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Abstract

The vertebrate DIx gene family generally consists of multiple convergently transcribed
bigene clusters and encodes a group of homeodomain-containing transcription factors
crucial for the development of forebrain, branchial arches, sensory organs and limbs.
During embryogenesis, the expression patterns of various DIx genes display a high
degree of overlaps in many tissues and their expression is well conserved among distantly
related vertebrates, such as mammals and zebrafish, probably due to shared regulatory
mechanisms. At least four cis-regulatory elements (CREs) are responsible for DIx
expression in the forebrain: URE2 and 112b in the DIx1/DIx2 (zebrafish dlxla/dIx2a)
locus, and, 156i and 156ii in the DIX5/DIx6 (zebrafish dIx5a/dIx6a) locus. Here, we first
show that unlike the other three forebrain enhancers, mouse 156ii CRE does not label
interneuron progenitor cells in the subpallial telencephalon; instead, 156ii-positive cells
are a group of GABAergic projection neurons expressing striatal markers Meis2 and
Isletl. Meis2 and Isletl proteins can bind and activate reporter gene transcription via the
I56ii CRE, suggesting that they may be potential upstream regulators of DIx genes in
vivo. To determine whether there exists a dlx-mediated regulatory pathway during
zebrafish GABAergic neuron formation similar to that was previously found in mice, we
establish two independent lines of transgenic fish in which the GFP reporter gene is
controlled by a 1.4kb dix5a/dIx6a intergenic sequence (encompassing zebrafish 156i and
I56ii) and a 1.1kb fragment containing only 156i CRE, respectively. Our observations
reveal that dIx5a/dIx6a regulatory elements exhibit a fairly specific activity in the
zebrafish forebrain and may be essential for GABAergic neuron generation, while 156i

and 156ii are likely to play distinct roles in modulating this process in different



subpopulations of cells. Additionally, disruption of dixla/dIx2a or dIx5a/dIx6a function
leads to a marked decrease of enhancer activity in the diencephalon and midbrain as well
as a comparatively lesser extent of reduction in the telencephalon, indicating that a
possible functional divergence of dix genes or their CREs may have occurred in the
telencephalon between zebrafish and mammals during evolution. In order to define the
specific contribution of various individual CREs to overall DIx regulation as well as to
proper GABAergic neuron production, we also generate a mutant mouse model in which
112b CRE is selectively deleted. Despite that mice homozygous for 112b loss develop
normally and harbor no overt morphological defects in the forebrain, targeted deletion of
this enhancer results in a statistically significant reduction of DIx1/DIx2 transcript levels
and seemingly perturbs cell proliferation in the subpallial telencephalon, particularly in
the ventricular and subventricular zones of ganglionic eminences. Taken together, these
data illustrate a complex and dynamic DIx regulation in the early developing forebrain
through the implications of multiple DIx CREs with overlapping and diverse functions.
Further study of dIx CRE activity in zebrafish or other related vertebrate species may

eventually contribute to our understanding of the evolution of the DIx gene family.
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1. Introduction

1.1. Overview of the mammalian central nervous system

The central nervous system (CNS) has complex morphology and structural
organization and is composed of hundreds to thousands of different cell types, which
makes it arguably the most intricate organ system throughout the body of vertebrates
(Kandel et al., 2000). The CNS of mammals comprises two main subdivisions, the brain
at the anterior end and the spinal cord posteriorly. During embryonic development, the
process named neurulation by which the CNS is established as well as the diverse basic
structures of the CNS appear to be largely similar among different mammalian species
and thus are thought to be highly conserved over evolutionary time (Ghysen, 1992;
Reichert, 2002). The CNS is originally derived from the ectoderm of the early embryo as
a single uniform sheet of cells that subsequently evolve into the neural plate (Lumsden
and Krumlauf, 1996; Stern, 2005). During the process of neurulation, the lateral edges of
the neural plate edges fold up, roll bilaterally, and close at the dorsal midline along the
anterior-posterior (A/P) axis and then form the neural tube, which contains the primordia
of different structures of the CNS (Colas and Schoenwolf, 2001; Gilbert, 2006).
Specifically, the posterior parts of the neural tube will eventually develop into the spinal
cord, whereas the anterior end of the neural tube by itself will be temporarily transformed
into three consecutive enlargements (also called primary vesicles), namely the forebrain
(prosencephalon), the midbrain (mesencephalon) and the hindbrain (rhombencephalon)
(Moore, 1993; Puelles and Rubenstein, 1993; Gilbert 2006). These three primary vesicles
can be further regionalized during development and turn into a total of five subdivisions

(also as secondary vesicles). The prosencephalon is divided into two major domains, the



more anterior telencephalon and the diencephalon, while the rhombencephalon becomes
subdivided into the metencephalon and the myelencephalon (Moore, 1993; Gilbert,
2006). After a series of complex morphological transitions, each of these embryonic
structures will ultimately develop into their respective corresponding adult structures with
distinct cellular composition and physiological function (Moore, 1993; Gilbert, 2006).
For example, the telencephalon will develop into the cerebral hemispheres (cerebrum),
the hippocampus and the olfactory lobes, and, the diencephalon will give rise to the

thalamus and the hypothalamus (Gilbert, 2006).

1.2. Origin and general structures of the subpallial telencephalon

Despite the fact that the general anatomical morphologies of the adult
telencephalon across distinct mammalian species are highly variable, the overall
organization and morphological structures of the telencephalon appear to be well
conserved in the early developing forebrain (Puelles et al., 1999; Puelles et al., 2000).
The telencephalon is basically formed as two major subdivisions along the dorsal-ventral
(D/V) axis in the alar plate of the embryonic forebrain, namely the pallium (dorsal) and
the subpallium (ventral) (Figure 1.1A) (Kallen, 1951; Striedter, 1997; Nieuwenhuys,
1999). On the other hand, the basal plate (undersurface) of the early developing forebrain
contains parts of diencephalic structures, such as the mammillary bodies (Kallen, 1951;
Striedter, 1997; Nieuwenhuys, 1999). Hence, the pallial and subpallial compartments
have been respectively described as the roof and floor of the developing telencephalic
vesicle. Herein, | will briefly outline the various anatomical structures within the

mammalian subpallium that is of particular relevance to my research. As delineated in



