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Interneurons are essential modulators of brain activity and their abnormal maturation may
lead to neural and intellectual disabilities. Here we show that cultures derived from murine
medial ganglionic eminences (MGEs) produce virtually pure, polarized y-aminobutyric
acid (GABA)-ergic interneurons that can form morphologically identifiable inhibitory
synapses. We show that Rac GTPases and a protein complex including the GIT family
scaffold proteins are expressed during maturation in vitro, and are required for the normal
development of neurites. GIT1 promotes neurite extension in a conformation-dependent
manner, while affecting its interaction with specific partners reduces neurite branching.
Proteins of the GIT network are concentrated at growth cones, and interaction mutants
may affect growth cone behavior. Our findings identify the PIX/GIT1/liprin-a1/ERCH
network as critical for the regulation of interneuron neurite differentiation in vitro, and show
that these cultures represent a valuable system to identify the molecular mechanisms
driving the maturation of cortical/hippocampal interneurons.
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INTRODUCTION

The y-aminobutyric acid (GABA)-ergic interneurons are essential modulators of brain activity
(Gelman and Marin, 2010), and their abnormal maturation may alter the balance between
excitatory and inhibitory brain activity leading to neural and intellectual disabilities (Brooks-Kayal,
2011). In this direction, different studies on the mechanisms underlying different mental disorders
including intellectual disability, schizophrenia, autism-related disorders, and attention deficit
hyperactivity disorder (ADHD) have identified defects in the cortical GABAergic interneurons that
may importantly contribute to the pathogenesis of these diseases (Kitamura et al., 2002; Lewis et al.,
2005; Orekhova et al., 2007; Lawrence et al., 2010; Sebe and Baraban, 2011; Won et al., 2011).
Most cortical and hippocampal GABAergic interneurons are born in the caudal and medial
ganglionic eminences (CGE and MGE, respectively), which are transitory embryonic structures
in the ventral telencephalon (Wonders and Anderson, 2006). Interneurons migrate to populate
cortex and hippocampus (Guo and Anton, 2014). After reaching their destination, GABAergic
interneurons make synaptic connections with excitatory neurons or other interneurons. Several
extracellular cues and transcription factors have been identified as essential players required
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for the differentiation of cortical and hippocampal GABAergic
interneurons, while much less is known about the intracellular
mechanisms driving the post-migratory development of these
cells (Hernandez-Miranda et al., 2010). In this respect, recent
results have shown that the two Rac GTPases expressed during
neuronal development, Racl and Rac3, are important for
the development of MGE-derived cortical and hippocampal
GABAergic interneurons (de Curtis, 2014). Racl and Rac3
play a pivotal role in the maturation of MGE-derived cortical
and hippocampal interneurons, since the deletion of either
Racl or Rac3 has negative effects on the maturation and
formation of inhibitory synapses by GABAergic cells, with
behavioral consequences that include generalized hyperactivity,
and cognitive as well as functional impairment of the inhibitory
circuits (Pennucci et al., 2016).

Interestingly, a number of genes that are functionally linked
to Rac GTPases are mutated in human patients with intellectual
disabilities, supporting the idea that pathways linked to Rac
GTPases are important for normal brain development and
cognitive functions. Among the genes affected in human patients
are components of a protein network including GIT scaffold
proteins with ARF-GAP activity (Hoefen and Berk, 2006), PIX
guanine nucleotide exchange factors (GEFs) for Rac/Cdc42,
and PAK kinases. Members of these families are implicated
in cognitive defects in humans, since the genes for the GEF
oPIX (ARHGEF6) and PAK3 (PAK3) are mutated in patients
with X-linked intellectual disability (Allen et al., 1998; Kutsche
et al., 2000), while the gene for GIT1 (GITI) is altered in
patients with attention deficit hyperactivity disorder (ADHD)
(Won et al, 2011). Published data support a role of PAK3,
aPIX, and GIT1 in the formation and plasticity of excitatory
synapses (Boda et al., 2004; Meng et al., 2005; Zhang et al,,
2005; Nodé-Langlois et al., 2006; Kreis et al., 2007; Thévenot
et al., 2011; Ramakers et al., 2012), while the implication of this
protein network in the development of GABAergic interneurons
remains to be established. In this direction, PAK3 has been shown
to be upregulated during the postmigratory development of
GABAergic interneurons (Cobos et al., 2007), while the knockout
of GIT1 induces a specific loss of GABAergic synaptic terminals
in the hippocampus, suggesting a role for these proteins in the
development of interneurons (Won et al., 2011).

The possibility to establish cultures of pure interneurons
would allow the analysis of the implication of specific molecules
in the maturation of GABAergic cells in vitro, with the aim
of identifying signaling pathways required for the formation
of functional inhibitory circuits. Previous studies have used
explants from MGE or short-term cultures of MGE-derived
cells to address the role of different cues and their receptors
in the migration and development of interneurons (Pozas
and Ibanez, 2005; Zimmer et al, 2008; Li et al, 2012;
Villar-Cervifio et al,, 2015). Still, a detailed analysis of the
development of these cells in vitro is lacking. In this study, we
describe the set up and characterization of a culture system of
MGE-derived interneurons that recapitulates the maturation of
interneurons from the extension of neurites and the formation
of distinguishable axon and dendrites, to the formation of
morphologically identifiable GABAergic synapses. We have used

these cultures to show the requirement of Rac GTPases for
the maturation of neurites by MGE-derived interneurons. We
have then extended the molecular analysis to define the role
of the PIX/GIT protein network linked to Rac GTPases in
the development of these cells. The analysis performed either
by silencing the endogenous proteins, or by expressing GIT1
mutants affecting the activation or the interaction with distinct
partners has highlighted the importance of the PIX/GIT network
in the maturation of MGE-derived interneurons.

RESULTS

MGE-Derived Cells Mature into GABAergic

Interneurons In Vitro

We have optimized the protocol for primary cultures of murine
GABAergic interneurons obtained from E14.5 MGEs, a useful
and simplified system to investigate the machinery required
for different steps of interneuron development in vitro. Several
extracellular matrix proteins were tested as substrates to optimize
the maintenance and differentiation of interneurons in vitro.
Type I and IV collagens were poor substrates for these cells
(not shown), while fibronectin and laminin-1 facilitated adhesion
of MGE-derived cells at day 1 in vitro (DIV1), but at DIV2
the cells already started to detach from substrates coated with
either glycoprotein (not shown). MGE-derived cells clustered
on Matrigel-coated substrates, while on 200 pg/ml poly-L-
lysine (PLL) most MGE-derived cells detached by DIV2-DIV3.
Best substrates were obtained by coating plastic or glass with
200 pg/ml PLL followed by 20 pg/ml laminin-1. This coating
allowed MGE-derived precursors to attach and develop up to
DIV6 (Figure 1A) and later. The differentiation of MGE-derived
cells into GABAergic interneurons in vitro was evaluated by
immunofluorescence on cells at different DIVs analyzed for
the expression of the neuronal markers Tujl, MAP2 and tau,
and of the specific GABAergic markers calbindin, somatostatin,
GAD67 and GABA (Figures 1B,C). Under these conditions
neurons extend an elaborated network of neurites, with clear
distinction between MAP2-positive dendrites and taul-positive
axons from DIV9 on (Figure 1C, Figure S1A), indicating that the
MGE-derived cells could develop neuronal polarity under these
conditions. An increase in signal intensity and in the proportion
of cells expressing these markers was observed between DIV1
and DIV6 (Figure 1D). At DIV6 virtually all cells were positive
for TuJ1, MAP2 and tau. Moreover 71% of the neurons became
positive for GABA, 50% for GAD67, 22% for calbindin, and 10%
for somatostatin, indicating that most MGE-derived cells showed
a GABAergic phenotype in vitro.

Interestingly, long-term cultures were achieved by seeding
the MGE-derived cells on Matrigel (2.5mg/ml). By DIV15
virtually all cells were positive for GABA, and between DIV9
and DIV20 inhibitory synapses were identified morphologically
by the apposition of the presynaptic marker VGAT with
postsynaptic gephyrin (Figure 1E), a protein required for
clustering postsynaptic GABA receptors (Sassoe-Pognetto
et al., 2000). Altogether our data indicated that MGE-derived
GABAergic interneurons may represent an optimal system to
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FIGURE 1 | Morphological maturation of MGE-derived interneurons. See also Figure S1. (A) Differentiation of MGE-dissociated cells from E14.5 mouse
embryos plated on coverslips with PLL and laminin-1, and fixed at (DIV1), DIV3, or DIV6. Scale bar, 40 um. (B-D) Maturation of MGE-derived GABAergic interneurons
in vitro. (B) Increasing expression of neuronal and GABAergic markers detected by immunofluorescence. Scale bar, 40 wm. (C) Localization of tau-positive axons
(arrowheads) and MAP2-positive dendrites (arrows) in DIV interneurons. The asterisk in the merge of the lower panel shows an example of a tau-positive axon
running parallel and very close to a MAP2-positive dendrite. Scale bar, 40 um. (D) Quantification of the percentage of cells positive for the indicated neuronal markers
at DIV1-DIV6 (n = 368 for calbindin and GAD67; n = 186 for GABA; n = 193 for Tud1; n = 74 for MAP2 and tau; n = 71 for somatostatin, SST). (E) Left: by DIV15
most cells are positive for GABA. Center: immunostaining of DIV20 interneurons for VGAT and gephyrin. Right: 5-fold enlargement of the boxed region to show
morphologically defined inhibitory synapses identified by the juxtaposition of VGAT-positive presynaptic terminals with gephyrin-positive postsynaptic terminals
(arrows). Scale bars, 40 um.
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address the molecular mechanisms underlying different phases
of GABAergic differentiation in vitro.

