binds to and represses the regulatory DNA elements in
the intergenic region of Dlx1/2 (Parras et al., 2007). In Mash1
mutants,Dlx1/2 expression is expanded in the VZ/SVZ (Casarosa
et al., 1999; Horton et al., 1999; Yun et al., 2002; Poitras et al.,
2007). Conversely Mash1 expression is increased in the VZ/SVZ
of Dlx1/2 mutants (Yun et al., 2002). Thus, the role of Mash1
consists in restricting the number of Dlx-expressing progenitors
(Petryniak et al., 2007).

Transcription Factors and Morphogens Shaping
the Generation of cINs in the CGE
CGE contributes to the generation of 30–40% of all corti-
cal interneurons. Several studies have demonstrated that CGE
derived interneurons acquire either a CR and/or VIP (Pleasure
et al., 2000; Butt et al., 2005) or reelin identity (Miyoshi et al.,
2010). Gsh or Gsx homeobox TFs act at the top of the genetic
network involved in CGE cell specification (Figure 1). Gsh2 is
particularly relevant for the generation of CR bipolar cINs (Xu
et al., 2010). Interestingly, Gsh1 and Gsh2 are co-expressed but
have antagonist functions within the CGE, Gsh2 promoting pro-
genitor state and Gsh1 promoting neuronal differentiation (Pei
et al., 2011). Interestingly, the control of the choice between pro-
liferation and differentiation by Gsh genes seems to involve the
downstream target Mash1 (Fode et al., 2000). In Mash1 loss of
function there is premature differentiation of progenitors located
in the SVZ and precocious expression of Dlx genes (Casarosa
et al., 1999; Yun et al., 2002), downstream effectors. On the other
hand, overexpression ofMash1 contributes to cell type specifica-
tion (Fode et al., 2000).Dlx1 andDlx2 are co-expressed in subsets
of progenitor cells and contribute to cell maturation by downreg-
ulating Gsh2/Mash1 (Yun et al., 2002). Other CGE transcription
factors include Nrf2f1and Nrf2f2 or Couptf1 and Couptf2, respec-
tively, as well as SP8. These genes are however not exclusive from
CGE, as they have been identified in the dMGE and POA (Lodato

et al., 2011a). Nrf2f1 is required for proper progenitor prolifera-
tion and necessary for generation of interneuron diversity in the
cortex (Lodato et al., 2011a). Nrf2f2 is important for directing
interneurons through a caudal migratory path (Cai et al., 2013).
SP8 function in the hierarchy of CGE specification/maturation is
yet unknown (Ma et al., 2012).

The POA Produces a Reduced Number of
Diverse cIN Subtypes
The POA is the most ventral region of the developing subpallium
and it has been shown to generate around 10% of GABAergic INs.
Using a Cre line driven byNkx5-1 orHmx3, a gene exclusive from
POA, gives rise to a small population (around 4%) of multipo-
lar GABAergic cells (Gelman et al., 2009). Another 5% of total
INs is also produced by progenitors present in this region, char-
acterized by their expression of the transcription factor Dbx1.
Fate mapping and in utero transplantation demonstrated that
POA generates diverse cINs subtypes (Gelman et al., 2011). In
terms of molecular markers expression, the cells generated by
the POA resemble the ones originating from the CGE (Gelman
et al., 2009). Shh and Nkx2-1 but not Lhx6 are also expressed
in the POA (Flames et al., 2007). Dbx1 and Nkx6-2 are respec-
tively markers of the dorsal and ventral POA (see Figure 1). The
function of these genes remains, however, elusive.

Progenitors and Proliferation in the Ventral
Subpallium
Ventral telencephalon expansion and generation of a great diver-
sity of cINs relies on the proliferation of pools of progenitors.
The molecular rules governing cell proliferation in the ventral
telencephalon as well as the characterization of the distinct cIN
progenitor behavior has just started to be unveiled. For some
time it was anticipated that GE progenitors would display a pro-
liferative behavior similar to progenitors in the cerebral cortex
(Ross, 2011). This view relied on anatomical and cumulative bro-
modeoxyuridine (BrdU) experiments. These studies were impor-
tant as they served identifying both VZ and SVZ as two distinct
proliferative compartments (Sheth and Bhide, 1997). The lack
of selective markers for the SVZ and the superposition of pro-
liferating and migrating cINs hampered for some time detailed
studies aiming at characterizing the cellular biology of cell divi-
sion of ventral progenitors. Improvement of molecular tools and
imaging techniques overcame these limitations. For example, an
elegant study by Brown and colleagues used a clonal approach
to understand how cINs were generated within these regions.
Low concentration of retrovirus expressing GFP was injected in
the ventricle of E11 embryos. In order to specifically infect INs
progenitor cells, the virus entry receptor was expressed under
the control of Nkx2-1 (Brown et al., 2011). They found that
cINs are produced as spatially organized clonal units and clon-
ally related INs form spatially isolated cluster in the neocortex.
They identified the presence of radial glia (RG) in the VZ ofMGE
and POA that undergo interkinetic nuclear migration and divide
asymmetrically in the VZ to self-renew and produce interme-
diate progenitors (IPs) or differentiating cINs. Using time-lapse
microscopy, Pilz et al. (2013) proposed a more complex hierar-
chical classification for ventral progenitors. RG cells sit at the
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base of this classification and divide asymmetrically to generate
both an amplifying and a self-renewal branch. These cells give
rise to short neural precursors (SNPs). Both RG and SNPs gener-
ate subapical progenitors (SAPs) which in turn divide to produce
basal radial glia (bRG) or basal progenitors (BPs). Basal radial
glia and BPs contribute to the great SVZ expansion. Mash1 lev-
els were shown to control the numbers of SAPs (Pilz et al., 2013).
Although this study was performed in the LGE, such hierarchi-
cal complexity might be expected for the entirety of the ventral
telencephalon.

