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Rac GTPases are regulators of the cytoskeleton that play an important role in several
aspects of neuronal and brain development. Two distinct Rac GTPases are expressed
in the developing nervous system, the widely expressed Rac1 and the neural-specific
Rac3 proteins. Recent experimental evidence supports a central role of these two Rac
proteins in the development of inhibitory GABAergic interneurons, important modulatory
elements of the brain circuitry. The combined inactivation of the genes for the two Rac
proteins has profound effects on distinct aspects of interneuron development, and has
highlighted a synergistic contribution of the two proteins to the postmitotic maturation of
specific populations of cortical and hippocampal interneurons. Rac function is modulated
by different types of regulators, and can influence the activity of specific effectors.
Some of these proteins have been associated to the development and maturation of
interneurons. Cortical interneuron dysfunction is implicated in several neurological and
psychiatric diseases characterized by cognitive impairment. Therefore the description
of the cellular processes regulated by the Rac GTPases, and the identification of
the molecular networks underlying these processes during interneuron development
is relevant to the understanding of the role of GABAergic interneurons in cognitive
functions.
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INTRODUCTION
Inhibitory γ-aminobutyric acid (GABA)ergic interneurons mod-
ulate brain functions (Batista-Brito and Fishell, 2009). Several
studies indicate that abnormal development of these neurons
causes the unbalance of excitatory/inhibitory signals, which may
cause the neural and intellectual impairment observed in dis-
orders such as epilepsy, autism and schizophrenia (Lewis et al.,
2005; Orekhova et al., 2007; Lawrence et al., 2010; Sebe and
Baraban, 2011; Velíšek et al., 2011; Le Magueresse and Monyer,
2013). Most cortical and hippocampal GABAergic interneurons
have a common origin: they are born in the ganglionic emi-
nences (GE), transitory embryonic structures in the develop-
ing ventral telencephalon (Danglot et al., 2006; Wonders and
Anderson, 2006; Tricoire et al., 2011). GABAergic precursors leave
the GE migrating tangentially along three tangential streams in
the marginal zone (MZ), subplate (SP), or subventricular zone
(SVZ), towards their cortical/hippocampal destination, where
they switch to radial migration to populate the different layers of
these areas (Tanaka et al., 2006; Martini et al., 2009; Figure 1A).
Many studies have addressed the mechanisms regulating the
development of GABAergic interneurons, and led to the iden-
tification of transcription factors and extracellular cues driving
their differentiation and migration (Hernández-Miranda et al.,
2010). Conversely, the knowledge of the intracellular mecha-
nisms driving the different phases of interneuron development is
limited.

Rho family GTPases are important regulators of cytoskele-
tal dynamics. Among them, Rac proteins are critical in several
aspects of neuronal development (de Curtis, 2008; Heasman
and Ridley, 2008). This review focuses on studies supporting
the role of Rac proteins, their regulators and effectors on the
development of cortical and hippocampal GABAergic interneu-
rons. These cells form inhibitory synapses that modulate the
output from excitatory neurons and other interneurons. These
interneurons go through a sequence of developmental events
including exit from the GEs, tangential and radial migration,
and late maturation steps including extension and branching
of axons and dendrites, target recognition, and establishment
of inhibitory synapses. Each developmental step requires the
association of extracellular signals with specific surface receptors,
resulting in the activation of proper intracellular signals. Here, I
will present the available evidence on the role of Rac proteins and
of proteins functionally-associated to these GTPases in different
steps of the development of cortical/hippocampal GABAergic
cells.