A critical aspect in our cultures was the variability in
cell survival among different preparations. The brain derived
neurotrophic factor (BDNF) promotes the development of the
GABAergic phenotype, neuritic branching, and cell viability in
MGE-derived cultures (Pozas and Ibanez, 2005). Addition of
50 ng/ml BDNF to DIV1 cultures improved reproducibility by
decreasing the variability among preparations, and enhanced
the development of neurites (Figure S1B). BDNF-treated
interneurons showed a 20% increase of primary dendrites
compared to untreated cells (Figure S1C), and an enhanced
axonal network (Figure S1D). Moreover, addition of BDNF
to primary cultures increased cell survival, especially after
transfection (next sections).

Rac GTPases Are Required for the

Development of Gabaergic Interneurons
Racl and Rac3 GTPases are co-expressed in mammalian central
nervous system. Our previous works has shown that Racl
represented approximately 92% and Rac3 8% of total Rac
proteins in P7 mouse brain (Corbetta et al., 2009). Analysis in
vivo has shown that single and double Rac knockout affects the
development of cortical and hippocampal interneurons (Vaghi
et al., 2014; Tivodar et al., 2015; Pennucci et al., 2016). Here
we have tested the effects of Rac deletion on the maturation
of MGE-derived interneurons in vitro. Immunoblotting with an
anti-Rac antibody recognizing both proteins, or with an antibody
specific for Rac3 showed that the expression of both proteins
increased with time in MGE-derived cultures (Figure 2A). Rac3
levels in presence of BDNF increased 6-folds between DIV2
and DIV4. We then evaluated the effects of Rac depletion on
interneuron maturation. For this, MGE-derived cells with double
or single Rac3 knockout were compared with control cells for
neuritogenesis. Double knockout interneurons were obtained
by transfecting DIV1 MGE-derived cells from Rac1®/F//Rac3X©
mice with pEGFP-Cre to inactivate the Racl gene (Corbetta
et al., 2009). The morphology of these cells was compared to
cells from Racl¥/F//Rac3X© mice transfected with GFP alone
(Rac3KO cells), or to wildtype neurons transfected with a
control plasmid (Figure 2B). Sholl analysis revealed a reduction
of neuritic branching in Rac3XO cells, and an even stronger
reduction in double knockout cells (Figures 2C,D). Therefore,
both endogenous Rac proteins are involved in the development
of the neuritic tree of GABAergic cells.

A Protein Network Functionally Linked to
Rac GTPases Drives Dendritic Maturation

in Gabaergic Interneurons

Protein complexes including Rac activators of the PIX family and
their binding partners of the GIT and PAK families (Figure 3A)
form stable complexes that can be isolated from brain and cell
lysates (Totaro et al., 2007, 2012). These complexes interact
specifically with active GTP-Rac’s (Di Cesare et al., 2000). The
scaffold proteins of the GIT family and the Rac GEFs of the
PIX family are involved in neuronal development (Albertinazzi

et al., 2003; Zhang et al., 2005; Totaro et al.,, 2012). Both GIT
family proteins (GIT1 and GIT2), and PIX family proteins
(aPIX and BPIX), as well as different PAK proteins including
PAK3 were expressed in DIV2 MGE-derived cells (Figure 3B).
Previous work has indicated that the increased expression of
the PAK3 kinase correlates with the maturation of GABAergic
interneurons (Cobos et al., 2007). Using PAK3 antibody on
lysates from the MGE-derived cultures all four protein isoforms
were detected: cb (72 KDa), ¢ (69 KDa), b (68 KDa) and a
isoform (65 KDa) (Kreis et al., 2008). As described (Cobos
et al, 2007), the expression of PAK3 in MGE-derived cells
increased with time in culture (Figures 3C,D). The PAK3b
isoform was the most expressed in MGE-derived neurons, and
with the exception of PAK3a, the expression of the other
isoforms increased during development. The elevated expression
of GIT1, BPIX, and PAK3 molecules in GABAergic interneurons
and their increase during development in vitro supported
their possible implication in the differentiation of MGE-derived
interneurons in vitro. In addition, comparison of MGE-derived
DIV2 lysates with P13 brain lysates showed distinct patterns of
expression for PAK, PAK3, and BPIX. Two other components
of this protein network (Figure 3A), the GIT-interacting protein
liprin-al and its binding partner ERC1/ELKS, which regulate
efficient synaptic transmission (Stidhof, 2012; Kittelmann et al.,
2013) and non-neuronal cell motility (Astro and de Curtis,
2015), were also detected in MGE-derived cells (Figures 3B,C).
Immunofluorescence on DIV5/DIV6 interneurons showed that
GIT, PIX, liprin-al and ERCI proteins were expressed in cultured
interneurons and accumulated in growth cones (Figures 3E-H).
During neuritogenesis, between DIV1 and DIV6, the levels
of some of the proteins of the GIT/PIX network increased
considerably (Figures 3C,D). Next, we investigated the role of
this network in neuritic development.

We used previously characterized targeting sequences and
vectors to silence components of the protein network. The
efficiency of the shRNAs (short hairpin RNAs) was verified
either by silencing the endogenous proteins in transfected mouse
NIH-3T3 cells, or by cotransfection of the mouse proteins with
the respective silencing vectors into COS7 cells. Silencing was
variable for different proteins, ranging from 55 to 70% for
overexpressed HA-aPIX and GFP-BPIX, to more than 80-95%
for endogenous GIT1, GIT2, liprin-a1, ERC1, and for GFP-PAK3
(Figure S2). aPIX and BPIX are differentially expressed in the
brain, where they have been implicated in the maturation of
hippocampal neurons (Totaro et al.,, 2012). Silencing of either
aPIX or BPIX by a bicistronic pPSUPER-GFP plasmid was used to
co-express GFP with specific siRNAs (Figure 4). MGE-derived
interneurons were transfected at DIV1 and fixed at DIV6 to
identify the transfected GFP-positive neurons for morphological
analysis. The down-regulation of BPIX with either one of two
different shRNAs caused a strong defect in neurite branching,
while silencing of oPIX induced weaker although significant
branching defects (Figures 4A,B).

GIT1 and GIT2 are scaffold proteins stably associated with
PIX proteins in cells (Totaro et al., 2007) and neural tissues
(Totaro et al,, 2012). Silencing of GIT proteins verified by
transfection into NIH-3T3 of previously characterized shRNAs
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FIGURE 2 | Rac depletion inhibits neurites development in MGE-derived interneurons. (A) Immunoblot for Rac, Rac3, and tubulin on lysates from P13 brain or
MGE-derived cultures, with or without BDNF. Filters were incubated for Rac3, stripped, and reprobed for Rac (both Rac1 and Rac3). Graph on the right: quantification
from the blots. Values normalized to tubulin were compared to the expression at DIV2 taken as 100%. (B) MGE-derived Rac1 F/F//Rac3KO cells cotransfected at DIV
with GFP and GFP-Cre. The arrows show a cell expressing the Cre protein. Scale bar, 20 pm. (C) MGE-derived interneurons transfected at DIV1 and cultured with
BDNF until DIV6; immunostaining for GFP. Bar, 40 pm. (D) Sholl analysis at DIV6 on control MGE-derived cells (shLuc), and on Rac1 F/F//Rac3KO MGE-derived cells
transfected with either GFP (RacSKo) or GFP-Cre (dKO) (n = 25 neurons for shlLuc, 16 dKO neurons, 10 Rac3KO neurons). “o < 0.05, **p < 0.005; Student’s t-test.
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(Totaro et al.,, 2012) was very efficient: 84% decrease for GIT1,
and 100% decrease for GIT2 (Figure S2). Neurite branching
was inhibited by either GIT1 or GIT2 silencing, with stronger
inhibition observed after GIT1 silencing (Figures4C,D).
Morphological analysis on neurons immunostained for dendritic
and axonal markers showed that silencing of GIT1 and BPIX
strongly affected MAP2-positive dendrites (Figure 4F and Figure
S3), with no evident effects on axonal branching (Figures 4E,G),
indicating that the effects observed on neurite branching
were mostly due to defects in dendritic development. We can
therefore conclude that the defects observed by Sholl analysis
on the neuritic development of interneurons depleted of either
PPIX or GIT1 over a range of 120 pm from the cell body largely
represent a reduction of dendritic development.

PAK kinases regulate different aspects of neuronal
development, including the formation of stable functional
excitatory synapses (Boda et al., 2008; Kreis and Barnier, 2009;
Dubos et al., 2012). PAK3 is expressed in MGE-derived cells, and
is associated with the differentiation of MGE-derived precursors
in mice (Cobos et al., 2007). Here we found that the expression
of different isoforms of PAK3 increased during the maturation
of MGE-derived interneurons (Figures 3B-D). The expression
of PAK3 was efficiently silenced with by the specific sShRNA
transfected in non-neuronal cells (Figure S2). Sholl analysis on
MGE-derived cells transfected at DIV1 and cultured with BDNF
up to DIV6 revealed that PAK3 silencing had only weak effects
on neurite branching (Figures 4H,I), suggesting that PAK3 has
no major impact in this phase of neuronal maturation.