Molecular Regulation of Ventral Proliferation
Studies performed by Vidaki et al. (2012) showed that classical
proteins displaying a role in dorsal proliferation, such as Ras-
related C3 botulinum toxin substrate 1 (Rac1), are also impor-
tant regulators of Nkx2-1-expressing MGE progenitor division.
In the absence of Rac1, cyclin D proteins levels are reduced
and similarly low levels of Retinoblastoma (Rb) phosphorylation
is detected. Cortical interneuron progenitors are thus blocked
from completing cell cycle (halted in G1 phase) and accumu-
late in the GEs. Interestingly, the lack of cyclin D2 in SVZ pro-
genitors lead to the production of lower number of PV but
not SST cIN subtypes (Glickstein et al., 2007a,b, 2009), sug-
gesting that cell division and cell fate acquisition are linked
events (Glickstein et al., 2007b; Ross, 2011). Rb family pro-
teins and the closely related protein p107, play a role in cell
proliferation by regulating the activity of E2F transcription fac-
tors, notably E2F4 a transcription repressor (Trimarchi and
Lees, 2002). Deficiency of E2F4 expression impairs the self-
renewal of neuronal precursor cells (Ruzhynsky et al., 2007) and
results in loss of ventral telencephalic structures. The underly-
ing mechanism involves a dramatic loss of Shh,Nkx2-1, andDlx2
expression.

Acting extracellularly, morphogens such as SHH and FGFs
can also potentially act as mitogens (Hebert and Fishell, 2008).
SHH-mediated proliferation is regulated in space and time
(Blaess et al., 2006). If progenitors are exposed to SHH during the
peak of neurogenesis, it will enhance proliferation, whereas expo-
sure during the post-neurogenic period maintains cells in the
undifferentiated state (Rowitch et al., 1999). Downstream effec-
tors of SHH regulating the cell cycle are N-myc (Kenney et al.,
2003), cyclin D1 (Kenney and Rowitch, 2000), E2f1 and E2f2
(Oliver et al., 2003). The induction of N-myc occurs through GLI
proteins and its stabilization depends on phosphatidylinositol-
3-kinase (PI3-K) (Kenney et al., 2004; Sjostrom et al., 2005).
FGFs control cell cycle length mainly during G1 phase. In a cell
culture model, addition of FGF2 results in G1 phase shorten-
ing and an increase in the number of proliferative divisions by
E14-E16 (Lukaszewicz et al., 2002). In vivo, Fgf8 controls ventral
telencephalon size mainly in rostral regions (Storm et al., 2006).
This effect mainly relied on the control over progenitor survival
(Storm et al., 2006). Deletion of Fgf3 in addition to Fgf8 further
decreased the telencephalic size, indicating that both genes act
in synergy (Theil et al., 2008). Fgf15 controls progenitor differ-
entiation at earlier developmental stages by promoting cell cycle
shortening and exit, an effect opposite of what was observed at
later stages (Borello et al., 2008). Neurotransmitter receptors are

another class of diffusible molecules that control cell proliferation
in the developing telencephalon (Cameron et al., 1998; Nguyen
et al., 2001; Owens and Kriegstein, 2002a,b). cIN precursors
and progenitors appear to be sources of gamma aminobutyric
acid (GABA) (Bellion and Metin, 2005). Indeed, the extracellu-
lar GABA concentrations in the GEs may be as high as 0.5µM
(Cuzon et al., 2006). Proliferating cIN precursors also display
detectable levels of GABA synthetizing enzymes and functional
GABAB receptors (Maric et al., 2001) as well as GABA and chlo-
ride transporters (Laurie et al., 1992; Ma and Barker, 1995).
Glutamate is also present in the telencephalic germinal zones
where it acts as mitogen. In the cortex, both GABA and gluta-
mate where shown to decrease proliferation in the SVZ proba-
bly by reducing DNA synthesis as a consequence of membrane
depolarization and Ca2+ increase (LoTurco et al., 1995; Haydar
et al., 2000), in opposition to what was observed on VZ pro-
genitors (Haydar et al., 2000). Glutamate actions were found
to be diverse and depend on the glutamate receptor subtype
involved in the signaling. For example, DNA synthesis inhibition
occurs when α-amino-3-hydroxy-5-méthylisoazol-4-propionate
(AMPA)/ kainate (KA) receptors are activated (LoTurco et al.,
1995). N-methyl-D-aspartate (NMDA) receptor-dependent sig-
naling instead promotes proliferation of striatal neural progeni-
tors (Sadikot et al., 1998; Luk et al., 2003). The ERK (Extracellular
Signal-Regulated Kinase)-PI3K pathway is triggered downstream
NMDA receptor activation to control proliferation of striatal pro-
genitors (Luk et al., 2003). Variation in glutamate concentration
(Haydar et al., 2000) and interaction between glutamate receptor-
mediated and growth factors-mediates signaling pathways (Dob-
bertin et al., 2000) might further contribute for a differential
responsiveness of distinct progenitors. The action of morphogens
and/or mitogens can be disrupted by many environmental agents
and by epigenetic modifications during the period of corticogen-
esis. It is thus of utmost interest to fully characterize the signaling
cascades triggering ventral proliferation.

Migration of Cortical Interneurons

During development, cINs migrate over long distances to reach
the cortex and settle within cortical layers. Migrating cINs are
highly polarized cells harboring a branched and dynamic lead-
ing process that terminates in a growth cone-like structure.
They also possess a membrane protrusion at the rear of the cell
called trailing process. While migrating, cINs display a stereo-
typed cyclic movement (Figure 2A). First, there is an extension
of branches emanating from the leading process and as one of
the branches stabilizes, a transient swelling forms close to the
cell body where the centrosome and Golgi apparatus are dis-
placed (Bellion et al., 2005). Then, cINs move forward by sud-
den and fast nuclear translocation into the swelling, an event
called nucleokinesis. The jumping behavior of cINs characterizes
its migration pattern and distinguishes it from the treadmill-like
movement observed in a large range of cells. Finally, the trailing
process is retracted and the cycle repeats. cINs can significantly
change the direction of migration by inverting polarity, the trail-
ing process extending and becoming the new leading process
while the older leading process undergoes retraction (Nadarajah
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FIGURE 2 | Morphological remodeling during cIN migration and

cytoskeleton regulation. (A) Different stereotypical morphologies during of

cIN migration over time. (B) Representation of the cytoskeleton and some

cellular components of a migrating cIN. Cytoskeleton-regulating cascades

are represented in specific cellular compartments, not meaning they are

exclusive to these different compartments.

et al., 2002) (Figure 2A). All these dynamic phases heavily rely on
cytoskeleton remodeling.