Rac GTPases REGULATE THE DEVELOPMENT OF
INTERNEURONS
Rho family GTPases are molecular switches that regulate sev-
eral processes including the organization of the actin cytoskele-
ton (Hall, 1998). The Rho family is subdivided into groups
of highly homologous proteins. One of these groups includes
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FIGURE 1 | (A) Scheme of distinct developmental phases of postmitotic
interneuron maturation: after exiting the cell cycle, the GABAergic precursors
leave the GE by migrating tangentially; once they have reached their final
destination (cortex and hippocampus), they will switch to radial migration to
position properly. GABAergic cells will then continue to mature by developing

axon and dendrites, and by forming inhibitory synapses with pyramidal cells
and with other interneurons (not shown). Some of the proteins relevant to
these processes and described in this review are indicated. (B) Model for the
activation of Rac GTPases by extracellular signals important for interneuron
migration and maturation. See text for details.

the Rac GTPases. There are three genes in vertebrates encoding
the Rac1, Rac2 and Rac3 proteins that share high sequence
identity (88–92%), and a fourth gene encoding the Rac-related
RhoG protein (about 70% identity with Rac1). While Rac2 is
specifically expressed in hematopoietic cells (Didsbury et al.,
1989), Rac1, Rac3 (initially identified as Rac1B in chicken),
and RhoG are expressed in neurons (Moll et al., 1991; Vincent
et al., 1992; Corbetta et al., 2005). Rac3 expression is often,
but not always overlapping with that of Rac1 (Corbetta et al.,
2005).

Most studies on neurons have considered Rac1. On the
other hand, over the past years we have proposed that both
Rac1 and Rac3 need to be considered to fully understand
the role of Rac in neuronal development and function (de
Curtis, 2008). While Rac1 is widely expressed from early
embryonic development, Rac3 is mainly, if not exclusively
expressed in developing neurons. Our findings have shown
that the two GTPases cooperate to build up a functional
brain (Corbetta et al., 2009). In this direction, a number of
recent studies have emphasized the importance of analyzing
both Rac1 and Rac3 during the development of GABAergic
interneurons.

Rac GTPases IN EARLY DEVELOPMENT AND INTERNEURON
MIGRATION
The first two studies on the role of Rac proteins in the develop-
ment of cortical interneurons suggested that Rac is not directly
implicated in the development of postmitotic migratory interneu-
rons. The earlier conditional knockout of Rac1 in the pre-
migratory neural progenitors of the ventricular zone (VZ) of
the telencephalon causes several defects, including a failure of
the tangential migration of interneurons from the GEs (Chen
et al., 2007; Figure 1A). In apparent contrast, the same study
shows that later deletion of Rac1 in postmitotic migratory cells
exiting the VZ and into the SVZ of the ventral telencephalon does
not affect tangential migration. Previous findings have shown
that neurons have to reach a proper differentiation state to
use the machinery needed for migration (Kuhar et al., 1993;
Hatten, 1999). Based on this assumption, the authors explain
their apparently contrasting findings by proposing that the defect
in migration observed after early Rac1 deletion is due to Rac1-
dependent GABAergic progenitor-specific functions required to
establish the competency of migration at later stages, and not
to a primary abnormality of cell motility, as indicated by their
other finding that Rac1 is dispensable for interneuron motility
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during the migratory phase. Similar results were obtained by a
more recent study addressing the role of Rac1 on interneuron
progenitors from the medial ganglionic eminence (MGE; Vidaki
et al., 2012). In this study, Rac1 ablation in postmitotic GABAergic
precursors does not affect the number of MGE-derived cor-
tical interneurons, while earlier deletion in proliferating MGE
progenitors causes a reduction in the number of MGE-derived
cortical interneurons. This loss is due to a defect in the exit
of the precursors from the cell cycle (Figure 1A). This study
has highlighted a cell-autonomous, stage-specific requirement of
Rac1 activity in the proliferating precursors. Altogether, these
studies show that the conditional deletion of Rac1 impairs the
early phases of interneuron differentiation, while the migration
of cortical interneurons is not affected if Rac1 is deleted after the
progenitors have left the MGE to migrate into the pallium. To
explain these results, it has to be considered that mammals and
other vertebrates express the neural-specific Rac3/Rac1B GTPase
(Albertinazzi et al., 1998, 2003) during the late development of
peripheral and central nervous system neurons (Corbetta et al.,
2005). Rac3 protein expression is developmentally regulated, with
a peak at time of neurite branching and synaptogenesis (Bolis
et al., 2003). Therefore, Rac1 deletion in MGE dividing progen-
itors, at a time when Rac3 is not or very poorly expressed, is
sufficient to indirectly affect migration. On the other hand, the
lack of effects on migration after Rac1 is deleted in postmitotic
migratory precursors may be explained by compensation with
Rac3, which is expressed at these later stages. Since RhoG is also
expressed in the nervous system, RhoG may also compensate for
the lack of Rac1 GTPase at later stages. So far though no studies
are available supporting a role of RhoG in the development of
interneurons.