Figure 1.1B-D, the subpallium is comprised of three principal subregions at different
rostral, medial and caudal levels: the striatal, pallidal, and telencephalic stalk domains
(Puelles et al., 1999; Puelles et al., 2000; Rossant and Tam, 2002; Marin and Rubenstein,
2003; Lindsay et al., 2005). The striatal domain lies lateral to the subdivision of the
ventral pallium (VP) and is populated and established by progenitor cells originally
generated from an area called the lateral ganglionic eminence (LGE) (Rossant and Tam,
2002; Marin and Rubenstein, 2003). As development progresses, the striatal domain can
produce several structures including the caudoputamen nucleus, nucleus accumbens,
several parts of the septum and amygdala (Rossant and Tam, 2002; Marin and
Rubenstein, 2003). The pallidal domain mainly derived from progenitors born in the
medial ganglionic eminence (MGE) is situated right below the striatal domain and its
derivatives include the globus pallidus, ventral pallidum, some central parts of the bed
nucleus of the stria terminalis and septum. (Rossant and Tam, 2002; Marin and
Rubenstein, 2003). Moreover, the telencephalic stalk domain, primarily consisting of the
anterior entopeduncular area (AEP) and preoptic area (POA), is located further
underneath the pallidal domain (Rossant and Tam, 2002). Apart from its implication in
regulating neuron generation, it is also an important subpallial area through which a set of
major fiber tracts, such as the medial and lateral forebrain bundles and the anterior
commissure, travel when moving in or away from their different source regions (Marin et

al., 2000; Rossant and Tam, 2002; Marin and Rubenstein, 2003).

1.3. Regional patterning and specification in the subpallial telencephalon



Figure 1.1. Anatomical organization of the mouse developing forebrain

(A) Schematic representation of a sagittal section of an E13.5 mouse brain showing
various major domains of the telencephalon and diencephalon. The mouse telencephalon
iIs composed of two primary structures: the pallium (dorsal portion), the subpallium
(ventral portion) and olifactory bulb, while the diencephalon contains two main
subregions, thalamus and hypothalamus. In the telencephalon, the pallium is
demonstrated in lighter gray color than the subpallium. (B-D) Serial transverse sections at
different levels illustrating the major subdivisions of the pallium, subpallium and
diencephalon. The planes of these sections are indicated in panel A. The subdivisions of
the pallium include medial pallium (MP), dorsal pallium (DP), lateral pallium (LP) and
ventral pallium (VP). The subpallium is composed of the following structures: lateral
ganglionic eminence (LGE), medial ganglionic eminence (MGE), septum (S), anterior
entopeduncular area (AEP), anterior preoptic area (POA) and eminentia thalami (ET).
The major diencephalic subdivisions are dorsal thalamus (DT), ventral thalamus (VT),
posterior preoptic area (POP), suprachiasmatic nucleus (SCH), pretectum (PT), PV
(paraventicular nucleus), AH (anterior hypothalamus), PEP (posterior entopeduncular
area) and TU (tuberal region). The pallium and subpallium of the telencephalon is
respectively demonstrated in yellow and green color, while the diencephalon is shown in

blue. Modified from Rossant and Tam (2002) and Marin and Rubenstein (2003).
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Following the closure of the neural tube, distinct modes of growth and
morphogenesis will be separately initiated along both the A/P and D/V axes in the dorsal
and ventral portion of the developing telencephalon, ultimately leading to differential
structures between the pallium and subpallium. In the early developing telencephalon, the
establishment of different structures in the pallium and supallium as well as diverse
functional domains within them are mainly modulated by the combined activities of a
group of signaling molecules and transcription factors (Puelles et al., 2000; Rossant and
Tam, 2002; Hoch et al, 2009). Specifically, the signaling molecules (also defined as
“organizers”) generated from the signaling centers at various specific locations in the
developing telecephalon first establish and maintain correct spatio-temporal expression of
many regional transcription factors by localized expression of themselves or of their
activators (Puelles et al., 2000; Rossant and Tam, 2002; Hoch et al, 2009). As such, the
expression patterns of these transcription factors are built in a manner that is highly
correlated with morphological boundaries in the developing telencephalon (Rallu et al.,
2002; Schuurmans and Guillemot, 2002). These transcription factors will then exert their
functions in establishing the identities of distinct pallial and subpallial subdomains as
well as in producing different types of neurons within these subregions (Rallu et al.,
2002; Schuurmans and Guillemot, 2002; Wonders and Anderson, 2006). Indeed, a large
number of previous reports have described that different individual subdivisions within
the developing mouse subpallium (e.g. LGE, MGE, AEP/POA, and certain parts of the
septal and amygdaloid anlages) exhibit unique expression profiles of many transcription
factors that strictly resemble their regionalization and are believed to play central roles

either individually or in combination in controlling their formation (Bulfone et al., 1993a;



Bulfone et al., 1993b; Guillemont and Joyner, 1993; Porteus et al., 1994; Hsieh-Li et al.,
1995; Valerius et al., 1995; Liu et al., 1997; Hallonet et al., 1998; Eisenstat et al., 1999).
In addition, during embryonic development, these master regulatory genes are expressed
in a time-dependent manner. The expression of some genes, such as Otx2, Six3 and Vaxl,
is detectable in progenitor cells as early as the time of early neural plate formation,
whereas others, including DIx1, DIx2, Gshl, Gsh2, Mash1, Nkx2.1, and Isletl, start their
expression at different time points after the completion of neurulation, indicating that the
development of various subpallial subdomains may also occur in a stepwise fashion
(Bulfone et al., 1993a; Bulfone et al., 1993b; Guillemont and Joyner, 1993; Porteus et al.,
1994; Hsieh-Li et al., 1995; Valerius et al., 1995; Liu et al., 1997; Hallonet et al., 1998;
Eisenstat et al., 1999). Disrupting function of these genes has been revealed to induce
abnormal patterning and specification of the developing subpallial telencephalon. For
example, a ventral-to-dorsal transformation has been observed in the basal ganglia
(particulary in the LGE and MGE) of Nkx2.1 mutant mice (Kimura et al., 1996; Sussel et
al., 1999), whereas inactivation of Gsh2 impairs the formation of the LGE and striatum
and induces ectopic expression of many dorsal markers in the LGE (Szucsik et al., 1997;
Toresson et al., 2000; Yun et al., 2001).