Molecular Regulation of the Cytoskeleton in
Migrating cINs
cINs Migration and Nucleokinesis
In cINs, a microtubule (MT) “cage” surrounds the nucleus and
a large array of MTs connects this structure to the centrosome

(Tanaka et al., 2004; Higginbotham and Gleeson, 2007; Godin
et al., 2012) (Figure 2B). MTs are nucleated ahead of the
nucleus to guide centrosome movement and docking to the cell
membrane. At the membrane, the mother centriole is then able
to grow a cilium allowing the cell to sense extracellular signals
such as SHH (Baudoin et al., 2012). It was previously consid-
ered that the MT network was responsible for generating forces
required for nucleokinesis, through dynein-dynactin directed
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motor movement. This type of MT-generated forces has been
described for migration of projection neurons and cerebellar
granule cells where MT-associated proteins Lissencephaly-1 (Lis-
1) and Doublecortine (DCX) couple MT to the nucleus (Tanaka
et al., 2004; Nasrallah et al., 2006; Tsai et al., 2007). Similarly, cINs
depleted for Lis-1 show a reduced rate of migration (McManus
et al., 2004). It was however demonstrated in vitro that the chem-
ical destabilization of the MT network does not completely abol-
ish nucleokinesis (Schaar and McConnell, 2005; Baudoin et al.,
2008; Martini and Valdeolmillos, 2010). Instead, acto-myosin
contractibility is necessary for nuclear movement, as shown by
experiments in which non-muscle myosin-II-mediated contrac-
tion was blocked (Bellion et al., 2005; Schaar and McConnell,
2005; Baudoin et al., 2008; Martini and Valdeolmillos, 2010).
Myosin-II is enriched behind the nucleus during nuclear translo-
cation, where F-actin also shows a strong accumulation (Bellion
et al., 2005; Schaar and McConnell, 2005; Martini and Valde-
olmillos, 2010) (Figure 2B). Acto-myosin cytoskeleton is also
necessary to promote centrosome separation from the nucleus
upon swelling formation and for the dynamic remodeling of
growth cones (Metin et al., 2006). Altogether, this strongly sug-
gests that the forward movement occurring during nucleokinesis
arises from pushing forces generated by acto-myosin contraction
at the rear of the nucleus, together with limited MT- generated
pulling forces (He et al., 2010; Steinecke et al., 2014a). Although
well studied in the context of radial migration of projection neu-
rons, the molecular cascade regulating acto-myosin cytoskeleton
during tangential migration is not as well described. In many
cell types the Rho family GTPases including Rho, Rac, and cell
division control protein 42 homolog (CDC42) have been impli-
cated in the regulation of acto-myosin contractility (reviewed in
Heasman and Ridley, 2008; Govek et al., 2011). In cINs, modifica-
tion of RhoA activation levels by loss of function of its inhibitor
p27Kip1 leads to migration defects (Besson et al., 2004) due to
myosin-II hyperactivation (Godin et al., 2012). Active RhoA, in
its GTP bound state, regulates migration by activating the down-
stream kinase Rho-associated protein kinase (ROCK) and mDia
but also by inhibiting cofilin, an actin severing enzyme (Kawauchi
et al., 2006; Nguyen et al., 2006; Godin et al., 2012). ROCK pro-
motes acto-myosin contraction using different mechanisms. It
can directly phosphorylate Myosin Light Chain (MLC), inhibit
Myosin Light Chain Phosphatase (MLCP) or activate Myosin
Light Chain Kinase (MLCK) (Amano et al., 1996; Chrzanowska-
Wodnicka and Burridge, 1996; Kimura et al., 1996; Ishizaki
et al., 1997). MLCK activation leads to acto-myosin contrac-
tion by phosphorylating MLC. MLCK activity is modulated by
its cofactor calmodulin, a calcium-activated protein (Gallagher
et al., 1997). mDia is an actin nucleator that helps producing
long filaments of actin fibers (Higashida et al., 2004) (Figure 2B).
Interestingly, mutant mice for mDia1 show impaired tangential
migration, but no defects in radial cortical dispersion. In this ani-
mal model the anterograde actin flow that moves the centrosome
forward as well as F-actin accumulation at the rear of the nucleus
are impaired. In contrast, actin dynamics in the growth cone is
normal (Shinohara et al., 2012). This argues for a differential reg-
ulation of cytoskeleton-generated forces in different subcellular
compartments where ROCK andmDia cooperate to grant proper

acto-myosin dynamics during cIN migration. F-actin turnover
is a crucial parameter in acto-myosin dynamics as inhibition of
F-actin severing was shown to stabilize the leading process and
can lead to cell migration arrest (Chai et al., 2009a,b). In INs, par-
tial inactivation of cofilin in mice lacking p27 does not result in
strong accumulation of F-actin, suggesting that F-actin severing
can be mediated by redundant mechanisms, for example by the
action of gelsolin (Godin et al., 2012) (Figure 2B).