The hypothesis that Rac3 may compensate for the lack of Rac1
in supporting the tangential migration of GABAergic precursors
is endorsed by recent studies analyzing the effects of the dou-
ble knockout of the two GTPases on interneuron development.
The generation of double mutants obtained by combining the
full deletion of Rac3 (Rac3KO) with the conditional deletion of
Rac1 in postmitotic neurons by the Synapsin-I-Cre results in
mice that are neurologically impaired, with spontaneous epileptic
seizures (Corbetta et al., 2009). Interestingly the transcript for
Rac3 is detected in PV-positive interneurons, and the double
knockout mice show a strong loss of MGE-derived PV-positive
cells in the cortex and hippocampus (Vaghi et al., 2014). While
apoptosis does not appear to contribute to this loss, the defects
observed in the MGE-derived precursors undergoing tangential
and radial migration indicate that Rac GTPases are important
for the migration of postmitotic interneurons (Figure 1A), and
that the migratory defects may underlie the loss of cortical and
hippocampal interneurons in the postnatal brain of the dou-
ble knockout mice. Loss of postnatal cortical interneurons and
migratory defects of the precursors have been confirmed in a
later study analyzing the contribution of Rac1 and Rac3 in the
development of GABAergic cells (Tivodar et al., 2014). In this
study, when interneurons depleted of both Rac proteins were
placed in culture, they revealed gross defects in the cytoskele-
tal organization; they showed severe morphological alterations
including an increased number of neurites per neuron, shorter

axons, and abnormal growth cones when compared to either
wildtype of Rac1KO cells. On the other hand, our analysis in
vivo indicated a defect in the later maturation of double mutant
interneurons (Vaghi et al., 2014). This defect correlates with
evident alteration of the electrophysiological properties of cortical
and hippocampal circuits in double knockout mice, as shown by
the increased excitability and decreased spontaneous inhibitory
currents in the cortical and hippocampal pyramidal cells of these
animals.

Of note, the milder loss of PV-positive cells in the cortex
and hippocampus of single Rac1 or Rac3 knockout mice (Vaghi
et al., 2014), on the one hand demonstrates the functional
redundancy of the two Rac proteins, on the other hand shows
that during the development of cortical interneurons each Rac
has specific roles that can not be compensated by the other
GTPase.