We extended the analysis to the scaffold proteins ERC1/ELKS
and liprin-al that are coexpressed in MGE-derived GABAergic
interneurons (Figure 3B), and may interact with the PIX/GIT
complexes (Figure 3A) (Astro and de Curtis, 2015). Test with
respective shRNAs showed close to complete silencing of liprin-
al and ERCI in non-neuronal cells (Figure S2). Interestingly,
silencing of either protein in MGE-derived cells showed
strong impairment of neurite branching in DIV6 interneurons
(Figures 4H,]). Overall the results highlight the importance of
the network including the PIX, GIT, liprin-al and ERC1 proteins
in the development of neurites during the development of MGE-
derived GABAergic interneurons.

GIT1 Promotes Neurite Development by
Interacting with PIX and C-Terminal

Binding Partners

We have further investigated the role of the Rac-linked network
by testing the effects of the overexpression of its components on
the maturation of the neuritic tree. Sholl analysis revealed that
BPIX overexpression affected the branching of neurites at longer
distances from the soma (100-120 pum), while overexpression
of GIT1 induced a more pronounced inhibitory effect on
branching (Figures 5A,B). No consequences were observed
after overexpression of either liprin-al, or either one of two
distinct isoforms of ERC1: the widely expressed ERCla/ELKSe
and the brain-specific ERCIb isoform (Wang et al., 2002;
Astro et al., 2014) (Figures 5C,D). Therefore, only GIT1 exerts

strong negative effects when overexpressed in the developing
interneurons.

In cells and brain lysates GIT1 is stably associated to BPIX
(Totaro etal., 2007,2012) that binds via the SHD (Spa2 homology
domain) (Zhao et al, 2000). On the other hand binding of
paxillin or liprin-al to the C-terminal region of GIT1 requires its
activation by the release of an intramolecular interaction between
the amino-terminal and C-terminal portions that keeps GIT1 in
a binding-incompetent state (Totaro et al., 2007, 2012). Once the
C-terminal binding region becomes available (Figure 6A), either
paxillin or liprin-al can bind in a competitive manner to the C-
terminal portion of the GIT1 polypeptide (Asperti et al., 2011).
GIT1 is mainly found in the inactive form within cells (Totaro
et al., 2007, 2012); the finding that not only GIT1 depletion,
but also GIT1 overexpression inhibited neurite branching led
us to speculate that the excess of the inactive full length GIT1
may interfere with the function of the endogenous PIX/GIT1
complexes required for normal neurite development (Figure 4).
To test this hypothesis we made use of a number of GIT1
point and deletion mutants, in which the interactions with
different partners and/or the activation state of the GIT1 protein
were altered (Figures 6A,B). The autoinhibitory intramolecular
binding between the N-terminal and C-terminal regions of
GIT1 preventing binding to paxillin or liprin-al is abolished
in the GIT1-EE mutant (Figure 6B). The substitution of two
aromatic residues (tyrosines 246 and 293) with two glutamic
acids near/at the SHD domain respectively makes the GIT1-
EE mutant protein constitutively able to interact with paxillin
or liprin-al (Totaro et al., 2014) (Figure 6A). On the other
hand the mutant GIT1-C missing the N-terminal region can
interact with paxillin or liprin-al, but not with BPIX (Di Cesare
et al., 2000; Ko et al., 2003). Sholl analysis showed that GIT1-C
transfected interneurons had reduced neurite branching, while
the expression of the constitutively active GIT1-EE mutant
had normal neurite branching (Figures 6C,D). Expression of
the GIT1-EE-APBD deletion mutant that binds PIX, but lacks
the C-terminal paxillin binding domain (PBD) resulted in
the inhibition of neurite branching (Figures 6C,D). Therefore,
the ability of the active mutant GIT1-EE to support neurite
branching is dependent on binding to paxillin. The importance
of GIT1-PIX complex was supported by the finding that GIT1-
ASHD unable to bind PIX but able to bind paxillin and
liprin-al (Totaro et al., 2007), had also an inhibitory effect on
neurite branching (Figures 6E,F). The lack of effects observed in
GIT1-EE transfected neurons may be explained by the fact the
active mutant can interact with all partners required for neurite
maturation: PIX, paxillin, and liprin-a1.

We next asked if the interaction between GIT1 and liprin-al is
important for neurite extension. A central fragment of liprin-al
(residues 513-673) interacts with an extended C-terminal region
of GIT1 including the PBD (residues 523-770) (Ko et al., 2003;
Asperti et al., 2011). Expression in GABAergic interneurons of
GFP-Liprin-ACC3, a deletion mutant interacting poorly with
GIT1 (Asperti et al,, 2011), induced only a very mild reduction
of neurite branching (Figures 6G,H). This mutant is able to
interact efficiently with other liprin-al partners; thus the lack
of a negative effect on branching suggests that the interaction of
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liprin-al with GIT1 is not essential for the proper development
of neurites by MGE-derived interneurons.

Altogether these findings suggest that the interactions of GIT1
with PIX proteins on one side, and with the C-terminal partner
paxillin on the other side are necessary for normal neurite
development in MGE-derived interneurons.

GIT1 and BPIX Influence the Morphology of
Growth Cones

Neurite extension is driven by growth cones whose morphology
and motility are based on filamentous actin dynamics (Lowery
and Van Vactor, 2009). Analysis of growth cones in living cells
revealed that their behavior matched with different growth cone
morphologies, with the fan-like morphology typical of dynamic,
searching behavior (Mason and Wang, 1997). We evaluated
the effects of BPIX, GIT1 and liprin-al on the growth cones
of interneurons during neurite development (Figure 7A). We
found that only silencing of GIT1 increased significantly the
proportion of fan-shaped growth cones compared to control
neurons (Figure 7B), and decreased the average growth cone area
(Figure 7C). We extended the analysis to full length and activated
GIT1 mutants (Figure 7D). While expression of GIT1 or GIT1-
EE did not produce evident effects on fan-shaped growth cones,
the GIT1-EE-APBD mutant unable to bind liprin-al or paxillin
increased the size of growth cones (Figures 7E,F). We therefore
tested the effects of GIT1-EE-APBD on growth cones dynamics
in living interneurons. We observed an increased variability
in the morphology of growth cones from cells transfected
with GFP-GIT1-EE-APBD when compared to the growth cones
from interneurons expressing GFP, GFP-GIT1, or GFP-GIT1-EE
(Figures 7G-I). The effects on growth cones by the GIT1-EE-
APBD mutant may be due to the disruption of the interaction
with the GIT1 C-terminal-binding partners paxillin and liprin-
al, which are involved in the regulation of cell adhesion and
migration (Deakin and Turner, 2008; de Curtis, 2011).

To test if either GIT1 depletion or the expression of the GIT1-
EE-APBD mutant affected the distribution of proteins regulating
the actin cytoskeleton, several actin regulatory proteins were
examined in interneurons transfected with shGIT1 (shLuc as
control) or GIT1-EE-APBD (GFP as control). Among the
proteins tested (including Src, active phospho-Src, cofilin,
inactive phospho-cofilin, cortactin, N-WASP and VASP), only
phospho-Src (active Src phosphorylated in tyrosine 416) showed
a clear increase of the fluorescent signal in GIT1-depleted cells
(Figure S4). No effects were observed by this analysis for any
of the tested molecules in cells transfected with GIT1-EE-APBD
(data not shown).

DISCUSSION

In this study we have described the characterization of primary
cultures derived from dissociated mouse embryonic MGE.
Optimization of the culture conditions results in virtually pure
GABAergic interneurons that have well developed dendrites and
axons, and can form morphologically distinguishable inhibitory
GABAergic synapses. To test the value of these cultures for the

analysis of the intracellular mechanisms that drive interneuron
differentiation, we have used the MGE-derived cultures to
analyze the function played by a protein network implicated in
the regulation of cell adhesion and motility, and expressed in
GABAergic cells during neuritogenesis in vitro.

Embryonic MGEs contain precursors for a large fraction of the
cortical and hippocampal GABAergic cells (Morozov et al., 2006;
Wonders and Anderson, 2006; Tricoire et al., 2011). Substrates
coated with PLL and laminin-1 were optimal for culturing the
dissociated cells, and resulted in a dense network of neurons
that express GABAergic markers already at DIV6. We found that
MGE-derived cells mature into GABAergic interneurons with
polarized morphology characterized by dendrites and one axon.
Moreover, MGE-derived cells cultured for longer times either
on PLL and laminin or on Matrigel formed morphologically-
identifiable gephyrin- and VGAT-positive inhibitory synapses
(Figure 1E). Although short-term MGE-derived cultures have
been used (Cobos et al., 2007), to our knowledge this is the
first study that has characterized in details this type of cultures,
describing conditions that allow weeks-long cultures of primary
murine cortical/hippocampal interneurons.