cINs Leading Process, Branching, and Growth Cone

Regulation
cINs navigate in their environment using a branched leading-
process bearing dynamic growth cones. When a chemo-repulsive
cue is sensed, the growth cone collapses and the branch is con-
sequently retracted. In parallel, another branch is stabilized and
it determines the new direction of migration (Martini et al.,
2009). Leading process branching requires the coordination of
both acto-myosin and MT networks. During this process a new
membrane protrusion is formed thanks to the underlying rami-
fied F-actin meshwork organized by cortactin and Actin-related
proteins 2/3 (Arp2/3) (Spillane et al., 2011; Lysko et al., 2014).
Then, invasion by unbundled and freely spreading MTs stabilizes
the protrusion and allow the emergence of the branch. Recent
evidence shows that fine-tuning of cIN branching is negatively
regulated by CXCL12 or SDF-1 (Lysko et al., 2014). Binding of
CXCL12 to its receptor CXCR4, results in decreased levels of
cAMP and de-repression of calpain and DCX expression. This
intracellular signaling has a double effect on the cytoskeleton:
generation of straight F-actin fibers by calpain-mediated prote-
olysis of cortactin and MT bundling by DCX. Membrane protru-
sions are thus less likely to form in the absence of a branched actin
meshwork and be stabilized by bundledMTs. Accordingly, hyper-
branching is observed in cINs lackingDCX (Kappeler et al., 2006;
Friocourt et al., 2007; Lysko et al., 2014) (Figure 2B). Proper reg-
ulation ofMT dynamics is also essential for cIN tangential migra-
tion as neurite growth is depending on the establishment of new
MT-networks. For example, in p27kip1 mutant, neurite growth
defects are observed and cannot be fully rescued by modulating
the acto-myosin contraction mediated by the RhoA pathway
(Godin et al., 2012). Interestingly it was shown that p27kip1 acts
also as a MT-associated protein (MAP) thanks to its proline-
rich domain that promotes MT polymerization both in vivo and
in vitro. This indicates that MT polymerization is an essential
parameter in modulating neurite growth and migration proper-
ties of cINs (Godin et al., 2012). Similarly, the establishment of a
long leading process also requires MT stabilization. In Rac1/Rac3
mutant mice, migrating cINs show a hyper-branched phenotype
similar to the one observed in Dcx knockout mice as well as
a reduced leading process length. This is also accompanied by
MTs harboring less post-translational modifications (PTMs), fre-
quent on stable and long-lived MTs. The phenotype was partially
rescued by treating the cells with taxol, a MT stabilizing agent,
indicating that establishment of a correct migration needs a min-
imal amount of stable MTs (Tivodar et al., 2014) (Figure 2B).
Growth cone shape is modulated by bothMT polymerization that
generates pushing forces on the plasma membrane and by acto-
myosin network underlying pulling forces on the leading edge.
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Actin undergoes polymerization and depolymerisation activity
and acto-myosin contraction leads to the generation of an actin
retrograde flow. The balance between these two networks will
either allow growth or retraction of the leading process (Mar-
tini et al., 2009). Behind the leading edge, interactions between
cell surface and migration substrate together with actin retro-
grade flow generate traction forces. Importantly, sectioning the
leading tip or locally inhibiting acto-myosin contraction halts
nucleokinesis, highlighting the role of this region in force gen-
eration (He et al., 2010). Actin cytoskeleton is regulated at the
leading edge by Disc1 and cINs deficient for this protein accu-
mulate less F-actin together with less phosphorylated Girders of
Actin filaments (girdin) and Protein kinase B (Akt), crosslink-
ers of actin filaments (Steinecke et al., 2014a). Girdin targeting
to to the leading tip requires interaction with Disc1 (Steinecke
et al., 2014a). Mice mutant for Disc1 or Lis1, display decreased
level of acetylation, a marker of stable MTs in the growth cone.
This suggests that stable bundles of MTs are not properly enter-
ing this structure and are important to grant the proper shape
to the growth cone (Gopal et al., 2010; Steinecke et al., 2014a)
(Figure 2B).

cINs Migration Substrate
Adhesion to a migration substrate allows cINs to generate acto-
myosin forces as well as to organize cellular polarization and
directionality. cINs seem to use cell-cell interaction to migrate
along bundles of fibers of the corticofugal system invading the
GEs (Metin andGodement, 1996). TAG-1 or contactin-2, amem-
ber of the immunoglobulin superfamily expressed by the corti-
cofugal axons was proposed to mediate cell-cell contact between
migrating cINs and corticofugal fibers as inhibition of TAG-1
leads to a strong reduction of cIN migration in vitro (Denaxa
et al., 2001). However, in vivo TAG-1 does not play a role during
migration cINs (Denaxa et al., 2005). In cINs, proteins display-
ing a role in adhesion such as talin, paxilin or Focal Adhesion
Kinases (FAKs) are also calpain substrates (Franco and Hut-
tenlocher, 2005). Calpain inhibition reduces migration speed
despite the increased levels of F-actin (Lysko et al., 2014), imply-
ing that local adhesion turnover by cleavage is primordial for
correct migration. Finally, N-cadherin, a homophilic cell adhe-
sion molecule has been shown to be necessary during tangen-
tial migration (Luccardini et al., 2013). N-cadherin not only
promotes cINs motility in vitro and in vivo, likely by promot-
ing adhesion through the acto-myosin cytoskeleton (Giannone
et al., 2009) but also contributes to the polarity maintenance.
N-cadherin inhibition unable the centrosome/Golgi apparatus
to enter the swelling and contributes to local defects of Myosin
II contraction at the nuclear rear (Luccardini et al., 2013). Cell
adhesionmolecules play a relevant role for cINsmigration as they
are at the interface between the extracellular environment and the
cytoskeleton.

Migration of cINs: Extracellular Cues Guide cINs
Movement
To allow proper directionality, integration of extracellular
signaling is paramount. The extracellular cues are received by
exploring the local environment thanks to stochastic branching

of the leading process, and relevant cues are transduced at the
level of cytoskeleton to grant the proper response of the cell:
either extension of a new leading process is the right direc-
tion and/or retraction of existing branches (Britto et al., 2009).
The first stage in which cINs are challenged by extracellular
cues occurs within the GEs. During the differentiation pro-
cess, newborn cINs need to be displaced from the VZ and
SVZ and be driven toward the exit of the GEs. Two types of
signaling drive the movement of cINs away from GEs. One
has a chemo-repulsive effect to steer the cells in the good
direction and the other stimulates cellular motility to enhance
migration.