As noted, the expression of these transcription factors is under the control of an
overall effect of various signaling proteins originally secreted from different “organizer”
centers. To date, a total of three types of signaling cues have been identified to be
critically implicated in the patterning and regionalization of the developing subpallium:
retinoic acid (RA), Fibroblast growth factors (Fgf) and Sonic hedgehog proteins (Shh),

(Puelles et al., 2000; Rossant and Tam, 2002; Hoch et al, 2009). Lateral RA signaling that



is originated from the olfactory placode area may play prominent roles in patterning of
progenitor areas at the intermediate level, such as the LGE (LaMantia et al. 1993; Pierani
et al. 1999). Indeed, Marklund et al. (2004) cultured the prospective intermediate
telencephalon from early chick embryos (~stage 14) and treated them with a RA receptor
antagonist (BMS-453) in vitro. They found that, following exposure to BMS-453, the
production and specification of a large percentage of LGE-derived cells can be
significantly blocked (Marklund et al., 2004). In addition, exposure of early-born cells
isolated from the dorsal telencephalon of stage 8 chick embryos to RA signaling is
sufficient to produce many intermediate features in these cells (Marklund et al., 2004).
Another signaling factor is Fgf8, which is originally produced in the regions of the
anterior neural ridge/cortical plate and is functionally involved in promoting the
patterning and specification of the most ventral subdomains in the subpallium (Rossant
and Tam, 2002; Lupo et al., 2006). Although targeted deletion of Fgf8 gene induces an
embryonic lethal phenotype (Sun et al., 1999), aberrant overexpression of Fgf8, together
with ectopic expression of several ventral markers, have been identified in the rostral
areas of the dorsal telencephalon of Gli3 mutant mice (Kuschel et al., 2003). Ectopic
expression of ventral markers has also been observed in the prospective dorsal
telencephalic explants dissected from early mouse embryos after exposure to Fgf8 signals
(Kuschel et al., 2003). Consistent with these results, the ventral telencephalon of
conditional Fgf8 knockouts is smaller and abnormally organized as compared to that of
their wild-type littermates (Storm et al., 2006). The patterning of subpallial structures can
be also influenced by Shh signaling that is derived from the telencephalic anlage as well

as the rostroventral parts of the telencephalon, such as MGE and POA (Rohr et al., 2001;
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Lupo et al., 2006). Impaired Shh signals not only lead to the lack of several subpallial
structures but also cause the loss of many key ventral markers, such as Nkx2.1 and DIx2
(Chiang et al., 1996; Muenke and Beachy, 2000). Ectopic expression of Shh signaling in
the pallium results in a ventral phenotype, such as ectopic expression of ventral markers
(e.g. Nkx2.1, Gsh2 and DIx2) and impaired expression of some dorsal markers (e.g. Emx1

and Tbrl) (Kohtz et al., 1998; Gaiano et al., 1999; Corbin et al., 2000).

1.4. Cell migration in the developing telencephalon

1.4.1. Overview of cell migration in the developing telencephalon

After patterning of the telencephalon and specification of different types of neurons
within various regions of the developing telencephalon are accomplished, a process
called cell migration can be extensively observed in both the pallium and subpallium.
According to their distinct origins, different types of neurons basically utilize two general
modes of migration during embryonic development in order to reach and populate their
final destinations in the telencephalon as well as in other specific areas in the CNS
(Figure 1.2). The first is radial migration, occurring predominantly in the pallium as well
as in the mammalian striatum, where migrating glutamatergic and GABAergic projection
neurons move along the radial axis through their interaction with fiber tracts built by glial
cells. However, the underlying molecular mechanisms may be distinct depending on
specific local environment (Nadarajah and Parnavelas, 2002; Marin and Rubenstein,
2003). For instance, a major proportion of striatal GABAergic projection neurons is
found to be born in the proliferative VZ within the LGE and then radially migrate (at

~E12) towards the developing striatum in an outward direction that is perpendicular to



the ventricular surface (Halliday and Cepko, 1992; De Carlos et al., 1996; Hamasaki et
al., 2003). The second form of migration is tangential migration, which mainly happens
in the progenitor regions (e.g. LGE, MGE and caudal ganglionic eminence, CGE) within
the subpallium. Once the processes of proliferation and differentiation are completed,
different types of interneurons will tangentially migrate in multiple streams away from
the basal telencephalon in a direction that is orthogonal to that of radial migration along
both rostrocaudal and mediolateral axes, enter the cortex and eventually occupy their
final positions located in different layers of the cortex (radial migration is also involved at
this stage) (Nadarajah and Parnavelas, 2002; Marin and Rubenstein, 2003). Considering
its closer relevance to my thesis, | will be discussing only tangential migration with some

details in the following text.

1.4.2. Tangential migration in the developing telencephalon

As briefly noted above, in the developing mouse forebrain, distinct types of
interneurons originate from different progenitor domains within the subpallium and then
follow their own specific tangential migratory paths in order to ultimately locate and
establish their destined positions in various regions of the forebrain, primarily in the
pallium. For example, the progenitor cells that will later differentiate into diverse
subtypes of cortical GABAergic interneurons are not generated from the pallium; instead,
their origins can be traced back to the proliferative VZ within the LGE, MGE and CGE
of the basal telencephalon (Marin and Rubenstein, 2003). After leaving the progenitor
regions, the postmitotic immature cells will separate into several superficial or deep

migration streams, pass through the developing striatum and intrude into the neocortex in
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Figure 1.2. Neuronal migration in the mammalian telencephalon during early
embryogenesis

Different types of neurotransmitter are specified in distinct progenitor domains in
the developing telencephalon: glutamatergic excitatory neurons are mainly generated and
specified within progenitor domains in the pallium, while GABAergic inhibitory neurons
as well as cholinergic neurons are derived from progenitor cells within the LGE, MGE
and AEP/POA in the subpallium. During early embryogenesis, glutamatergic neurons
(blue arrows) migrate radially through different layers of the cortex; in contrast,
GABAergic (red arrows) and cholinergic neurons (black arrows on the right) migrate
tangentially from the MGE via different routes in order to reach their final destinations in
the cortex. Moreover, most GABAergic projection neurons mainly found in the LGE
(black arrow on the left) migrate radially from the LGE to the striatum in the developing
telencephalon. The black bar marks the boundary between the pallium and subpallium.
AEP, anterior entopeduncular area; BF, basal forebrain; DP, dorsal pallium; LGE, lateral
ganglionic eminence; LP, lateral pallium; MGE: medial ganglionic eminence; MP,
medial pallium; POA, pre-optic area; str, striatum; VP, ventral pallium. Modified from