THE CONTROL OF CORTICAL INTERNEURON MATURATION
BY Rac-DEPENDENT MECHANISMS
While the direct implication of Rac GTPases in the early devel-
opment of cortical and hippocampal interneuron precursors is
well established, the involvement of these proteins in later steps
of interneuron maturation, after the cells have reached their
final destination, is still limited. Analysis of double knockout
mice suggests that Rac depletion also influences the later mat-
uration of interneurons, as detected by the reduction of the
PV-positive signal in the neuropilum of the stratum pyrami-
dale of the hippocampus, and of the inhibitory VGAT/GAD67-
positive GABAergic presynaptic terminals around hippocampal
and cortical pyramidal cells (Vaghi et al., 2014). The decrease
in presynaptic input corresponds to electrophysiological alter-
ations of cortical and hippocampal circuitry in these mice, which
have hyperexcitable pyramidal neurons that also show a signifi-
cant decrease of spontaneous inhibitory post-synaptic currents.
Although these data show that Rac1 and Rac3 are required for
the development of hippocampal and cortical inhibitory circuits,
the contribution of either Rac remains an interesting topic for
further analysis. To date specific molecular defects linked to the
loss of either Rac1 or Rac3 GTPases have not been identified.
Still, specific behavioral effects have been described in Rac3KO
mice, which have a generalized hyperactivity that is not linked to
detectable cognitive deficits (Corbetta et al., 2008). This pheno-
type is specific for Rac3, since it is not prevented by the endoge-
nous Rac1 protein still present in the Rac3KO mice. Whether this
phenotype corresponds to a defect of the inhibitory networks in
the Rac3KO mice remains to be established. If so, this will open
the possibility to explore the molecular machinery linked to Rac
function and underlying the hyperactive/impulsive behavior, phe-
notypes observed in different neurologic and psychiatric disorders
such as ADHD, epilepsy, and autistic disorders (Robinson, 2012;
Pincham, 2014).

A number of studies have demonstrated the involvement
of Rac effectors or regulators in the development of corti-
cal interneurons (Table 1). The p21-activated serine/threonine
kinases PAK1 and PAK3 are members of the PAK family activated
by Rac and Cdc42. PAK1 and PAK3 are highly expressed in
the brain, and their double knockout causes the reduction of
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Table 1 | Proteins functionally associated to Rac GTPases and implicated in the development of cortical/hippocampal GABAergic cells.

Protein Gene name Function related to Rac Link to disease (reference) Role in GABAergic cell
development

DOCK7 DOCK7 Rac GEF Epileptic encephalopathy (Perrault
et al., 2014)

Development of Chandelier cells

JNK3 MAPK10/JNK3 Member of the JNK family kinases
activated downstream of Rac

Epileptic encephalopathy (Shoichet
et al., 2006); intellectual disability
(Kunde et al., 2013)

JNK1/JNK2: guidance during
interneuron migration into the
cortex

GIT1 GIT1 ArfGAP interacting with PIX family
Rac GEFs

ADHD (Won et al., 2011) Huntingtin
aggregation (Goehler et al., 2004)

Unknown: KO affects inhibitory
input and PV+ cells

Kalirin-7 KLRN Rac GEF Schizophrenia (Hill et al., 2006) Dendritic growth; potentiation of
excitatory postsynaptic terminals

PAK3 PAK3 Effector of Rac/Cdc42 X-linked mental retardation (Allen
et al., 1998)

Neuritogenesis, dendritic
maturation

dendritic complexity in cultured hippocampal neurons (Huang
et al., 2011). Moreover mutations in the gene for PAK3 are asso-
ciated with nonsyndromic mental retardation (Ramakers, 2002).
Downregulation of PAK3 affects the number of mature spines in
hippocampal pyramidal cells (Boda et al., 2004; Thévenot et al.,
2011; Dubos et al., 2012), and mice with knockout of PAK3
show cognitive impairment (Meng et al., 2005). PAK3 is also
implicated in the maturation of cortical GABAergic cells. PAK3
expression is maintained low in cortical migratory precursors by
the homeobox transcription factors Dlx1/2, while it is upregulated
in post-migratory MGE- and CGE-derived interneurons. The
double knockout of Dlx1/2 causes the premature increase of PAK3
expression in the precursors, leading to untimely development of
axons and dendrites (Cobos et al., 2007). These findings suggest
that repression of PAK3 expression by Dlx1/2 is critical to prevent
neuritogenesis and to promote the migration of the interneuron
precursors. This hypothesis is supported by the recent analysis
of the role of Dlx1 in vitro. In hippocampal cultures, GAD67-
positive interneurons specifically express Dlx1, which is not
expressed in pyramidal neurons (Dai et al., 2014). Knockdown of
Dlx1 enhances dendritic growth in GAD67-positive interneurons,
supporting a role of Dlx1 in restricting dendritic complexity.
Interestingly, overexpression of PAK3 increases dendritic com-
plexity as observed after Dlx1 silencing. Further support that
Dlx1 and PAK3 regulate dendritic branching comes from the
observation that exogenous expression of Dlx1 in the excitatory
pyramidal cells reduces dendritic complexity, and this reduction
is partially rescued by co-expression of PAK3. Altogether, the
data support a role of PAK3 in the maturation of dendrites and
in the postsynaptic differentiation of excitatory and GABAergic
neurons.