Chemo-Repulsion within the GEs
Regarding the mechanismsmediating repulsion of INs fromGEs,
similarities were found with general mechanisms implicated in
axonal guidance. Using a paradigm of in vitro brain slice prepara-
tion, Ephrin-A5/EphA4R interaction was shown to be necessary
to control the repulsion response of cINs. The guidance molecule
Ephrin-A5 is abundant in the VZ and cINs express the Ephrin
receptor EphA4 (EphA4R) (Zimmer et al., 2008). In absence of
Ephrin-A5, cINs were found ectopically invading the VZ, a phe-
notype rescued when the slices were treated with recombinant
Ephrin-A5 (Zimmer et al., 2008). EphA4R-mediated forward sig-
naling is also used by cINs to avoid migration toward the ventral
region of the subpallium (Zimmer et al., 2011) as it also binds
Ephrin-B3 present in the MGE and POA. It is noteworthy that
EphA4R also promotes cIN migration trough EphrinA2 reverse
signaling (Steinecke et al., 2014b). EphA signaling is integrated
at the cellular level to remodel the actin cytoskeleton and steer
cells in the right direction. Although little is known about the
intracellular cascades downstream EphA4 in cINs, it generally
acts in neurons through regulation of RhoA to stimulate growth
cone collapse (Wahl et al., 2000). Moreover, in cINs, Src fam-
ily kinases (SFKs) have been implicated in this process. Indeed,
SFK inhibition results in the loss of Ephrin-A5/EphA4 repul-
sion (Zimmer et al., 2008). In mouse, four redundant SFKs have
been identified (Thomas and Brugge, 1997) and they have been
linked to the phosphorylation of numerous targets. They control
the Rho family GTPase (Kullander and Klein, 2002) and inac-
tivate cortactin (Huang et al., 1997; Weaver et al., 2001) result-
ing in decreased activity of Arp 2/3, actin filament breakdown
and growth cone collapse (Weed and Parsons, 2001). Slit/Robo
is another signaling pathway mediating chemo-repulsion in GEs
and cINs express Roundabout homolog 1 (Robo1) (Bagri et al.,
2002; Marillat et al., 2002), a receptor recognizing the ligands
Slit homolog 1 and 2 (Slit1 and 2). These ligands and Robo1
are found in a complementary expression pattern in the VZ
(Marin et al., 2002), and it was first thought that Robo/Slit sig-
naling was at play to push cINs away from the VZ. However,
mice deficient for Slit1/2 do not show cIN migration defects
(Marin et al., 2003). Instead, the lack of Slit ligands or removal
of Robo1 leads to aberrant striatal invasion by cINs (Andrews
et al., 2006; Hernandez-Miranda et al., 2011). This indicates that
on the way toward the GEs exit, cINs face a second set of signal-
ing molecules that refine their migratory routes through the LGE,
and around the forming striatum. It was previously shown that
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the striatum is a strong repulsive structure for cINs thanks to the
expression of class 3 semaphorins: Sema3A and Sema3F (Marin
et al., 2001). The effect of semaphorins is mediated in cINs by
neuropilin (Nrps) and Plexin receptors. Sema3A transduces sig-
nal specifically trough Nrp1 and PlexinA1 receptors (McKinsey
et al., 2013) and Robo1 modulate semaphorin-neuropilin/plexin
expression levels (Hernandez-Miranda et al., 2011). It is notewor-
thy that Nrp1 is present exclusively in cINs so that they respond
to the repulsive signals secreted by the striatum. Nrp1 expres-
sion depends on the transcription factor Sip1 involved in Nkx2-1
down-regulation andNkx2-1 is aNrp1 repressor (McKinsey et al.,
2013). On the contrary, striatal INs generated by the same pro-
genitors as cINs, do not express Nrp1 as they maintain highs
levels of Nkx2.1 (Marin et al., 2000; Butt et al., 2008; Nobrega-
Pereira et al., 2008). Since the signaling pathway downstream
of Sema3A is highly conserved, although not directly studied
in cINs, it is anticipated that similar mechanisms are at play in
these cells. Sema3A signaling regulates actin-dependent growth
cone collapse trough RhoA, ROCK and LIM Kinase (LIMK)
activation to eventually phosphorylate cofilin and inhibits F-
actin turnover (Aizawa et al., 2001; Causeret et al., 2004). RhoA
activation also leads to increased actin contractibility (Zhang
et al., 2003). In the axon growth cone, a crosstalk between actin
and MT cytoskeletons has been observed as retrograde F-actin
flow on filopodia can displace distal position of MTs (Schae-
fer et al., 2002). Sema3A signaling could also directly regulate
MT dynamics by inducing double phosphorylation of Collapsin
Response Mediator Protein 2 (CRMP2) by Glycogen Synthase
Kinase 3B (GSK3B) and Cyclin-dependent Kinase 5 (CdK5).
The double phosphorylated state of CRMP2 reduces its tubu-
lin affinity and overexpression of the phospho- mutant CRMP2
decreases Sema3A-induced growth cone collapse (Uchida et al.,
2005).

Migration of cINs: Motogenic Factors
Newly produced cINs are stimulated by diffusible molecules
to enhance movement and migration. A wide range of fac-
tors, including neurotrophins and neurotransmitters (NTs), were
found to increase cINs motility in vitro (Heng et al., 2007).
Demonstration came from experiments in which recombinant
Brain Derived Neurotrophic Factor (BDNF) or Neurotrophin-
4 (NT4) where applied to organotypic slice cultures (Polleux
et al., 2002). BDNF- or NT4 effects are mediated by the Tyrosin
Kinase B Receptor (TrkBR) (Polleux et al., 2002). Downstream
signaling likely involves PI3K and the modulation of actin
cytoskeleton. However this effect was observed in vitro but not
in mouse mutant for TrkB where number and position of cINs
are unchanged (Jones et al., 1994; Polleux et al., 2002; Sanchez-
Huertas and Rico, 2011). In vivo, neurotrophin-mediated sig-
naling promoting cINs motility was also linked to the action of
Glial Cell-Derived Neurotrophic Factor (GDNF), binding and
activating GDNF Family Receptor α1 (GFRα1). GDNF-mediated
effects did not result from expression of Rearranged During
Transfection (RET) or Neural Cell Adhesion Molecule (NCAM),
two classical co-receptor signaling molecules (Pozas and Ibanez,
2005; Canty et al., 2009). The downstream signaling involves a
matrix-bound form of GDNF and syndecan-3. This interaction

then activates SFK to promote neurite outgrowth. GDNF may
thus promote cell migration by acting on the actin cytoskeleton
via SFK and cortactin pathway (Yoneda and Couchman, 2003;
Bespalov et al., 2011). Since GFRα1 mutant mice shows per-
turbations in cINs regionalization and subtype differentiation,
GDNF might have additional functions beyond modulating cINs
motility (Pozas and Ibanez, 2005; Canty et al., 2009). The hep-
atocyte growth factor/scatter factor (HGF/SF) and its receptor
MET were also reported to have a potent motogenic action
on cINs in vitro. Mutant mouse for the urokinase-type plas-
minogen activator receptor (uPAR) that cleaves and releases the
active form of HGF/SF (Powell et al., 2001) or mutant mice for
MET (Eagleson et al., 2011) shows a decreased number of cINs
in the cortex. The cell-autonomous effect of HGF/SF-mediated
signaling was later questioned since MET is not found to be
expressed in cINs in vivo but is rather found in projection
neurons and their axonal fibers (Eagleson et al., 2011). Several
NTs/neuromodulators have also been implicated in cINs migra-
tion. Ambient GABA is found in high concentration in the MGE
and in the cortical migration streams (Cuzon et al., 2006). cINs
express GABAA and GABAB receptors and as a result of an
inverted chloride gradient, they respond to GABA by mem-
brane depolarization (Owens et al., 1999) that triggers open-
ing of L-type voltage-sensitive Ca2+ channels and induces Ca2+