Wullimann (2009).
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a tangential manner that is vertical to the orientiation of radial glia fibers (Figure 1.2)
(Marin and Rubenstein, 2003). More specifically, three different major streams of
neurons near the corticostriatal notch have been revealed by previous cell tracing assays
before their invasion into the neocortex (Reviewed in Marin and Rubenstein, 2003;
Nadarajah and Parnavelas, 2002; Metin et al., 2006). The first one is found to be derived
from the MGE and mainly enter the preplate in the neocortex at ~E12. The cells
comprising this stream exhibit unique characteristics representing the typical Cajal-
Retzius cells (Lavdas et al 1999). The second tangential migration stream (also the most
dominant one) is made up of cells derived from the LGE, MGE and CGE, which mainly
travel through the intermediate zone (1Z) in the neocortex at ~E13-E15. At the later
stages (~E15 to PO0), there exists another migration stream that is composed of cells
originating from the LGE and MGE and usually enter the cortex via the lower 1Z and
SVZ (Anderson et al., 2001). Once arrived in the pallium, these migrating neurons will
turn and start moving radially (in waves) towards the pial surface in a fashion highly
similar to that of pallial projection neurons (Nadarajah and Parnavelas, 2002). It has been
gradually accepted that similar to pallial projection neurons, GABAergic cortical
interneurons are also settled in an “inside-out' pattern at various layers of the cortex.
Pallial projection neurons and cortical interneurons that are born at the same time points
are in general positioned at the same layer (Wichterle et al., 2001; Ang et al., 2003;
Valcanis and Tan, 2003; Hevner et al., 2004). Like GABAergic interneurons, progenitor
cells of olfactory interneurons are also born in the progenitor areas within the basal
ganglia, rather than in the olfactory bulb and, subsequently, migrate tangentially to take

up their positions in the olfactory bulb (Luskin, 1993; Lois and Alvarez-Buylla 1994).
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Although the exact origins of olfactory interneurons in the developing subpallium still
remain obscure, previous genetic and embryological experiments have provided evidence
that a majority of olfactory interneurons may be initially generated in the dorsal
subdivision of the LGE (Dellovade et al., 1998; Sussel et al., 1999; Corbin et al., 2000;
Wichterle et al., 2001). In addition, the origins of cholinergic interneurons are also
considered to be within the MGE as well as within the regions of AEP/POA (Marin et al.,
2000; Marin and Rubenstein, 2003). During embryonic development, these neurons can
undergo a movement from their origins along a tangentially-oriented trajectory into the
LGE (Marin et al., 2000; Marin and Rubenstein, 2003).

The potential molecular mechanisms that are involved in regulating various
processes of tangential migration have been well characterized (Marin and Rubenstein,
2003; Nobrega-Pereira and Marin, 2009). A number of molecular cues have been
identified, which are capable of potently stimulating the motogenic activity as well as
guide the migration of neuronal cells (Marin and Rubenstein, 2003; Nobrega-Pereira and
Marin, 2009). Among them, hepatocyte growth factor/scatter factor (HGF/SF), together
with its receptor MET, has been reported to participate in driving the migration of
GABAergic interneurons, at least in the developing subpallium. Inhibiting normal
HGF/SF expression can induce an apparent disorientated migration of cortical
interneuron progenitor cells in the ganglionic eminences and hence leads to a
significantly reduced number of interneurons in the cortex of newborn mice (Powell et
al.,, 2001). Furthermore, many previous studies have demonstrated that cortical
interneuron progenitors express Neuropilin 1 (Nrpl) and Neuropilin 2 (Nrp2) and these

two guidance receptors are highly responsive to the chemorepulsive forces that are
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exerted by several members of the semaphorin family (mainly Sema 3A and Sema 3F)
expressed in the striatal mantle (Marin et al., 2001). As a result, the repulsive activity of
semaphorins is believed to act as a key contributing factor for forming a unique exclusion
domain in the developing striatum, which can push tangentially migrating neurons into
adjacent paths surrounding the striatum (avoiding the striatum) and help to establish
different major migration streams when entering the neocortex (Marin et al., 2001; Marin
and Rubenstein, 2003).

The guidance of tangentially migrating neurons can also be impacted by proper
expression of various transcription factors. For example, the Nkx2.1 transcription factor
may be implicated in regulating the sorting of MGE interneuron progenitors through
greatly reducing their sensitivity to class 3 semaphorins (Nobrega-Pereira et al., 2008).
Nkx2.1-positive tangentially migrating cells from the MGE are nonresponsive to
chemorepulsive cues produced by the semaphorins and show a markedly decreased level
of Nrp2 expression (Nobrega-Pereira et al., 2008). Intriguingly, in MGE-derived
migrating interneurons, the Nkx2.1 protein can directly bind to the regulatory sequences
within the Nrp2 promoter region in vivo and modulate the transcription of the Nrp2
receptor (Nobrega-Pereira et al., 2008). Accumulating evidence has also been shown that
tangential migration of MGE-generated interneurons may be influenced by the expression
of actin cytoskeletal regulatory proteins or microtubule-associated proteins (e.g. Lis1,
Dcx and Dclk), but the precise molecular mechanisms are still unclear at this moment

(Kappeler et al., 2006; Friocourt et al., 2007).

1.5. GABAergic interneurons in the telencephalon

15



Although the neuronal network in the cerebral cortex is fairly complex, it is
generally established by two main classes of neurons: excitatory projection neurons and
inhibitory local-circuit neurons (also known as interneurons) (Di Cristo, 2007). While
projection neurons can send their axons to many different targets either within or farther
away from their local environment (e.g. the thalamus, brain stem and spinal cord),
inhibitory interneurons mostly set up synaptic connections with nearby projection
neurons, inhibit their excitatory activity and maintain the spatio-temporal balance of
excitation and inhibition essential for proper telencephalic function (Wonders and
Anderson, 2006; Di Cristo, 2007). Projection neurons utilize glutamate as their main
neurotransmitter and contribute to ~70-80% of all cortical neurons, whereas around 20-
30% of cortical neurons are made up of inhibitory interneurons that basically use GABA
as neurotransmitter (Parnavelas et al., 1977; Meinecke and Peters, 1987; De Felipe and
Farinas, 1992; Gupta et al., 2002). There also exists a comparatively smaller population
of dopaminergic and cholinergic neurons in the cortex than that of glutamatergic and
GABAergic cells (Wonders and Anderson, 2006; Di Cristo, 2007). It is worth noting that
~90% of neurons in the striatum of the mammalian telencephalon are projection neurons
but they use GABA, rather than glutamate, as their primary neurotransmitter and thus are
termed as GABAergic projection neurons (Kawaguchi et al., 1995; Kawaguchi, 1997a;
Gerfen, 1992). The remaining ~10% of neurons in the striatum are GABAergic
interneurons, which are mainly localized in the patch and matrix compartments of the
striatum and produce inhibitory signals to maintain the balance of striatal function