One advantage of using these virtually pure interneurons
compared to mixed cortical or hippocampal cultures, is the
possibility to perform biochemical analysis to determine types
and levels of proteins expressed by GABAergic cells at different
stages of differentiation in vitro. The immunochemical analysis
of these cultures has allowed the identification of components
of a protein network linked to Rac GTPases, which includes
the scaffold proteins GIT, their interacting partners liprin-al
and PIX, and the liprin-al partner ERCI. Interestingly, most
proteins were upregulated with time in culture, suggesting their
implication in the development of these cells.

The MGE-derived cultures described here will allow to
comparatively analyze interneurons from many available
transgenic/KO mice, which are relevant to the understanding
of the function of cortical/hippocampal GABAergic cells. An
additional advantage is the possibility to exploit the simplified
in vitro system to look at processes independent from other
types of neurons. In this direction, we have addressed the role
of Rac GTPases in the development of these cells. Based on
recent findings that Rac’s are essential players for the correct
development of cortical and hippocampal GABAergic cells in
vivo (Vaghi et al., 2014; Tivodar et al., 2015; Pennucci et al.,
2016), we have confirmed here that depletion of the endogenous
Rac's impairs the neuritogenesis of interneurons in vitro.

To expand the knowledge of the intrinsic mechanisms
linked to Rac GTPases during GABAergic development, we
have shown here that proteins of the PIX/GIT network
expressed in MGE-derived cells are required for proper neuritic
development. The implication of GIT, PIX, liprin-al and ERC1
in interneuron differentiation is novel, while previous studies
have shown that PAK3 is upregulated in post-migratory MGE
cortical interneurons, indicating a role of PAK3 in post-mitotic
GABAergic cell differentiation (Cobos et al.,, 2007; Dai et al.,
2014). We detected only a minor effect of PAK3 depletion on
the development of neurites in vitro. It is interesting that the
expression of different alternatively spliced isoforms of PAK3
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(Kreis et al., 2008) is strongly increased with development in
vitro. This suggests that PAK3 may have a more prominent
effect at later stages of interneuron differentiation, including later
neuritogenesis and/or synapse formation, as suggested by the
established role of PAK3 in the formation of excitatory synapses
(Boda et al., 2004; Kreis et al., 2007).

We have extended the analysis of the GIT/PIX complexes
by looking at the effects of their overexpression. Interestingly,
overexpression of GIT1 and BPIX had an inhibitory effect on
the development of neurites, while no detectable effects were
observed after liprin-al or ERC1 overexpression (Figure5).
Although it is not easy at this point to find an explanation for
these differences, it has to be considered that these proteins
have a complex structure and may interact with distinct sets
of partners, resulting in functional complexity. We have started
to address this issue by exploring the function of GIT1 with a
number of mutants. For GIT1, one hypothesis is that the excess
of overexpressed inactive GIT1 may affect the function of the
complex by sequestering PIX into an inactive complex unable to
bind other partners like paxillin or liprin-al (Figure 6A). This
hypothesis is supported by the observation that overexpression
of either the full length protein (expected to be largely inactive:
Totaro et al., 2007) or truncated mutants with defects in binding
to specific partners (such as GIT1-EE-APBD or GIT1-ASHD)
has negative effects on neuritogenesis; while the overexpression
of active GIT1-EE that can bind both PIX and the C-terminal
partners, does not inhibit neurite extension.

A growth cone, similar to the front of a migrating cell, requires
the turnover of the adhesions to the substrate and the dynamics
of the actin cytoskeleton to drive motility and the consequent
formation of a neurite. Based on our results we propose a model
where GIT1 plays an important role as a scaffold to coordinate
the activation of GTPase activity (via PIX proteins) and the
dynamics of adhesions to the extracellular matrix (Figure 7I).
For this, active GIT1 can interact either with paxillin, an adaptor
protein that is part of the integrin-mediated adhesions to the
extracellular matrix (Iwamoto and Calderwood, 2015), or with
liprin-al (Asperti et al., 2011), an important regulator together
with ERC1 of the turnover of integrin-mediated adhesions (Astro
et al., 2016). According to the proposed model the functional
interactions among these players are important to regulate the
dynamic behavior of the growth cones. It is therefore not
surprising that altering the levels of expression of GIT1 and BPIX
proteins (either by silencing or by overexpression) may negatively
influence the behavior of this protein network, resulting in the
inhibition of neurite extension.

Interestingly, we observed an increase in active phospho-
Src in cells depleted for GIT1. Src has been implicated in the
regulation of the cytoskeleton and adhesion of cortical neurons
during development: the increase in phospho-Src induced
by Reelin, a factor promoting cortical radial migration, was
accompanied by enhanced inhibitory phosphorylation of cofilin
on the serine 3 residue (Chai et al., 2009). On the other hand,
the expression of constitutively active Src in cortical neurons
induced a decrease of the inhibited phospho-cofilin, while a
dominant negative form of Src led to abnormal elongation of the
leading processes in migrating neurons (Wang et al., 2015). How

GIT1 and Src modulate the dynamics of growth cones during
interneuron differentiations remains to be addressed.

In conclusion, we have shown here that MGE-derived
cells may develop into polarized differentiated GABAergic
interneurons that form morphologically identifiable inhibitory
synapses. This culture system consisting of virtually pure
GABAergic cells represents a valuable in vitro experimental
setting for the biochemical and functional analysis of the
intrinsic molecular mechanisms driving the development of
GABAergic interneurons; it may be useful for relatively fast
screenings of molecules relevant to the development of cortical
and hippocampal interneurons in vivo; may represent an in
vitro system for the functional analysis of molecules associated
to pathologies in which interneurons are implicated; may be
used for reconstitution experiments in vitro, by adding excitatory
neurons from mice with different genetic background to study
the contribution of either cell type to the phenotype of interest.
Finally, the molecular analysis performed with these cultures
may identify proteins and pathways relevant to understand the
degree of differentiation of GABAergic interneurons derived
from IPSCs.

MATERIALS AND METHODS

Animals

MGE-derived cultures were obtained from C57BL/6] (WT),
Racl¥/F (Rac1flox/flox) " or Rac1¥/F//Rac3KO mice, generated as
described before (Corbetta et al., 2005, 2009). For double deletion
of Racl and Rac3, primary cultures from Rac1?/F//Rac3XC mice
were transfected with a pEGFP-Cre plasmid to inactivate the
Racl gene in vitro (Corbetta et al., 2009). Experiments were
carried out in accordance to the guidelines of San Raffaele
Scientific Institute, in full compliance with national (D.L. n 116,
G.U. suppl. 40, 1992 February 18, circular Nr. 8, G.U. 1994 July
14) and international agreements (EEC Council directive 86/609,
OJ L 358, 1 DEC 12, 1987; NIH Guide for the Care and use of
Laboratory Animals, U.S. National Research Council, 1996).

Antibodies

Primary antibodies (Abs) used for immunofluorescence
included: rabbit polyclonal Abs raised against aPIX (ARHGEF6
from Sigma), BPIX (si255 described previously; (Paris et al., 2003;
Zaetal., 2006)), GABA (Sigma), GFP (Invitrogen), MAP2 (Santa
Cruz), VGAT (Synaptic System), FLAG (Sigma), anti-PAK1
(crossreactive with PAK2 and PAK3, from Santa Cruz), liprin-
al and anti-Rac3 (Proteintech), phospho-Src (Tyr416; Cell
Signaling), phospho-Cofilin 1 (Serine 3; Santa Cruz), N-WASP
(kindly provided by Rajat Rohatgi); goat pAb anti-BPAK/PAK3
(Santa Cruz); chicken pAb anti-GFP (Abcam); mAbs raised
against Cre (mouse IgG;; Covance), GAD67 (IgGaa; Millipore),
gephyrin (IgGy; Synaptic System), PKL/GIT (IgG; recognizing
both GIT1 and GIT2; BD Bioscience), MAP2 (IgGj; (Sigma),
tau-1 (IgGa,; Millipore), TuJ1 (IgGz,; Covance), tubulin (Sigma),
Racl (recognizing both Racl and Rac3, from BD Bioscience),
HA (Primm Biotech), ERC1 (IgG;, ELKS-30 from Abcam),
FLAG (IgG;; Sigma), Calbindin (from Swant), somatostatin
(rat IgG2b; Millipore), cortactin (mouse IgG1; Millipore), VASP
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(9A2 rabbit mAb; Cell Signaling), cofilin (mouse mAb22 kindly
provided by Hiroshi Abe, Bamburg laboratory), Src (mouse
mAb; kindly provided by Margaret Jones, EMBL). Alexa Fluor
A488-, 568-, and 647-conjugated secondary Abs were from
Thermo Scientific, TRITC-conjugated phalloidin from Sigma.
HRP-conjugated secondary Abs were: donkey anti-rabbit I1gG
and sheep anti-mouse IgG (GE Healthcare); rabbit anti-goat IgG
(Southern Biotech).