Increasing evidence supports the role of Rac GEFs (guanine
nucleotide exchange factors) in the development of interneurons.
The secreted factor neuregulin-1 (NRG1) interacts with its trans-
membrane tyrosine kinase receptor ErbB4 to promote the growth
of dendrites in mature interneurons. Evidence has been produced
that Kalirin-7, a major dendritic Rac GEF (guanine nucleotide
exchange factor) of the Trio/Kalirin family, mediates the effects of
NRG1/ErbB4 activation on the growth of dendrites in interneu-
rons, and that the phosphorylation of the carboxy-terminus
of kalirin-7 is critical for these effects (Cahill et al., 2012).

Intriguingly, overexpression of kalirin-7 does not only increase
the branching of dendrites of hippocampal CA1 interneurons,
but induces also the formation of spine-like structures in these
usually aspiny cells (Ma et al., 2008), indicating a role of this
Rac GEF in potentiating the formation of excitatory postsynaptic
terminals in GABAergic neurons. Interestingly, kalirin-7, NRG1,
and ErbB4 are highly and specifically expressed in GABAergic
interneurons, and have been associated with schizophrenia (Ma
et al., 2001, 2005; Hill et al., 2006; Li et al., 2006; Fazzari et al.,
2010; Del Pino et al., 2013; Kasnauskiene et al., 2013). Since
the dendritic length of interneurons is reduced in schizophrenia
(Kalus et al., 2002), understanding how NRG1/ErbB4 signaling
regulates the dendrites of these cells may help clarifying the
mechanisms underlying the cortical defects in this disorder.

The positive effects of NRG1/ErbB4-induced signaling on the
neurite morphology and synaptic maturation of interneurons are
mediated by the phosphoinositide 3-kinase (PI3-kinase) pathway
that produces phosphatidylinositol 3,4,5-trisphosphate (PIP3) at
the plasma membrane. How the activation of PI3-kinase affects
the migration of the precursors and their later differentiation
into mature inhibitory neurons is unknown. One possibility is
that PIP3 engages the GEFs to activate the Rac’s at the plasma
membrane (Han et al., 1998; Ma et al., 1998), where they will
cause the rearrangement of the actin cytoskeleton that is required
both for the migration of the interneurons and for the matura-
tion of their neurites (Figure 1B). According to this hypothesis,
Rac may mediate also the cytoskeletal reorganization required
for the stimulation of tangential migration towards the cortex
and hippocampus of the MGE-derived GABAergic precursors
induced by the binding of the neurotrophins BDNF and NT4
to the tyrosine kinase receptor TrkB (Polleux et al., 2002). As
for the NRG1/ErbB4-induced signaling described before, the sig-
naling induced by BDNF and NT4 rapidly activates the enzyme
PI3-kinase, as indicated by the strong inhibition of the tan-
gential migration of interneurons by the PI3-kinase inhibitor
LY294002.

Another Rac GEF, DOCK7 controls the development of chan-
delier cells, a specific class of GABAergic interneurons character-
ized by distinctive axonal terminals that target the axon initial
segment of pyramidal cells by forming typical cartridge struc-
tures. DOCK7 regulates the development of chandelier cells by
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physically interacting and enhancing the activity of the receptor
tyrosine kinase ErbB4 in a GEF-independent manner (Tai et al.,
2014). The loss of DOCK7 function in cortical interneurons may
underlie the abnormal development of GABAergic networks that
could lead to the seizures observed in individuals with epileptic
encephalopathies that carry truncating mutations in the gene for
DOCK7 (Perrault et al., 2014).