(Kawaguchi et al., 1995; Kawaguchi, 1997a; Gerfen, 1992). A very small proportion of
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interneurons found in the striatum have also been shown to use dopamine or
acetylcholine as their main neurotransmitter (Gall et al., 1987; Kawaguchi et al., 1995).
Unlike projection neurons that have in general similar pyramidal morphology, such
as apical and basal dendrites and axons distantly projecting into various sites within the
white matter, GABAergic interneurons display a remarkable heterogeneity and different
subtypes of GABAergic interneurons are usually classified by their distinct morphology,
connectivity patterns, electrophysiological features and biochemical contents (reviewed
in Markram et al., 2004; Flames and Marin, 2005; Wonders and Anderson, 2006; Gelman
and Marin, 2010). More specifically, GABAergic interneurons can be categorized into
the following subgroups according to their morphological shapes, connectivity patterns,
electrophysiological properties and their expression of a group of molecular markers
reflecting their endogenous biochemical content. Based on the characteristics of axons
and dendrites, there are basket cells, bipolar cells, double bouquet cells, bitufted cells,
Chandelier cells and Martinotti cells. Based on the location of the branching terminus of
their axons, interneurons can be classified as axon-targeting, dendrite-targeting and soma-
targeting cells (or any combination of them). Based on their distinct intrinsic firing
patterns, GABAergic interneurons can be may further subdivided as fast spiking, burst
spiking non-pyramidal, regular spiking non-pyramidal, irregular spiking and late spiking
cells. At different stages of either embryonic or adult neurogenesis, GABAergic
interneurons are usually classified by detecting their distinct expression patterns of three
calcium-binding proteins, calbindin (CB), calretinin (CR) and parvalbumin (PV), and
four neuropetides, somatostatin (SOM), neuropeptide Y (NPY), vaso-active intestinal

peptide (VIP) and cholecystokinin (CCK) (Markram et al., 2004; Wonders and Anderson,
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2006; Gelman and Marin, 2010). It should be emphasized here that under most situations,
it is very difficult to precisely distinguish between distinct subtypes of GABAergic
interneurons by only checking the expression of one or two of these markers due to the
overlaps of their expression profiles. For example, the expression pattern of CB, PV,
SOM and CV overlap each other to varying degrees (Kubota et al., 1994; Kawaguchi and
Kubota, 1997b). Thereby, using one or more combinations of these molecular markers is
required to better define each interneuron subtype, although some previous studies have
provided evidence that different interneuron subtypes, such as PV-, CR- and SOM-
positive cells, are comprised of largely non-overlapping populations of cells at least in the
sensory cortex and suggest that this phenomenon may possibly be applicable to most

mammalian species (Kubota et al., 1994; Cauli et al., 1997; Tamamaki et al., 2003).

1.6. Development of the zebrafish telencephalon

1.6.1. Advantages of using zebrafish as a model organism

Teleosts comprise a large and extremely diverse group of fish with bony skeletons,
covering approximately 50% of the existing vertebrates (Mueller and Wullimann, 2009).
Zebrafish (Danio rerio) is a small, freshwater teleost fish that mainly lives in tropical
regions, particularly in India and Southeast Asia (Eisen, 1996). In addition to its
applicable value in fisheries research, in the past two decades, zebrafish has rapidly
emerged as a powerful model organism not only appropriate for developmental and
genetic studies, but also for many other research areas, such as carcinogenesis,
cardiovascular diseases and biotechnique development (Dodd et al., 2000; Pyati et al.,

2007; Ingham, 2009). Compared to mammals, such as the mouse, zebrafish have a
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number of unique characteristics that are especially suitable for developmental biology
studies. First is their small body size and short generation time. The size of zebrafish
embryos is only ~0.7 mm in diameter during fertilization and quickly reaches 3.5 mm
within 3 days. Patterning and segmentation of the body plan can be completed within the
first day post fertilization (dpf) and the process of primary organogenesis starts at 2 dpf.
The vast majority of organs become functional at 3-5 dpf and sexual maturity is
accomplished within the first three months of their life. Second, zebrafish have high
fecundity. Their embryos are externally fertilized and breeding of one single pair can
yield up to hundreds of spawned eggs per day. Third, zebrafish embryos and larvae are
optically transparent. By using live-imaging techniques, cellular morphology and
movement can be easily and non-invasively observed/traced. Fourth, the genetic
tractability of zebrafish, such as high chromosomal integration frequency and good
germline transmission when generating transgenic models, allows and facilitates the
investigation of a wide variety of developmental events (Westerfield, 1995; Detrich et al.,

1999; Kawakami, 2004).

1.6.2. Eversion versus evagination: a different mode of telencephalic
development in zebrafish (and other teleost) as compared to most other vertebrate
lineages

Similar to that of mammals, the developing zebrafish telencephalon is also made
up of four major subdivisions in the pallium (lateral, ventral, medial and dorsal pallium,
LP, VP, MP and DP) and a relatively larger ventral subpallium, where increasing

numbers of glutamatergic and GABAergic neurons are respectively generated and
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differentiatied starting at ~ 2 dpf during early neurogenesis (Mueller and Wullimann,
2009). Despite the fact that the first steps of neural tube formation are in general similar
among all vertebrates, the modes of telencephalic morphogenesis differ between teleosts
and most other vertebrate groups. Distinct from the evaginated pattern of telencephalic
development found in other vertebrates, where the telencephalon is suggested to develop
as two hemispheres with a ventricle in the middle, the telencephalon of teleosts (e.g.
zebrafish) undergoes an uncommon process of morphogenesis termed as eversion
(occuring predominantly in the regions of MP and DP) and leads to a remarkable change
of anatomical topography in the telencephalon (Figure 1.3) (Wullimann and Mueller,
2004; Wullimann 2009; Braford, 2009). More specifically, the eversion hypothesis
proposes that the pallium at the dorsal midline first rolls out and extends bilaterally,
followed by the formation of a non-neuronal epithelial sheet that will subsequently
surround and cover the outer surface of the telencephalon. As the consequence of these
processes, the proliferative VVZ close to the ventricular surface is eventually placed on the
outside of the pallium, instead of the inner wall of the two hemispheres as observed in the
evaginated telencephalon (Wullimann, 2009). Furthermore, the position of the MP is also
significantly altered by lying laterally in the teleost telencephalon, rather than occupying
a medial position as seen in the mode of evagination (Wullimann, 2009). Because of
these differences, it has been challenging to clearly identify and define the homologies of
telencephalic topography between the teleosts and other vertebrates at either
developmental or adult stages (Nieuwenhuys, 1999). To date, it still remains largely
unknown which molecular mechanisms are responsible for these differences, although