transients (Bortone and Polleux, 2009). Antagonizing GABAA

receptor function prevents cINs from crossing the cortico-striatal
barrier, leading to their accumulation at the pallial/subpallial
boundary. Conversely, in experiments where exogenous GABA
or diazepam are added to brain organotypic slices, a higher num-
ber of cINs were found exiting the GEs (Cuzon et al., 2006).
Similarly, Glycine α2 receptor is also regulating cIN migration
and in particular nucleokinesis by fine tuning acto-myosin II
contraction (Avila et al., 2013). Activation of GlyRs by glycine
leads to Ca2+ transients due to opening of voltage-gated Ca2+

channels and GlyRs α2 loss of function impairs cINs migration
in the cortex. Glutamate signaling through AMPARs, located on
the plasma membrane of migrating cINs also induces membrane
depolarization and sodium influx (Metin et al., 2000; Manent
et al., 2006). Blockade of AMPARs decreases cortical and hip-
pocampal invasion by INs (Manent et al., 2006; Bortone and
Polleux, 2009). Membrane depolarization and Ca2+ transients
are thought to stimulate cINs motility as calmodulin bound to
Ca2+ ions can interact and activate MLCK. In turn, MLCK
phosphorylates Myosin Light chain II on serine 19 and pro-
motes acto-myosin contraction (Metin et al., 2000; Bortone and
Polleux, 2009). Another example is the motogenic effect medi-
ated by dopamine. Ambient dopamine is secreted in the GEs and
close to the lateral VZ by projecting thalamo-striatal axons in
the neo-striatum. Dopamine receptors D1 and D2 are expressed
by cINs and have opposite effects on migration (Ohtani et al.,
2003). When selectively blocked, D1R induces activation of D2R
and impedes migration. This indicates that D1R has migration
promoting action and conversely D2R is rather a migration stop
signal. Other ubiquitous signaling molecules such as adenosine
have also been implicated in the modulation of cINs migration.
However the underlying mechanisms are still unknown (Silva
et al., 2013).
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Migration of cINs: Chemo-Attraction Toward the
Cortex
As cortical INs are steered away from the VZ/SVZ and around the
striatum, they are simultaneously attracted toward the cortex by
other molecules to cross the cortico-striatal junction and invade
the pallium. Neuregulin-1 (Nrg1) is a strong attractant for cINs
and can have both short and long-range effects depending on the
isoform recruited. CRD-Nrg1, is membrane bound and acts on
neighboring cells. It is mainly expressed by LGE cells and con-
tributes to the formation of a permissive migration corridor for
cINs. It is sensed by cINs as they probe their environment and
inhibition of their branching behavior leads to a decreased ability
to follow Nrg-1 gradient (Martini et al., 2009). The downstream
signaling involves recruitment and activation of associated tyro-
sine kinases related to the epidermal growth factor (EGF) recep-
tor ErbB4. Lg-Nrg1 is a diffusible form expressed by the cortex
that can act as a long-range attractant to guide cells toward the
cortical regions as they exit the LGE. In vivo, the loss of either
Nrg-1 or ErbB4 causes migration defects and reduces the num-
ber of INs in the cortex (Yau et al., 2003; Flames et al., 2004;
Neddens and Buonanno, 2010). At the cellular level, the pres-
ence of a Nrg-1 gradient does not prompt cINs to reorient an
existing branch but rather to sprout a new leading process in the
direction and at an angle corresponding to highest concentra-
tion of the attractant. The signaling events downstream ErbB4
have not been completely characterized in cINs, but they seem to
be ROCK-independent (Martini et al., 2009). Thanks to its tyro-
sine kinase activity, ErbB4 can activate several distinct signaling
pathways including the ras/raf/MAPK or the PI3 kinase pathway
(Scaltriti and Baselga, 2006). In ErbB4 can be cleaved in its intra-
cellular domain and be targeted to the nucleus (Ni et al., 2001).
Interestingly, ErbBs can also phosphorylate β-catenin and mod-
ulate Cadherin signaling pathways involved in actin cytoskele-
ton remodeling (Hazan and Norton, 1998; Behrens, 1999; Al
Moustafa et al., 2002). Moreover, other signaling molecules par-
ticipate to the attraction of cINs toward the cortex. For example,
CXCL12 is secreted by proliferating cortical cells from SVZ and
IZ and is an attractantmolecule formigrating cINs (Tiveron et al.,
2006; Stumm et al., 2007).

Migration of cINs: The Choice of the Migratory
Route
Cortical invasion does not occur in a stochastic manner as cINs
integrate and move in migratory streams. At earlier stages of cor-
tical development, two streams can be identified in the pallium:
one called intermediate zone (IZ) stream and located above the
VZ/SVZ surface (Nadarajah et al., 2002) and the other positioned
at the level of the marginal zone (MZ) and called MZ stream
(Lavdas et al., 1999). Between E15 and E16, a third subplate (SP)
stream forms between the IZ and MZ streams. Other routes have
also been identified, for example a caudally directed stream aris-
ing from the CGE (Yozu et al., 2005). Although not depending on
their birth place (MGE, CGE or POA), the choice of the migra-
tory route by cINs does not seem to be random (Miyoshi and
Fishell, 2011). Evidence comes from the observation that pop-
ulations of cINs migrating along the different cortical streams
do not show the same gene expression profile as revealed by

microarray analysis on micro-dissected Gad67+ positive cells
isolated from either IZ orMZ streams (Antypa et al., 2011). Some
population-specific genes, such as Cdh8, Plxnd1, Sema5a, Robo
1 and 2 or the reelin receptor Dab1, play key roles in neuronal
migration.

Moreover in vivo experimental approaches have also shed
light on intrinsic cellular component that are implicated in
cINs sorting between the different migration routes. For exam-
ple, it was found that mutations in the Rb gene unable cINs
to enter the MZ stream and redirects them to the IZ stream
(Ferguson et al., 2005). This effect is cell autonomous as sug-
gested by cINs transplantation experiments made on wild-type
organotypic brain slices. A similar phenotype was found to
be linked to glycine receptor α2 subunit (Glyα2R), present
on the plasma membrane of migrating cINs. Activation of
Glyα2R opens voltage-gated Ca2+ channel (Avila et al., 2013).
Extracellular cues seem to indeed play a relevant role in sort-
ing cINs trough the different migration stream. Mutation of
both Netrin1 and α3β1 integrin, in the cells serving as migra-
tion substrate for cINs, gives rise to major migration defects
in the MZ stream (Stanco et al., 2009). Finally GABA sig-
naling, in addition to its migration promoting role, seems to
be also implicated in the choice of the migratory route dur-
ing cortical migration. Upon selective blockade of metabotropic
GABABR, cINs where found to be displaced from theMZ and CP
stream toward the VZ/SVZ compartments (Lopez-Bendito et al.,
2003).