Plasmids and shRNAs
The pEGFP-N1 (Clontech Laboratories) and pFlag-LacZ
plasmids were used as controls. The RFP-LifeAct plasmid
used for live imaging was commercially available (Clontech
Laboratories). The pEGFP-Cre was obtained as described
(Rico et al., 2004). Plasmids pEGFP-GIT1 (for full-length human
GIT1) was kindly provided by dr. Alan F. Horwitz (Schmalzigaug
etal,, 2007). Plasmids coding for GFP-GIT1-C (carboxy-terminal
347-740 residues of chicken GIT1), FLAG-GIT1-ASHD lacking
the PIX-interacting region (deletion of residues 258-346 of
chicken GIT1), GFP-GIT1-EE (activated form of full length
human GIT1 with two substitutions: Y246E/Y293E), GFP-GIT1-
Y246E/Y293E-APBD (activated form of human GIT1 lacking
residues 624-770 required for the interaction with paxillin and
liprin-a1) were obtained as described (Albertinazzi et al., 2003;
Za et al,, 2006; Totaro et al., 2014). Plasmids coding for GFP-
Liprin-al and GFP-Liprin-al-ACC3 with deletion of residues
615-673 required for efficient binding to GIT1 were produced
as described (Asperti et al., 2009, 2011). The plasmid for mouse
GFP-BPIX was provided by Eunjoon Kim (Park et al., 2003). The
plasmids for mouse GFP-ERCla (mELKSe) and GFP-ERClb
(mELKSa) were provided by Ohtsuka et al. (2002). The plasmid
for GFP-PAK3a was as described (Rousseau et al., 2003; Kreis
et al., 2008). The plasmid for mouse HA-aPIX (Arhgef6) was
kindly provided by Kerstin Kutsche (Kutsche and Gal, 2001).
DNA sequences for siRNAs were inserted into pPSUPER-GFP
plasmid (VEC-PBS-0005 from Oligo Engine) after digestion
with Bgl II and Hind III according to the manufacturer’s
instructions. Target sequences were: shLuc (luciferase), CAT
CACGTACGCGGAATAC; shScr (scrambled), GAAATACCC
ACGAACTTTA; shGIT1l, GCACTCAGCAACCGGCTCT;
shGIT2, GAGTACTCCTCGACACGAA; shpPIX.1 CAACAG
GAATGACAATCAC; shaPIX, GTCACCAGTTGATAGTAAA;
shPAK3, GCAGCACATCAGTCGAATA; shfPIX.2, GAGCTG
GAGAGACACATGG (Invitrogen); shLiprin-al, GCTGGATGC
TATCAACAAA (Invitrogen); shERC1, GAAGGAAGTATT
AAGAGAA (Invitrogen). The targeting sequences for GIT1,
GIT2, BPIX and aPIX.1 and PAK3 were derived from previously
described siRNAs or shRNAs (Boda et al.,, 2004; Zhang et al.,
2005; Nodé-Langlois et al., 2006; Heckel et al., 2009; Gavina et al.,
2010; Totaro et al., 2012). Silencing by the different sShRNAs was
validated in transfected COS7 or in NIH-3T3 cells.

MGE-Derived Cultures and Transfection

MGEs harvested from E14.5 mouse embryos were dissected
in cold L15 and maintained in ice cold HBSS with HEPES
(Life Technologies). Tissue was enzymatically dissociated for 15
min at 37°C in 3ml of HBSS with HEPES containing 0.05%

trypsin and 100 jLg/ml DNAse. Enzymatic digestion was stopped
by addition of 5ml of Plating Medium (Neurobasal medium,
2% B27 supplement, 1% GlutaMAX, and 10% fetal bovine
serum, Thermo Scientific). Dissociated cells were centrifuged
(5min at 90 g), and the pellet was resuspended in 2ml (3-6
embryos) or 3ml (7 or more embryos) of Maintenance Medium
(Plating Medium without serum). Cells were subjected to gentle
mechanical dissociation and plated on 13 mm glass coverslips
coated with 200 pug/ml poly-L-lysine (Sigma) and 20 pg/ml
laminin-1 (Thermo Scientific).

Dissociated cells were cultured on different substrates to
look for optimal conditions for the maturation of interneurons.
Coating of coverslips included fibronectin (2.5 pug/ml), collagen
I (50 pg/ml), collagen IV (20 and 40 pg/ml), laminin (20 and
40 pg/ml), PLL, 200 pg/ml, PLL and laminin-1 (200 pg/ml PLL
coated with 20 pLg/ml laminin-1), and Matrigel™ (1.25 mg/ml).
For cultures up to DIV15-DIV20 (no BDNF) cells were plated on
2.5 mg/ml of Matrigel ™. Cells were fixed after different times in
culture and analyzed as described in the Results.

For transfection, cells were plated at high density (120.000
cells/well) on coverslips coated with 200 pg/ml PLL and 20
pg/ml laminin-1, and maintained in culture at 37°C, 5% CO,.
At DIV1 cells were transfected with 0.5 1 of Lipofectamine-2000
(Thermo Scientific) and 0.1 pg DNA. Transfected cells were kept
in maintenance medium with 50 ng/ml of BDNF (PeproTech) at
37°C, 5% CO,, and used at the indicated times.

Cell Lines and Transfection

COS7 cells were cultured in Dulbecco’s Modified Eagle’s Medium
containing 4.5 g/l glucose, 10% FetalClone III (Euroclone). NTH-
3T3 cells were cultured in DMEM containing 4.5 g/ glucose, 10%
Fetal Bovine Serum (FBS). Both cell types were transfected with
Lipofectamine-2000 (Thermo Scientific), and incubated with 0.5
mg/ml G418 antibiotic (Calbiochem) to remove non-transfected
cells. COS7 and NIH-3T3 cells were lysed for immunoblotting
2-4 days or 10-12 days after transfection, respectively.

Lysates and Immunoblotting

Cells, MGE-derived interneurons, E14.5 MGEs and P13 brains
were lysed with 0.5% Triton X-100, 150mM NaCl, 2mM
MgCly, 20 mM Tris-HCI pH 7.5, 1 mM sodium orthovanadate
(NaV), 10mM sodium fluoride (NaF) and anti-proteases (1X
Complete, Roche). P13 mouse brains were lysed in the same
lysis buffer containing 1% Triton X-100. Lysates were clarified
by centrifugation, and protein concentration was determined
by the Bradford protein assay (BIO-RAD Laboratories).
Lysates were subjected to SDS-PAGE on acrylamide gels
and immunoblotting. Primary antibodies were detected with
horseradish peroxidase-conjugated secondary antibodies and
revealed by ECL (Amersham Biosciences).

Immunofluorescence and Image Analysis

MGE-derived  interneurons fixed with 4%
paraformaldehyde and processed for immunofluorescence
after different times in culture (DIV1-DIV20). To characterize
the maturation of MGE-derived interneurons in vitro, WT
and Rac3KO primary cultures were fixed and immunostained
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for several neuronal and GABAergic markers including
neurotransmitter GABA, TuJ1, calbindin, GAD67, somatostatin,
MAP2 and tau-1. Images were acquired with a Zeiss Axiophot
Microscope with a 20x lens equipped with a Hamamatsu
C4742-95 digital camera. Images were processed with the
public domain NIH software Image] (NIH; RRID: nif-0000-
30467). The background was subtracted from each image
before quantification. We then calculated the percentage of cells
positive for each marker with respect to the total number of cells,
identified by nuclear staining with DAPI.

Sholl analysis was used to quantify neurite branching in
transfected interneurons, identified by staining with anti-GFP
Abs. We used a mask consisting of eleven concentric circles of
gradually increasing radius (between 20 and 120 pm), starting
from the centroid of the cell body, and drawn with a dedicated
Image] plugin. The number of intersections between the rings
and the neurites was scored manually. Only protrusion with a
length of at least 10 pm were considered as neurites/branches.
The data were analyzed by the Student’s t-test and by the two-way
repeated-measures analysis of variance (ANOVA; transfection
group and distance from the soma as factors) followed by
the Bonferroni post hoc test for significance. Differences were
considered statistically significant for P < 0.05.

For the analysis of growth cone morphology, images were
acquired on a Perkin Elmer UltraVIEW Spinning Disk Confocal
Microscope with a 63x NA 1.4 oil-immersion objective, or an
Axio Observer.Z1 inverted microscope with a 63x NA 1.4 oil-
immersion objective, equipped with an AxioCam MRm camera
(Zeiss), and processed with Image]. The analysis was performed
into two different steps: growth cones were first classified
according to their shape (fan type or non-fan type), and the
percentage of each type was calculated. In the second step, the
projected area of each growth cone was quantified by Image].

For the analysis of growth cone dynamics, time-lapse
experiments were performed on DIV5-DIV7 MGE-derived
interneurons. The behavior of growth cones was evaluated
in neurons cotransfected with RFP-LifeAct and either GFP,
GFP-GIT1, GFP-GIT1-EE, or GFP-GIT1-EE-APBD. During the
experiment the cells were maintained in a temperature and
CO;-controlled chamber at 37°C. Images were acquired at 30s
intervals with a scanning confocal microscope (TCS SP8 SMD-
FLIM, Leica) using a 63X 1.4 NA oil immersion objective. The
dynamic behavior of growth cones was evaluated by comparing

REFERENCES

Albertinazzi, C., Za, L., Paris, S., and de Curtis, I. (2003). ADP-ribosylation
factor 6 and a functional PIX/p95-APP1 complex are required for
RaclB-mediated neurite outgrowth. Mol. Biol. Cell. 14, 1295-1307.
doi: 10.1091/mbc.E02-07-0406

Allen, K. M., Gleeson, J. G., Bagrodia, S., Partington, M. W., MacMillan, J. C,,
Cerione, R. A,, et al. (1998). PAK3 mutation in nonsyndromic X-linked mental
retardation. Nat. Genet. 20, 25-30. doi: 10.1038/1675

Asperti, C., Astro, V., Pettinato, E., Paris, S., Bachi, A., and de Curtis, I. (2011).
Biochemical and functional characterization of the interaction between liprin-
al and GIT1: implications for the regulation of cell motility. PLoS ONE
6:¢20757. doi: 10.1371/journal.pone.0020757

different parameters confronting two time points, t = 0 min and
t = 10 min. This analysis was performed with Image].