The activity of the c-Jun N-terminal kinases (JNK) can be
regulated by Rac GTPases (Coso et al., 1995). Two different
mutations have been identified in a member of this family, JNK3,
which cause either mild intellectual disability (Kunde et al., 2013)
or severe developmental epileptic encephalopathy (Shoichet et al.,
2006). Recently, JNK signaling has been shown to be important
to guide the migration of interneurons into the mouse cerebral
cortex (Myers et al., 2014). Pharmacological inhibition of JNK
signaling on brain sections disrupts the migration of interneu-
rons into the embryonic cortex. Analysis by time lapse showed
that cells incubated with JNK inhibitors moved along aberrant
trajectories. The involvement of JNK1 and JNK2 was confirmed
by similar defects observed in sections from single JNK1 or double
JNK1/JNK2 knockout mice. Since no effects of the knockouts
were observed on interneuron migration in vitro, the authors
suggest that JNK signaling is regulating guidance rather than
motility in these cells.

Another protein indirectly linked to Rac signaling is G protein–
coupled receptor kinase–interacting protein-1 (GIT1), which
together with GIT2 is part of a family of scaffold proteins with
Arf GTPase activating protein (GAP) activity. GIT proteins form
stable complexes with the Rac/Cdc42 GEFs of the PIX fam-
ily, αPIX, and βPIX (Totaro et al., 2007, 2012). GIT/PIX/PAK
complexes can be isolated from neural tissues by binding to
activated Rac GTPases (Di Cesare et al., 2000; Albertinazzi et al.,
2003). The GIT1 complex plays a central role in the formation
of dendritic spines at excitatory synapses: proper localization
of the GIT1/βPIX complex at postsynaptic sites by the central
synaptic localization domain of GIT1 is fundamental to recruit
Rac and PAK activity to stabilize the actin network in dendritic
spines (Zhang et al., 2003, 2005). Moreover, the knockout of
GIT1 negatively affects the length of dendrites and the density of
cortical and hippocampal spines, causing defects in fear response
and learning (Schmalzigaug et al., 2009a; Menon et al., 2010).
Also αPIX, which like PAK3 is mutated in patients with mental
retardation (Ramakers, 2002), contributes to synapse formation
(Nodé-Langlois et al., 2006; Ramakers et al., 2012). The hypoth-
esis that the GIT1/PIX/PAK complexes may also contribute to
the formation of inhibitory synapses is supported by the finding
that GIT1 colocalizes with the inhibitory synaptic marker GAD67
(Zhang et al., 2003).

Less is known about the role in neuronal development of the
widely expressed GIT2 protein. GIT2 knockout mice have no
evident brain defects, but show anxiety-like behavior as a major
neurological symptom (Schmalzigaug et al., 2009b). GIT/PIX
complexes are regulating neurite branching in cultured hip-
pocampal neurons, with specific effects of GIT2 and αPIX (Totaro
et al., 2012).

Interestingly, it has been recently shown that knockout of GIT1
causes a strong and specific reduction in the inhibitory input and

in the number of PV-positive interneurons in the hippocampal
CA1 region, where the GIT1 protein is normally expressed (Won
et al., 2011). The decrease in Rac/PAK/PIX/GIT signaling detected
in the GIT1 knockout brain suggests a functional link between
GIT1 and Rac GTPases during the development of inhibitory
hippocampal networks. This defect correlates with the appearance
of neurological traits associated with human ADHD (Attention
deficit hyperactivity disorder). Accordingly, the authors have
identified an intronic polymorphism in the human gene for
GIT1 that is associated with increased ADHD susceptibility, and
that may cause reduced GIT1 expression. Interestingly, this study
shows that GIT1-knockout mice show ADHD-like phenotypes,
with traits including hyperactivity, enhanced electroencephalo-
gram theta rhythms, and impaired learning and memory. Hyper-
activity in GIT1 knockout mice is reversed by amphetamine
and methylphenidate, psychostimulants commonly used to treat
ADHD.