Migration of cINs: Molecular Regulation
Controlling the Timing of Cortical Invasion
In the streams, tangentially migrating cINs do not invade the
cortical plate (CP) and this process is coordinated with projection
neurons migrating radially to form the cortical layers. Avoid-
ance of the CP do not require repulsive cues coming from the
projection neurons but rather the formation of a permissive cor-
ridor in the MZ and IZ thanks to chemokine signaling. CXCL12
is secreted by proliferating cortical cells from SVZ and IZ and
it is a strong attractant molecule for migrating cINs (Daniel
et al., 2005; Tiveron et al., 2006; Lopez-Bendito et al., 2008).
Two receptors for this chemokine were identified in interneu-
rons, CXCR4 and CXCR7 (Tiveron et al., 2006; Lopez-Bendito
et al., 2008; Wang et al., 2011) and they signal through differ-
ent downstream cascades. CXCR4 signals through Gα(i/o) while
CXCR7 transduces independently on heterodymeric G proteins
(Wang et al., 2011). In immature MGE neurons, CXCR7 acts as
potent activator of MAP kinase signaling required for ERK1/2
phosphorylation (Wang et al., 2011). Cxcr7 expression in the
cortical plate expression follows a dorsoventral gradient, oppo-
site to Cxcl12 gradient in the SVZ. It was proposed that CXCR7
may lower the concentration of CXCL12 in the CP, generating
a gradient from MZ and SVZ to the CP. A gradient of CXCL12
would be important for the regulation of cortical invasion (Wang
et al., 2011). Indeed, disruption of CXCR4 or CXCR7 function
results in premature exit of cINs from their migratory streams
and perturbs their laminar and regional distribution within the
neocortex (Li et al., 2008; Lopez-Bendito et al., 2008; Tanaka et al.,
2010).

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 April 2015 | Volume 9 | Article 129

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Peyre et al. Cortical interneuron development

Integration OF cINs into Cortical
Assemblies

Cortical neurogenesis generates a six-layered cortex and cortical
neurons distribute within these layers in an age-dependent man-
ner, deep layers being generated before upper layers. Neurons
sharing the same layers exhibit similar patterns of connectivity
(Dantzker and Callaway, 2000). The cortex is also organized ver-
tically and cells sharing the same cortical column will be linked
by extrinsic connectivity (Mountcastle, 1997). Interneurons have
to integrate into cortical circuits in order to fit in these two
patterns of organization. Two studies have shown that clonally
related cINs are preferentially consigned to specific cortical layers
or columns (Brown et al., 2011; Ciceri et al., 2013). cINs gener-
ated by clonally-related progenitors are however diverse as they
express markers of distinct subtypes. Furthermore, cINs from the
same cardinal class are able to form connections with a vari-
ety of synaptic partners (Kepecs and Fishell, 2014). From their
birthdates, the first interneurons populating the cortex are gen-
erated in the MGE and express PV, SST or CR/SST (Butt et al.,
2005; Wonders and Anderson, 2006). The second wave of cor-
tical invasion generated by the CGE produces INs expressing
VIP, CR/VIP, calbindin (CB) or choline acetyltransferase (ChAT)
and NPY, (Yozu et al., 2004; Miyoshi et al., 2010). While pio-
neer cINs populate the cortex in an inside-out mode following
the pattern of cortical integration of projection neurons (Miller,
1985; Fairen et al., 1986; Valcanis and Tan, 2003; Rymar and
Sadikot, 2007), late-migrating cINs instead concentrate in supra-
granular layers, independently of their birthdate (Xu et al., 2004;
Rymar and Sadikot, 2007; Miyoshi et al., 2010). Since the birth-
date and birthplace are not general predictors of the final specifi-
cation and lamination of cINs, the mechanisms determining the
proper and site-specific integration of INs in the developing cor-
tex need to be clarified. This raises the question whether intrinsic
and/or extrinsic factors determine the cortical integration and
lamination.

Intrinsic Factors Regulating cINs Integration into
Cortical Layers
There is evidence that a maturational program exists and the
behavior of cINs, at a given developmental stage, depends on
their cellular age. In the cortical streams, cINs generated at
different developmental stages co-exist and they exit the migra-
tory streams at different time points even if the signaling reg-
ulating the exit from the streams is the same. Thus, cINs born
earlier invade the cortical place before late-born interneurons
(Lopez-Bendito et al., 2008). Further evidence supports this con-
cept of intrinsic regulation. For example, it was found that the
motility of interneurons in cortical slices gradually decreases as
development proceeds and is almost abolished by the end of
the first postnatal week (Inamura et al., 2012). Accordingly, late-
born cINs transplanted in younger embryos settle in deep layers
instead of occupying the expected superficial layers (Pla et al.,
2006). The mechanisms explaining intrinsic regulation of neu-
ronal migration remain elusive. It was suggested that the fre-
quency of Ca2+ transients is reduced as the neuron completes its

migratory program (Kumada and Komuro, 2004). Other stud-
ies proposed that the intrinsic regulation of motility might be
linked to the expression of the potassium-chloride transporter
KCC2. KCC2 could modulate cINs motility by reverting the
chloride potential and thus reducing membrane depolarization
upon GABAA receptor activation to serve as a stop signal for
migration (Bortone and Polleux, 2009; Inamura et al., 2012).
This is in agreement with the observation that cINs up-regulate
KCC2 chloride transporter as soon as they exit the tangential
mode of migration and start their radial sorting in the cortex
(Miyoshi and Fishell, 2011). Cell autonomous regulation also
contributes to the survival of interneurons as they invade the
cortical plate. Transplantation experiments revealed that many
cINs undergo programmed cell death in vivo between postnatal
day (P) 7 and P11. When transplanted in older cortices, younger
cINs die by apoptosis later than resident cINs (Southwell et al.,
2012).