Wullimann and Mueller (2004) proposed that the extensive expression of reelin in the
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Figure 1.3. Two different modes of telencephalic development from the neural tube in
vertebrates

The mode of evagination (left) occurs in a vast majority of vertebrates except for
the ray-finned fish. In this process, the telencephalon gradually evolves as two identical
hemispheres enclosing a central ventricle. The process of eversion (right) has been
proposed to happen duing the telecephalic development of most ray-finned fish, including
teleosts. Different from evagination, the pallium in the mode of eversion rolls out
bilaterally and eventually makes the proliferative domains that is close to the ventricular
surface (labeled with “x”) outside of the pallium. DP, dorsal pallium; GP, globus
pallidus; LP, lateral pallium; MP, medial pallium; Sep, Septum; Str, striatum; VP, ventral
pallium. Note that with respect to the telencephalic development in teleosts, several other
hypothetical models have been proposed, such as the partial pallial eversion model
(Wullimann and Mueller, 2004) and a new three-dimensional eversion model (Yamamoto

et al., 2007). Adapted from Niewenhuys and Meek (1990).
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pallial cells in the telencephalon of teleosts might be one of the potential contributing
factors. It is also worthy of mentioning that apart from the simple eversion model, several
other hypothetical models, such as a partial eversion model and a more complex three-
dimensional eversion model, have been recently proposed (Wullimann and Mueller,
2004; Yamamoto et al., 2007), which definitely will form a good basis for a better
understanding of the different telencephalic topography between teleosts and other

vertebrates.

1.6.3. Conserved genetic cascades in the developing zebrafish subpallium as
compared to the mouse

While the fundamental mode of telencephalic development is divergent between
mouse and zebrafish, researchers have made important attempts to compare the
embryonic forebrain development between these two distantly related vertebrate species
with an aim to identify some homologies between their distinct morphological structures
(Mueller et al., 2006; Mueller et al., 2008). By examining the expression patterns of
common developmental genes as well as several classic molecular markers for neuronal
proliferation and neurogenesis, they discovered a number of anatomical correspondences
in both the pallium and subpallium between the mouse and zebrafish forebrain
(Wullimann and Mueller, 2004; Wullimann, 2009). Consistent with observations of their
mouse orthologs in the developing mouse subpallium, the proneural basic helix-loop-
helix (bHLH) gene, asclla (also known as zashla, an orthologous gene of the mouse
Mashl) and the regulatory dixla/dix2a genes are found to be specifically expressed

within restricted domains (close to the ventricular surface) in the zebrafish subpallium
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(Figure 1.4A) (Quint et al., 2000; Wullimann and Mueller, 2002; Mueller et al., 2008).
Likewise, similar to the expression patterns of their orthologs in the mouse subpallium,
the expression domains of LIM-homeobox genes Ihx6 and Ihx7 are predominantly located
within in the ventral subpallium (septum, Sv) as well as within the ventral subdivision of
the dorsal subpallium (Sdv) in the developing zebrafish telenephalon, but not in the
dorsal subdivision of the dorsal subpallium (Sdd) (Figure 1.4B; Mueller et al., 2008). It is
worth noting that Sdv and Sdd have been proposed as corresponding homologous
structures to the MGE and LGE within the embryonic mouse subpallium (Figure 1.4B;
Waullimann, 2009). In addition, nkx2.1, whose mouse orthologous gene serves as an
essential modulator gene indispensable for proper regional specification within the mouse
subpallium, is also found to be expressed in the early developing zebrafish subpallium
(Rohr et al., 2001), even though its detailed expression pattern still needs to be further
determined. This regional homology between the mouse and zebrafish telencephalon was
also seen in the expression pattern of the neurotransmitter GABA (Mueller et al., 2006).
In short, these data strongly suggest that despite the difference in the telencephalic
development between mouse and zebrafish, the genetic pathways underlying this process

may be highly conserved between these two species.

1.7. The DIx gene family
1.7.1. Origin, genomic organization and evolution of the DIx genes
1.7.1.1. The Drosophila distal-less (DII) gene
The DIx genes of vertebrates are related in sequence to the distal-less (DIl) gene

that was initially discovered and characterized in Drosophila (Panganiban and
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Figure 1.4. Schematic diagrams summarizing expression patterns of various key
regulatory genes in the developing zebrafish telencephalon

(A) Transverse section of a 3dpf zebrafish telencephalon showing distinct
expression domains of a group of important regulatory genes that are commonly used to
define different major subdivisions in the developing zebrafish forebrain, such as zashla
(asclla) and dixla/dIx2a expression in the subpallium. Adapted from Wullimann and
Mueller, 2004. (B) Structural comparison between the early mouse and zebrafish
telencephalon according to the expression patterns of several key regulatory genes (1hx6,
dIx2a, Ihx7, tbr2 and gad67). The proposed homologous domains between the mouse and
zebrafish telencephalon are indicated by solid lines between the corresponding structures.
DI, lateral zones of the dorsal telencephalon; Dm, medial zones of the dorsal
telencephalon; Dp, posterior zones of the dorsal telencephalon; DP, dorsal pallium; LP,
lateral pallium; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence;
MP, medial pallium; Sdd, dorsal subdivision of dorsal subpallium; Sdv, ventral
subdivision of dorsal subpallium; Sv, ventral subpallium; VP, ventral pallium. Adapted

from Wullimann (2009).
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Rubenstein, 2002). The DIl gene was found to encode a homeodomain-containing
transcription factor responsible for controlling proper proximo-distal (P/D) patterning as
well as normal specification and organization of several distal appendages, including the
limbs, antennae and mouth, during Drosophila development. DIl null flies die at the early
stage of embryogenesis due to the lack of rudimentary larval limbs and antennae, which
subsequently serves as the ears and nose of the fly (Cohen et al., 1989; Cohen and
Jurgens, 1989; Wu and Cohen, 1999). Consistently, ectopic DIl expression can result in
abnormal patterning and formation of the limbs and antennae, although the specific
phenotypes vary with the specific location where it is expressed (Panganiban and
Rubenstein, 2002). In addition to its key role in regulating proper distal appendage
development, DIl may be also involved in the formation of certain parts of the nervous
system in fly. While its specific functional implication in these regions still remains
unknown, DIl expression has been clearly detected in the two optic lobes of the brain and
subsets of glial cells in the ventral nerve cord (Kaphingst and Kunes, 1994; Panganiban

and Rubenstein, 2002; Skeath and Panganiban, unpublished observation).