CONCLUSIONS
The role of Rac1 and Rac3 in the development of cortical and hip-
pocampal GABAergic interneurons has been confirmed by recent
studies. Still, substantial work remains to characterize the distinct
effects of the two Rac proteins in different developmental steps
required for the formation of mature interneurons. Moreover, a
number of players has been identified that may regulate or medi-
ate the action of the Rac GTPases in these cells. The wide variety of
GABAergic cell types required for normal brain function suggests
that specific combinations of regulators and effectors for these
GTPases are expected to take part in the maturation and function
of distinct types of interneurons. Most of the work on developing
interneurons has been performed using mice models, but the
fewer studies in vitro highlight the importance of flanking the
studies in vivo with reductionistic approaches entailing explants
or primary cultures of interneurons from the GEs, to address the
machinery required for their development in simplified experi-
mental systems. The identification of the molecular sets involved
in the different phases of interneuron development is expected to
give an important contribution to the understanding of different
neurological and psychiatric disorders where defects in cortical
GABAergic cell development appears to importantly contribute
to the pathogenesis.

ACKNOWLEDGMENTS
Financial support by Telethon–Italy (grant GGP12126) and by the
Italian Ministry of Education, Universities and Research (MIUR,
grant 20082RPFYF) is gratefully acknowledged.

REFERENCES
Albertinazzi, C., Gilardelli, D., Paris, S., Longhi, R., and de Curtis, I. (1998).

Overexpression of a neural-specific rho family GTPase, cRac1B, selectively
induces enhanced neuritogenesis and neurite branching in primary neurons. J.
Cell Biol. 142, 815–825. doi: 10.1083/jcb.142.3.815

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 Rac1B-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.

Frontiers in Cellular Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 307 | 5

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


de Curtis Rac GTPases regulate interneuron development

Batista-Brito, R., and Fishell, G. (2009). The developmental integration of cortical
interneurons into a functional network. Curr. Top. Dev. Biol. 87, 81–118. doi: 10.
1016/s0070-2153(09)01203-4

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

Bolis, A., Corbetta, S., Cioce, A., and de Curtis, I. (2003). Differential distribution
of Rac1 and Rac3 GTPases in the developing mouse brain: implications for a role
of Rac3 in Purkinje cell differentiation. Eur. J. Neurosci. 18, 2417–2424. doi: 10.
1046/j.1460-9568.2003.02938.x

Cahill, M. E., Jones, K. A., Rafalovich, I., Xie, Z., Barros, C. S., Müller, U.,
et al. (2012). Control of interneuron dendritic growth through NRG1/erbB4-
mediated kalirin-7 disinhibition. Mol. Psychiatry 17, 99–107. doi: 10.1038/mp.
2011.35

Chen, L., Liao, G., Waclaw, R. R., Burns, K. A., Linquist, D., Campbell, K.,
et al. (2007). Rac1 controls the formation of midline commissures and the
competency of tangential migration in ventral telencephalic neurons. J. Neurosci.
27, 3884–3893. doi: 10.1523/jneurosci.3509-06.2007

Cobos, I., Borello, U., and Rubenstein, J. L. (2007). Dlx 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., D’Adamo, P., Gualdoni, S., Braschi, C., Berardi, N., and de Curtis, I.
(2008). Hyperactivity and novelty-induced hyperreactivity in mice lacking Rac3.
Behav. Brain Res. 186, 246–255. doi: 10.1016/j.bbr.2007.08.019

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.,
et al. (2009). Essential role of Rac1 and Rac3 GTPases in neuronal development.
FASEB J. 23, 1347–1357. doi: 10.1096/fj.08-121574