The distribution of proteins expressed in growth cones
of MGE-derived interneurons was evaluated by confocal
microscopy in cells transfected with shLuc, shGIT1, GFP or GFP-
GIT1-EE-APBD and immunostained for GFP, F-actin, cortactin,
Src, phospho-Src (Tyr 416), cofilin, phospho-cofilin, N-WASP
and VASP. Transfected GFP-positive interneurons were analyzed
with Image]. The background was subtracted from each image
before quantification. We calculated the intensity of fluorescence
signal in growth cones normalized on the growth cone area.
The data were analyzed by the Student’s t-test; differences were
considered statistically significant for P < 0.05.

AUTHOR CONTRIBUTIONS

SE, VA, JB, and Id contributed to the conception and design of
the work; SE VA, RM, DT, and MB developed the experimental
design; SE, VA, and Id wrote the manuscript.

FUNDING

This work was supported by the Telethon Foundation, Italy
(grant GGP12126) and by AIRC (grant 15530).

ACKNOWLEDGMENTS

We thank Gaia Colasante for help with the isolation of
MGE for the preparation of the cultures and Giada Suardi
for technical help. We are grateful to Alan F. Horwitz
(University of Virginia, USA), Eunjoon Kim (Korea Advanced
Institute of Science and Technology), Kerstin Kutsche
(Universititsklinikum Hamburg, Germany), Toshihisa Ohtsuka
(University of Yamanashi, Japan), Rajat Rohatgi (Children’s
Hospital, Boston), Hiroshi Abe (Colorado State University),
and Margaret Jones (EMBL, Heidelberg) for providing
reagents.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal frontiersin.org/article/10.3389/fncel.
2016.00289/full#supplementary-material

Asperti, C., Astro, V., Totaro, A., Paris, S., and de Curtis, I. (2009). Liprin-
alphal promotes cell spreading on the extracellular matrix by affecting the
distribution of activated integrins. J. Cell Sci. 122, 3225-3232. doi: 10.1242/jcs.
054155

Astro, V., Chiaretti, S., Magistrati, E., Fivaz, M., and de Curtis, I. (2014). Liprin-a1
ERCI and LL5 define polarized and dynamic structures that are implicated in
cell migration. J. Cell Sci. 127, 3862-3876. doi: 10.1242/jcs.155663

Astro, V., and de Curtis, I. (2015). Plasma membrane-associated platforms:
dynamic scaffolds that organize membrane-associated events. Sci Signal. 8:rel.
doi: 10.1126/scisignal.aaa3312

Astro, V., Tonoli, D., Chiaretti, S., Badanai, S., Sala, K., Zerial, M., et al. (2016).
Liprin-al and ERCI control cell edge dynamics by promoting focal adhesion
turnover. Sci. Rep. 6:33653. doi: 10.1038/srep33653

Frontiers in Cellular Neuroscience | www.frontiersin.org

15

December 2016 | Volume 10 | Article 289


http://journal.frontiersin.org/article/10.3389/fncel.2016.00289/full#supplementary-material
https://doi.org/10.1091/mbc.E02-07-0406
https://doi.org/10.1038/1675
https://doi.org/10.1371/journal.pone.0020757
https://doi.org/10.1242/jcs.054155
https://doi.org/10.1242/jcs.155663
https://doi.org/10.1126/scisignal.aaa3312
https://doi.org/10.1038/srep33653
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Franchi et al.

A Protein Complex Regulating Interneuron Differentiation

Boda, B., Alberi, S., Nikonenko, I., Node-Langlois, R., Jourdain, P., Moosmayer,
M., et al. (2004). The mental retardation protein PAK3 contributes to synapse
formation and plasticity in hippocampus. J. Neurosci. 24, 10816-10825.
doi: 10.1523/JNEUROSCI.2931-04.2004

Boda, B., Jourdain, L., and Muller, D. (2008). Distinct but compensatory roles
of PAK1 and PAK3 in spine morphogenesis. Hippocampus 18, 857-861.
doi: 10.1002/hipo.20451

Brooks-Kayal, A. (2011). Molecular mechanisms of cognitive and behavioral
comorbidities of epilepsy in children. Epilepsia 52(Suppl. 1):13-20.
doi: 10.1111/j.1528-1167.2010.02906.x

Chai, X., Forster, E., Zhao, S., Bock, H. H., and Frotscher, M. (2009).
Reelin stabilizes the actin cytoskeleton of neuronal processes by
inducing n-cofilin phosphorylation at serine3. J. Neurosci. 29, 288-299.
doi: 10.1523/JNEUROSCI.2934-08.2009

Cobos, L., Borello, U., and Rubenstein, J. L. (2007). DIx transcription factors
promote migration through repression of axon and dendrite growth. Neuron
54, 873-888. doi: 10.1016/j.neuron.2007.05.024

Corbetta, S., Gualdoni, S., Albertinazzi, C., Paris, S., Croci, L., Consalez, G. G., et al.
(2005). Generation and characterization of Rac3 knockout mice. Mol. Cell. Biol.
25, 5763-5776. doi: 10.1128/MCB.25.13.5763-5776.2005

Corbetta, S., Gualdoni, S., Ciceri, G., Monari, M., Zuccaro, E., Tybulewicz, V. L.,
etal. (2009). Essential role of Racl and Rac3 GTPases in neuronal development.
FASEB J. 23, 1347-1357. doi: 10.1096/f].08-121574

Dai, X., Iwasaki, H., Watanabe, M., and Okabe, S. (2014). DIx1 transcription
factor regulates dendritic growth and postsynaptic differentiation through
inhibition of neuropilin-2 and PAK3 expression. Eur. J. Neurosci. 39, 531-547.
doi: 10.1111/ejn.12413

Deakin, N. O., and Turner, C. E. (2008). Paxillin comes of age. J. Cell Sci. 121,
2435-2444. doi: 10.1242/jcs.018044

de Curtis, I (2011). Function of liprins in cell motility. Exp. Cell Res. 317, 1-8.
doi: 10.1016/j.yexcr.2010.09.014

de Curtis, L. (2014). Roles of Racl and Rac3 GTPases during the development of
cortical and hippocampal GABAergic interneurons. Front. Cell. Neurosci. 8:307.
doi: 10.3389/fncel.2014.00307

Di Cesare, A., Paris, S., Albertinazzi, C., Dariozzi, S., Andersen, J., Mann, M., et al.
(2000). p95-APP1 links membrane transport to Rac-mediated reorganization
of actin. Nat. Cell Biol. 2, 521-530. doi: 10.1038/35019561

Dubos, A., Combeau, G., Bernardinelli, Y., Barnier, ]. V., Hartley, O,
Gaertner, H., et al. (2012). Alteration of synaptic network dynamics
by the intellectual disability protein PAK3. J. Neurosci. 32, 519-527.
doi: 10.1523/JNEUROSCI.3252-11.2012

Gavina, M., Za, L., Molteni, R., Pardi, R., and de Curtis, I. (2010). The GIT-PIX
complexes regulate the chemotactic response of rat basophilic leukaemia cells.
Biol. Cell 102, 231-244. doi: 10.1042/BC20090074

Gelman, D. M. and Marin, O. (2010).
diversity in the mouse cerebral cortex. Eur. J. Neurosci. 31, 2136-2141.
doi: 10.1111/.1460-9568.2010.07267.x

Guo, J., and Anton, E. S. (2014). Decision making during interneuron
migration in the developing cerebral cortex. Trends Cell Biol. 24, 342-351.
doi: 10.1016/j.tcb.2013.12.001

Heckel, T., Czupalla, C., Expirto Santo, A. I, Anitei, M., Arantzazu Sanchez-
Fernandez, M., Mosch, K., et al. (2009). Src-dependent repression of
ARF6 is required to maintain podosome-rich sealing zones in bone-
digesting osteoclasts. Proc. Natl. Acad. Sci. US.A. 106, 1451-1456.
doi: 10.1073/pnas.0804464106

Hernandez-Miranda, L. R., Parnavelas, J. G., and Chiara, F. (2010). Molecules and
mechanisms involved in the generation and migration of cortical interneurons.
ASN Neuro 2:e00031. doi: 10.1042/AN20090053

Hoefen, R. J., and Berk, B. C. (2006). The multifunctional GIT family of proteins.
J. Cell Sci. 119, 1469-1475. doi: 10.1242/jcs.02925

Iwamoto, D. V., and Calderwood, D. A. (2015). Regulation of integrin-mediated
adhesions. Curr. Opin. Cell Biol. 36, 41-47. doi: 10.1016/j.ceb.2015.06.009

Kitamura, K., Yanazawa, M., Sugiyama, N., Miura, H., Iizuka-Kogo, A., Kusaka, M.,
et al. (2002). Mutation of ARX causes abnormal development of forebrain and
testes in mice and X-linked lissencephaly with abnormal genitalia in humans.
Nat. Genet. 32, 359-369. doi: 10.1038/ng1009

Kittelmann, M., Hegermann, J., Goncharov, A., Taru, H. Ellisman, M. H,
Richmond, J. E., et al. (2013). Liprin-o/SYD-2 determines the size of dense

Generation of interneuron

projections in presynaptic active zones in C. elegans. J. Cell Biol. 203, 849-863.
doi: 10.1083/jcb.201302022

Ko, J., Kim, S., Valtschanoff, J. G., Shin, H., Lee, J. R., Sheng, M., et al. (2003).
Interaction between liprin-alpha and GIT1 is required for AMPA receptor
targeting. J. Neurosci. 23, 1667-1677.