Extrinsic Factors Regulating cINs Integration into
Cortical Layers
Regional distribution of cINs seems also depending on extrin-
sic signaling. Elegant studies suggested, in the last past years,
that molecular cues released by projection neurons contribute to
the establishment of the laminar distribution of cINs (Hevner
et al., 2004; Pla et al., 2006; Yabut et al., 2007; Lodato et al.,
2011b). The works from Hevner (Hevner et al., 2004), Pla (Pla
et al., 2006), and Yabut (Yabut et al., 2007) using the reelermouse
model showed that cINs distribution within the cortex mostly
results from the aberrant organization of cortical layers rather
than the loss of reelin signaling transduction in cINs. The sub-
sequent work from Lodato et al. (2011b) further support this
hypothesis. Fezf2 mutant mice lack sub-cerebral projection neu-
rons, while all other projection neurons are normally produced.
They show that Fezf2 depletion does not impair cINs specifica-
tion but rather the lack of subcerebral projection neurons non-
autonomously impairs the proper distribution of SST, PV but
not CR cINs subtype. Delayed overexpression of Fezf2 in Fezf2
null mice leads to the production of ectopically located clus-
ters of subcerebral projection neurons. Many cINs invade these
aggregates while the number of INs recruited depends on the
size of the ectopic aggregates. Local excitatory and inhibitory sig-
nals may also influence the final positioning of INs (De Marco
Garcia et al., 2011; Lyons et al., 2012; McKinsey et al., 2013).
For example, it was shown that attenuating the activity of spe-
cific cIN populations affects the migration and morphologic
development of cIN (De Marco Garcia et al., 2011). A number
of activity-dependent genes specifically expressed by cINs have
been identified. These include Dlx1, Elmo1, and Mef2c. More-
over the observation that voltage-gated Ca2+ influx may induce
de novo gene expression opens the possibility that local activity
might regulate direct region-specific differentiation and matu-
ration of INs (De Marco Garcia et al., 2011; West and Green-
berg, 2011). Additional evidence came from studies showing that
MGE-derived interneurons are able to integrate in pathologi-
cal neural circuits (Martinez-Cerdeno et al., 2010; Braz et al.,
2012).
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Conclusion

The recognition that many neurologic disorders such as
schizophrenia, epilepsy and autism have components related
to cIN development greatly prompted advances in this field.
Postmortem analysis of the human brain and studies performed
in primates strongly support the idea that human and primate
cINs are produced in both dorsal and ventral regions (Fertuzinhos
et al., 2009;Hansen et al., 2013;Ma et al., 2013). These studies have
been instrumental to highlight the differences and similarities
between in cINs generation across species, acknowledging more
similarities than initially expected. These findings have given
more credit to studies performed in rodents, designed to under-
stand the genetic and molecular regulation underlying human
pathology. For example, in the case of schizophrenia, NRG1 and
ERB4 as well as DISC1 have been identified as susceptibility genes
in human (Millar et al., 2000a,b; Corvin et al., 2004; Marin, 2012).
Studies performed in rodents established a coherent outline of
the biological causes of this human disease (Flames et al., 2004;
Fazzari et al., 2010). How developmental perturbations of cINs
lead to a specific brain disorder remains unclear although it has
been proposed to depend, to some extent, on the cIN subtype
affected (Marin, 2012). Thus, understanding the role of different
classes of cINs and the neuro-circuitry they modulate will be
relevant for unraveling the genetic causes of human diseases and
to propose effective therapeutic approaches.

In the last decades, important advancements were made
in the understanding of how INs are generated and func-
tion into networks. However, the fine regulation of cIN devel-
opment might not be explained merely by genetic programs
and extracellular signaling. Indeed, a fully new dimension of
regulation, including post-transcriptional and post-translational
modifications (PTMs) might be at play during corticogene-
sis. Post-transcriptional and PTMs can oppose or reinforce
genetically-encoded and/or extrinsically-mediated signaling. A
recent study explored the role of miRNA in distinct aspects of
cINs development (Tuncdemir et al., 2014). In this study, Dicer,
an enzyme required for miRNA processing and maturation was
genetically deleted from MGE-derived cINs. Interestingly, the
loss of miRNAs had no effect on cell proliferation and initia-
tion of tangential migration but affected the transition from tan-
gential to radial migration as well as modified the survival and
maturation of cINs. Upon Dicer knockdown there was a preco-
cious expression of cINs markers such as SST, GAD65 and NPY
and at a later stage. MGE-derived cells failed to express mark-
ers of their subtype identity. PV-expressing cINs seem particu-
larly affected by the absence of miRNAs. Furthermore, a different

profile of gene expression related to differentiation, cellular inter-
action and survival was found in Dicer knockout mice. The role
of miRNA signaling was also recently tested in a mouse model
of schizophrenia and bipolar disorder (Toritsuka et al., 2013).
This study showed a direct link between the 22q11micro deletion
and defects in cortical and hippocampal interneuron migration,
relying on functional abnormalities in CXCR4/CXCL12 signal-
ing. Mechanistically, Toritsuka et al. (2013) demonstrate the
pivotal role of DiGeorge syndrome critical region gene 8 (Dgcr8)-
mediated in miR-200a regulation necessary for the maintenance

of CXCR4 levels. PTMs occur in most proteins and often con-
tribute to their functions and subcellular behaviors. Not many
studies were developed to investigate the contribution of PTMs
on brain development but there is evidence that they can reg-
ulate different aspects of cIN development. For example, it was
demonstrated that acylation of SHH N-terminus changes its
efficacy as a signaling molecule and greatly enhances its abil-
ity to ventralize early LGE progenitors (Kohtz et al., 2001).
A C-terminal cholesterol modification has also been identi-
fied on SHH relevant for SHH tethering to the cell surface
(Porter et al., 1996). At the functional level, these PTMs were
showed to be primordial in determining SHH “short range”
or “long range” function (Burke et al., 1999). Another exam-
ple is the polysialylation of the neural cell adhesion molecule
(PSA-NCAM), important to control the timing of the peri-
somatic GABAergic synapse maturation in the mouse cortex
(Di Cristo et al., 2007). Di Cristo and colleagues showed that
premature removal of PSA in the visual cortex resulted in
precocious maturation of perisomatic innervation by PV bas-
ket cINs. Interestingly, polysialytransferases have been impli-
cated in schizophrenia (Arai et al., 2006; Tao et al., 2007; Iso-
mura et al., 2011). In light of this, it seems highly pertinent
to pursue on understanding how genes, signaling molecules
and environment communicate to shape brain development and
function.
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