1.7.1.2. Genomic organization of the DIx genes
Vertebrates have multiple DIx genes that are typically organized as convergently
transcribed bigene clusters with overlapping expression patterns (reviewed in Zerucha
and Ekker, 2000; Panganiban and Rubenstein, 2002). For example, a total of six DIx
genes have been identified in mouse and human (Price et al., 1991; Robinson et al., 1991;
Simeone et al., 1994; Weiss et al., 1994; Nakamura et al., 1996) and they are arranged as

three bigene pairs (DIx1/DIx2, DIx3/DIx4 and DIx5/DIx6) separated by relatively short
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intergenic sequences (<12 kb) (Ghanem et al., 2003). Each of these bigene DIx clusters is
also physically linked to a Hox gene cluster on distinct chromosomes (Stock et al., 1996).
Unlike mammals, some teleost fish including zebrafish contain at least eight dIx genes.
Six of them are found in the bigene arrangement as dixla/dlx2a, dIx3b/dIx4b and
dIx5a/dIx6a similar to the six mammalian orthologs (Ekker et al., 1992; Akimenko et al.,
1994, Stock et al., 1996; Ellies et al., 1997a). However, the other two additional dIx genes
(dIx2b and dlIx4a) are not linked to other known dIx genes (Stock et al., 1996; Ellies et al.,
1997a). All vertebrate DIx genes consist of three exons and two introns and encode 243 to
333-amino acid protein products containing a highly conserved 61 amino acid
homeodomain (Liu et al., 1997). According to sequence similarity found in the
homeodomain and carboxyl terminus, the six common DIx genes can be generally
classified into two subfamilies or clades: DIx1/4/6 and DIx2/3/5 (Stock et al., 1996; Ellies
et al., 1997a). However, the question of whether there is any functional difference

between these two groups of DIx genes remains to be answered.

1.7.1.3. Evolution of the vertebrate DIx gene family
Although only one DII gene has been identified in the genome of Drosophila and
amphioxus, vertebrates have been shown to possess several DIx genes. The tunicate
Ciona intestinalis has three DIx genes which are organized as one convergently
transcribed bigene pair, Ci-DII-A/Ci-DII-B, and a third unlinked gene, Ci-DII-C
(Caracciolo et al., 2000; Irvine et al., 2007). The genome of lampreys contains at least six
DIx genes (LjDIXA-F), two of which exist as one bigene pair (LjDIXA/LjDIXD) (Myojin et

al., 2001; Neidert et al., 2001; Sumiyama et al., 2003; Kuraku et al., 2009). Similarly,
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mammals, such as mouse and human, have six DIx genes arranged as three bigene
clusters as noted above (Price et al., 1991; Robinson et al., 1991; Simeone et al., 1994;
Weiss et al., 1994; Nakamura et al., 1996; Stock et al., 1996). Based on the highly
conserved genomic organization of the DIx gene family and the increased number of DIx
genes over evolutionary time, a hypothesized model regarding DIx gene evolution has
been proposed: an inverted tandem duplication of the single ancestral DIx gene plus two
successive rounds of genome duplication events and a subsequent loss of one DIx bigene
pair may together contribute to the present organization of six DIx genes as commonly
seen in mammals (Figure 1.5) (Zerucha and Ekker, 2000; Sumiyama et al., 2003). With
respect to the eight dix genes found in zebrafish or other teleost fish, one explanation
would be that an additional genome duplication event specific to certain teleost lineages
may likely have occurred that ultimately generates two extra dIx genes in the genome.
(Figure 1.5) (Stock et al., 1996; Amores et al., 1998; Robinson-Rechavi et al., 2001).
Since DIx1 shares the highest sequence similarity with the Drosophila DIl gene when
compared to other vertebrate DIx genes, DIx1 has been thought to act as a founding gene
during the evolutionary process of the DIx gene family (Holland et al., 1996; Stock et al.,

1996).

1.7.2. Expression and function of DIx genes in the forebrain

The DIx genes are expressed in a number of organs and tissues mostly with highly
well-organized morphological structures, including the forebrain, branchial arches,
sensory organs, limbs/fin buds, bone/cartilage, hematopoeitic and immune systems, and

are pivotal for their proper development during embryogenesis and/or later
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Figure 1.5. A hypothesized model depicting the evolution of the DIx gene family
Drosophila and C. elegans have a single DIl gene, while Ciona intestinalis has two
DIx genes that are organized in a bigene cluster as a result of an initial tandem duplication
event. Two rounds of partial or whole genome duplication events (2R) and a subsequent
loss of one pair of DIx genes produce the three convergently transcribed DIx bigene
clusters which are commonly seen in modern vertebrates, such as mouse. In addition, one
more duplication event (3R) specific to certain teleost lineages may likely have occurred,
which gives rise to two additional unlinked dix genes as observed in certain fish species,
such as zebrafish. The arrow represents the increase of evolutionary time from the
theoretical common ancestor to DIx genes in different invertebrate and vertebrate species.

Modified from Zerucha and Ekker (2000).
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developmental stages (reviewed in Bendall and Abate-Shen, 2000; Zerucha and Ekker,
2000; Panganiban and Rubenstein, 2002). In general, there are three major molecular
characteristics of DIx expression in these tissues: 1) their expression patterns appear to be
evolutionarily conserved among many divergent vertebrate species including human,
mouse and zebrafish (Akimenko et al. 1994; Ellies et al. 1997b; Zerucha and Ekker,
2000; Panganiban and Rubenstein, 2002); 2) endogenous expression of distinct DIx
bigene clusters follows a nested spatial-temportal pattern along the P/D axis, which is
particularly apparent in the forebrain and branchial arches (Liu et al., 1997; Qiu et al.,
1997; Eisenstat et al., 1999); 3) although subtle differences in the expression of various
DIx genes have been observed (and will be further discussed below) that may potentially
contribute to their distinct functions, the expression patterns of either paralogous DIx
genes from the same bigene pair or those from different clusters are highly overlapping,
which make it a very difficult task to distinguish them from one another by simply
judging the expression data (Akimenko et al., 1994; Ellies et al., 1997a; Quint et al.,
2000). Indeed, a series of loss-of-function studies in mice have revealed that single DIx
gene knockouts have relatively milder abnormal phenotypes as compared to that of
double DIx null mutants (DIx1/2” and DIX5/67), which exhibit more severe defects along
with some novel malformations in the forebrain and branchial arches (Qiu et al., 1995;
Anderson et al., 1997a; Anderson et al., 1997b; Qiu et al., 1997; Acampora et al., 1999;
Depew et al., 1999; Cobos et al., 2005a; Cobos et al., 2007; Robledo et al., 2002; Wang
et al., 2010). Here, 1 am only focusing on the expression pattern and functional roles of