Kreis, P., and Barnier, J. V. (2009). PAK signalling in neuronal physiology. Cell.
Signal. 21, 384-393. doi: 10.1016/j.cellsig.2008.11.001

Kreis, P., Rousseau, V., Thévenot, E., Combeau, G., and Barnier, J. V. (2008).
The four mammalian splice variants encoded by the p2l-activated kinase
3 gene have different biological properties. J. Neurochem. 106, 1184-1197.
doi: 10.1111/.1471-4159.2008.05474.x

Kreis, P., Thévenot, E., Rousseau, V., Boda, B., Muller, D., and Barnier, J. V.
(2007). The p21-activated kinase 3 implicated in mental retardation regulates
spine morphogenesis through a Cdc42-dependent pathway. J. Biol. Chem. 282,
21497-21506. doi: 10.1074/jbc.M703298200

Kutsche, K., and Gal, A. (2001). The mouse Arhgef6 gene: cDNA sequence
expression analysis and chromosome assignment. Cytogenet. Cell Genet. 95,
196-201. doi: 10.1159/000059346

Kutsche, K., Yntema, H., Brandt, A., Jantke, I., Nothwang, H. G., Orth, U., et al.
(2000). Mutations in ARHGEF6, encoding a guanine nucleotide exchange
factor for Rho GTPases, in patients with X-linked mental retardation. Nat.
Genet. 26, 247-250. doi: 10.1038/80002

Lansbergen, G., Grigoriev, I., Mimori-Kiyosue, Y., Ohtsuka, T., Higa, S., Kitajima,
L, etal. (2006). CLASPs attach microtubule plus ends to the cell cortex through
a complex with LL5p. Dev. Cell. 11, 21-32. doi: 10.1016/j.devcel.2006.05.012

Lawrence, Y. A., Kemper, T. L., Bauman, M. L., and Blatt, G. J. (2010).
Parvalbumin-, and calretinin-immunoreactive hippocampal
interneuron density in autism. Acta Neurol. Scand. 121, 99-108.
doi: 10.1111/j.1600-0404.2009.01234.x

Lewis, D. A., Hashimoto, T., and Volk, D. W. (2005). Cortical inhibitory neurons
and schizophrenia. Nat. Rev. Neurosci. 6, 312-324. doi: 10.1038/nrn1648

Li, H., Chou, S. J., Hamasaki, T., Perez-Garcia, C. G., and O’Leary, D. D. (2012).
Neuregulin repellent signaling via ErbB4 restricts GABAergic interneurons to
migratory paths from ganglionic eminence to cortical destinations. Neural Dev.
7:10. doi: 10.1186/1749-8104-7-10

Lowery, L. A., and Van Vactor, D. (2009). The trip of the tip: understanding
the growth cone machinery. Nat. Rev. Mol. Cell Biol. 10, 332-343.
doi: 10.1038/nrm2679

Mason, C. A., and Wang, L. C. (1997). Growth cone form is behavior-specific and,
consequently, position-specific along the retinal axon pathway. J. Neurosci. 17,
1086-1100.

Meng, J., Meng, Y., Hanna, A., Janus, C., and Jia, Z. (2005). Abnormal long-lasting
synaptic plasticity and cognition in mice lacking the mental retardation gene
Pak3. J. Neurosci. 25, 6641-6650. doi: 10.1523/J]NEUROSCI.0028-05.2005

Morozov, Y. M., Ayoub, A. E, and Rakic, P. (2006).
of synaptically connected interneurons across the dentate gyrus of
the early postnatal rat hippocampus. J. Newurosci. 26, 5017-5027.
doi: 10.1523/JNEUROSCI.0272-06.2006

Nodé-Langlois, R., Muller, D., and Boda, B. (2006). Sequential implication of the
mental retardation proteins ARHGEF6 and PAK3 in spine morphogenesis. J.
Cell Sci. 119, 4986-4993. doi: 10.1242/jcs.03273

Ohtsuka, T., Takao-Rikitsu, E., Inoue, E., Inoue, M., Takeuchi, M., Matsubara,
K., et al. (2002). Cast: a novel protein of the cytomatrix at the active zone of
synapses that forms a ternary complex with RIM1 and muncl3-1. J. Cell Biol.
158, 577-590. doi: 10.1083/jcb.200202083

Orekhova, E. V., Stroganova, T. A., Nygren, G., Tsetlin, M. M., Posikera, I. N.,
Gillberg, C., et al. (2007). Excess of high frequency electroencephalogram
oscillations in boys with autism. Biol. Psychiatry 62, 1022-1029.
doi: 10.1016/j.biopsych.2006.12.029

Paris, S., Longhi, R., Santambrogio, P., and de Curtis, I. (2003). Leucine-zipper-
mediated homo- and hetero-dimerization of GIT family p95-ARF GTPase-
activating protein, PIX-, paxillin-interacting proteins 1 and 2. Biochem. J. 372,
391-398. doi: 10.1042/bj20030047

Park, E., Na, M., Choi, J., Kim, S., Lee, J. R, Yoon, J., et al. (2003). The
Shank family of postsynaptic density proteins interacts with and promotes
synaptic accumulation of the beta PIX guanine nucleotide exchange factor
for Racl and Cdc42. J. Biol. Chem. 278, 19220-19229. doi: 10.1074/jbc.M3010
52200

calbindin-,

Translocation

Frontiers in Cellular Neuroscience | www.frontiersin.org

16

December 2016 | Volume 10 | Article 289


https://doi.org/10.1523/JNEUROSCI.2931-04.2004
https://doi.org/10.1002/hipo.20451
https://doi.org/10.1111/j.1528-1167.2010.02906.x
https://doi.org/10.1523/JNEUROSCI.2934-08.2009
https://doi.org/10.1016/j.neuron.2007.05.024
https://doi.org/10.1128/MCB.25.13.5763-5776.2005
https://doi.org/10.1096/fj.08-121574
https://doi.org/10.1111/ejn.12413
https://doi.org/10.1242/jcs.018044
https://doi.org/10.1016/j.yexcr.2010.09.014
https://doi.org/10.3389/fncel.2014.00307
https://doi.org/10.1038/35019561
https://doi.org/10.1523/JNEUROSCI.3252-11.2012
https://doi.org/10.1042/BC20090074
https://doi.org/10.1111/j.1460-9568.2010.07267.x
https://doi.org/10.1016/j.tcb.2013.12.001
https://doi.org/10.1073/pnas.0804464106
https://doi.org/10.1042/AN20090053
https://doi.org/10.1242/jcs.02925
https://doi.org/10.1016/j.ceb.2015.06.009
https://doi.org/10.1038/ng1009
https://doi.org/10.1083/jcb.201302022
https://doi.org/10.1016/j.cellsig.2008.11.001
https://doi.org/10.1111/j.1471-4159.2008.05474.x
https://doi.org/10.1074/jbc.M703298200
https://doi.org/10.1159/000059346
https://doi.org/10.1038/80002
https://doi.org/10.1016/j.devcel.2006.05.012
https://doi.org/10.1111/j.1600-0404.2009.01234.x
https://doi.org/10.1038/nrn1648
https://doi.org/10.1186/1749-8104-7-10
https://doi.org/10.1038/nrm2679
https://doi.org/10.1523/JNEUROSCI.0028-05.2005
https://doi.org/10.1523/JNEUROSCI.0272-06.2006
https://doi.org/10.1242/jcs.03273
https://doi.org/10.1083/jcb.200202083
https://doi.org/10.1016/j.biopsych.2006.12.029
https://doi.org/10.1042/bj20030047
https://doi.org/10.1074/jbc.M301052200
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Franchi et al.

A Protein Complex Regulating Interneuron Differentiation

Pennucci, R., Talpo, F., Astro, V., Montinaro, V., More, L., Cursi, M., et al. (2016).
Loss of either Racl or Rac3 GTPase differentially affects the behavior of mutant
mice and the development of functional GABAergic networks. Cereb. Cortex
26, 873-890.