Coso, O. A., Chiariello, M., Yu, J. C., Teramoto, H., Crespo, P., Xu, N., et al.
(1995). The small GTP-binding proteins Rac1 and Cdc42 regulate the activity
of the JNK/SAPK signaling pathway. Cell 81, 1137–1146. doi: 10.1016/s0092-
8674(05)80018-2

Dai, X., Iwasaki, H., Watanabe, M., and Okabe, S. (2014). Dlx1 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

Danglot, L., Triller, A., and Marty, S. (2006). The development of hippocampal
interneurons in rodents. Hippocampus 16, 1032–1060. doi: 10.1002/hipo.20225

de Curtis, I. (2008). Functions of Rac GTPases during neuronal development. Dev.
Neurosci. 30, 47–58. doi: 10.1159/000109851

Del Pino, I., García-Frigola, C., Dehorter, N., Brotons-Mas, J. R., Alvarez-Salvado,
E., Martínez de Lagrán, M., et al. (2013). Erbb4 deletion from fast-spiking
interneurons causes schizophrenia-like phenotypes. Neuron 79, 1152–1168.
doi: 10.1016/j.neuron.2013.07.010

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

Didsbury, J., Weber, R. F., Bokoch, G. M., Evans, T., and Snyderman, R. (1989). Rac,
a novel ras-related family of proteins that are botulinum toxin substrates. J. Biol.
Chem. 264, 16378–16382.

Dubos, A., Combeau, G., Bernardinelli, Y., Barnier, J. 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

Fazzari, P., Paternain, A. V., Valiente, M., Pla, R., Luján, R., Lloyd, K., et al. (2010).
Control of cortical GABA circuitry development by Nrg1 and ErbB4 signalling.
Nature 464, 1376–1380. doi: 10.1038/nature08928

Goehler, H., Lalowski, M., Stelzl, U., Waelter, S., Stroedicke, M., Worm, U., et al.
(2004). A protein interaction network links GIT1, an enhancer of huntingtin
aggregation, to Huntington’s disease. Mol. Cell 15, 853–865. doi: 10.1016/j.
molcel.2004.09.016

Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 509–514.
doi: 10.1126/science.279.5350.509

Han, J., Luby-Phelps, K., Das, B., Shu, X., Xia, Y., Mosteller, R. D., et al. (1998). Role
of substrates and products of PI 3-kinase in regulating activation of Rac-related

guanosine triphosphatases by Vav. Science 279, 558–560. doi: 10.1126/science.
279.5350.558

Hatten, M. E. (1999). Central nervous system neuronal migration. Annu. Rev.
Neurosci. 22, 511–539. doi: 10.1146/annurev.neuro.22.1.511

Heasman, S. J., and Ridley, A. J. (2008). Mammalian Rho GTPases: new insights
into their functions from in vivo studies. Nat. Rev. Mol. Cell Biol. 9, 690–701.
doi: 10.1038/nrm2476

Hernández-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

Hill, J. J., Hashimoto, T., and Lewis, D. A. (2006). Molecular mechanisms con-
tributing to dendritic spine alterations in the prefrontal cortex of subjects with
schizophrenia. Mol. Psychiatry 11, 557–566. doi: 10.1038/sj.mp.4001792

Huang, W., Zhou, Z., Asrar, S., Henkelman, M., Xie, W., and Jia, Z. (2011). p21-
Activated kinases 1 and 3 control brain size through coordinating neuronal
complexity and synaptic properties. Mol. Cell. Biol. 31, 388–403. doi: 10.
1128/mcb.00969-10

Kalus, P., Bondzio, J., Federspiel, A., Müller, T. J., and Zuschratter, W. (2002).
Cell-type specific alterations of cortical interneurons in schizophrenic patients.
Neuroreport 13, 713–717. doi: 10.1097/00001756-200204160-00035

Kasnauskiene, J., Ciuladaite, Z., Preiksaitiene, E., Utkus, A., Peciulyte, A., and
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