DIx genes in the forebrain.
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Among the six mammalian DIx genes, four DIx genes (DIx2, DIx1, DIx5 and DIx6)
are sequentially expressed in the embryonic mouse forebrain (Bulfone et al., 1993b; Liu
et al., 1997; Eisenstat et al., 1999; Zerucha et al., 2000). Five out of the eight orthologous
dIx genes from zebrafish are expressed in the developing zebrafish forebrain: dixla,
dIx2a, dIx5a, dix6a, and dIx2b (Akimenko et al. 1994; Ellies et al. 1997b). DIx gene
expression is specifically restricted to two major domains in the developing forebrain: the
ventral telencephalon (basal ganglia in the subpallium) and the diencephalon, including
both the prethalamus (ventral thalamus) and hypothalamus (Robinson et al., 1991;
Bulfone et al., 1993a). These two specific areas have been proposed to be homologous
between the mouse and zebrafish forebrain based on the expression data as discussed in
previous sections (Mueller and Wullimann, 2009; Wullimann, 2009) and have also been
identified in the forebrain of other vertebrates, such as chicks, frogs and lamprey
(Fernandez et al., 1998; Puelles et al., 2000; Myojin et al., 2001). In the developing
ventral telencephalon of the mouse, various DIx genes display distinct, but highly
overlapping, spatial expression patterns, indicative of a possible functional redundancy
between each individual DIx gene, at least in certain populations of cells (Figure 1.6):
DIx1 and DIx2 are mainly expressed in the least mature early-born progenitor cells in the
VZ and SVZ as well as in a certain number of more differentiated cells scattered in the
mantle zone (MZ); DIx5 is predominantly expressed in the SVZ and expressed at
intermediate levels in the MZ; DIx6 is mostly expressed in the most differentiated
postmitotic neurons in the MZ and moderate DIx6 expression is also found in cells in the
SVZ (Bulfone et al., 1993Db; Liu et al., 1997; Eisenstat et al., 1999; Zerucha et al., 2000).

In the developing mouse forebrain, DIx genes encode a group of transcription
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Figure 1.6. Expression domains of the DIx genes in the mouse ventral telencephalon
Representative schematic of a transverse section of an E12.5 mouse
telencephalon showing the combined expression areas of DIx1/DIx2 and DIx5/DIx6
transcripts (Yellow regions) in the subpallium. The arrows indicate two major tangential
migration streams from the subpallium to the neocortex. DIx2, DIx1, DIx5 and DIx6 are
sequentially expressed during forebrain development and exhibit distinct spatial but
highly overlapping expression patterns in the ventral telencephalon. A majority of
progenitor cells within the proliferative regions (VZ and SVZ) of the basal ganglia
express one or more DIx genes during the proliferation and/or differentiation process.
DIx1 and DIx2 expression are mainly found in the SVZ as well as some scattered cells in
the VZ and MZ. DIx5 is mainly expressed in the SVZ with intermediate expression in the
MZ. A few scattered DIx5-positive cells can also be identified in the VZ. DIx6 is mainly
expressed in the MZ and moderately expressed in the SVZ. The number of cells
expressing various DIx genes in the VZ, SVZ and MZ is represented by the color
(uniform expression: dark color; intermediate expression: light color; scattered
expression: dots). Abbreviations: LGE: lateral ganglionic eminence; LV: lateral ventricle;
MGE: medial ganglionic eminence; MZ: mantle zone; NCX: neocortex; PCX:
palliocortex; SVZ: subventricular zone; VZ: ventricular zone; Ill: third ventricle.

Adapted from Panganiban and Rubenstein (2002).
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factors that play a vital role (amongst others) in manipulating the proliferation,
differentiation as well as migration of subpallim-derived GABAergic projection neurons
and interneurons that will later populate many different areas in the forebrain, such as the
cortex, hippocampus, olfactory bulb and striatum (Anderson 1997a; Bulfone et al., 1998;
Marin et al., 2000; Pleasure et al., 2000; Anderson et al., 2001; Stuhmer et al., 2002a).
Although several dIx genes are also expressed in the zebrafish forebrain, there is
presently no systematic study reporting their specific function in this tissue, mainly due to
the lack of simple technologies to implement targeted deletions or mutations of dIx genes
in zebrafish. The function of DIx genes during mouse forebrain development has been
primarily assayed in the models of single and double DIx knockout mice (Table 1.1).
While DIx single knockouts die very quickly after birth (DIx2 and DIx5 mutants) or
within the first three postnatal weeks (DIx1 mutants maintained in a C57BL/6J
background) owing to either craniofacial defects or deficiency in the enteric nervous
system (Qiu et al., 1995; Qiu et al., 1997; Acampora et al., 1999), forebrain development
in these mutant animals seemingly remains largely intact when compared to that of wild-
type littermates. However, Cobos et al. (2005) reported that postnatal DIx1 mutants (> 1
month old) maintained in a C57BL/6JxCD1 background have a specific loss of several
major GABAergic interneurons subtypes (CR-, SOM- and NPY-expressing cells) in the
cortex and hippocampus and this phenotype occurs in a time-dependent manner. These
mice also exhibit a hyperexcitable and epileptic phenotype possibly as a result of reduced
number of GABAergic interneurons and a decreased synaptic inhibition mediated by
GABA (Cobos et al., 2005a). Moreover, recent observations in adult DIx1” mutant mice

revealed that they have significantly increased activities in several behavioral analyses,
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such as open field and tail suspension tests, in comparison to wild-type controls (Mao et
al., 2009). They also have a reduced response to fear conditioning (Mao et al., 2009).
DIx2 single mutants have normal morphology and histology of the forebrain during
embryogenesis but a reduced number of dopaminergic neurons are found in the olfactory
bulb (Qiu et al., 1995). Unfortunately, the potential forebrain phenotypes of DIx2™""
mutants at subsequent postnatal time p