Pozas, E., and Ibéfiez, C. F. (2005). GDNF and GFRalphal promote differentiation
and tangential migration of cortical GABAergic neurons. Neuron 45, 701-713.
doi: 10.1016/j.neuron.2005.01.043

Ramakers, G. J., Wolfer, D., Rosenberger, G., Kuchenbecker, K., Kreienkamp,
H. J., Prange-Kiel, J., et al. (2012). Dysregulation of Rho GTPases in the
aPix/Arhgef6 mouse model of X-linked intellectual disability is paralleled by
impaired structural and synaptic plasticity and cognitive deficits. Hum. Mol.
Genet. 21, 268-286. doi: 10.1093/hmg/ddr457

Rico, B., Beggs, H. E., Schahin-Reed, D., Kimes, N., Schmidt, A., and Reichardt, L.
F. (2004). Control of axonal branching and synapse formation by focal adhesion
kinase. Nat. Neurosci. 7, 1059-1069. doi: 10.1038/nn1317

Rousseau, V., Goupille, O., Morin, N., and Barnier, J. V. (2003). A new
constitutively active brain PAK3 isoform displays modified specificities
toward Rac and Cdc42 GTPases. J. Biol. Chem. 278, 3912-3920.
doi: 10.1074/jbc.M207251200

Sasso¢-Pognetto, M., Panzanelli, P., Sieghart, W., and Fritschy, J. M.
(2000). Co-localization of multiple GABAA receptor subtypes with
gephyrin at postsynaptic sites. J. Comp. Neurol. 420, 481-498.
doi: 10.1002/(SICI)1096-9861(20000515)420:4 <481::AID-CNE6>3.0.CO;2-5

Schmalzigaug, R., Garron, M. L., Roseman, J. T., Xing, Y., Davidson, C. E., Arold,
S. T., et al. (2007). GIT1 utilizes a focal adhesion targeting-homology domain
to bind paxillin. Cell. Signal. 19, 1733-1744. doi: 10.1016/j.cellsig.2007.03.010

Sebe, J. Y., and Baraban, S. C. (2011). The Promise of an interneuron-based cell
therapy for epilepsy. Dev. Neurobiol. 71, 107-117. doi: 10.1002/dneu.20813

Sudhof, T. C. (2012). The presynaptic active zone. Neuron 75, 11-25.
doi: 10.1016/j.neuron.2012.06.012

Thévenot, E., Moreau, A. W., Rousseau, V., Combeau, G., Domenichini, F.,
Jacquet, C., et al. (2011). p2l-activated kinase 3 (PAK3) protein regulates
synaptic transmission through Its interaction with the Nck2/Grb4 protein
adaptor. J. Biol. Chem. 286, 40044-40059. doi: 10.1074/jbc.M111.262246

Tivodar, S., Kalemaki, K., Kounoupa, Z., Vidaki, M., Theodorakis, K., Denaxa,
M., et al. (2015). Rac-GTPases regulate microtubule stability and axon
growth of cortical GABAergic interneurons. Cereb. Cortex 25, 2370-2382.
doi: 10.1093/cercor/bhu037

Totaro, A., Astro, V., Tonoli, D., and de Curtis, 1. (2014). Identification of
two tyrosine residues required for the intramolecular mechanism implicated
in GIT1 activation. PLoS ONE 9:¢93199. doi: 10.1371/journal.pone.00
93199

Totaro, A., Paris, S., Asperti, C., and de Curtis, I. (2007). Identification of an
intramolecular interaction important for the regulation of GIT1 functions. Mol.
Biol. Cell. 18, 5124-5138. doi: 10.1091/mbc.E07-06-0550

Totaro, A., Tavano, S., Filosa, G., Girtner, A., Pennucci, R., Santambrogio, P.,
et al. (2012). Biochemical and functional characterisation of aPIX, a specific
regulator of axonal and dendritic branching in hippocampal neurons. Biol. Cell.
104, 533-552. doi: 10.1111/boc.201100060

Tricoire, L., Pelkey, K. A., Erkkila, B. E., Jeffries, B. W., Yuan, X, and
McBain, C. J. (2011). A blueprint for the spatiotemporal origins of
mouse hippocampal interneuron diversity. J. Neurosci. 31, 10948-10970.
doi: 10.1523/J]NEUROSCI.0323-11.2011

Vaghi, V., Pennucci, R., Talpo, F., Corbetta, S., Montinaro, V., Barone, C.,
et al. (2014). Racl and rac3 GTPases control synergistically the development
of cortical and hippocampal GABAergic interneurons. Cereb. Cortex 24,
1247-1258. doi: 10.1093/cercor/bhs402

Villar-Cervifio, V., Kappeler, C., Nobrega-Pereira, S., Henkemeyer, M.,
Rago, L., Nieto, M. A., et al. (2015). Molecular mechanisms controlling
the migration of striatal interneurons. J. Neurosci. 35, 8718-8729.
doi: 10.1523/J]NEUROSCI.4317-14.2015

Wang, J. T, Song, L. Z., Li, L. L., Zhang, W., Chai, X. J., An, L., et al. (2015).
Src controls neuronal migration by regulating the activity of FAK and cofilin.
Neuroscience 292, 90-100. doi: 10.1016/j.neuroscience.2015.02.025

Wang, Y., Liu, X., Biederer, T., and Stadhof, T. C. (2002). A family of RIM-
binding proteins regulated by alternative splicing: implications for the genesis
of synaptic active zones. Proc. Natl. Acad. Sci. US.A. 99, 14464-14469.
doi: 10.1073/pnas.182532999

Won, H., Mah, W, Kim, E., Kim, J. W., Hahm, E. K., Kim, M. H., et al. (2011).
GIT1 is associated with ADHD in humans and ADHD-like behaviors in mice.
Nat. Med. 17, 566-572. doi: 10.1038/nm.2330

Wonders, C. P., and Anderson, S. A. (2006). The origin and specification of cortical
interneurons. Nat. Rev. Neurosci. 7, 687-696. doi: 10.1038/nrn1954

Za, L., Albertinazzi, C., Paris, S., Gagliani, M., Tacchetti, C., and de Curtis, L.
(2006). betaPIX controls cell motility and neurite extension by regulating the
distribution of GIT1. J. Cell Sci. 119, 2654-2666. doi: 10.1242/jcs.02996

Zhang, H., Webb, D. J., Asmussen, H., Niu, S., and Horwitz, A. F. (2005).
A GIT1/PIX/Rac/PAK signaling module regulates spine morphogenesis
and synapse formation through MLC. J. Neurosci. 25, 3379-3388.
doi: 10.1523/JNEUROSCI.3553-04.2005

Zhao, Z. S., Manser, E., Loo, T. H., and Lim, L. (2000). Coupling of PAK interacting
exchange factor PIX to GIT1 promotes focal complex disassembly. Mol. Cell.
Biol. 20, 6354-6363. doi: 10.1128/MCB.20.17.6354-6363.2000

Zimmer, G., Garcez, P., Rudolph, J., Niehage, R., Weth, F., Lent, R,, et al. (2008).
Ephrin-A5 acts as a repulsive cue for migrating cortical interneurons. Eur. J.
Neurosci. 28, 62-73. doi: 10.1111/j.1460-9568.2008.06320.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Franchi, Astro, Macco, Tonoli, Barnier, Botta and de Curtis.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

17

December 2016 | Volume 10 | Article 289


https://doi.org/10.1016/j.neuron.2005.01.043
https://doi.org/10.1093/hmg/ddr457
https://doi.org/10.1038/nn1317
https://doi.org/10.1074/jbc.M207251200
https://doi.org/10.1002/(SICI)1096-9861(20000515)420:4<481::AID-CNE6>3.0.CO;2-5
https://doi.org/10.1016/j.cellsig.2007.03.010
https://doi.org/10.1002/dneu.20813
https://doi.org/10.1016/j.neuron.2012.06.012
https://doi.org/10.1074/jbc.M111.262246
https://doi.org/10.1093/cercor/bhu037
https://doi.org/10.1371/journal.pone.0093199
https://doi.org/10.1091/mbc.E07-06-0550
https://doi.org/10.1111/boc.201100060
https://doi.org/10.1523/JNEUROSCI.0323-11.2011
https://doi.org/10.1093/cercor/bhs402
https://doi.org/10.1523/JNEUROSCI.4317-14.2015
https://doi.org/10.1016/j.neuroscience.2015.02.025
https://doi.org/10.1073/pnas.182532999
https://doi.org/10.1038/nm.2330
https://doi.org/10.1038/nrn1954
https://doi.org/10.1242/jcs.02996
https://doi.org/10.1523/JNEUROSCI.3553-04.2005
https://doi.org/10.1128/MCB.20.17.6354-6363.2000
https://doi.org/10.1111/j.1460-9568.2008.06320.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Identification of a Protein Network Driving Neuritogenesis of MGE-Derived GABAergic Interneurons
	Introduction
	Results
	MGE-Derived Cells Mature into GABAergic Interneurons In Vitro
	Rac GTPases Are Required for the Development of Gabaergic Interneurons
	A Protein Network Functionally Linked to Rac GTPases Drives Dendritic Maturation in Gabaergic Interneurons
	GIT1 Promotes Neurite Development by Interacting with PIX and C-Terminal Binding Partners
	GIT1 and βPIX Influence the Morphology of Growth Cones

	Discussion
	Materials and Methods
	Animals
	Antibodies
	Plasmids and shRNAs
	MGE-Derived Cultures and Transfection
	Cell Lines and Transfection
	Lysates and Immunoblotting
	Immunofluorescence and Image Analysis

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


